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Aims

The overall aim of this study was to improve our understanding of breast cancer disease
mechanisms by combining transcriptomic and metabolomic measurements.
Secondary aims were:

e To study transcriptional changes in mRNA and microRNA (miRNA) levels in response
to ischemia time after surgery.

e To assess whether high resolution magic angle spinning magnetic resonance
spectroscopy (HR MAS MRS) and gene expression microarrays could be performed
on the same breast cancer tissue samples.

e To explore different strategies for combining HR MAS MRS and gene expression
data.

e To explore differences within and between intrinsic subtypes of breast cancer
based on transcriptomic and metabolomic data.

e To study transcriptomic and metabolomic response to treatment.
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Introduction

Breast cancer is a heterogeneous disease often regarded as a collection of diseases
originating in the same tissue. Different types of genetic and epigenetic aberrations in
somatic cells may lead to different types of cancer and are reflected at all molecular levels.
Studying molecular profiles of all these levels are referred to as —omics. Figure 1 shows
how four different molecular levels correspond to different —omics fields, genomics,
transcriptomics, proteomics and metabolomics, based on the central dogma of molecular
biology. In reality, the central dogma has proven too simple, as only a small fraction of the
transcribed RNA in human cells is protein coding. The various roles of non-coding RNAs
(ncRNAs) are just beginning to be unraveled, and this is bound to become an increasingly

important aspect of transcriptomics.

DNA //\// Genomics

RNA /\/ Transcriptomics

Protein @) Proteomics
O o

Metabolite Metabolomics

Figure 1. A simplified overview of the relationship between

different molecular levels and the various —omics fields.

The importance of the microenvironment surrounding the tumor has also become
increasingly evident to the research community. Tumor-stroma interactions are reflected
at many levels, and especially at the metabolomic level, which is highly sensitive to
properties of the microenvironment such pH and oxygen levels, and many other stimuli

such as diet and drugs. Transcriptomic and metabolomic measurements provide different



information about tumors, and are not expected to be redundant. However, both
similarities and differences between these two levels are interesting in order to bridge the
gap between these two fields and improve classification of breast cancer into biologically
relevant subgroups. Merging transcriptomic and metabolomic studies of breast cancer may

increase our understanding of breast cancer disease mechanisms and treatment response.

In the following sections, relevant background of the disease of breast cancer and key
concepts of breast cancer biology will be covered. Central aspects of transcriptomics and

metabolomics will also be covered from a biological and clinical perspective.

Breast cancer characteristics

Approximately one out of twelve Norwegian women will develop breast cancer before the
age of 75 [1]. To place this thesis in context to the disease of breast cancer, some general
characteristics will be briefly covered, including anatomy of normal breast and breast

cancer pathology, epidemiology, diagnosis and treatment.

Anatomy of the normal breast

The anatomy of the post puberty female breast is depicted in Figure 2. The breast consists
of ducts, lobules and surrounding adipose tissue. Ducts lead from the lobules, which
produce milk during lactation, to the nipples. The ducts and lobules are composed of two
layers of epithelial cells (luminal cells and basal/myoepithelial cells) surrounded by a

basement membrane.
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Figure 2. Anatomy of the breast. (Modified from Wozniak and Keely [2].)

Pathology

Premalignant (hyperplasia and carcinomas in situ) and malignant lesions (invasive
carcinomas) in the breast originate from epithelial cells lining the ducts and lobules. For
invasive carcinomas, neoplastic cells have invaded through the basement membrane. The
majority of invasive breast cancer cases in Norway are invasive ductal carcinoma (IDC) (70-
80 %) and the second largest group is invasive lobular carcinoma (ILC) (10-20 %)
(http://oncolex.no). In this thesis, all studies have focused on IDC. Invasive tumors may
metastasize to local and regional lymph nodes such as of the armpits (axilla), and distant

metastasis most commonly occur in bone, lungs or liver (http://oncolex.no).

Epidemiology

In 2008, there were 1.38 million new female breast cancer cases and 458,400 breast
cancer deaths worldwide [3]. Breast cancer is the most common cancer type in females
both on a world basis and in Norway, comprising one-quarter of all female cancer cases
[1,3]. There were 2745 new cases of and 671 deaths from female breast cancer in Norway
2009 [1]. Second to lung cancer, breast cancer has the highest mortality rate in females in
Norway. Males can also be affected; in 2009, 15 cases of male breast cancer and 7 male
breast cancer deaths were registered in Norway. A steady increase in both incidence and

5-year survival has been observed for female breast cancer since 1965 (Figure 3). The
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steeper increase in incidence from 1995-2005 is likely due to the introduction of the
national screening program during this period. Although incidence of breast cancer has
increased up to around 2005, mortality rates have remained fairly constant since 1965. The
last 10-15 years a decrease in mortality has been observed, and a decrease in incidence
has also been observed since around 2005. This decrease in mortality and incidence is

likely due to both improved treatment and earlier diagnosis from screening.
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Figure 3 Trends in incidence, mortality rates and 5-year relative
survival proportions for females with breast cancer. (From

Cancer Registry of Norway [1].)

The incidence of breast cancer is higher in developed countries, which may result from a
combination of environmental factors and the introduction of screening programs [1].
Known risk factors of breast cancer are age, hormonal exposure before age 35, hormone
replacement therapy (HRT) for post-menopausal women, alcohol consumption, early
menstruation, and breast cancer in nearest family. Preventive factors are giving birth at

early age, high parity before age 25 and physical activity (http://oncolex.no).
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Diagnosis and treatment

Breast cancer is diagnosed by combining clinical and pathological evaluations. After initial
detection of breast cancer by palpation or routine mammography, diagnosis is aided using
clinical examination, imaging techniques and needle biopsy. Imaging can be performed
using ultrasound, positron emission tomography (PET) or magnetic resonance imaging
(MRI). The needle biopsy can be performed using either fine needle aspiration or core
needle biopsy. Resectable breast cancers are removed by surgery, and the surgical
procedure is performed by breast-conserving surgery (lumpectomy) or removal of the
entire breast (mastectomy). To assess whether the cancer has metastasized to the lymph
nodes in the axilla, the sentinel node is removed and evaluated by a pathologist. The
sentinel node is the first lymph node or group of nodes in the lymphatic drainage system
from the breast to which breast cancer cells most often spread. If the sentinel node

contains tumor cells, axillary clearance is performed.

After surgery, several methods are combined in order to guide adjuvant treatment,
including clinical stage, histopathological grade, and status of histopathological markers.
Staging is  performed according to the TNM classification  system
(http://www.nbcg.no/nbcg.blaaboka). T is primarily the classification of tumor size, where
invasive carcinomas of different sizes are classified as T1-T3. Additional T categories
include carcinoma in situ (Tis) and invasive tumors with extension to the chest wall or skin
(T4) (http://oncolex.no). N is the classification into different categories of lymph node
involvement and M is the classification of no metastasis (MQ) or metastasis to distant
organs (M1). While TNM staging assigns cancers into stages I-IV, tumors are also divided
into different grades based on histopathologic assessment of the tumor cells. IDCs are
divided into grade I-lll based on a combination of mitotic index, nuclear atypia and tubular
formation, where high grade represents tumors that are less differentiated and more
aggressive [4]. In Norway 2011, immunohistochemical staining of a small panel of markers
is used as prognostic and predictive indicators, namely estrogen receptor (ER),
progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2) protein or
its coding gene ERBB2 (by immunohistochemistry or fluorescence in situ hybridization

(FISH), respectively), and the proliferation marker Ki67
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(http://www.nbcg.no/nbcg.blaaboka). In addition to stage, grade and status of these
predictive indicators, age also has implications for the therapeutic strategy for each

patient.

Adjuvant treatment options of breast cancer in Norway consist of radiotherapy,
chemotherapy, endocrine treatment or HER2 targeted therapies. Some patients receive
neoadjuvant treatment, administered in order to shrink the tumor before surgery. The
standard chemotherapy regimen in Norway is FEC regimen (fluorouracil, epirubicin and
cyclophosphamide). For patients with tumors expressing ER, endocrine treatment in form
of tamoxifen or aromatase inhibitors is given. Also, patients with tumors with HER2
overexpression/amplification receive the targeted therapy trastuzumab or lapatinib.

Targeted therapies will be covered in more detail in a separate section.

Breast cancer - A disease of somatic aberrations

Over the last decades, sporadic cancer has been viewed as a disease caused by somatic
mutations and genomic instability, in which a multistep process of genetic and epigenetic
alterations lead to the activation of proto-oncogenes or de-activation of tumor suppressor
genes [5,6]. According to this theory, cancer arises from a single normal cell that through
transformation may evolve into one or several malignant clones. Accumulation of driving
mutations and aberrations may ultimately lead to malignancy. Hanahan and Weinberg
conceptualized hallmarks of cancer that cells need to acquire in order to become cancers
[7,8]. These hallmarks are illustrated in Figure 4 and include the original “limitless

» ” u

evading apoptosis”, “self-sufficiency in growth signals”, “sustained

replicative potential”, “
angiogenesis” and “tissue invasion and metastasis” [7], the emerging hallmarks
“deregulating cellular energetics” and “avoiding immune destruction” and the enabling

characteristics “genome instability and mutation” and “tumor-promoting inflammation”

[8].
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Figure 4. The updated version of hallmarks of cancer.

(Modified from Hanahan and Weinberg [8].)

Different models of progression and cellular origin of breast cancer have been proposed,
including the linear progression hypothesis and the cell of origin hypothesis [9]. The linear
progression model suggests that transformation of a normal cell to an invasive carcinoma
happens through a linear accumulation of mutations. The cell of origin hypothesis
postulates that different subtypes of breast cancer may originate from different cell types,
possibly different progenitor cells [9]. Additionally, according to the cancer stem cell
hypothesis, only a small fraction of the cells of a tumor have proliferative capacity [10].
These cells are proposed to be less differentiated, and have the capacity of self renewal
and produce the more differentiated cells of the tumor. Whatever the true cellular origins
or progression paths may be, different breast cancers seem to have different “drivers” that
lead to malignant transformation. A wide variety of genomic aberrations have been
detected in breast tumors, which in turn affects the transcription of mMRNA and ncRNA and
translation into proteins [11]. All aberrations at these levels are being studied to better
understand the molecular mechanisms of cancer and to ultimately offer more

individualized diagnosis and treatment.
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Genomic aberrations in breast cancer

The activation of proto-oncogenes or silencing or disruption of tumor suppressor genes or
DNA repair genes can be caused by different DNA alterations such as mutations, copy
number variation, translocation, methylation and histone modification. Frequently
mutated genes in sporadic breast cancer include the tumor suppressor TP53 and the
oncogene PIK3CA [12]. Around 5-10 % of breast cancers are hereditary, and 80-90 % of the
hereditary cases have germline mutation in the BRCA1 or BRCA2 genes which are involved
in DNA repair [13]. Hence, these genes are important in retaining DNA integrity, and loss
of function of these genes can thus lead to accumulation of genomic aberrations. New
insights into the landscapes of cancer genomes from next generation sequencing
techniques have established that the majority of somatic aberrations in cancer are rare
variants, which has generated a debate whether cancer is caused by a handful of “drivers”,
or if the numerous rare variants together drive cancer development [14-17]. Copy number
alterations (CNAs) are often observed in breast cancers, as deletion or amplification of
whole chromosome arms or smaller fragments of DNA [18]. An example of a relatively
frequent CNA in breast cancer is whole arm gain of 1q and loss of 16p, which are events
associated with ER-positive tumors. Another frequent event is the amplification of a region
harboring the oncogene ERBB2 on chromosome arm 17q, and has been observed in
around 18-20 % of breast cancers [19], though this number is predicted to go down in part
due to more precise evaluation of equivocal cases. The mere presence and nature of
genomic aberrations may be symptoms of genomic instability, and can thus have
prognostic value independent of which genes are affected. Complex genomic aberrations

has for example been shown to be an independent predictor of poor outcome [20].

Transcriptomics of breast cancer

Since proteins are translated from mRNA molecules, measuring levels of transcribed mRNA
is more dynamic and more closely related to the activity of a gene than measuring
mutations and aberrations at the DNA level. The relative ease of measuring transcript
levels with microarray technology compared with measuring protein levels or activity, has
made transcriptomics a dominating field with respect to molecular profiling of breast

cancer. Since the first seminal breast cancer gene expression microarray paper was
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published by Perou et. al in 2000 [21], a vast amount of microarray derived gene
expression signatures distinguishing between biological subgroups or different prognosis
groups have been published (some examples are described in [22]). A few tools for testing
gene expression signatures are commercially available, including MammaPrint (Agendia)
[23] and Oncotype DX (Genomic Health) [24] which can be used for risk stratification. In
addition, noncoding RNAs such as microRNAs (miRNAs), have been found to play
important roles in regulation of gene expression levels and protein translation, increasing
the importance of transcriptomics as a field [25]. Advances in technology has recently
opened up new possibilities in transcriptomics, where the whole transcriptome can be
measured using RNA sequencing (RNA-Seq) in contrast to classical microarrays, where the

information gained is limited by the spotted probes on the array [26].

Intrinsic molecular classification of breast cancer

The first and perhaps most influential transcriptomic approaches were performed using
gene expression microarray technology to study breast cancer, resulting in a molecular
taxonomy of breast cancer based on the expression of so-called intrinsic genes [21,27,28].
The expression of genes displaying high inter-variation between tumors from different
patients and low intra-variation between tumors from the same patient before and after
treatment was used to divide a cohort of breast cancers into distinct groups based upon
hierarchical clustering. This approach identified patient groups with significantly different
outcomes in terms of overall survival (OS) (Figure 5). Comparing the relative expression
levels of these groups to that of cell lines of different cellular origin and healthy breast
tissue, gave names to and identified subtypes, i.e. luminal A, luminal B, basal-like, normal-
like and ERBB2+ (more recently referred to as HER2 enriched). A centroid-based classifier
has also been published, which consists of the average expression of 534 genes for each of
the five intrinsic subtypes [28]. These centroids can be correlated to expression of the
same genes extracted from microarray data of independent samples, providing they are
part of a representative cohort. The latter point is crucial and due to the required
centering across samples for each gene prior to classification, the data must be

comparable with the original cohort which the centroids are based on [29].
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Figure 5. A) Hierarchical clustering of 115 tumor tissue samples and 7 nonmalignant tissues and an
“intrinsic” gene set of 534 genes. The cluster dendrogram of the samples are colored according to
intrinsic subtype (as coded in B, plus green for Normal-like) for the core samples of each suptype.
These core samples were used to build the centroids that can be used to classify independent
cohorts of breast carcinomas into the five subtypes. B) Kaplan-Meier curves of outcome in two
different breast cancer cohorts showing differences in overall survival between the different

subtypes. (Adapted from Sgrlie et. al [28].)

Two alternative classifiers for the five intrinsic subtypes have also been published [30,31],
and a centroid for a subgroup of the basal-like subtype, claudin-low, has also been recently
reported [32]. The existence of the normal-like subtype has been questioned, based on
observations that these samples are often associated with low tumor cell percentage [33].
However, this is still an unresolved issue and many studies still include this subgroup.
Based on the cell of origin hypothesis, the basal-like subgroup may arise from an earlier
stem cell like progenitor, while the luminal-like subtype may arise from a more
differentiated luminal progenitor [9]. Contradictory to this theory, both basal-like and
luminal-like cells have recently been shown to be able to reproduce both types of cells to
gain a phenotypic equilibrium between cells of both subtypes [34]. The intrinsic molecular
subtypes have been widely adapted in the research community, but have not yet been

18



implemented in the clinic. One reason might be that the combined expression of the
immunohistochemical markers ER, PR and HER2 that are already utilized in the clinic do to
some extent overlap with the gene expression subtypes. For instance, luminal A and B
tumors are usually ER and PR positive, HER2 enriched tumors are usually HER2 positive,
and basal-like tumors are usually triple negative [35]. Other surrogate markers have also
been included for subtyping by immunohistochemistry, such as Ki67 and cytokeratin 5/6 to

aid classification of luminal B and basal-like subtypes, respectively.

microRNAs - role in gene regulation and cancer

miRNAs are short (~22 nucleotides long) RNAs that have gained increasing attention since
their first discovery in 1993 [36]. Their biogenesis and proposed functions are illustrated in
Figure 6. miRNAs can regulate protein expression either by mRNA degradation or
translational inhibition. The relative contribution of these mechanisms in humans have
been debated, but emerging evidence points to mRNA degradation as the main
mechanism of regulation [37]. miRNAs typically bind outside of the protein coding region
of the target mRNA transcript, to the 3’ untranslated region (UTR), with varying degree of
complementarity. Numerous target prediction softwares have been developed to predict
which mRNAs are targeted by each identified miRNA, and some of these miRNA-target
pairs have been validated experimentally [38]. Different patterns of miRNA expression
have been observed in various tissue types, cancers and subgroups of cancer [39]. Several
miRNAs have been found to play a role in tumorigenesis, either as oncogenic or tumor

suppressor miRNAs [40,41].
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Figure 6. A simplified illustration of the biogenesis
of miRNAs and their function. (From Shi and Guo

[42].)

Importance of the microenvironment

Tumor-stroma-interactions have been shown to be crucial for both malignant
transformation and progression in cancer [43]. In fact, a theory in cancer research
describes how cancer can arise from disrupted tissue organization, which may promote or
even initiate tumorigenesis in epithelial cells [44,45]. In a healthy breast, the environment
surrounding the ducts and lobules consists of mostly extracellular matrix (ECM) as well as a
few stromal cells such as fibroblasts and macrophages (Figure 7). This microenvironment
has a protective effect on tumorigenesis, and the reversal of the carcinoma phenotype of
malignant epithelial cells has been shown to be induced by injecting such cells into a
healthy microenvironment [45]. The microenvironment surrounding invasive tumors has
developed promotional effects on tumorigenesis, and includes tumor associated
macrophages (TAMs), carcinoma associated fibroblasts (CAFs) and aberrant ECM (Figure
7). Other microenvironmental factors affecting tumor progression are pH and the
availability of oxygen and nutrients, which are supplied by blood vessels developed during

angiogenesis.
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promotional force. (From Bissel et. al [45].)

Angiogenesis and VEGF signaling

In 1971, Judah Folkman described the dependency of tumor growth on angiogenesis and
how tumor cells can stimulate endothelial cells to proliferate [46]. Angiogenesis is defined
as the formation of new blood vessels or neovascularization. Solid tumors start out as
avascular and dormant until the so called “angiogenic switch” takes place [47]. The
angiogenic switch is governed by a balance between angiogenesis activators such as
vascular endothelial growth factor (VEGF) and platelet-derived growth factor beta
(PDGFB), and angiogenesis inhibitors such as thrombospondin and statins [47]. The

cytokine VEGF (or VEGFA) is one of the most potent pro-angiogenic factors. Hypoxia
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induces VEGF expression from the tumor which is secreted and binds to VEGFR on
endothelial cells, inducing tumor angiogenesis. VEGF binds to both VEGFR-1 and VEGFR-2,
but the latter is responsible for the angiogenic effects of VEGF [48]. Upon VEGF binding,
dimerization and autophosphorylation of VEGFR-2 activates several downstream signaling
pathways, which in turn induce processes such as vascular permeability and survival,
migration and proliferation of endothelial cells (Figure 8). Overexpression of VEGF is found
in many tumors, and can induce abnormal and leaky blood vessels that are dependent of

VEGF signaling [49].
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Figure 8. Vascular endothelial growth factor (VEGF) binding and regulation.
VEGF binds to VEGF receptor 2 (VEGFR-2) and induces the tyrosine kinase
activity of VEFGR-2 which activates downstream signaling pathways. (From

Rini and Small [50].)

Rewiring of metabolism in tumors

Cell metabolism is affected by many different factors, such as nutrient availability, pH,
oxygen, drugs, stroma surrounding the cells, and the genetic background of the cells.
Cancer metabolism is highly aberrant compared to that of normal tissues. Where normal

cells slow down production and growth when there is a lack of growth factors and
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nutrients or there is high cell density, cancer cells have rewired metabolism which supports
the growth and proliferation of these cells even in hostile growth conditions [51]. Some
typical metabolic traits of cancers are increased uptake of glucose and glutamine and
increased production of lactate, nucleotides, amino acids and lipids (Figure 9). The field of
metabolomics studies the metabolome using technologies such as magnetic resonance
spectroscopy (MRS), gas chromatography (GC), liquid chromatography (LC), and mass
spectrometry (MS) [52]. Interest in the field of metabolomics has increased after
discovering the association between aberrant metabolism and genetic mutations in genes
of well studied signaling pathways [53]. The importance of metabolism was also recognized
by Hanahan and Weinberg, as “deregulating cellular energetics” was added as an emerging

hallmark of cancer [8].
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Figure 9. An overview of the central metabolic pathways involved in
tumor growth, including some of the oncogenes and tumor suppressor

genes that regulate these pathways (From DeBerardinis [54]).
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The Warburg effect

In the 1920s Otto Warburg stated that the impairment of cellular respiration was the main
cause of all cancers [55,56]. He based this statement on the observation that cancers have
highly increased uptake of glucose and metabolize glucose non-oxidatively through
glycolysis to lactate, even in the presence of oxygen. This theory was proven to be too
simple, but decades later the interest in the Warburg effect is again increasing in the
research community. The fact that tumors consume more glucose than other tissues is
exploited in PET imaging which measures the uptake of the radioactive tracer 18-F
fluorodeoxyglucose (FDG). The molecular mechanisms behind glucose consumption and
aerobic glycolysis are still not fully understood, though genetic aberrations have been
found in several genes coding for proteins regulating (e.g. hypoxia inducible factor 1 (HIF1)
and v-myc myelocytomatosis viral oncogene homolog (MYC)) or directly involved in
glycolysis (e.g. solute carrier family 2 (facilitated glucose transporter) (SLC2A1) which is
also known as GLUT1 and hexokinase 2 (HK2)) [57], as well as mutations in genes of the
Krebs cycle and those involved in oxidative phosphorylation. By using 13-C isotope labeled
glucose and 13-C MRS, cell lines and xenograft models of breast cancer have displayed
higher glucose uptake and conversion to lactate than normal mammary epithelial cells
[58,59]. HR MAS MRS studies on breast cancer biopsies have revealed that intracellular
concentration of glucose was negatively correlated with proliferation, while lactate was
positively correlated with grade [60,61]. Alanine can be synthesized from lactate, and is
produced as a side product to lactate during aerobic glycolysis [59,62]. A recently
published study also reported that substantial amounts of the glucose taken up in cancer
cells can be rerouted to conversion to serine and glycine through phosphoglycerate
dehydrogenase (PHGDH) in some cancer cells [63]. In the same study, PHGDH gene
expression was also observed to be higher in basal-like breast cancer than in other

subtypes.

In contrast to Warburg’s theory, many cancer cells have functional mitochondria, and a
fraction of the pyruvate produced from glycolysis is used in oxidative respiration.
Maximum ATP vyield from glucose in human cells is obtained by oxidative respiration,

where glucose and O, is used to generate ATP in a series of reactions through the Krebs
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cycle and oxidative phosphorylation in the mitochondria. The gain in ATP from oxidative
respiration is however produced at the expense of carbon, which is lost to CO,.
Proliferating normal and cancer cells are in need of excess carbon for building
macromolecules. The lower yield of ATP from aerobic glycolysis in cancer cells is
compensated for by higher consumption of glucose [54]. Interestingly, studies of tumor-
stroma interactions have revealed that in some aggressive cancers, fibroblasts display
aerobic glycolysis while the cancer cells have oxidative respiration and take up and utilize

the lactate secreted from the stromal cells [64].

Lipids and cholines in breast cancer

Lipid metabolism is often altered in cancers. Lipids serve several purposes in tumors, such
as energy storage in form of fatty acids, as membrane constituents in form of
phospholipids and cholesterol, and acting as lipid second messengers and mitogens
[65,66]. Phospholipids found in the cell membrane, specifically the most abundant
phospholipid phosphatidylcholine (PtdCho), has altered metabolism in many cancers [67].
Elevated level of free total choline (tCho) is a trademark of breast carcinomas and can be
measured both in vivo and ex vivo in tumor tissue or in vitro in cell cultures using different
magnetic resonance spectroscopy techniques. Choline (Cho) is an essential nutrient that
has to be consumed through the diet [68], and choline derivatives such as phosphocholine
(PCho) and glycerophosphocholine (GPC) have been found in high concentrations in milk
from lactating mice and humans [69,70]. From in vitro studies, high PCho level or high

PCho/GPC ratio have been suggested as biomarkers for malignancy [71-73].

PtdCho metabolism has been studied both on the metabolite and gene expression levels
[67]. The main enzymatic reactions involved in PtdCho metabolism are shown in Figure 10.
Cho enters the cell through various choline transporters, and is phosphorylated to PCho,
catalyzed by choline kinase (ChoK). PCho is then converted to CDP-Cho, catalyzed by
phosphate cytidylyltransferase (CT), which is further converted to PtdCho by
cholinephosphotransferase (PCT). PtdCho can be catabolized to acyl-GPC (also called
LPtdCho or lyso-PtdCho) and further to GPC (also called GPCho) and Cho, catalyzed by

phospholipase A (PLA) and lysophospholipase (LPL) and phosphodiesterase (PD),
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respectively. PtdCho can also be catabolized to PCho via phospholipase C (PLC) or to Cho
via phospholipase D (PLD). All these genes have various isoforms that are more or less

important in these reactions.
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Figure 10. A simplified illustration of the phosphatidylcholine pathway.
(From Podo et. al [74].)

Targeted treatment of breast cancer

In addition to surgery, classical chemotherapy and radiation therapy, several targeted
treatments of breast cancer are currently being used or tested in the clinic. Drugs targeting
ER and HER2 have already been discussed briefly. ER-positive tumors are hormone-
dependent, and the aim of endocrine treatment is to induce cell death and reduce cell
growth by limiting the levels of available estrogen. The most common anti-estrogen drug
used for pre-menopausal women with ER-positive breast cancer is tamoxifen, which is an
estrogen receptor antagonist that binds without activating the estrogen receptor.
Aromatase inhibitors are a class of drugs mostly administered to post-menopausal women,
and block the conversion of androgens to estrogen by inhibition of the enzyme aromatase.
These drugs cannot inhibit de novo synthesis of estrogen in the ovaries, which are the

primary sites of estrogen production for pre-menopausal women. After menopause, the
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main source of estrogen switches from the ovaries to different fatty tissue elsewhere in
the body, and post-menopausal women with ER-positive breast cancer may thus benefit

from aromatase inhibitors [75].

Genes involved in signaling pathways, especially receptor tyrosine kinases, are preferred
targets for many targeted therapies [76]. HER2 is overexpressed in up to 20 % of breast
cancers, which makes it an attractive target in breast cancer treatment. HER2 amplification
is measured routinely for all breast carcinomas in Norway by immunohistochemistry
(equivocal cases are validated by FISH), and used as a predictive biomarker for assignment
to trastuzumab treatment. Trastuzumab (Herceptin™) is a monoclonal antibody targeting
the transmembrane receptor tyrosine kinase HER2, and was developed to treat breast
cancer patients with tumors overexpressing HER2. Trastuzumab hinders dimerization of
HER2 with other epidermal growth factor receptors, which prevents HER2 from utilizing its
kinase potential. For breast cancer patients with HER2 positive tumors, a significant
decrease in recurrence has been observed [77]. While trastuzumab targets the
extracellular domain of HER2, the tyrosine kinase inhibitor lapatinib blocks the intracellular
kinase domain of both EGFR/HER1 and HER2 [76]. This drug has become an important
alternative for patients who develop resistance or experience adverse effects from

trastuzumab.

Other targeted therapies being tested for breast cancer include PI3K inhibitors, PARP
inhibitors and EGFR inhibitors [78]. Targeting cell metabolism has also been suggested as
an intriguing approach for treating cancer; examples of preclinically promising approaches
are targeting glycolysis by inhibiting HK2 or targeting PCho synthesis by inhibiting choline
kinase [53]. Targeting the tumor stroma is also viewed as an attractive approach, as
stromal therapy has been suggested to not induce resistance based on the assumption that
stromal cells are not as prone to mutations as tumor cells [79]. Successful targeting of
stromal components preclinically and clinically includes targeting tumor-associated
fibroblasts by vaccinating against fibroblast activation protein (FAP) and targeting

endothelial cells by inhibiting vascular endothelial growth factor (VEGF).
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Targeting angiogenesis with bevacizumab

Targeting blood vessels as a therapeutic strategy has attracted great interest the last four
decades, as sustained angiogenesis is one of the cancer hallmarks and is necessary for
tumor metastasis [7]. Especially, therapies targeting VEGF signaling have been tested in
clinical trials, and some have been approved for colorectal cancer, non-small cell lung
cancer, glioblastoma, renal cell cancer and breast cancer [80]. VEGF induces angiogenesis
by binding to VEGFR, a receptor tyrosine kinase on the surface of endothelial cells. The first
targeted therapy approved by the FDA for anti-angiogenesis treatment of cancer, was
bevacizumab (Avastin™) [80,81]. Bevacizumab is a VEGF monoclonal antibody, targeting
the ligand instead of the tyrosine kinase receptor (VEGFR). Some of the proposed
mechanisms of bevacizumab have been to inhibit growth of new vessels, induce
endothelial cell apoptosis, block recruitment of bone-marrow-derived progenitor cells,
elicit anti-tumor immune response by dendritic cell differentiation, and normalize tumor
vasculature [80]. Results from clinical trials of bevacizumab and other anti-VEGF therapies
have emphasized the latter as a more important mechanism than blocking angiogenesis
(Figure 11a). The relative success of bevacizumab in combination with chemotherapy
compared to bevacizumab as a monotherapy, suggests that bevacizumab facilitates the
delivery of traditional chemotherapy to the tumor cells [82]. Leaky vessels resulting from
over-expression of VEGF have been shown to become less permeable after targeting with

anti-VEGF [83] (Figure 11b).
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Figure 11. VEGF-targeted therapy introduces normalization of tumor vasculature. (a) An
illustration of normalization of tumor vasculature. (b) Magnetic resonance imaging of a
glioblastoma patient shows a rapid decrease in vascular permeability after anti-VEGF treatment.

(From Ellis and Hicklin [80].)
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Material and Methods

Material

Clinical breast carcinomas

The tumor samples included in Paper | are a part of an ongoing study (referred to as Oslo
I1) which is a collaboration between different hospitals in Norway. All tumors included in
the study described in Paper | were diagnosed as IDCs and collected at Oslo University
Hospital Ulleval in 2007. The tumor samples included in paper Il were obtained from breast
cancer patients with IDC operated at St. Olav’s University Hospital in Trondheim since
2000. The tissue specimens were obtained during surgery and stored in a biobank
administered by the MR Cancer Group at the Norwegian University of Science and
Technology (NTNU). Additionally, previously published microarray data from a breast
cancer cohort of 115 primary tumors were included in Paper IV [84]. This cohort is a subset
the Oslo Micrometastasis Project, where fresh frozen breast cancer tissue was collected

from 1995 to 1998.

MAS98.06 and MAS98.12 breast cancer xenograft models

The xenograft models used in paper lll and IV have been established as described
previously [85] and some characteristics are summarized in Table 1. In short, primary
tumor tissue from 29 breast cancer patients was grafted orthotopically into severe
combined immunodeficiency (SCID) mice. Two of these tumors were successfully
established as xenograft models by serial transplanting tumor tissue for more than 10
passages. These xenograft models have been characterized as representing luminal-like
(MAS98.06) and basal-like (MAS98.12) breast cancer [85]. Measuring gene expression
using human microarrays may introduce bias to intrinsic classification of xenografts,
because several genes involved in ECM were found to be expressed by mouse stromal cells
rather than by the engrafted human tumors. However, an attempt of merging the
microarray data from the xenografts with 40 patient tumors showed that the MAS98.06

xenograft and primary tumor clustered with tumors classified as luminal B.
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Table 1. Characteristics of primary tumor and xenograft models.

Basal-like xenograft (MAS98.12)

Luminal-like xenograft (MAS98.06)

Tumor grade

Hormone
receptor status
ERBB2

amplification**

Intrinsic
molecular
subtype
TP53 status

Proliferation

index (Ki67)

Volume doubling

time

Primary tumor
Grade Il1 IDC

ER-/PR+ *

Negative

Basal-like

Small population
with codon 120
mutation

NA

NA

Xenograft
NA

ER-/PR-

Negative

Basal-like

Homozygous
codon 120
mutation

28%

1-2 days

Primary tumor
Grade Il IDC

ER+/PR+

Negative

Luminal-like

Heterozygous
codon 179
mutation

NA

NA

Xenograft
NA

ER+/PR+

Negative

Luminal-like

Homozygous
codon 179
mutation

35%

7 days

* The primary basal-like carcinoma showed very weak cytoplasmic staining for PR

** Measured at the DNA level by aCGH

Technology

Microarray technology

Microarray technology was used in all four papers of this thesis. The principle of
microarray technology is to hybridize the sample RNA (or DNA) to complementary probes
at fixed locations on a support material such as a glass slide or nitrocellulose surface. In
this way, the levels of thousands of transcripts can be measured simultaneously. In all four
studies, Agilent microarray technology was used to measure gene expression, and in Paper
I, miRNA expression microarrays were also used. The basic concept of Agilent gene

expression microarrays is depicted in Figure 12. mRNA in the sample is first synthesized
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into double stranded cDNA using a reverse transcriptase and a DNA polymerase. The
transcripts are then linearly amplified to cRNA, using an RNA polymerase. During
amplification, a fluorescent dye (Cy3 was used for tumor samples) is incorporated into the
cRNA transcripts by using labeled CTP nucleotides. The samples are then hybridized to
microarrays overnight at the appropriate temperature, and the microarrays are scanned

using a laser scanner; yielding intensity levels of each probe on the array.

l Double stranded

cDNA synthesis

l Linear amplification and

labeling with fluorescent dye

Hybridize probes
to arrays

Scan arrays using
laser scanner

Figure 12. An illustration of the basic concept of Agilent

one-color gene expression microarray technology.

These microarrays are oligonucleotide microarrays with 44,000 and 15,000 60-mer probes
for mRNA and miRNA analysis, respectively. Different versions of the Feature Extraction
software (Agilent) give different information about which and how many unique mRNA are
represented by the 41000 unique probes on the gene expression array. Typically each
unique transcript is represented by 1-3 different probes. 264 of probes are printed 10

times on the array for quality control. 723 human and 76 human viral miRNAs are
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represented on the miRNA array. In Paper |, lll and IV, a one color system was used. In this
system, only the tumor sample RNA is Cy3 labeled and hybridized to the microarrays. In
Paper Il, a two color system was used with a Cy5 labeled human reference sample in
addition to the Cy3 labeled tumor sample. In this system, the two samples compete for
hybridization to the probes on the microarray, and the signal intensity from the two

fluorescent labels is utilized to calculate a signal-ratio for each spotted probe.

High Resolution Magic Angle Spinning Magnetic Resonance Spectroscopy

(HR MAS MRS)

HR MAS MRS was used in papers lI-IV. HR MAS MR spectroscopy is a non-invasive nuclear
magnetic resonance (NMR) technique that can be used to measure levels of free
metabolites in intact tissue. Numerous spectroscopy and imaging techniques based on the
NMR phenomenon have been developed for measuring anatomic, functional and
biochemical properties in clinical and experimental medicine. In fact, MRI is one of the

most accurate imaging tool available for cancer detection [86].

MR technology exploits the magnetic properties of certain nuclei, such as 1-H and 13-C.
Magnetic nuclei have a property called spin, which when exposed to an external magnetic
field By aligns either with or against the magnetic field. There are always slightly more
spins in the lower energy state, and this difference increases proportionally to the strength
of the magnetic field. The aligned spins of the nuclei precess around the axis of By. The
precession frequency is called the Larmor frequency and can be calculated by v = -yBo/2 7,
where yis the gyromagnetic constant and By is the external magnetic field. At an external
magnetic field of B = 14.1 Tesla (T), as used in this work, and the gyromagnetic constant of
1-H being ¥ = -26.75 x 10’ s'T", the Larmor frequency of 1-H is 600 MHz. A second
magnetic field is then applied at the calculated 600 MHz to induce the magnetic resonance
phenomenon by exciting the nuclei. The second magnetic field is a radio frequency (RF)
pulse. When the excited nuclei relax, the MR signal can be recorded as an oscillating signal
in the time domain. This signal can be converted into its frequency components by Fourier

transformation.
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The magic angle spinning effect in MRS was first described by Lowe [87] and Andrew [88].
The HR MAS MRS technique is based on spinning the sample rapidly (5000 MHz in this
work) at an axis inclined 54.7° to the external magnetic field from the magnet (Figure 13).
Conventional NMR spectroscopy of semi-solids such as tumor tissue gives poor resolution,
because of anisotropic interactions between immobile nuclei. The rapid spinning in HR
MAS MRS splits the broad MR bands into a narrow peak at isotropic resonance frequency
and side peaks of weaker intensity. Spinning the sample at the magic angle cancels out the
time independent anisotropic interactions between the spins. The resolution of HR MAS
MR spectra of intact breast cancer tissue can be as good as in NMR spectra of perchloric

acid extracts of tissue [89].

» Bo

Static
external
magnetic
field

The sample

spins about

an axis 0 to

the B, field

Figure 13. lllustration of how a sample spins around an axis
inclined by the magic angle 54.7 ° to the applied magnetic field,
Bo, in HR MAS MRS.

Different metabolites in a sample can be detected using HR MAS MRS because the nucleus
of each atom experiences the external magnetic field differently according to the chemical
structure in its proximity [90]. This phenomenon is called chemical shift, and is calculated
in parts per million (ppm), which is the resonance frequency of a specific atom relative to a

chosen reference. As an example of different chemical shifts, the protons of the amine
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groups of Cho, PCho and GPC have different resonance frequencies because the amine
groups are experiencing a slightly different magnetic field due to the chemical structure
surrounding them. In Figure 14, a HR MAS MR spectrum of a breast cancer biopsy shows
how these protons have chemical shifts at slightly different ppm. Using in vivo MRS, the

resonance frequency of these three metabolites cannot be separated (Figure 14).

H,C CH,
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H, H 0 H, N\ /
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Figure 14. In 1-H MRS, the protons of small soluble molecules are detected by applying
radiofrequencies of the same frequency as the nuclei of protons recess around an applied
external magnetic field. Top: The choline signals observed in breast tumors originate from the
protons in the amine groups of Cho (blue), PCho (orange) and GPC (green). Bottom: ex vivo HR
MAS MRS has higher resolution than in vivo MRS. The total choline (tCho) signal observed in
vivo consists of GPC, PCho and choline which can be distinguished by HR MAS MRS. (Modified

from Glunde and Bhujwalla [91].

In this thesis, HR MAS MRS was performed on a Bruker Avance DRX600 spectrometer. Two
different spectra were acquired for each sample, a single pulse and a spin echo spectrum.

The single pulse spectra were acquired by sending a single 90 ° RF pulse, which gives
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quantitative spectra. The spin echo spectra were acquired by sending a 90 ° RF pulse
followed by a series of 180 ° pulses which lead to suppression of most of the lipid signals.
Acquisition of both spectra included suppression of the water signal by presaturation.
While the single pulse spectra were used for quantification of metabolite concentrations
(Paper 1l), the spin echo spectra were used for multivariate analysis (Paper Il). In addition,

pulse acquired spectra with ERETIC were used for quantification in papers lll and IV.

Statistical and bioinformatic analysis

Analyzing differences between groups of samples

A Student’s t-test was applied for pairwise group comparisons of variables such as
metabolite concentration (Paper Ill). For multiple group comparisons, an analysis of
variance (ANOVA) model was applied (RIN value in relation to different time points in
Paper ). For both, the null hypothesis is that the mean is identical in the groups to be
compared. Both also assume that observations are independent and follow a normal
distribution in each of the groups to be compared. The xenograft study described in this
paper involved several animals from each xenograft model. Fitting an ANOVA model to all
treatments and days for each of the xenografts in Paper 1V, allowed for more degrees of
freedom for the comparison of each treatment group to the controls. Similar approaches
were used to analyze the gene expression and miRNA data in all papers, using linear
models for microarrays (Limma) [92]. Limma has the possibility of performing t-tests, linear
regression and ANOVA. This is performed for each transcript in the dataset, and the t- and
F-statistics are modified using Empirical Bayes correction which makes the analysis more
stable when analyzing data with a small number of samples [92]. Empirical Bayes
correction “borrows” information from other transcripts to obtain a more reliable estimate
of group variability which may significantly improve the accuracy of the inference.
Basically, the idea is to estimate a “fudge factor” that is added to the standard deviation in
the denominator of the test-statistics. In addition, p-values obtained using Limma were
corrected for multiple testing by Benjamini Hochberg’s False Discovery Rate (FDR) [93]. In
brief, the false discovery rate is calculated by multiplying the raw p-value of each test by
the number of tests performed and dividing by the number of tests that were more

significant than that particular test.
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Dimension reduction and clustering techniques

Hierarchical clustering is a popular method to search for structure in genomic and
transcriptomic data, and was used in all papers for analyzing or visualizing results. The idea
of hierarchical clustering is to group entities together in a dendrogram according to their
distance in high dimensional data space. The distance measures can be calculated using
metrics such as Euclidean distance or correlation distance (1 — the correlation between
two entities). The distance measures can then be used to cluster different entities by using
linkage methods such as single, average, complete or ward linkage. The different linkage
methods use different strategies to make clusters. For example, Ward clustering tries to
produce as distinct clusters as possible, while complete linkage tries to produce similar
clusters. In gene expression analysis, both samples and genes are usually clustered and the
gene expression values depicted in a heatmap to visualize their relative expression levels.
Multidimensional scaling (MDS) is a dimension reduction technique used to explore
similarities or dissimilarities in data. Metric multidimensional scaling which was used in
Paper | and Il uses the same distance measures that were described for hierarchical
clustering. Based on these distance measures, the data are forced into a given number of

dimensions (2 dimensions were used in Paper | and Il).

Correlation analysis

Different approaches for calculating correlation between either miRNA or metabolites and
RNA transcripts were used in Paper | and Il, respectively. Pearson’s correlation coefficients
measure the linear dependence between two variables. The correlation coefficient rho is a
value between -1 and 1, where -1 is perfect inverse correlation and 1 is perfect correlation
between two variables. The non-parametric Spearman’s rank correlation is performed by
calculating Pearson’s correlation on ranks instead of raw values. In Paper |, pairwise
miRNA-mRNA Pearson correlation coefficients were calculated for each patient using the
4-5 time points. To analyze which miRNA-mRNA pairs were consistently correlated across
the ten patients, a novel statistical method called rank consistency score by Navon et al.
was applied using the correlation coefficients as input [94]. In Paper I, pairwise metabolite

and RNA transcript correlations were calculated using Spearman’s rank correlation.
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Prior knowledge based approaches

Prior knowledge of transcriptomic data from Gene Ontology (GO) were used in Paper |, Il
and IV and miRNA-target prediction and transcription factor binding sites was used in
Paper I. Gene Ontology is a controlled vocabulary that is utilized to annotate genes
according to terms belonging to biological process (BP), molecular function (MF) and
cellular compartment (CC) categories [95]. Within each of the main categories, the GO-
terms are organized hierarchically with more specific terms further down in the hierarchy.
The hierarchies are constructed of directed acyclic graphs (DAGs) which allow a
descendant node to have multiple predecessors. The miRNA target prediction tool used in
Paper | is a based on the miRanda database and functional data [96]. The mirSVR scores
used in the analysis are based on a machine learning method to rank miRNA target sites by
a score based on sequence and contextual features from miRanda as well as data from
functional miRNA experiments. To analyze for enrichment of different sets of predefined
transcripts among transcripts that were differentially expressed or correlated to features
of interest (such as miRNAs or metabolites), the tools Gene Set Enrichment Analysis (GSEA)
[97], Gene Set Analysis (GSA) (http://www-stat.stanford.edu/~tibs/GSA) and GOrilla
[98,99] were used in Paper |, Il and | and IV, respectively. These tools analyze whether a
geneset is overrepresented among a ranked list genes of genes according to the statistic of
interest, with slightly different statistical approaches. The results obtained from these

enrichment analyses were also false discovery rate corrected [93].
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Results in brief

Paper I - Consequences of ischemia time on microRNA and gene

expression in cancer tissue

(Molecular Oncology 2011, doi:10.1016/j.molonc.2011.08.004)

In paper |, tumor tissue was frozen at different time points after being removed surgically
to study the effect of ischemia time on the transcriptome. Tumor tissue from ten patients
frozen at different time points up to 6 hours were used in mRNA and miRNA expression
microarray experiments. Statistical analysis was performed to analyze if any transcripts
were affected by ischemia time, and a novel statistical method was implemented to
analyze miRNA-mRNA covariation. A total of 1788 mRNA and 56 miRNA transcripts were
found to vary significantly with ischemia time. The most significant transcripts displayed
increasing expression levels with time, such as the cancer related miRNAs hsa-miR-663 and
hsa-miR-125a-3p and stress response genes such as GADD45B, JUND and FOSB. Such
transcripts should be eliminated from any prognostic or predictive signature. By analyzing
consistent miRNA-mRNA time-correlation across patients, miRNAs were associated with
biological processes through their correlation with mRNAs. Several miRNAs, including hsa-
miR-1228, hsa-miR-1225-5p and hsa-miR-574-5p, were associated through their
correlation to mRNAs to biological processes such as “response to stimulus” and “stress
response”. These miRNAs also showed enrichment of predicted targets among either their
positively or negatively correlated mRNAs, which means they may play both direct and

indirect roles in response to stress.
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Paper II - Merging transcriptomics and metabolomics - advances in breast

cancer research

(BMC Cancer 2010, 10: 628)

In Paper I, transcriptomics and metabolomics of breast cancer was merged to explore the
potential of combining these two different types of information. Three goals of this study
were pursued: First, to assess whether HR MAS MRS and gene expression microarrays
could be performed on the same samples; second, whether using data from HR MAS MRS
and gene expression microarrays from the same sample could contribute to a refined
subclassification of breast cancer; and third, whether genes involved in specific biological
processes were correlated to the concentration of various metabolites in breast
carcinomas. For the first goal, paired samples were used to analyze differences in RNA
integrity and gene expression between control samples and samples that had been used in
HR MAS MRS. No difference in RNA integrity was found, but a subset of genes were found
to show a subtle difference in expression between samples exposed to HR MAS MRS and
those that were not. For the two remaining goals, a different sample set was used in HR
MAS MRS and microarray experiments. The majority of samples were classified as luminal
A based on the gene expression data. Within these luminal A samples, the metabolic data
was used to subdivide patients into three groups. One of these groups seemed to have a
higher Warburg effect, with lower glucose, higher alanine and a trend of higher lactate
levels. By correlating metabolite and gene expression levels, several biological processes
were found to be enriched among genes that correlated with specific metabolites. Choline
was correlated to genes involved in cell cycle related processes while myo-inositol and

taurine were correlated with genes involved in extracellular matrix processes.
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Paper III - Distinct choline metabolic profiles are associated with
differences in gene expression for basal-like and luminal-like breast

cancer xenograft models

(BMC Cancer 2010, 10: 433)

In Paper lll, choline metabolism was studied in orthotopic xenograft models representing
basal-like and luminal-like breast cancer using HR MAS MRS and gene expression
microarrays. The two xenograft models were found to have opposite choline patterns with
respect to PCho and GPC. While the luminal-like tumors displayed relatively higher PCho
and lower GPC levels, the basal-like tumors displayed the opposite. The basal-like also
showed higher glycine levels than the luminal-like tumors. The same metabolomic
differences were found in HR MAS MR spectra from patient tumors representing luminal-
like (ER+/PR+) and basal-like (triple negative) subtypes, suggesting that the xenograft
models are representative of human cancer. Expression levels of 105 genes involved in
phospholipid metabolism were compared between the two xenograft models. Significant
differences were found for 64 of these. Some of the gene expression differences were
concordant with the observed metabolic differences, such as higher choline kinase (CHKA,
CHKB) levels in luminal-like tumors which may explain the higher PCho levels; higher
phospholipase A2, group IVA (PLA2G4A) levels which could explain the higher GPC
concentration and higher choline dehydrogenase (CHDH) and sarcosine dehydrogenase

(SARDH) levels which could explain the higher glycine levels in basal-like tumors.
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Paper IV - Metabolic and transcriptional response to bevacizumab and
doxorubicin in xenograft models of basal-like and luminal-like xenograft

models

(Manuscript)

In paper IV, metabolomic and transcriptomic responses to bevacizumab and doxorubicin
therapy in two xenograft models representing basal-like and luminal-like breast cancer
were studied. In the xenograft models treated with bevacizumab or a combination of
bevacizumab and doxorubicin, delayed tumor growth by bevacizumab was observed in the
basal-like but not in the luminal-like model. In order to identify metabolomic and
transcriptomic responses induced by bevacizumab, tumor samples were harvested at day 3
and 10 from animals used as controls or treated with bevacizumab, doxorubicin or the
combination of these drugs, and were analyzed using gene expression microarrays and HR
MAS MRS. Bevacizumab-induced molecular responses were observed in the combination
treated basal-like tumors which were not observed in the non-benefiting luminal-like
model. Levels of the metabolite GPC decreased after treatment in the basal-like tumors
and increased after treatment in luminal-like tumors. Hence, GPC demonstrated potential
as a metabolomic response biomarker. At the transcriptomic level, 14 genes showed
significant differential expression between basal-like tumors receiving the combination
therapy and those receiving doxorubicin monotherapy. These differences may represent
the additional effect of bevacizumab treatment. Using published gene expression
signatures and GO-term enrichment analysis, biological responses related to possible
treatment resistance effects were explored. Additionally, differences in expression of
genes involved in phospholipid metabolism between basal-like and luminal-like untreated
xenografts were correlated with differences observed in human breast cancer. These
finding suggest that distinct phospholipid metabolism may be intrinsic features of basal-

like and luminal-like breast cancers.
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Discussion

In this work, transcriptomic and metabolomic measurements of breast cancer tissue from
patients and xenograft models have been studied. Methodological aspects will be
discussed, including advantages and limitations of technologies and analytical approaches
used in this work. Next, biological aspects will be discussed, including the relevance of the
patient and xenograft tumor materials and methods used for studying breast cancer, the
future of bevacizumab treatment for breast cancer, and finally the clinical potential of

transcriptomic and metabolomic biomarkers.

Methodological considerations

Measuring transcript levels using microarray technology

Microarray technology has revolutionized molecular biology by allowing measurements of
thousands of entities (e.g. RNA transcripts) simultaneously in a high throughput manner.
However, there are several technical issues to be aware of when using microarray
technology, including batch effects, cross-hybridization, and measurement accuracy [100].
Batch effects are not so obvious when comparing samples with large inter-tumor
heterogeneity. However, when comparing biologically similar samples (as in Paper IV),
batch effects are evident even after data normalization, and are therefore especially
important to consider in such experiments. Carefully planned experimental designs of all
microarray experiments performed in this work were implemented to minimize random
noise and avoid systematic bias or confounding effects in the downstream analysis. Cross-
hybridization of transcripts with high sequence similarity can occur when using microarray
technology. Although the Agilent miRNA and mRNA expression microarrays are designed
to avoid this problem, there may still be incidences of cross-hybridization for some of the
probes. In paper |, probes designed to detect miRNAs from several different types of
human viruses gave detectable signal levels and displayed differential expression. This
result may be real, but it could also be a result of cross-hybridization. Further studies
would be needed to resolve this issue. The absolute expression values measured using

gene expression microarrays have been shown to have poor correlation with more
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quantitative techniques such as reverse transcriptase quantitative polymerase chain
reaction (RT qPCR). Comparing ratios between different groups of samples, as performed
in this work, significantly improves the correlation with similar ratios obtained from RT
gPCR [100]. Advances in sequencing technology over the last years have resulted in next
generation sequencing techniques such as RNA-Seq, which have several advantages over
microarrays in the field of transcriptomics [26]. The main advantage of RNA-Seq is that the
entire transcriptome can be assessed, without the need of pre-defining transcripts of
interest, as with microarray technology. This allows for the discovery of new splice variants
of genes, assessing allele-specific expression and the discovery of ncRNAs that were not
previously known to be transcribed. Even though RNA-Seq is superior for discovering
different transcript variants, estimation of gene expression levels has been shown to agree
between the two technologies [101]. Hence, microarray technology is still relevant for
measuring gene expression. As of yet, RNA-Seq is many times more expensive than
microarrays, has been shown to display bias in base-call error rates and genome coverage
[102], and the bioinformatic and statistical frameworks for data handling and analysis are
still in their infancy [101]. Additionally, measurements of miRNAs are superior when using
microarrays compared with next generation sequencing [103]. Microarray technology may

thus be a valuable tool in the field of transcriptomics for several years to come.

Using HR MAS MRS as a metabolomic tool

HR MAS MRS is a commonly used tool to study metabolomics of cancer specimens, mainly
because it is a non-destructive technique. The advantage of keeping the tumor tissue
intact after HR MAS MRS was demonstrated in this work, where gene expression analysis
(Paper Il) and histopathology (Paper Ill and 1V) was performed on the same tissue that had
been subjected to HR MAS MRS. Another advantage of HR MAS MRS is that it can be used
as a quantitative technique, where the metabolite peaks from the single pulse spectra are
compared to an internal standard (such as trimethylsilyltetradeuteropropionic acid (TSP)
used in Paper I) or an electronic reference (such as the ERETIC method used in Papers IlI
and IV). The most commonly used alternative to MRS techniques in the field of
metabolomics is mass spectrometry (MS). GC/LC MS techniques have been used

extensively in plant metabolomics, and have also been used to study cancer metabolomics
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[52]. GC/LC MS are more sensitive techniques than MRS, and can detect metabolites at
concentrations as low as 100 nM while the sensitivity of MRS is down to around 100 uM.
However, sample preparation is more extensive for MS than for MRS, and may introduce
bias in the analysis since not all compounds are suitable for MS. HR MAS MRS measures
the free metabolites in the cytoplasm of intact cells, which gives different information than
extracting all metabolites that may be membrane bound [65,104]. The main advantage of
HR MAS MRS is its relevance in clinical applications, as in vivo MRS can be performed using
standard clinical MR magnets. The 1.5 or 3 T magnets being in clinical use in Norway today
cannot resolve the different choline metabolites when using 1-H in vivo MRS (as illustrated
in Figure 14). However, with higher field strengths combined with the use of 31-P MRS
[105], the GPC and PCho peaks studied in Papers Ill and IV may be separated also in vivo.
Additionally, hyperpolarized 13-C MRS is a new technique that enhances the MR signal in
vivo by injecting hyperpolarized substrates such as 13-C pyruvate [106]. With this
technique, aerobic glycolysis can be studied in vivo by measuring the conversion of
pyruvate to lactate and alanine. Hyperpolarized 13-C MRS has the potential to identify
patients carrying tumors with a high Warburg effect, such as the A2 group of luminal A

tumors identified in Paper I, even before a single biopsy is taken.

Combining different types of transcriptomic and metabolomic data

In this work, different types of transcriptomic profiles (miRNA and mRNA) were combined
in Paper |, while mRNA transcriptomic profiles and metabolomic profiles were combined in
Paper IlI, Il and IV. Several strategies for sample handling and data analysis have been
considered. For the patient tumor biopsies used in Papers | and Il, the measurements of
different molecular levels were from the same tissue samples. This reduces the biological
variance and increases the power of statistical analysis. The xenograft tissue used for gene
expression and metabolic analysis were either from different passages (Paper Ill and some
of the samples in Paper IV) or from adjacent tumor tissue from the same passages (Paper
IV), which may introduce bias when comparing transcriptomic and metabolomic levels.
However, comparisons of the HR MAS MR spectra and microarray data from different

passages suggest that the xenograft models are stable across passages.
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Joint analysis of the transcriptomic and metabolomic data was performed using both data
driven and knowledge driven approaches. In paper |, consistent time-correlation among
patients was analyzed to identify miRNA-mRNA associations, and databases of prior
knowledge on miRNA-mRNA relationships (target prediction) and biological functions of
genes (GO) were used to generate hypotheses on what these associations could infer.
Combining transcriptomic and metabolomic data (Papers I, Ill and IV) is not as straight
forward as combining miRNA and mRNA data. Although data obtained from gene
expression microarrays and HR MAS MRS are both high dimensional, they are of a vastly
different nature. While microarray data consists of discrete measures which represent
unique transcripts, the discrete measures from HR MAS MRS represent a continuous curve
where only a subset of the data points are informative signals from metabolites. In fact,
even though spectra from HR MAS MRS of breast cancer tissue contain several thousand
data points, only around 30 metabolites have been allocated in these spectra [89]. In Paper
I, the multivariate technique used to analyze HR MAS MR spin echo spectra (hierarchical
clustering) treat each data point as a discrete point without taking into account their
relative position. Multivariate analysis of gene expression data and spin echo spectra were
combined in this paper to search for natural structure on the transcriptomic and
metabolomic levels, in particular to identify biologically relevant subgroups among the
tumor samples. It should be noted that all multivariate dimension reduction and clustering
techniques are sensitive to the cohort studied as well as the data processing and choice of
statistical method. Validating the same groups in independent cohorts may be difficult and
classification methods such as the centroid-based used to assign intrinsic gene expression
subtypes to independent samples could force incorrect group affiliations [29]. This
underlines the importance of large representative cohorts for identifying relevant
subgroups. In an attempt to bridge the gap between metabolomic and transcriptomic
phenotypes in Paper Il, prior knowledge from GO was used (comparable to the analysis of
miRNA and mRNA in Paper |) to identify associations between metabolites and specific
biological processes. However, the small sample size and homogenous cohort reduced the

statistical power of this analysis.

In Paper Il and IV, prior biological knowledge of genes involved in PtdCho metabolism was

used when analyzing the gene expression and metabolomic data to select, which is a
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common strategy [71,72,107,108]. This approach gives knowledge-based hypotheses of
direct relationships between the levels of gene transcripts and metabolites. However,
causality cannot be inferred without properly designed functional studies, which have not
been the scope of this work. In paper IV, the metabolomic changes observed were not
reflected at the gene expression level. This emphasizes that gene expression levels are not
equivalent to enzyme levels or activity, and metabolites are affected by several different

pathways as well as by the microenvironment.

Biological considerations

Measuring snapshots of heterogeneous breast cancer tissue

The molecular studies in this work were performed on bulk tissue obtained at a specific
time point, representing a snapshot of the transcriptome and metabolome of these
tumors. There are several important biological considerations that should be pointed out
regarding this sampling procedure, with respect to the stromal component, clonal nature
of the tumor and timing of the sampling. When using bulk tumor tissue, the relative
contribution of cancer epithelial cells, adipocytes, fibroblasts, immune cells and
endothelial cells are usually unknown and not accounted for. In Paper Il, adjacent tumor
tissue was used to perform histopathological evaluation of the tissue, which was
correlated to the biological findings. The concentration of taurine and myo-inositol was
found to correlate with tumor cell percentage, indicating that the tissue composition
influences the metabolomic results. This bias is important to be aware of, and underlines
the asset of the non-invasive nature of HR MAS MRS, allowing for evaluation of the tissue
subsequent to the HR MAS MRS experiments. Tumor tissue from the xenograft models
were also histopathologically evaluated after HR MAS MRS in Paper Ill and IV, showing that
the tissue consisted predominantly of viable tumor cells. This indicated that tumor cell
percentage was not as relevant in the xenograft tissue compared with the clinical samples.
This may in part be explained by the relative ease of macro-dissecting xenograft tumor
tissue compared to clinical samples. However, differences in stromal components between
the two xenograft models have been observed, in particular more active angiogenesis and

higher expression of ECM involved genes in the basal-like model [85,109]. It should be

47



noted that a portion of the metabolomic signals could also arise from extracellular fluids
such as blood [110]. This is particularly relevant in Paper IV, where observed changes in
metabolite levels after bevacizumab treatment could in theory be due to changes in tumor
vascularization. However, this would also be true for response monitoring using in vivo
MRS. It may be argued that, provided the metabolomic signals have predictive or

prognostic value, dissecting their origin is not crucial.

Another aspect of tumor heterogeneity is that several different clones may be represented
in a single tumor. Clonal heterogeneity can be observed by histopathology and
cytogenetics [111,112]. Using high resolution genomic techniques, such as array
comparative genomic hybridization (aCGH) and next generation sequencing, Navin and
colleagues modeled clonal evolution within single tumors [113,114]. Notably, some tumors
were observed to be monogenomic while others were polygenomic, suggesting differences
in chromosomal stability between tumors [113]. The clonal nature of the patient tumor
biopsies (Paper | and 1) and the xenograft biopsies (Paper Il and IV) are unknown, and this
heterogeneity is not accounted for in the analysis of the bulk tumor samples used in this
work. In addition to stromal components and the clonal nature of carcinoma cells, the
timing of the sampling of tumor tissue may also affect the transcriptomic and metabolomic
profiles measured. In Paper Ill and IV, the standardized handling of the animals and the
possibility of obtaining biological replicates, ensure that the xenograft biopsies obtained
are comparable. However, the treatment response on the transcriptomic and metabolomic
levels observed in Paper IV might have been different if the biopsies were obtained at
different time points than 3 and 10 days after treatment. For the patient tumor biopsies in
Paper | and Il, numerous other variables such as differences in time to diagnosis, diet and
age may have affected the transcriptomic and metabolomic profiles. This increases the
inter-tumor heterogeneity, but is not likely to induce any systematic bias. For paper |,
sampling of several biopsies from each patient and analyzing consistent time dependent
trends, eliminates some of this variation. The observed transcriptomic responses
associated with ischemia time in Paper | also highlight the importance of standardized

procedures in handling clinical material for subsequent molecular analysis.
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Using xenografts as a model for human breast cancer

Relevant preclinical models of breast cancer are important for studies of breast cancer
development, progression and for evaluation of response to treatment. There are several
different model systems which can be used, including various breast cancer cell lines,
genetically engineered mice and xenograft mouse models [115]. As breast cancer is a
heterogeneous disease, one model of breast cancer will never capture all aspects of the
disease. Mouse models have a number of advantages compared to cell lines, most notably
relevant growth conditions and the possibility of studying cancer in vivo. Xenograft models,
in comparison to genetically engineered mice, are implanted with human carcinoma cells
which make these models more directly relevant to human cancer. Directly grafted
orthotopic xenografts, such as the MAS98.06 and MAS98.12 xenograft models used in
Paper Il and IV, were made by implanting bulk tumor tissue directly into the mouse
mammary fat pad. This method has the advantage that the polyclonal nature observed in
many breast cancers may be represented, in contrast to injecting a monoclonal cell line.
Orthotopic transplantation into the mouse mammary fat pad also provides a more relevant
microenvironment than what is achieved by subcutaneous injection. It should still be noted
that there are several differences between the mammary glands of the two species,
including more fibroblast involvement in human mammary stroma [116]. For the xenograft
models used in this work, expression of human ECM related genes observed in the primary
tumors were replaced by expression of mouse ECM genes in the xenografts, indicating that
mouse stromal cells are recruited by (or invade) the xenografted tumors [85]. Directly
grafted orthotopic xenograft models using tumor tissue from patients are challenging to
establish, illustrated by the success rate observed when establishing the two models used
in this work (2/30 = 6.7 %) and the reported success rate of Marangoni and colleagues
(25/200 = 12.5%) [117]. This is a technical drawback of using directly grafted xenograft
models, and may introduce a selection bias towards more aggressive cancers. Luminal-like
breast cancers are especially difficult to establish, exemplified by the study of Marangoni
and colleagues where only one of the 25 established xenografts was ER positive [117].
Using SCID mice is essential for the stable establishment of xenografts, but the lack of

immune response may also reduce their relevance as models of human breast cancer.

49



In spite of these drawbacks, orthotopic xenograft models are more representative model
systems than most other models used for preclinical research. As an example of xenograft
studies that have been shown to be representative to the study of human cancer,
expression of genes identified from lung metastasis in xenograft models were found to
predict lung metastasis in a patient cohort [118]. In this work, similarities were observed
between basal-like and luminal-like xenografts and corresponding patient tumor subtypes.
In paper Ill, a similar pattern of choline derivatives was observed in the xenografts and
patient tumor biopsies. In Paper IV, expression of PtdCho metabolism genes were
compared between the xenograft models and a patient cohort. Analyses of differential
expression in basal-like compared with luminal-like tumors correlated between the
xenografts and human tumors. Such similarities are reassuring for the relevance of these
xenograft models as representative of basal-like and luminal-like breast cancers. These
models can be used for a large array of studies including preclinical testing of new
treatments and studies of metabolism using isotopically labeled compounds and ex vivo or
in vivo MRS in combination with other molecular analyses such as transcriptomics. It
should still be noted that the diversity within subgroups of breast cancer are high, and it is
therefore essential to include more xenograft models in the future. For example, a luminal-
like xenograft model without TP53 mutation and a less proliferative phenotype would be
warranted, as the MAS98.06 may represent a more luminal B type of luminal-like breast

cancer.

The future of bevacizumab as an anti breast cancer drug

Based on promising results from preclinical studies, bevacizumab was predicted to be
efficient cancer therapy for many different solid tumors including breast cancer. However,
the benefit in progression free survival (PFS) has been limited and no improvement in OS
has been observed in clinical trials of bevacizumab treatment for breast cancer, even when
combined with chemotherapy [119]. In fact, recently FDA withdrew their recommendation
of using bevacizumab to treat HER2-negative breast cancer [120]. Resistance to
antiangiogenic therapies have been suggested to occur by either adaptive (evasive)
resistance or intrinsic non-responsiveness [121]. In Paper IV, the MAS98.12 xenograft

model responded by tumor growth delay to bevacizumab as monotherapy and especially
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in combination with doxorubicin. However, after about 15 days, a slight increase in tumor
volume was observed [109]. This may suggest that the MAS98.12 gains adaptive resistance
to bevacizumab. MAS98.06 on the other hand, does not show benefit from bevacizumab
as monotherapy or in combination with doxorbucin. This may suggest that the MAS98.06
represents an intrinsic non-responsive tumor. The future of bevacizumab as a breast
cancer drug relies on finding robust biomarkers for selecting patients expected to benefit
from this treatment, and also for monitoring treatment response and adaptive resistance
effects. In Paper IV, GPC was suggested as a potential bevacizumab response biomarker,
since it displayed opposite response patterns in the benefiting MAS98.12 and the non-
responsive MAS98.06 model. Also, biological effects representing possible treatment
resistance mechanisms were studied. Interestingly, calculating the gene expression based
GGl for each sample showed that these scores decreased with bevacizumab treatment at
day 10, indicating that the tumors were less aggressive after treatment, which is in
contradiction to previous suggestions of bevacizumab increasing tumor aggressiveness

[121].

Another issue concerning antiangiogenic therapies, is that they have been shown to have
different effects with respect to duration of treatment and stage of the disease [122].
Additionally, pro-angiogenic factors other than VEGF have been shown to have higher
expression levels in later stage breast cancers, which may suggest that these are more
adaptive when treated with bevacizumab than earlier stage breast cancers [123]. However,
bevacizumab has mostly been used in clinical trials of advanced breast cancer, which may

explain some of the discrepancy between preclinical and clinical studies.

Clinical potential of transcriptomic and metabolomic biomarkers

Using RNA as biomarkers has been questioned due to the unstable nature of RNA. In Paper
I, there was not significant evidence of reduction in RNA integrity (as measured by RIN
values) with ischemia time up to six hours. However, for some patients, the total RNA from
tumor tissue frozen at all time points showed poor RNA quality. This may suggest that RNA
degradation in tumor specimens is mostly caused by other factors than ischemia time.

Even though total RNA was not significantly degraded with ischemia time, several miRNA
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and mRNA transcripts displayed ischemia time associated changes in their expression
levels. These transcripts should preferentially be avoided as biomarkers alone or as a part

of a prognostic or predictive gene signature.

The gene expression response signatures found in Paper IV in bevacizumab and
doxorubicin combination treated basal-like tumors should in the future be correlated to
microarray data from clinical trials of bevacizumab for validation. In Paper Il and IV, mRNA
transcripts coding for enzymes involved in PtCho metabolism were found to be
differentially expressed between basal-like and luminal-like cancers. The most consistent
finding between xenograft models and patient material was the relatively higher
expression of PLA2G4A in basal-like than luminal-like tumors (Paper IV), which may explain
the higher GPC levels observed both in basal-like xenografts and patient tumors. PLA2G4A
codes for a phospholipase A2 which catalyzes hydrolysis of PtdCho into acyl-GPC, which
can be further hydrolyzed to lyso-GPC and further to GPC and a fatty acid. acyl-GPC is in
itself an interesting lipid, and can for example be converted into platelet-activating factor.
PLA2G4A may thus be an interesting candidate for targeted treatment for patients with
basal-like cancers. However, the biological mechanisms of PtdCho metabolism need to be

further studied to understand the consequences of targeting PLA2G4A in such tumors.

The observed metabolomic phenotypes (Paper | and Ill) and responses to treatment (Paper
IV) could theoretically, if reproduced in larger cohorts, be used in the clinic in the relatively
near future. However, before the full potential of metabolomic biomarkers can be utilized,
the biological mechanisms and clinical implications of increased levels of a certain
metabolite must be better understood. Supplemental functional studies are thus needed
to understand the biologic mechanisms behind different levels of a certain biomarker.
Metabolites can have many different roles, including serving as building blocks, osmolytes,
ligands, or even as second messengers, such as cAMP and PtdCho derivatives. Another
unexplored field is that of global metabolite-protein interactions. Large-scale studies in
yeast revealed unknown metabolite-protein interactions that were necessary for activity of
the proteins [124]. Similar studies in humans may unravel yet unknown regulatory roles of
metabolites, that could improve our understanding of why these molecules are abundant

in cancer specimens. This could also increase the opportunities of using small molecules
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mimicking key metabolites for treatment, which is a strategy that is already widely used in

cancer therapy.
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Conclusions and future perspectives

In this thesis, breast cancer has been studied at different molecular levels to unravel new
knowledge about disease characteristics and treatment response, which may prove
valuable for future patient diagnostics and developing new targeted therapies. The
importance of stratification according to biologically and clinically relevant subgroups of
breast cancer in experimental and clinical studies has been underlined. Transcriptomics
and metabolomics have been shown to give complementary information regarding the
molecular biology of breast cancer. Both knowledge driven and data driven approaches
were used to combine different types of transcriptomic and metabolomic data in this
thesis. New hypotheses of which biological processes are associated with higher levels of
certain miRNAs and metabolites have been generated by comparing with data on
expression of genes with well known functions derived from the same tumor samples or
the same xenograft model. However, lack of consistency between gene expression and
metabolite levels when studying specific pathways was observed in some cases and this
discrepancy underlines that the informative biological signals from both types of data are
not always directly associated. Using explorative data driven approaches is therefore
necessary to utilize the full potential of combining these complementary data. One such
approach was to subgroup patient tumors by both transcriptomic and metabolomic data.
The ongoing Oslo Il study, in which gene expression microarrays and HR MAS MRS are
being performed on breast cancer tissue from several hundred patients will be of value
both for validating the findings presented in this thesis as well as exploring new strategies
of combining transcriptomic and metabolomic data. One such combinatorial strategy
should be to build clinically relevant classifiers based on both types of data. This approach
was beyond the scope of this thesis because of the high probability of overfitting data
when using small sample sizes for building statistical models. Potential metabolomic and
transcriptomic bevacizumab treatment response biomarkers presented in this thesis may
in the future be correlated with microarray data obtained from the ongoing clinical trial of
bevacizumab in combination with chemotherapy at Oslo University Hospital
Radiumhospitalet (NCT00773695). This clinical trial will also give new information that may
be used to select the most precise biomarkers for prediction of bevacizumab response and

treatment monitoring. In supplement to larger cohorts of human tumors, in-house
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breeding of additional xenograft models will be established in the near future, in
collaboration with Marangoni and colleagues. This will allow for designed experiments to
study molecular effects of new targeted therapies and to study the metabolism of

isotopically labeled compounds in tumors representing different subtypes of breast cancer.
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Abbreviations

aCGH
CAF
ChoK
CNA
CcT
ECM
ER
FDG
FEC
FISH
GC

GO
GPC
HER2
HK2
HR MAS
HRT
LC

LPL
miRNA
MRI
MRS
NMR
oS
PCho
PCT
PET
PFS
PHGDH
PLA
PLC
PLD
ppm
PR
PtdCho
RF

RIN

RT gPCR
SCID
SLC2A1
T

TAM
tCho
UTR
VEGF

array comparative genomic hybridization
carcinoma associated fibroblast

choline kinase

copy number alteration

phosphate cytidylyltransferase
extracellular matrix

estrogen receptor

fluorodeoxyglucose
fluorouracil, epirubicin and cyclophfosfphamide
fluorescence in situ hybridization

gas chromatography

Gene Ontology

glycerophosphocholine

human epidermal growth factor receptor 2
hexokinase 2

high resolution magic angle spinning
hormone replacement therapy

liquid chromatography
lysophospholipase

microRNA

magnetic resonance imaging

magnetic resonance spectroscopy
nuclear magnetic resonance

overall survival

phosphocholine
cholinephosphotransferase

positron emission tomography
progression free survival
phosphoglycerate dehydrogenase
phospholipase A

phospholipase C

phospholipase D

parts per million

progesterone receptor
phosphatidylcholine

radio frequency

RNA integrity number

reverse transcriptase quantitative polymerase chain reaction
severe combined immunodeficiency
solute carrier family 2 (facilitated glucose transporter)
Tesla

tumor associated macrophage

total choline

untranslated region

vascular endothelial growth factor
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Abstract

different types of information.

microarrays and HR MAS MRS.

metabolic and transcriptional levels.

Background: Combining gene expression microarrays and high resolution magic angle spinning magnetic
resonance spectroscopy (HR MAS MRS) of the same tissue samples enables comparison of the transcriptional and
metabolic profiles of breast cancer. The aim of this study was to explore the potential of combining these two

Methods: Breast cancer tissue from 46 patients was analyzed by HR MAS MRS followed by gene expression
microarrays. Two strategies were used to combine the gene expression and metabolic data; first using multivariate
analyses to identify different groups based on gene expression and metabolic data; second correlating levels of
specific metabolites to transcripts to suggest new hypotheses of connections between metabolite levels and the
underlying biological processes. A parallel study was designed to address experimental issues of combining

Results: In the first strategy, using the microarray data and previously reported molecular classification methods,
the majority of samples were classified as luminal A. Three subgroups of luminal A tumors were identified based
on hierarchical clustering of the HR MAS MR spectra. The samples in one of the subgroups, designated A2, showed
significantly lower glucose and higher alanine levels than the other luminal A samples, suggesting a higher
glycolytic activity in these tumors. This group was also enriched for genes annotated with Gene Ontology (GO)
terms related to cell cycle and DNA repair. In the second strategy, the correlations between concentrations of myo-
inositol, glycine, taurine, glycerophosphocholine, phosphocholine, choline and creatine and all transcripts in the
filtered microarray data were investigated. GO-terms related to the extracellular matrix were enriched among the
genes that correlated the most to myo-inositol and taurine, while cell cycle related GO-terms were enriched for the
genes that correlated the most to choline. Additionally, a subset of transcripts was identified to have slightly
altered expression after HR MAS MRS and was therefore removed from all other analyses.

Conclusions: Combining transcriptional and metabolic data from the same breast carcinoma sample is feasible
and may contribute to a more refined subclassification of breast cancers as well as reveal relations between

See Commentary: http://www.biomedcentral.com/1741-7015/8/73

Background

Transcriptomics and metabolomics in cancer research
have traditionally been considered as two separate fields.
Different levels of the molecular processes are studied,
aiming at improving cancer treatment by understanding
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the underlying mechanisms of the disease. Breast cancer
treatment decisions today are mainly based on tumor
size, histological characterization, grading and receptor
status, as well as axillary lymph node status, and age of
the patients [1]. However, patients with similar diagnosis
and treatment can experience large differences in the
progression and relapse of their disease. The various
-omics fields, transcriptomics in particular, have pro-
vided an understanding of breast cancer as a group of
molecularly distinct neoplastic disorders [2]. Clinical use

© 2010 Borgan et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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of molecular characterization of breast cancer has the
potential to stratify breast cancer patients for more indi-
vidual treatment, but has so far only been implemented
to a limited extent.

The field of transcriptomics, using DNA microarrays
that enable measurements of thousands of RNA tran-
scripts in a single experiment, has had a huge impact on
breast cancer research over the last decade [2]. One of
the important findings has been the classification of
breast cancer into five subtypes (luminal A, luminal B,
basal-like, ERBB2 enriched and normal-like) based on
gene expression profiles of so called intrinsic genes
[3,4]. This molecular subtyping of breast cancer, has
been reproduced in several studies and is also associated
with clinical outcome across datasets [5,6].

Metabolomics studies the metabolites and how they
are affected by specific cellular processes. The possibility
of using in vivo magnetic resonance spectroscopy (MRS)
as a diagnostic, prognostic or predictive tool in the
clinic simultaneously with an MR imaging (MRI) exami-
nation, makes MRS techniques attractive methods for
molecular classification of disease. Metabolic profiling of
intact biological samples using high resolution magic
angle spinning magnetic resonance spectroscopy (HR
MAS MRS) enables measurement of multiple cellular
metabolites simultaneously. The method has been uti-
lized in a wide range of biological applications [7], and
studies of cancers have proven HR MAS MRS to be a
promising tool in cancer diagnosis and treatment moni-
toring [8]. Importantly, the sample is kept intact
throughout the HR MAS MRS analysis and can subse-
quently be analyzed by gene expression analysis.

Profiling gene expression and metabolite content in
the same breast carcinoma samples enables comparisons
of molecular findings at different levels. Gene expression
data and metabolite data from MRS techniques of differ-
ent samples from the same breast cancer cell line or
xenograft model have been combined previously [9-12],
but these studies have mainly focused on specific genes
involved in choline metabolism, known as the Kennedy
pathway. Combining transcriptomic and metabolomic
profiling of the same sample allow us to capture a com-
prehensive picture at a given moment in time. Such stu-
dies could reveal differences and similarities between
groups of samples at different molecular levels and pro-
vide a fundament for enhanced knowledge of the biolo-
gical dynamics of breast cancers.

The aim of this study was to combine gene expression
microarrays and HR MAS MRS for more refined profil-
ing of breast tumors, and to explore some of the poten-
tials and limitations of the experimental procedures.
This study focuses on the most prevalent type of breast
cancer, invasive ductal carcinomas (IDC) with oestrogen
(ER) receptor positive disease, and the largest molecular
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subgroup within these tumors, luminal A. ER positive
breast cancer accounts for approximately 2/3 of the
cases, and although they overall have a relatively good
prognosis, some patients experience relapse and do not
respond to antieostrogen treatment. So far there are no
biomarkers available to identify those patients and no
targets for therapy, and identification of molecular mar-
kers of such tumors, possibly by metabolic profiling, are
therefore of high relevance. Identifying subgroups of
patients within this group is an important goal to make
it possible to further individualize cancer diagnosis and
treatment.

Methods

Patients

Tissue samples were selected from a local breast cancer
tissue bank, obtained from patients with palpable breast
lesions who underwent scheduled surgery for breast
cancer at St. Olavs University Hospital in Trondheim,
Norway (March 2000 - March 2004). Samples were
placed in cryogenic vials and immersed in liquid nitro-
gen immediately after dissection. In this study we
selected samples from patients diagnosed with IDC, who
did not receive any treatment prior to surgery. Clinical
data of the patients, such as diagnosis, tumor grade,
tumor size, hormone receptor status and lymph node
involvement were obtained from patient records, includ-
ing pathology reports, and are summarized in Table 1.
The Regional Committee for Medical and Health
Research Ethics approved the study protocol, and all
patients provided written informed consent.

Sample preparation and experimental design

An illustration of the experimental workflow as well as
the data analysis for this study is shown in Figure 1.
Tumor tissue samples from 46 patients were cut from
each tumor and analyzed by HR MAS MRS. Proceeding
HR MAS MRS, the tissue was directly snap frozen and
later used to extract RNA for microarray analysis. For
11 of the tissue samples, the quality of RNA obtained
after HR MAS MRS analysis was of insufficient quality,
and adjacent tissue from the same tumors, not subjected
to HR MAS MRS, was used for RNA extraction and
microarray analysis. Additionally, histopathology was
performed on adjacent tumor tissue for each sample, as
described previously [13], to assess the percentage of
cancer cells in each sample. The samples contained on
average 23% tumor cells with a range of 0-80%.

HR MAS MRS experiments

Sample preparation and HR MAS MRS experiments
were performed as previously described [13]. In brief, all
samples were cut to fit a 4 mm o.d. rotor with inserts
(total sample volume 50 pL). Samples analyzed by HR
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Table 1 Clinical data on the 46 patients included in the
main study

Characteristics Summary
Age, mean (range) years 64 (30 - 91)
Tumor size, mean (sd) (cm) 25 (£14)
Grade

| 5

Il 17

Il 21

NA 3
Axillary lymph node status

Negative 22

Positive 20

NA 4
Oestrogen receptor (ER) status

Negative 5

Positive 41
Progesterone receptor (PgR) status

Negative 9

Positive 36

NA 1

All patients were diagnosed with invasive ductal carcinoma (IDC). All
characteristics, except for age and tumor size, are summarized by number of
patients in each group. ER and PgR were determined by
immunohistochemistry, and samples with >10% staining cancer cells were
considered receptor positive.

MAS MRS weighed 18.6 mg in average (7.7 to 27.1 mg).
The remaining rotor volume was filled with buffer
(phosphate buffered saline (PBS) in D,O containing tri-
methylsilyl tetradeuteropropionic acid (TSP)). HR MAS
MRS experiments were performed on a Bruker Avance
DRX600 spectrometer equipped with a 'H/**C MAS
probe (Bruker BioSpin GmbH, Germany). Samples were
spun at 5 kHz while keeping the temperature at 4°C.
Two types of one-dimensional 'H spectra were
recorded, a single pulse experiment with water suppres-
sion and a spin-echo experiment (CPMG) for suppres-
sion of broad signals from macromolecules. Spectral
assignments were performed based on previous HR
MAS MRS studies of breast cancer lesions [13,14].

RNA extraction and microarrays

Total RNA was extracted from the biopsies that were
used in the HR MAS MRS procedure from each patient,
following the protocol for the RNeasy Mini Kit (Qiagen,
USA). High quality RNA, measured by BioAnalyzer
2100 (Agilent Technologies, USA) was used in microar-
ray experiments, using 44k two-color Agilent Human
Whole Genome Oligo Microarrays. The microarray ana-
lysis was performed according to the manufacturer’s
protocol, using Cy5 labeling for the tumor RNA and
Cy3 for the reference RNA, Universal Human Reference
(Stratagene, USA). Data were extracted from the

Page 3 of 14

microarray images using Feature Extraction Software
v8.5 (Agilent Technologies, USA). The final dataset
included gene expression microarray data from 46
patients, 35 obtained from RNA extracted from the HR
MAS MRS analyzed tissue and 11 from adjacent tumor
tissue, as illustrated in Figure 1.

Preprocessing and normalizing the microarray data

The two-color microarray data were preprocessed and
analyzed in R (v2.8) and Bioconductor, using the Feature
Extraction text files. The red (sample) and green (refer-
ence) signals were set to be g(r)MeanSignal, and the
data were normalized using the Limma package [15].
Each microarray was background corrected by subtract-
ing the g(r)SpatialDetrendSurfaceValue values, and nor-
malized with loess normalization. Normalization
between arrays was performed with Gquantile normali-
zation, which ensures the same empirical distribution
for the green channel and adjusts the red channel
accordingly. The data were log2 transformed and miss-
ing data were imputed using local least squares imputa-
tion from the pcaMethods package [16]. Control probes
and probes which were flagged as outliers on more than
20% of the arrays were removed. The average of dupli-
cate probes was calculated, and the averaged probe
value with the highest IQR was picked to represent each
transcript, when the gene symbol (supplied by Agilent)
was represented by different probes. A subset of 1199
probes that were identified to have an altered gene
expression after HR MAS MRS in a parallel study
described below were also removed.

Subtyping with microarray and HR MAS MRS data

Using gene median centered microarray data, the
expression of “intrinsic” genes of the tumors from all 46
patients were analyzed for Spearman’s correlation to
published centroids of the five intrinsic subtypes [17].
The samples were classified according to the highest
correlation value to the centroids. Prior to subtyping,
probes of bad quality and 9 transcripts identified to
show altered gene expression after HR MAS MRS were
removed from the centroids, resulting in a match of 286
out of 306 intrinsic genes. The threshold for classifica-
tion into a subtype was set to be correlation above 0.1
(One sample showed the same correlation to two sub-
types and was regarded as unclassified). The high
dimensional spin echo spectra (spectral region 4.8 - 1.45
ppm, excluding lipid containing regions at 2.8 ppm and
2.05 ppm, described by 5993 data points) of the 31
tumors classified as luminal A and with tumor cell per-
centage above 5%, were used to assess if adding the
metabolic data revealed additional structure within this
group of tumors. Normalization of the selected spectral
regions was performed by mean normalization.
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Unsupervised hierarchical clustering with complete link-
age was performed using Spearman’s correlation as simi-
larity measure, identifying three luminal A groups by
cutting the dendrogram at height 0.39, which was
decided as a threshold that gave convincing separation
between groups. Multidimensional scaling (MDS) using
Spearman’s correlation as similarity measure was also
used to assess if the same samples grouped together
when using a different multivariate analysis. To test for
metabolic differences between the three groups, t-tests
were performed between pairs of points in the spectra.
Differential gene expression analysis between the three
identified luminal A groups was performed using the
Limma package (R/Bioconductor) [15]. Modified t-tests
were performed on each gene, with Empirical Bayes cor-
rection of the test statistics and Benjamini and Hoch-
berg adjusted p-values. To assess if sets of genes known
to be involved in the same process, share the same func-
tion or location were concordantly differentially
expressed between the three luminal A groups, Gene
Ontology (GO) [18] enrichment analyses were per-
formed using Gene Set Analysis (GSA) [19]. GSA is a
refined version of the original Gene Set Enrichment
Analysis, which can be used to test if sets of genes are
differentially expressed between two groups, using a
maxmean statistic and permutation analysis to calculate
the p-values. The GSA analysis was run with 10000 per-
mutations, and the raw p-values were used. The Benja-
mini Hochberg false discovery rate was calculated
separately.

Correlation analysis between metabolite concentration
and gene expression

Microarray and HR MAS MRS data from the same sam-
ples of the ER+ tumors with tumor cell percentage > 5%
(N = 34) were used to test for nonzero correlations
between metabolite and gene expression levels (For
seven of the samples, the microarray data were obtained
from adjacent tumor tissue). Quantification of eight tis-
sue metabolites was performed based on peak areas in
the single-pulse spectra and TSP concentrations as in
[13]. After preprocessing the HR MAS MR spectra
(WINNMR, Bruker Biospin GmbH, Germany), peak
areas were calculated for the signals arising from myo-
inositol, taurine, choline, GPC, PCho, glucose, creatine
and glycine using the Voigt (combined Lorentzian and
Gaussian) area function in PeakFit (Seasolve, MA USA).
Quantification of lactate was not performed since lipid
signals concealed the lactate signals (signals from lipid
-CH, overlap with lactate CHj; and glycerol backbone of
triglycerides overlap with lactate CH) in two thirds of
the spectra. Probes on the microarray with IQR < 0.8
were removed, and Spearman correlation tests between
the 8 metabolites and all of the 13875 unique probes
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were performed. For each metabolite, all transcripts
were ranked according to Spearman’s rank correlation
coefficient. The resulting genelists were analyzed for
enriched GO-terms using GOrilla, which searches for
GO-terms that are enriched in the top of the list com-
pared to the rest of the list using the mHG statistics
[20,21].

Assessing the effect of HR MAS MRS on RNA integrity
and transcription

No apparent differences were observed between the
microarray data from the 35 samples that did undergo
HR MAS MRS compared to the 11 samples that did
not. However, to explore this issue more thoroughly, an
additional study was designed to assess the feasibility of
performing gene expression microarrays and HR MAS
MRS on the same sample as well as identify transcripts
that should be filtered out from microarray analyses if
they have been systematically affected by the HR MAS
MRS procedure. This additional study included 18 pairs
of tumor samples, obtained from the local breast cancer
tissue bank described above. One sample from each pair
was analyzed by HR MAS MRS, RNA was isolated from
both samples from each of the 18 pairs, and gene
expression microarray analysis was performed. The HR
MAS MRS experiments were performed as described
above, while the RNA extraction, microarray experi-
ments and preprocessing of the microarray data were
performed using slightly different protocols, as described
in Additional file 1: Supplementary documentation of
exploring the effect of HR MAS MRS on RNA integrity
and transcription. The effect of HR MAS MRS on RNA
integrity was tested using a paired t-test on the RIN-
values measured using Bioanalyzer 2100 (Agilent Tech-
nologies). Unsupervised hierarchical clustering of the
normalized microarray data from the 18 pairs of sam-
ples and modified t-tests were performed [15] to test for
differential gene expression caused by the HR MAS
MRS procedure. The transcripts that showed signifi-
cantly higher or lower (fdr < 0.01) expression in the
samples analyzed by HR MAS MRS, were tested for
enriched GO-terms [22]. Transcripts identified as having
significantly altered expression after HR MAS MRS were
removed from the microarray data in the main study. A
more detailed description of the data analysis from this
additional study can be found in Additional file 1: Sup-
plementary documentation of exploring the effect of HR
MAS MRS on RNA integrity and transcription.

Results

Two main strategies of combining information from the
microarray data with the HR MAS MR spectra are pre-
sented, as shown in the workflow illustrated in Figure 1.
The first strategy uses multidimensional gene expression
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microarray data and the HR MAS MR spectra to iden-
tify molecular subgroups of tumors. The second strategy
compares the quantified concentration of specific meta-
bolites to the expression level of each transcript in the
filtered microarray data. In a parallel study, we per-
formed additional experiments to assess the impact of
sample treatment during HR MAS MRS on RNA integ-
rity and gene expression.

Transcriptional and metabolic subtyping based on high-
dimensional data

Each of the 46 tumor samples (Figure 1), were subtyped
according to the highest Spearman’s correlation of the
expression of intrinsic genes to published centroids
from the five subtypes [17]. This subtyping method
resulted in the tumors being classified into 36 luminal
A, 7 normal-like, 1 ERBB2 enriched, 1 basal-like, and 1
unclassified. The samples classified as luminal A were
all ER positive. The ER-negative samples were classified
as 1 basal-like and 4 normal-like. The HR MAS MR
spectra from the tumors classified as luminal A (n = 31
with tumor cell percentage >5%), were used to search
for diversity within this subgroup in the metabolic data.
Hierarchical clustering based on the HR MAS MR spin
echo spectra revealed three clusters that were convin-
cingly separated when selecting a threshold of the den-
drogram at height 0.39 (Figure 2). The samples
belonging to each of these three subgroups of luminal A
samples, designated Al, A2 and A3, also clustered
together when applying MDS to the HR MAS MR spec-
tra (Figure 3). Differences in the metabolic and gene
expression profiles between the A1-A3 groups of lumi-
nal A tumors are illustrated in Figure 4. The metabolites
allocated at the points that significantly differed between
the profiles (p < 0.001) include a-glucose, B-glucose,
amino acids (signals from o-H which is the Hydrogen
bonded to the a-C of all amino acids), myo-inositol, ala-
nine and lipid residues [14]. Glucose signals were signifi-
cantly lower in the A2 group compared to the Al and
A3 luminal tumors. The o-H amino acid signals were
significantly lower in Al and higher in A3, compared to
A2. Alanine signals were significantly higher in A2 com-
pared to A3. Signals from lipid residues were signifi-
cantly higher and signals from myo-inositol were
significantly lower in Al than in A2 and A3. Differential
gene expression analysis between the three luminal A
groups, using Limma, resulted in no significant differ-
ences in expression of single genes with fdr < 0.01.
However, when analyzing differences in gene expression
between sets of genes annotated with the same GO-
terms, using GSA, different significantly enriched GO-
terms (fdr < 0.01) were revealed by comparing the three
luminal A groups (Figure 4). The A2 tumors were
enriched for biological processes related to the cell cycle
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and DNA repair, namely “Meiosis 1”, “Meiotic recombi-
nation” and “Double strand break repair” compared to
the Al tumors. The A3 group was enriched for the
molecular function “Protein C terminus binding” com-
pared to the A2 group. There was not significant evi-
dence of differences in tumor percentage between the
three groups.

Correlating metabolic and transcriptional profiles

The levels of 8 specific metabolites were compared with
the transcriptional activity in each tumor in the ER+
samples (n = 34 with tumor cell percentage >5%). These
samples include the 31 luminal A samples mentioned
above plus three samples that were classified as normal-
like, but also correlated to the luminal A centroid. Tis-
sue concentrations of some of the 8 quantified metabo-
lites co-varied, see Additional file 2: Scatterplot of
metabolite concentrations and tumor percentage. Taur-
ine, myo-inositol and choline correlated significantly
with each other, as did creatine, PCho, GPC and glycine.
Glucose showed a negative or no significant correlation
to all the other metabolites. Lists of all transcripts on
the microarray with IQR > 0.8 (13875 unique probes)
were ranked according to correlation, from high to low,
to each of the 8 metabolites. Plots showing the co-varia-
tion of myo-inositol and choline concentration with the
expression of the transcripts that correlated the most to
these metabolites are shown in Figure 5. The ranked
lists of transcripts were used to test for GO enrichment
towards the top of the list, using GOrilla [20,21]. Signifi-
cantly enriched (fdr < 0.003) GO-terms in the biological
process (BP), cellular component (CC) and molecular
function (MF) GO-categories are given for each metabo-
lite in Table 2. GO-terms related to the extracellular
matrix are enriched towards the top of the lists of tran-
scripts ranked according to correlation to myo-inositol
and taurine. GO-terms related to the cell cycle, such as
“cell cycle process” and “chromosome segregation” are
enriched towards the top of the list of transcripts ranked
according to correlation to choline. The lists of tran-
scripts ranked according to correlation to glucose, crea-
tine and glycine only gave one enriched GO-term each,
“immune system process”, “mannosyltransferase activity”
and “respiratory chain”, respectively. There were no sig-
nificantly enriched GO-terms for the lists of transcripts
ranked according to correlation to GPC and PCho.

Effect of HR MAS MRS on RNA quality and gene
expression

The effect of the HR MAS MRS procedure on RNA
integrity and transcription in the breast cancer tissue
was assessed separately on 18 pairs of samples. There
was not significant evidence that total RNA integrity,
quantified by the RIN-value (measured with Bioanalyzer
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Figure 2 Metabolic subtyping of luminal A samples using hierarchical clustering. The HR MAS MR spectra of the samples classified as
luminal A (N = 31), cluster in three groups using hierarchical clustering with Spearman'’s correlation as the distance measure and complete
linkage. The mean spectra of each luminal A group are shown. Selected metabolite allocations are indicated with abbreviations (8-Glc: f-glucose;
Lac: lactate; Cr: creatine; m-Ino: myo-inositol; a-H: a-H of amino acids; Gly: glycine; o-Glc: o-glucose; Tau: taurine; Cho: choline; GPC:
glycerophosphocholine; PCho: phosphocholine; Ala: alanine). The spectral chemical shift-scale is non-continuous due to deletion of signals from
lipid residues at 2.8 ppm and 2.05 ppm.

2100), was affected by HR MAS MRS (p-value = 0.86).
The results from the microarray analysis are illustrated
in Additional file 3: Plots illustrating the effect of HR
MAS MRS on the transcriptome. Hierarchical clustering
of the microarray data show that the samples cluster in
pairs. Using a false discovery rate of 0.01, 1199 tran-
scripts were significantly differentially expressed in sam-
ples that had been subjected to the HR MAS MRS
procedure (865 lower and 334 higher, detailed results in
Additional file 4: Significantly lower expressed tran-
scripts after HR MAS MRS and Additional file 5: Signif-
icantly higher expressed transcripts after HR MAS MRS
). Only 15 of the 1199 transcripts have an estimated
log2 fold change larger than 1. Among the 1199 tran-
scripts, several GO-terms were enriched, like “RNA

metabolic process” and “Regulation of gene expression”
for the transcripts higher expressed after HR MAS MRS
and “Protein localization”, “Vesicle mediated transport”
and “Tricarboxylic acid cycle” for the transcripts lower
expressed after HR MAS MRS. The 1199 significantly
differentially expressed transcripts were removed from
the microarray data of the 46 samples in the main study.

Discussion

In this study, we have shown the feasibility of merging
transcriptomics and metabolomics data from the very
same tumor tissue sample. Two strategies of combining
microarray data and HR MAS MR spectra are pre-
sented, providing a framework for how information
from these different molecular levels can be combined
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and analyzed. We also identified a set of transcripts
which showed slightly altered expression after the HR
MAS MRS procedure, but overall this variation was
smaller than the biological variation in tumors from one
patient to another.

In the first strategy to combine gene expression
microarray data and HR MAS MR spectra, the expres-
sion of “intrinsic” genes was used to classify the samples
into established molecular subtypes. The HR MAS MR
spectra of the majority of tumor samples, which were
classified as luminal A, were further explored to investi-
gate whether metabolic characteristics could define sub-
groups within a transcriptionally homogenous set of
samples. The use of spin echo acquired spectral profiles
ensured a more extensive use of metabolic information
than using calculated tissue metabolite concentrations,
which is limited by several peak areas being non-quanti-
fiable. Three subgroups of luminal A tumors were iden-
tified (Figure 2 and 3). The fact that samples cluster
together differently with respect to the transcriptional
and metabolic profiles (results not shown), indicates
that microarrays and HR MAS MRS reflect different
traits of the tumors. Lower levels of glucose, which may
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Figure 3 Multidimensional scaling of the HR MAS MR spectra of the luminal A samples. Multidimensional scaling of the HR MAS MR
spectra of 31 luminal A samples, colored according to the A1-A3 subgroups found by hierarchical clustering.

J

reflect high energy consumption, and higher levels of
alanine in A2 compared with the other luminal A sam-
ples indicate that the A2 subgroup has a higher War-
burg effect [23]. The lactate signal in A2 also appears to
be higher than in the other groups, although not at the
significance threshold level. From the GO enrichment
analysis, the A2 group was found to be enriched for
processes related to cell cycle and DNA repair, com-
pared to Al. The presented subclassification of luminal
A might have identified a subgroup of patients (A2)
with a more aggressive breast cancer, based on the
metabolic and transcriptional profile. However, since
this group is small and no long term clinical follow-up
is yet available for these patients, a larger cohort with
clinical data needs to be analyzed in order to validate
whether this finding has clinical impact. It should be
noted that intrinsic molecular subtyping is sensitive for
selection bias in the cohort analyzed, because of the
required gene centring of the microarray data prior to
classification. All samples were therefore included in the
intrinsic molecular classification, resulting in 10% ER
negative samples which is slightly lower than the typical
ER negative frequency in IDC. All samples classified as
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luminal A were ER positive and the majority were PgR
positive (3 samples were PgR negative and 1 sample had
no IHC data for PgR), which supports the classification
since luminal A samples are mostly ER/PgR positive and
typically 40-50% of IDCs are classified as luminal A [5].
Even though these preliminary results revealing meta-
bolic subgroups within luminal A tumors need to be
reproduced in a larger cohort, they suggest that micro-
array and HR MAS MRS data complement each other,
which can be exploited both in subclassification and for
constructing predictors of outcome or treatment
response.

The second strategy to combine gene expression
microarrays and HR MAS MRS was performed by cor-
relating metabolite concentration and gene expression.
In this approach, we have not focused on any specific
pathways, but correlated the metabolite concentrations
to all transcripts on the microarray that showed some
variation across samples. We excluded samples with ER
negative status from this analysis to avoid detecting
associations related to ER-status, which is known to
have a profound effect on the transcriptional profile
[24]. The three ER positive samples that were not classi-
fied as luminal A were classified as normal-like. Since

the gene expression of these three samples also corre-
lated to the published luminal A centroid [17], they
were included in the correlation analyses to increase
power. The gene transcripts that correlated the most to
the concentration of taurine and myo-inositol were
enriched for GO-terms associated to extracellular pro-
cesses, which could reflect a tumor-stroma interaction.
“Cell adhesion” was also one of the enriched GO-terms
for the gene transcripts that correlated to myo-inositol,
which supports this hypothesis. Taurine and myo-inosi-
tol are known to be involved in osmoregulation and
volume regulation [25]. It should be noted that the con-
centrations of taurine and myo-inositol correlated nega-
tively to tumor percentage (Additional file 2: Scatterplot
of metabolite concentrations and tumor percentage),
which could contribute to the apparent association of
these metabolites to extracellular processes. Gene tran-
scripts that correlated the most to choline concentration
were enriched for cell cycle related GO-terms which
indicate that the choline level in these samples reflects
proliferation. Choline is involved in glycerophospholipid
metabolism and is a nutrient taken up by the cells as
well as a breakdown product from phosphatidylcholine.
The total choline signal can be detected by in vivo MRS,
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Metabolite/GO- GO-Term  Description P-  Enrichment (N,B,n,b)
category value
myo-Inositol
BP G0:0032502 developmental process 6.40E- 145 (7307,1397,864,240)
10
BP GO:0030198  extracellular matrix organization 1.00E- 7.16 (7307,56,310,17)
09
BP G0:0007155 cell adhesion 1.20E- 245 (7307,377,412,52)
08
BP G0:0022610 biological adhesion 1.40E- 244 (7307,378412,52)
08
BP GO:0043062 extracellular structure organization 2.20E- 492 (7307,86,311,18)
07
MF GO:0005201  extracellular matrix structural constituent 2.10E- 739 (7307,51,310,16)
09
CcC GO:0005576 extracellular region 3.80E- 276 (7307,885,311,104)
21
cC G0:0044421  extracellular region part 7.10E- 228 (7307,513,757,121)
17
CcC GO:0031012 extracellular matrix 5.30E- 534 (7307,159,310,36)
15
CcC G0:0005578  proteinaceous extracellular matrix 2.90E- 557 (7307,142,305,33)
14
CcC GO:0044420 extracellular matrix part 2.30E- 344 (7307,71,986,33)
10
CcC GO:0005581  collagen 1.60E- 21.83 (7307,26,103,8)
08
Taurine
BP G0:0032502 developmental process 8.20E- 148 (7307,1397,630,178)
08
BP GO:0048731 system development 1.90E- 223 (7307,314,554,53)
07
MF GO:0005201  extracellular matrix structural constituent 6.20E- 16.25 (7307,51,97,11)
10
CcC GO:0044421 extracellular region part 8.30E- 244 (7307,513/485,83)
14
CcC GO:0005576  extracellular region 3.90E- 235 (7307,885,267,76)
12
cC GO:0031012  extracellular matrix 2.60E- 343 (7307,159,482,36)
10
CcC GO:0044420 extracellular matrix part 1.80E- 12.73 (7307,71,97,12)
09
cC GO:0005578 proteinaceous extracellular matrix 2.10E- 352 (7307,142,482,33)
09
cC GO:0005581 collagen 5.10E- 948 (7307,26,326,11)
08
Choline
BP GO:0090304 nucleic acid metabolic process 2.00E- 175 (7307,497,990,118)
09
BP GO:0022402 cell cycle process 2.30E- 2.09 (7307,239,952,65)
08
BP GO:0007059 chromosome segregation 3.90E- 465 (7307,25,943,15)
07
BP GO:0006139 nucleobase, nucleoside, nucleotide and nucleic acid metabolic 8.80E- 1.54 (7307,640,994,134)
process 07
CcC GO:0044428 nuclear part 9.80E- 1.7 (7307,632,999,147)
Ihl
CcC GO:0005634 nucleus 5.80E- 13 (7307,2062,990,364)

09
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Table 2 GO enrichment analysis of genes that correlated to the quantified metabolites, using GOrilla (Continued)

CcC GO:0000775 chromosome, centromeric region 2.50E- 10.2 (7307,26,303,11)
08
Glucose
BP GO:0002376 immune system process 1.60E- 1.83 (7307,420,999,105)
09
Creatine
MF GO:0000030 mannosyltransferase activity 5.80E- 7381 (7307,4,994)
08
Glycine
CcC GO:0070469 respiratory chain 5.80E- 4.74 (7307,22,981,14)
07

GO-terms in the Biological Process (BP), Molecular Function (MF) and Cellular Compartment (CC) categories that were significantly enriched (p-value < 10E-7)
towards the top of the lists of transcripts ranked according to correlation to each of the quantified metabolites. Enrichment is defined as (b/n)/(B/N), where N is
the total number of genes, B is the total number of genes associated with a specific GO term, n is the number of genes in the “target set”, b is the number of
genes in the “target set” associated with a specific GO term [21]. The p-value threshold corresponds to fdr = 8 metabolites * (877 CC GO-terms*10A-7 + 2416 MF

GO-terms*10A-7 + 6307 BP GO-terms*10A-7)/31 significant GO terms = 0.003. There were no significantly enriched GO-terms associated with GPC or PCho.

and is elevated in breast cancer compared to normal
mammary tissue and benign lesions [26]. No signifi-
cantly enriched GO-terms were found in the genes that
correlated the most to the two other choline metabolites
involved in the total choline peak, PCho and GPC. Glu-
cose correlated to genes that were significantly enriched
for the GO-term “immune system process”. Glucose
concentration has been shown to have an inverse rela-
tionship to the number of proliferating cells [27] and
tumor cell density [28]. For creatine, only the GO-term
“mannosyltransferase activity”, which is a glycosylation
process, was significantly enriched among the genes that
correlated to the metabolite. The genes that correlated
to the amino acid glycine, were also only significantly
enriched for one GO-term, “respiratory chain”, suggest-
ing a possible association between aerobic respiration
and glycine levels in these tumor samples. However, gly-
cine was the only metabolite that showed significant
positive correlation to tumor percentage (Additional file
2: Scatterplot of metabolite concentrations and tumor
percentage.), which could have influenced this relation-
ship. It is worth noting that few transcripts showed a
strong correlation to the eight metabolites, as can be
seen in the examples in Figure 5. Since metabolite con-
centrations reflect the sum of many different pathways,
correlating the expression of single genes to metabolites
is probably not the optimal way to compare the tran-
scriptional and metabolic profiles of tumors. The fact
that the most correlated genes were not directly asso-
ciated with the metabolic pathways of the metabolites
they correlated to also emphasizes the complexity of the
relationships between gene expression levels and meta-
bolite concentrations. Improved quantification of tissue
metabolite concentrations using ERETIC [27] or dieretic
[29] and more refined approaches for data analysis, pos-
sibly involving curated metabolic pathways, should be
explored in the future when larger datasets of

microarray and HR MAS MRS data from the same
tumor samples can be obtained, with corresponding
clinical information.

MRS and microarray experiments have not previously
been performed on the same breast cancer sample from
the same patient. A study by Tzika et al. combined gene
expression microarrays and HR MAS MRS on the same
sample of brain tumor and control biopsies [30]. How-
ever, no results were reported of combining these two
types of information, except for stating that a number of
transcripts correlated well to the measured metabolites.

Breast cancer biology is highly complex, which is
reflected at many different molecular levels. Using gene
expression microarray and HR MAS MRS data from the
very same tumor sample can reduce the biological var-
iance which gives a higher power to study the transcrip-
tional and metabolic levels in a combined approach.
Even though HR MAS MRS leaves the tumor tissue
intact, the procedure exposes the tissue to several
potential stresses, including hypoxic conditions and lack
of nutrients by being embedded in a surrounding buffer
at 4°C for approximately an hour, as well as high centri-
fugal force and magnetic field during the HR MAS MRS
acquisition. In our parallel study to address this issue,
total RNA integrity was not significantly affected by HR
MAS MRS (p-value = 0.86), and findings in a similar
evaluation in prostate tissue support this result [31].
The pairs of tumor samples from each patient that had
or had not been analyzed by HR MAS MRS cluster
together (Additional file 3: Plots illustrating the effect of
HR MAS MRS on the transcriptome), indicating that
patient to patient variation is larger than the effect of
HR MAS MRS. Even though 1199 transcripts were
defined as differentially expressed (fdr < 0.01) by HR
MAS MRS, these transcripts showed a small fold
change. In their study of prostate tissue, Santos et al.
reported no differential expression caused by HR MAS
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MRS [31]. However, Santos et al. used cDNA microar-
ray data from unpaired samples to test for differential
expression. The patient heterogeneity might have been
too high to achieve the power needed to detect possible
changes in gene expression in their study.

Conclusions

Performing HR MAS MRS and microarray analysis on
the same sample is feasible, and the effect of HR MAS
MRS on the transcriptome was shown to be subtle.
Three subgroups of samples within the most prevalent
intrinsic subgroup of breast cancer, luminal A, were
found using multivariate analyses of HR MAS MRS
spectra. One of the subgroups of luminal A samples,
designated A2, had metabolic and transcriptional fea-
tures indicating a higher Warburg effect and more pro-
liferation than the other luminal A groups. Using a
different strategy, enrichment analysis of genes with
expression levels that correlated to metabolite concen-
trations revealed different enriched GO-terms associated
with specific metabolites. GO-terms related to the extra-
cellular matrix were enriched among the genes that cor-
related the most to myo-inositol and taurine, while cell
cycle related GO-terms were enriched among the genes
that correlated the most to choline. We have shown
that combining transcriptional and metabolic data from
the same breast carcinoma sample can contribute to a
more refined subclassification of breast cancers as well
as reveal relationships between these molecular levels.
This study has paved the way for further studies in lar-
ger patient cohorts of all subtypes, correlating metabolic
subgroups to histopathological characteristics, treatment
response and clinical outcome.
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PCA: principal component analysis; TSP: trimethylsilyl
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GO: Gene Ontolgy; MDS: multidimensional scaling;
GSA: Gene Set Analysis

Additional material

Additional file 1: Supplementary documentation of exploring the
effect of HR MAS MRS on RNA integrity and transcription. Additional
documentation of the experimental procedure and data analysis
involving the 18 pairs of samples used in the parallel study to assess the
feasibility of performing HR MAS MRS and gene expression microarrays
on the same samples.

Additional file 2: Scatterplot of metabolite concentrations and
tumor percentage. The log2 of the tissue concentrations (umol/gram)
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of glycerophosphocholine (GPC), glycine, phosphocholine (PCho),
creatine, choline, taurine, myo-inositol and glucose as well as the tumor
percentage (Tumor) are plotted against each other in the upper diagonal
panel. Spearman’s rank correlation coefficients are given in the lower
diagonal panel. Significant (p < 0.05) correlations are indicated by bold
font. The values on the axes represent log2 tissue concentrations (umol/
gram), except for the Tumor axis which represents percentage.

Additional file 3: Plots illustrating the effect of HR MAS MRS on the
transcriptome. (A) Hierarchical clustering of the 18 pairs of tumors
before (control) and after HR MAS (HRMAS). (B) A plot of the number of
significantly differentially expressed (DE) genes caused by HR MAS MRS
as a function of false discovery rate. Bonferroni corrected p-value = 0.05
is indicated in the plot. (C) A volcanoplot of significance versus the
estimated fold change caused by HR MAS MRS. Transcripts with fdr <
0.01 are colored red or blue to indicate higher or lower expression after
HR MAS MRS, respectively. The top Biological Process GO-terms of the
differentially expressed genes are listed on each side with the same
color-code.

Additional file 4: Significantly lower expressed transcripts after HR
MAS MRS. A summary of the 865 transcripts with significantly lower
expression after HR MAS MRS, identified using Limma (R/Bioconductor).
The columns ProbeUID, AgilentProbelD, GeneSymbol, SystematicName
are annotations as given by Agilent. The columns logFoldChange,
AverageExpression, tstatistic, p.value and adjusted.p.value are the results
from the modified paired t-tests performed by Limma.

Additional file 5: Significantly higher expressed transcripts after HR
MAS MRS. A summary of the 334 transcripts with significantly higher
expression after HR MAS MRS, identified using Limma (R/Bioconductor).
The columns ProbeUID, AgilentProbelD, GeneSymbol, SystematicName
are annotations as given by Agilent. The columns logFoldChange,
AverageExpression, tstatistic, p.value and adjusted.p.value are the results
from the modified paired t-tests performed by Limma.
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Supplementary documentation of exploring the effect of HR MAS MRS on RNA integrity and
transcription. Additional documentation of the experimental procedure and data analysis involving
the 18 pairs of samples used in the parallel study to assess the feasibility of performing HR MAS MRS
and gene expression microarrays on the same samples.
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Scatterplot of metabolite concentrations and tumor percentage. The log2 of the tissue
concentrations (umol/gram) of glycerophosphocholine (GPC), glycine, phosphocholine (PCho),
creatine, choline, taurine, myo-inositol and glucose as well as the tumor percentage (Tumor) are
plotted against each other in the upper diagonal panel. Spearman's rank correlation coefficients are
given in the lower diagonal panel. Significant (p < 0.05) correlations are indicated by bold font. The
values on the axes represent log2 tissue concentrations (umol/gram), except for the Tumor axis
which represents percentage.
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Plots illustrating the effect of HR MAS MRS on the transcriptome. (A) Hierarchical clustering of the 18
pairs of tumors before (control) and after HR MAS (HRMAS). (B) A plot of the number of significantly
differentially expressed (DE) genes caused by HR MAS MRS as a function of false discovery rate.
Bonferroni corrected p-value = 0.05 is indicated in the plot. (C) A volcanoplot of significance versus
the estimated fold change caused by HR MAS MRS. Transcripts with fdr < 0.01 are colored red or blue
to indicate higher or lower expression after HR MAS MRS, respectively. The top Biological Process
GO-terms of the differentially expressed genes are listed on each side with the same color-code.
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Significantly lower expressed transcripts after HR MAS MRS. A summary of the 865 transcripts with
significantly lower expression after HR MAS MRS, identified using Limma (R/Bioconductor). The
columns ProbeUID, AgilentProbelD, GeneSymbol, SystematicName are annotations as given by
Agilent. The columns logFoldChange, AverageExpression, t.statistic, p.value and adjusted.p.value are
the results from the modified paired t-tests performed by Limma.
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significantly higher expression after HR MAS MRS, identified using Limma (R/Bioconductor). The
columns ProbeUID, AgilentProbelD, GeneSymbol, SystematicName are annotations as given by
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Additional File 1

Supplementary documentation of exploring the effect of
HR MAS MRS on RNA integrity and transcription

Sample preparation and experimental design

An additional study was designed to study the effect of HR MAS MRS on RNA quality and
gene expression. Fresh frozen tumor tissue from 18 breast cancer patients was split in two
similarly sized samples. The first part of the sample was snap frozen in liquid nitrogen and
used directly for RNA extraction, while the second part was analyzed by HR MAS MRS and

then snap frozen until RNA extraction.

RNA extraction and microarrays

Total RNA was extracted from the fresh frozen tissue following the protocol of the TRIzol
reagent (Invitrogen, USA). Total RNA integrity was measured using BioAnalyzer 2100
(Agilent Technologies, USA). The pair of samples from each patient was further processed
when the RNA quality of one sample exceeded a RIN-value of 6, suggested by Strand et al.
[32]. Total RNA (400 ng) from 18 pairs of samples were used in one-color microarray
experiments using 4x44k Agilent Human Whole Genome Oligo Microarrays. The
microarrays were scanned using a G2565A scanner and the images were extracted using

Agilent Feature Extraction software (v 9.3).
Preprocessing and normalizing the microarray data

The Feature Extraction text files were used directly and analyzed using R (v 2.8) and
Bioconductor. The gMeanSignal was used and corrected for multiplicative detrending effects

by dividing by the gMultDetrendSignal. The arrays were quantile normalized and log2



transformed using the Limma package (R/Bioconductor) [15]. Control probes, probes which
were flagged as outliers on more than 20 % of the arrays, and probes which were flagged as
present on less than 50 % of the arrays were removed. The average of duplicate probes was
taken, and the probe with the highest IQR was picked when a gene was represented by

different probes, leaving 27114 probes.

Testing the effect of HR MAS MRS on RNA integrity and transcription

The effect of HR MAS MRS on RNA integrity was tested using a paired t-test on the RIN-
values (measured using Bioanalyzer 2100). Unsupervised hierarchical clustering of the
microarray data from the 18 pairs of samples was performed using Eucledian distance and
complete linkage. Tests for the effect of HR MAS on gene expression, were performed using
Limma (R/ Bioconductor) [15]. The genes that had significantly higher or lower (fdr<0.01)
expression in the samples analyzed by HR MAS MRS, were tested for enriched gene
ontology (GO) terms [18], using the GOstats package (R/ Bioconductor) [33]. Each of the
two genelists were compared to all genes in the filtered microarray data with assigned GO-
terms, by using conditional hypergemometric tests to find GO terms that were represented

more frequently than expected by chance.

The genes that showed significantly lower expression after HR MAS MRS were enriched for
GO-terms related to metabolism, such as “acetyl-CoA metabolic process”, “tricarboxylic acid
cycle” and “generation of precursor of precursor metabolites and energy” (see Additional file
3: Plots illustrating the effect of HR MAS MRS on the transcriptome), which suggest a

shutdown of metabolism. It is not known if this happens before or during the actual HR MAS

MRS acquisition. However, the genes with known function that were higher expressed in

samples exposed to HR MAS MRS, were enriched for biological processes such as RNA



splicing and regulation of gene expression. This may indicate that lower expression of several
transcripts in the samples exposed to HR MAS MRS is caused by regulation of gene
expression in the cells of the tumor tissue, as opposed to random degradation of RNA

transcripts.

One limitation to this study is that several samples with or without the HR MAS MRS
procedure showed RNA quality below a recommended threshold of 6 [32]. This was done to
avoid bias in the analysis of the effect of HR MAS MRS on gene expression, which could
arise when excluding samples with poor RNA quality from before or after HR MAS MRS.
The low RNA quality in some samples may have introduced additional noise to the data. The
false discovery rate calculations are based on the assumption that there is no difference in
expression between the samples, which can give an underestimation of the false discovery
rate [34]. However, it should be noted that the same test for differential expression was
applied to the paired samples with scrambled labels for which sample had been exposed to
HR MAS MRS. This test resulted in zero genes passing the fdr<0.05 threshold (results not
shown), which supports that the false discovery rate calculations do not simply reflect the

heterogeneity of neighboring tissue from the same tumor.
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Distinct choline metabolic profiles are associated
with differences in gene expression for basal-like
and luminal-like breast cancer xenograft models

Siver A Moestue'”, Eldrid Borgan'?, Else M Huuse', Evita M Lindholm?, Beathe Sitter', Anne-Lise Barresen-Dale®”,
Olav Engebraaten®*, Gunhild M Maelandsmo®, Ingrid S Gribbestad'

Abstract

Background: Increased concentrations of choline-containing compounds are frequently observed in breast
carcinomas, and may serve as biomarkers for both diagnostic and treatment monitoring purposes. However,
underlying mechanisms for the abnormal choline metabolism are poorly understood.

Methods: The concentrations of choline-derived metabolites were determined in xenografted primary human
breast carcinomas, representing basal-like and luminal-like subtypes. Quantification of metabolites in fresh frozen
tissue was performed using high-resolution magic angle spinning magnetic resonance spectroscopy (HR MAS
MRS).

The expression of genes involved in phosphatidylcholine (PtdCho) metabolism was retrieved from whole genome
expression microarray analyses.

The metabolite profiles from xenografts were compared with profiles from human breast cancer, sampled from
patients with estrogen/progesterone receptor positive (ER+/PgR+) or triple negative (ER-/PgR-/HER2-) breast cancer.

Results: In basal-like xenografts, glycerophosphocholine (GPC) concentrations were higher than phosphocholine
(PCho) concentrations, whereas this pattern was reversed in luminal-like xenografts. These differences may be
explained by lower choline kinase (CHKA, CHKB) expression as well as higher PtdCho degradation mediated by
higher expression of phospholipase A2 group 4A (PLA2G4A) and phospholipase B1 (PLBT) in the basal-like model.
The glycine concentration was higher in the basal-like model. Although glycine could be derived from energy
metabolism pathways, the gene expression data suggested a metabolic shift from PtdCho synthesis to glycine
formation in basal-like xenografts. In agreement with results from the xenograft models, tissue samples from triple
negative breast carcinomas had higher GPC/PCho ratio than samples from ER+/PgR+ carcinomas, suggesting that
the choline metabolism in the experimental models is representative for luminal-like and basal-like human breast
cancer.

Conclusions: The differences in choline metabolite concentrations corresponded well with differences in gene

expression, demonstrating distinct metabolic profiles in the xenograft models representing basal-like and luminal-

like breast cancer. The same characteristics of choline metabolite profiles were also observed in patient material

from ER+/PgR+ and triple-negative breast cancer, suggesting that the xenografts are relevant model systems for
L studies of choline metabolism in luminal-like and basal-like breast cancer.
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Background

Optimal treatment of individual breast cancer patients is
still a major challenge in oncology. An approach to
improve and individualize the treatment beyond the
markers and stratification tools used at present, is
through molecular subtyping of breast cancer [1]. Based
on variation in gene expression profiles, five molecular
subtypes have been identified [1-3]. The gene expression
patterns of these subtypes are similar across multiple
samples from the same tumor, shows no treatment-
related changes and have been reproduced in a number
of patient populations [2-7]. However, the current use
of these molecular subgroups in clinical practice
remains limited. Further understanding of the differ-
ences in biology between the various subtypes is needed
in order to predict therapeutic response and provide
individual treatment strategies based on gene expression
profiles [8].

Elevated levels of choline metabolites is a known fea-
ture of breast cancer, and it has been shown that drugs
targeting choline metabolism have selective in vivo and
in vitro cytotoxic efficacy against a variety of cancer
types [9-13]. Magnetic resonance spectroscopy (MRS) is
a valuable tool for studies of choline metabolism both in
patients and in experimental systems [14]. High resolu-
tion magic angle spinning (HR MAS) MRS of ex vivo
tissue samples has been particularly useful, as it allows
assessment of individual choline metabolites in intact
tissue specimens. Increased concentrations of choline,
phosphocholine (PCho) and glycerophosphocholine
(GPC) has been demonstrated both in cultured breast
cancer cells [15-17] and in human breast cancer biopsies
[18-21]. It has also been shown that choline metabolism
is altered following chemotherapy, suggesting the possi-
bility of using MRS for therapy monitoring [22-24].
However, to utilize these findings in diagnosis and indi-
vidualized therapy monitoring of breast cancer patients,
a better understanding of the choline metabolism
abnormalities on a molecular level is needed.

Several studies investigating expression of genes
involved in metabolism of phosphatidylcholine (PtdCho)
have been performed using breast cancer cell lines
[16,17,25,26]. PtdCho is an important cellular membrane
lipid, and this metabolic pathway directly involves cho-
line, PCho and GPC. In addition, genes involved in
transmembrane choline transport and conversion of
choline to glycine have been suggested to be important
for the observed choline concentrations in breast cancer
cells [16,27]. The choline metabolism profiles observed
in cultured breast cancer cells are more homogenous
than those seen in human biopsies. In order to bridge
the gap between in vitro research and clinical breast
cancer, there is a great need for animal models
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representing different types of breast cancer for use in
functional and mechanistic studies. Serial orthotopic
transplantation of clinical tumor isolates in immunodefi-
cient mice is considered a promising tool for investiga-
tion of human breast cancer biology [28]. Establishment
of relevant experimental models of basal-like breast can-
cer is especially important both in order to understand
the special characteristics of this subtype, to find poten-
tial new molecular targets for therapy and to establish
potential biomarkers for monitoring response to
therapy.

The aim of this study was to compare the choline
metabolite patterns in animal models of basal-like and
luminal-like subtypes of breast cancer, and to study the
expression of genes related to choline metabolism in
order to explain the differences between the two breast
cancer subtypes. The two orthotopic xenograft models
used, MAS98.12 and MAS98.06, represent basal-like and
luminal-like subtypes of breast cancer, respectively [29].
Both models have been established by direct inoculation
of primary human tumor material into immunodeficient
animals. The content of creatine, choline, PCho, GPC,
taurine and glycine in the xenografts as well as human
breast cancer tissue samples was determined using HR
MAS MRS. The molecular basis of the observed differ-
ences in choline metabolism was studied using gene
expression microarray data. In order to evaluate if the
xenograft models are representative for human disease,
the metabolic profiles were compared to corresponding
profiles from patients with ER+/PgR+ or triple negative
breast cancer.

Methods
Animal model
The MAS98.12 and MAS98.06 tumor models were
established by orthotopic implantation of biopsy tissues
from primary mammary carcinomas in SCID mice as
previously described [29]. Both the primary carcinomas
and the xenograft models have been characterized using
gene expression profiling. These analyses demonstrated
that the primary carcinomas could be classified as lumi-
nal-like and basal-like subtypes of breast cancer, and
that these molecular subtypes were retained in the
MAS98.06 (luminal-like) and MAS98.12 (basal-like)
xenografts. Relevant characteristics of the models are
presented in Table 1. The tumors are serially trans-
planted. Tissue used for HR MAS MRS was from pas-
sage 47 (MAS98.12) and 28 (MAS98.06), and tissue
used for RNA microarray analysis was from passage 45
(MAS98.12) and 25 (MAS98.06).

The animals were kept under pathogen-free condi-
tions. Housing conditions included temperature between
19°C and 22°C, humidity between 50% and 60%, 20 air



Moestue et al. BMC Cancer 2010, 10:433
http://www.biomedcentral.com/1471-2407/10/433

Table 1 Summary of xenograft characteristics
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Basal-like xenograft (MAS98.12)

Luminal-like xenograft (MAS98.06)

Primary tumor Xenograft Primary tumor Xenograft
Tumor grade Grade Il IDC NA Grade Il IDC NA
Lymph node status No metastasis NA Metastasis to 12 of 25 nodes NA

No distant metastases

Differentiation Poorly differentiated

Poorly differentiated

Well differentiated Poorly differentiated

Hormone receptor status ER-/PgR+** ER-/PgR- ER+/PgR+ ER+/PgR+
ERBB2 amplification* Negative Negative Negative Negative
Intrinsic molecular subtype Basal-like Basal-like Luminal-like Luminal-like
TP53 status Wildtype Mutated Mutated Mutated
Volume doubling time NA 1-2 days NA 7 days
Proliferation index (Ki67) Missing 28% Missing 35%

Summary of characteristics related to genotype and phenotype of the xenograft models

* Measured at the DNA level by array Comparative Genomic Hybridization (aCGH)
** The primary basal-like carcinoma had very weak cytoplasmic staining for PgR?.

changes/hr and a 12 hr light/dark cycle. The animals
were fed RM1 diet (Scanbur BK, Norway) and distilled
tap water ad libitum. The drinking water was supple-
mented with 17-B-estradiol at a concentration of 4 g/
ml in order to ensure stimulation of the estrogen recep-
tors and promote tumor growth in the MAS98.06 xeno-
grafts. With respect to tumor growth rate, this estrogen
supplement correspond to the use of s.c. continuous
release 17-B-estradiol pellets (1.7 mg/pellet), which were
used during establishment of the animal models [29].
To provide equal experimental conditions, the
MAS98.12 xenografts also received estradiol supplement.
This could in theory cause non-ER-mediated effects on
choline metabolite profile. However, the similarities
between human tissue samples and xenograft tissue sug-
gest that such effects are insignificant in ER-breast
cancer.

Following sacrifice by cervical dislocation, tumor tis-
sue was harvested from 10 animals from each model for
the HR MAS MRS analyses and for 6 animals from each
model for gene expression microarray analyses, at tumor
diameters of approximately 13-15 mm. Samples were
put in cryogenic vials and immersed in liquid nitrogen
immediately after dissection and stored under cryogenic
conditions until analysis. All procedures and experi-
ments involving animals were approved by The National
Animal Research Authority, and carried out according
to the European Convention for the Protection of Verte-
brates used for Scientific Purposes.

Human tissue samples

For comparison of xenograft models with human breast
cancer tissue, biopsies from 22 breast cancer patients
were identified in our internal database based on histo-
pathology/immunohistochemistry data. Patients with
either ER+/PgR+ (n = 14) or triple negative (n = 8)

phenotype were included. Biopsy material was obtained
during surgery and immediately frozen in liquid nitro-
gen. Histopathology and immunohistochemistry data for
the selected patients was obtained from hospital records.
Patient and tumor characteristics are presented in Table
2. The biopsy material was subject to HR MAS MRS
analysis and subsequent histopathological evaluation
using hematoxylin/eosin (HE) staining. The use of
patient material was approved by the Regional Commit-
tee for Medical and Health Research Ethics, and
informed written consent was obtained from all
included patients.

HR MAS MRS of xenograft tissue

Storage time before HR MAS MRS analysis was less
than one month for all 20 samples. Macroscopically
viable tumor tissue was cut to fit a 30 pl disposable
insert (Bruker Biospin Corp.), prefilled with 3 pl PBS
made on D,O containing 98.8 mM trimethylsilyltetra-
deuteropropionic acid (TSP) for chemical shift referen-
cing. The average sample weight was 15 + 3 mg (mean
+ SD). HR MAS MR spectra were recorded using a Bru-
ker AVANCE DRX600 spectrometer equipped with a
'H/™C HR MAS probe (Bruker BioSpin Corp.). Samples
were spun at 5 kHz with an instrumental temperature
setting of 4°C. A pulse-acquired experiment including
the ERETIC sequence (ereticpr.drx; Bruker) was per-
formed for all samples. The ERETIC signal was posi-
tioned at -1.0 ppm. The water resonance was saturated
for 15 seconds (60 dB continuous wave), followed by a
60-degree pulse for excitation. Signals were collected
over a sweep width of 16.7 ppm. 128 FIDs were
acquired into 64K points during 3.28 seconds. Spectra
were Fourier transformed into 128K after 0.3 Hz expo-
nential line broadening and chemical shifts were cali-
brated to the TSP singlet at 0 ppm. Spectral
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Table 2 Summary of patient characteristics
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Subtype n Patient age Phenotype Tumor Tumor size Mean tumor Mean connective tissue Mean fatty tissue
(years) grade1/2/3 (cm) fraction (%) fraction (%) fraction (%)
ER+/PgR+ 14 57 £16 ER+/PgR+ 1/10/3 23+13 23+ 11 72+ 11 5+£7
Triple 8 57 17 ER-/PgR-/ 0/3/5 22+10 38 +32 55 + 31 6+7
negative HER2-

Summary of patient and sample characteristics of the different subgroups of human tissue samples (mean + SD)

assignments were performed based on a previous HR
MAS MRS study of breast cancer lesions [30]. One HR
MAS MRS spectrum from the MAS98.06 animals was
lost due to technical error.

The regions from 0.20 to -0.20 ppm (TSP), -0.85 to
-1.15 ppm (ERETIC) and 3.60 to 2.90 ppm (glycine,
taurine, GPC, PCho, choline, and creatine) were selected
for quantification in all spectra. Peak areas were calcu-
lated by curve fitting (PeakFit v 4, Systat Software Inc)
using a combination of Gaussian and Lorentzian line-
shapes (Voigt function). The correlation coefficient of
the fit (r*) was > 0.95 for all spectra. The ERETIC signal
was quantified to 3.17 x 107" moles using a series of
creatine calibration standards as previously described
[31]. Concentrations of tissue metabolites ([MET]) were
calculated relative to the ERETIC signal using equation
(1):

[MET] = AMET % 1 o« TLERETIC (1)

Apperic Ruer M ample

Ayt and Agppric are the calculated areas of the
metabolite and the ERETIC signals, respectively; kyer is
the number of protons giving rise to the metabolite sig-
nal; #ggeric is the number of moles the ERETIC signal
represents; and My, is the mass of the sample. The
metabolite concentrations measured using the ERETIC
signal were compared using a 2-sided Student’s t-test
with a significance level of p < 0.05 using Sigmaplot
11.0 (Systat Software Inc.).

HR MAS MRS of human tissue samples

Human tissue samples were prepared for HR MAS MRS
analysis using the same procedure as the xenograft sam-
ples. Spectra were acquired using a spin-echo Carr-Pur-
cell-Meiboom-Gill sequence (cpmgpr; Bruker) with 2 s
water suppression prior to a 90° excitation pulse. The
spin-echo sequence for suppression of broad peaks was
performed using a delay of 1 ms repeated 136 times,
resulting in an effective echo time of 285 ms. A total of
128 scans over a spectral region of 10 kHz were col-
lected into 32k points during 1.64 s. The spectra were
Fourier transformed into 128 K after 0.3 Hz exponential
line broadening, and the metabolite region from 3.60 to
3.00 ppm was selected for further evaluation. The spec-
tra were normalized by scaling the spectral data of all

samples to achieve an equal total area for each spec-
trum. Metabolite peak areas were then obtained by
curve fitting as described above.

Histopathology

Following HR MAS MRS analysis, the xenograft samples
were fixed in 10% neutral buffered formalin and
embedded in paraffin. One histopathological section
were prepared from each sample, stained with hematox-
ylin/eosin/saffron (HES) according to standard protocol
and evaluated microscopically. A visual evaluation with
respect to the presence of viable tumor tissue and the
extent of necrosis was performed. Tumor grade, hor-
mone receptor status and HER2 expression of human
tissue samples was obtained from hospital records. In
addition, specimens analysed by HR MAS MRS were
HES-stained and the relative areas of normal and neo-
plastic epithelial tissue, necrotic tissue, fat and fibrous
connective tissue were scored.

Gene expression analysis

Gene expression analysis was performed on tumor tis-
sue from 6 animals from each of the two xenograft
models, using a one-color microarray-based platform
(Agilent). Total RNA was isolated from snap frozen
tumor tissue using TRIzol (Invitrogen) and resus-
pended in RNase-free water. Total RNA (700 ng) was
amplified, labelled with Cy3, and 1.65 ug cRNA was
hybridized to 4 x 44 k Agilent Whole Human Genome
Oligo Microarrays at 60°C and 10 rpm for 17 hours,
according to the manufacturer’s protocol. The arrays
were scanned using an Agilent G2565A DNA microar-
ray scanner and extracted using Feature Extraction (v
10.1.1.1, Agilent). One microarray from the MAS98.06
model was removed due to poor array quality. The
microarray data was normalized and analysed using R
(v 2.9.0) and the LIMMA Bioconductor package [32].
The raw signals were corrected for multiplicative
detrending effects and the arrays were quantile nor-
malized and log2 transformed. Probes which were
flagged as outliers by the Feature Extraction software
or were present in less than 30% of the samples, were
removed. The signal intensities were averaged between
duplicate probes, and the probe with the highest inter-
quartile range was selected to represent each unique
transcript.
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A total of 119 genes were selected for further analysis.
The selection criteria were a) genes involved in KEGG
homo sapiens glycerophospholipid pathway hsa:00564
[33], or b) genes coding for proteins reported to be
directly involved in choline transport and choline and
glycine metabolism [16,34-36]. Of the selected genes,
117 were represented on the microarray (full gene list
supplied as additional file 1).

Testing for differential expression between the xeno-
graft models was performed using t-tests with Empirical
Bayesian correction of the test statistics [32]. To account
for multiple testing, an adjusted p-value of 0.05 (using
Benjamini & Hochberg’s false discovery rate) was
defined as the threshold for significant differential
expression between the xenograft models. The microar-
ray data from the significantly differentially expressed
genes was centered across genes and clustered across
genes and samples using hierarchical clustering with
Euclidian distance and complete linkage. The relation-
ship between gene expression and metabolite concentra-
tions was explored using Ingenuity Pathways Analysis
(Ingenuity Systems), and an illustration was adapted
from the canonical Glycerophospholipid Metabolism
and Glycine, Serine and Threonine Metabolism path-
ways [33]. The abovementioned gene list was also
extracted from microarray data from previously
described passages of the same xenograft models [29],
to ensure that gene expression remain stable throughout
serial transplantation of the xenografts.

Results

Histopathology

All xenograft samples were found to contain mainly
viable tumor tissue and stromal connective tissue,
shown previously to be recruited mouse stromal tissue
[29], with negligible necrosis (< 10% area) in 18 of 19
samples. The HR MAS MRS data was therefore consid-
ered to be representative of the metabolite concentra-
tions in the solid tumors. One sample in the MAS98.06
group contained a necrotic area, microscopically esti-
mated to 25% area of the specimen. However, the meta-
bolite concentrations measured in this sample differed
from the group mean by less than + 2 SD, and the sam-
ple was therefore not excluded from the data set. The
mean fractions of tumor and connective tissue in the
human tissue samples are presented in Table 2.

HR MAS MRS of xenograft samples

The HR MAS MRS analyses revealed several significant
differences in the metabolic profiles of the two xenograft
models. Mean '"H HR MAS MRS spectra from the two
models are shown in Figure 1 (spectral region 3.6 - 3.0
ppm). The metabolites assigned in Figure 1 were quanti-
fiable in all spectra. The metabolite concentrations
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calculated using the ERETIC reference signal are pre-
sented in Table 3. There was no significant difference in
choline concentration between the models. However,
the concentrations of GPC and PCho were significantly
higher than the choline concentration in both the basal-
like and the luminal-like model. While all the samples
from basal-like xenografts showed higher concentration
of GPC than PCho, the samples from luminal-like xeno-
grafts invariably showed lower concentrations of GPC
than PCho. The differences in GPC and PCho concen-
trations between the two xenograft models were statisti-
cally significant (p < 0.001 and p < 0.01, respectively).
The concentration of glycine was significantly higher in
the basal-like than in the luminal-like model (p < 0.002).

HR MAS MRS of human tissue samples

The HR MAS MRS spectra from the tissue samples
were retrieved from our internal database, and mean
spectra from the two groups are shown in Figure 1. The
mean metabolite profiles demonstrated that triple nega-
tive breast cancer tissue had high GPC and low PCho
concentrations, whereas tissue from ER+/PgR+ patients
had low GPC and high PCho. There was a significant
difference in the GPC/PCho peak area ratio between ER
+/PgR+ and triple negative samples (0.8 + 0.5 and 1.5 +
0.7, respectively. p = 0.01), corresponding to the findings
from the xenograft models. The mean spectra from
human tissue samples also suggested that the glycine
concentration was higher in triple negative breast cancer
tissue samples. Using the glycine/total peak area ratio as
marker for glycine content, this trend was not statisti-
cally significant (p = 0.19). The relative choline peak
area was significantly higher in triple negative tissue
(p < 0.00003) and the relative creatine peak area was
significantly lower (p = 0.024).

Gene expression analysis of xenograft tissue
Of the 119 investigated genes, 67 were differentially
expressed between the xenograft models at a 5% adjusted
(false discovery rate) significance level. Microarray data
from earlier passages of the same xenograft models [29]
showed similar trends of differential expression (data not
shown). The complete results from the gene expression
analysis are available as additional file. A heatmap of the
differentially expressed genes is presented in Figure 2, with
hierarchical clustering of genes and samples. In the follow-
ing sections, only genes directly involved in synthesis and
degradation of PtdCho from choline are considered.
Among the five selected genes coding for proteins
known to be involved in transmembrane choline trans-
port, only solute carrier family 44, member 1 (SLC44A1)
showed significantly different expression between the
two models. The expression of this transporter, also
known as choline transporter-like protein 1 (CTLI), was
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Figure 1 Mean HR MAS MRS spectra from human tissue samples and xenograft tissue. HR MAS MRS spectra (spectral region 3.6 to 3.0
ppm) of ER+/PgR+ (top left) and triple negative (top right) human tissue samples, and luminal-like (bottom left) and basal-like (bottom right)
xenograft samples. Spectral assignments are provided for peaks used in quantification.

/]

gl

355 350 345 340 335 330 325 320 315 310 305 3.00
L]

lower in basal-like than luminal-like xenografts. Solute
carrier family 22, member 1 (SLC22A1) and solute car-
rier family 44, member 2 (SLC44A2) were similarly
expressed in the two models, whereas solute carrier
family 5 (choline transporter), member 7 (SLC5A7) and
solute carrier family 22 (organic cation transporter),
member 2 (SLC22A2), were expressed below the limit of
detection. SLC5A7 is also known as choline transporter
1 (CHTI), a high-affinity choline-specific transporter
protein, whereas SLC44A2 is also known as choline-
transporter like protein 2 (CTL2).

Genes directly involved in choline metabolism which
were differentially expressed between the xenograft
models are listed in Table 4 and 5. A schematic

Table 3 Metabolite concentrations
MAS98.12 (n = 10)

MAS98.06 (n =9)

Creatine 41 +14 34+£17
Choline 12+07 09 + 06
Phosphocholine * 45+ 21 9.1 +44
Glycerophosphocholine ** 98 + 2.5 27 17
Taurine 147 £ 41 191 £ 9.1
Glycine * 82+ 30 40+ 18

Metabolite concentrations in basal-like (MAS98.12) and luminal-like
(MAS98.06) xenografts calculated from HR MAS MRS spectra using the ERETIC
method (umol/g, mean + SD, * p < 0.01, ** p < 0.001)

overview of intracellular choline metabolite concentra-
tions and the comparative gene expression (the anabolic
Kennedy pathway, PtdCho breakdown and conversion of
choline to glycine) between the xenograft models is pre-
sented in Figure 3. As shown in Figure 3, choline is con-
verted to PCho through the action of two isoforms of
the same enzyme, choline kinase alpha and beta. The
expression of the genes (CHKA, CHKB) coding for both
isoforms was significantly lower in the basal-like than in
the luminal-like model.

Conversion of PCho to CDP-choline is mediated
through the alpha and beta isoforms of phosphate cyti-
dylyl transferase 1 (PCYT1A and PCYTIB). The expres-
sion of PCYTIB was significantly higher, and PCYTIA
was significantly lower in the basal-like than the lumi-
nal-like model. The gene coding for choline phospho-
transferase 1 (CHPT1I), which converts CDP-PCho to
PtdCho, had a significantly lower expression level in the
basal-like than in the luminal-like model.

PtdCho is degraded by several different phospholi-
pases. Enzymes in the phosphoplipase A2 group (PLA2)
convert PtdCho to acyl-GPC. Of the 13 PLA2 isoforms
studied, two were significantly higher expressed in the
basal-like model, three were significantly lower
expressed, five showed no significant difference in
expression and three were below the limit of detection.
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Figure 2 Heatmap of differentially expressed genes in
xenograft models. Hierarchical clustering of the 67 differentially
expressed genes (false discovery rate < 0.05) involved in the KEGG
homo sapiens glycerophospholipid pathway hsa:00564, choline
transport or directly involved in conversion from choline to glycine
(Red: high expression compared to mean expression in xenograft
samples. Blue: low expression compared to mean expression in
xenograft samples). The microarray data was centred across genes
and clustered across genes and samples using Euclidian distance
and complete linkage.
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The largest difference in gene expression between the
two models was found for PLA2G4A, where a log2-fold
difference of 6.4 in gene expression was observed. Phos-
pholipase B1 (PLBI) is involved in both deacetylation
steps from PtdCho to GPC, and was significantly higher
expressed in the basal-like than in the luminal-like
model.

Phospholipase D, with the two isoforms PLDI and
PLD2, converts PtdCho to choline. The expression of
PLD1 was significantly higher and the expression of
PLD2 was significantly lower in the basal-like compared
to the luminal-like model. Other genes related to the
degradation of PtdCho, such as lecithin-cholesterol acet-
yltransferase (LCAT) and phosphatidylserine synthase 1
(PTDSS1I) also had significantly higher expression levels
in the basal-like than in the luminal-like model. The
GDPDS5 gene, coding for glycerophosphodiester phos-
phodiesterase (GDPD) was significantly higher expressed
in the basal-like model than in the luminal-like model,
indicating that GPC degradation may occur at a higher
rate in basal-like xenografts. However, an isoform of this
gene, GDPDI, was higher expressed in the luminal-like
xenografts. As shown in Figure 3, choline dehydrogenase
(CHDH) mediates the irreversible conversion of choline
to betaine, which is a key precursor in the synthesis of
glycine. The expression of CHDH was significantly
higher in the basal-like than in the luminal-like model.
Sarcosine dehydrogenase (SARDH), involved in the con-
version of betaine to glycine, also had significantly
higher expression levels in the basal-like model.

Discussion

The HR MAS MRS data demonstrated significant differ-
ences in choline metabolite pattern between the basal-
like and luminal-like xenograft models. In particular, the
difference in GPC and PCho concentrations is an inter-
esting finding, as the pattern seen in the basal-like
model does not correspond to typical in vitro choline
metabolite patterns [15,17]. In addition, expression data
showed that several genes directly associated with cho-
line metabolism differed significantly between the two
models. Differences in expression of genes involved in
choline metabolism corresponded to differences in
metabolite concentrations, suggesting that transcrip-
tional differences between the models are reflected in
the HR MAS MRS spectra. The relative amounts of
GPC and PCho in human tissue samples from triple
negative and ER+/PgR+ subtypes of breast cancer corre-
sponded well with the data from the xenografts.

In order to evaluate if the choline metabolism in the
xenograft models is representative for basal-like and
luminal-like breast cancer in humans, they were com-
pared to data from triple negative and ER+/PgR+ breast
cancer patients. It is assumed that the triple-negative
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Table 4 Differentially expressed genes
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Entrez Probe name Gene Encoded protein Log2-fold Adjusted p-value (false

ID name difference discovery rate)

5321 A_23_P11685 PLA2G4A  Phospholipase A2, group IV A 64 44F-1°

55349  A_23_P69293 CHDH Choline dehydrogenase 33 40E"3

1757 A_24_P35400 SARDH Sarcosine dehydrogenase 25 76E"

9468 A_24_P941353 PCYT1B Phosphate cytidylyltransferase 1, choline, beta 1.7 37€°

31896  A_23_P87401 GDPD5 Glycerophosphodiester phosphodiesterase domain 10 42E°
containing 5

8681 A_23_P403424 PLA2G4B  Phospholipase A2, group IV B 09 0.8E°

9791 A_23_P168868 PTDSS1 Phosphatidylserine synthase | 09 96E”7

10434 A_23_P19192 LYPLA1 Lysophospholipase 1 09 0.001

3931 A_23_P218237 LCAT Lecithin-cholesterol acyltransferase 0.8 0.0002

151056 A_23_P56356 PLBI1 Phospholipase B1 0.7 0.0001

5337 A_23_P155335 PLD1 Phospholipase D1 0.7 0.0005

Genes directly involved in choline metabolism with significantly higher expression in basal-like (MAS98.12) than luminal-like (MAS98.06) tumors

phenotype is a valid surrogate marker for basal-like
breast cancer, as approximately 90% of triple-negative
breast carcinomas can be classified as basal-like based
on the intrinsic molecular subtyping developed by Serlie
et al [3,37]. On the other hand, expression of estrogen
and/or progesterone receptors is a typical feature of
luminal A and B subtypes, whereas the ERBB2 and
basal-like subtypes of breast cancer rarely express hor-
mone receptors [38,39]. Therefore, the ER+/PgR+ phe-
notype is considered to be a valid surrogate marker for
luminal-like subtypes of breast cancer.

Using gene expression profiling, the molecular causes
for the differences in choline metabolism was further
explored in the xenograft models. The heatmap of all 64
significantly differentially expressed genes in Figure 2,
clearly shows that different sets of genes related to
phospholipid metabolism are higher expressed the basal-
like model compared to the luminal-like models. This

Table 5 Differentially expressed genes

indicates that the regulation of choline metabolism differ
between the two xenograft models. Although this study
does not provide data on metabolic flux, the methods
used are suitable for highlighting key steps in choline
metabolism. Comparison of these two disease models
does not, however, give any information with respect to
the difference between choline metabolism in normal
breast versus breast cancer tissue. Nevertheless, gene
expression profiling of the xenograft models showed sig-
nificant differences in the expression of genes directly
involved in choline metabolism, suggesting that these
genes may play key roles in regulation of choline meta-
bolite concentrations in human breast cancer.

Increased choline transport has been associated with
the abnormally high concentrations of PCho observed in
breast cancer [16,27,40]. In our study, the influx of cho-
line in the two models could not be fully evaluated from
the gene expression data, as only one of five investigated

Entrez  Probe name Gene Encoded protein Log2-fold Adjusted p-value (false

ID name difference discovery rate)

50487 A_23_P17814  PLA2G3 Phospholipase A2, group Il -31 1.E-"2

81579  A_23_P30020 PLA2G12A Phospholipase A2, group XII A -16 25€°

56994 A_23_P105571 CHPTI1 Choline phosphotransferase 1 -14 16E7

23446 A_23_P216630 SLC44A1 Solute carrier family 44, member 1 (CTL1) -1.1 797

5338 A_23_P4308 PLD2 Phospholipase D2 -1 12F°

8399 A_23_P88767 PLA2G10  Phospholipase A2, group X -1.1 3.0E°

1119 A_23_P314120 CHKB Choline kinase beta -0.8 20E°

11313 A_24_P276490 LYPLA2 Lysophospholipase Il -04 0.005

5130 A_23_P252681 PCYTIA Phosphate cytidylyltransferase 1, choline, alpha -04 0.035

24657  A_23_P84666 GDPDI1 Glycerophosphodiester phosphodiesterase domain -04 0.005
containing |

1119 A_23_P124742 CHKA Choline kinase, alpha -03 0.047

Genes directly involved in choline metabolism with significantly lower expression in basal-like (MAS98.12) than luminal-like (MAS98.06) tumors
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higher gene expression/metabolite concentration in basal-like

choline transporters was differentially expressed. Choline
transport has been shown to be less important than
PtdCho turnover for total choline metabolite concentra-
tions [17]. Differences in choline uptake may still have
impact on the choline metabolite concentrations, and
specific studies using isotopically labelled choline could
possibly allow accurate evaluation of choline transport
rate in the two xenograft models.

In breast cancer cells, the intracellular metabolism of
choline is divided in two major pathways as shown in

Figure 3: Betaine production or PtdCho synthesis
[27,34]. In the betaine synthesis pathway, choline is oxi-
dized to betaine through the action of choline dehydro-
genase (CHDH). Betaine is then demethylated to glycine.
In vitro studies of MCF7-cells have shown that PtdCho
synthesis is the pathway predominantly accountable for
choline turnover [34]. The first step in the PtdCho
synthesis pathway is the phosphorylation of choline
through choline kinase, yielding PCho (Figure 3). It has
been shown that increased expression of CHKA is
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critical for proliferation both of mammary epithelial
cells and breast cancer [41], but in vitro studies of dif-
ferent breast cancer cell lines have not conclusively
demonstrated a correlation between CHKA expression
and PCho concentration [16,26]. In our study, the
expression of CHKA and CHKB was significantly lower
in the basal-like than in the luminal-like model,
although some variability in expression was observed
(Figure 2). This is consistent with the lower PCho con-
centrations measured in the basal-like model. Betaine
production is thought to contribute only slightly to the
overall conversion of choline, and neither choline trans-
port nor GPC degradation is conclusive with respect to
their contribution to the choline pool. As normal breast
tissue or benign breast lesions rarely exhibit increased
choline metabolite levels, the xenograft models are
believed to represent typical choline metabolism
abnormalities of breast carcinomas [42,43]. Therefore, it
should be stressed that CHKA and CHKB expression is
likely to be upregulated in both xenograft models com-
pared to normal breast tissue. The lower PCho concen-
trations in the basal-like xenografts may also in part be
a result of higher CHDH expression. This suggests that
conversion of choline to betaine is upregulated, shifting
the metabolic flux in favour of glycine formation.
SARDH, related to conversion of betaine to glycine, was
also significantly higher expressed in the basal-like
model. The concentration of glycine in the basal-like
model was indeed higher than in the luminal-like
model, suggesting that there is a difference in choline
routing and glycine production between the two breast
cancer subtypes. An association between tumor aggres-
siveness and glycine concentration has been noted also
in clinical breast cancer tissue biopsies [21]. Abnormal-
ities in cancer energy metabolism are widely recognized,
and differences in glycine concentration between the
two xenograft models in this study could well be an
indirect result of this phenomenon.

Degradation of PtdCho is the primary source of GPC.
The expression of PLA2G4A, PLA2G4B, LCAT, LYPLAI
and PLB1, which all are associated with this pathway, was
higher in the basal-like model. Other genes (PLA2G3,
PLA2GI12A, PLA2G10, LYPLA?2) were lower expressed in
the basal-like model, and a clear association between
PtdCho degradation and GPC concentration could not
be concluded. However, in vitro studies have suggested
that GPC concentrations are associated with PLA2G4A
levels, which is consistent with our findings [17]. A lower
rate of GPC degradation could account for the higher
GPC concentration observed in the basal-like xenograft
model. The expression of GDPDS5 was, however, higher
in basal-like xenografts. The observed differences
between the two models in the relative expression of dif-
ferent genes assigned to the abovementioned enzymatic

Page 10 of 12

steps could be reflecting the relative importance of differ-
ent gene products coding for proteins with the same
enzymatic activity in the two models.

By associating choline metabolite concentrations with
tumor cell phenotype, it has been proposed that PCho con-
centration increase with the malignancy of the tumor cell
line when grown in culture [15]. However, other in vitro
studies have failed to show a correlation between malig-
nancy and choline metabolite concentrations [16]. It has
been suggested that differences in experimental design,
particularly the stage of cell growth, are accountable for
these discrepancies [26]. In all the abovementioned in vitro
studies of breast cancer cells, PCho concentrations were
significantly higher than GPC concentrations. However,
both in xenograft models of breast cancer and in clinical
tissue samples, GPC concentrations higher than PCho con-
centrations have been observed [21,44]. GPC concentration
has been shown to be negatively correlated with estrogen
receptor content in breast carcinomas, which agrees with
the relatively high GPC content in the basal-like xenograft
[45]. Our data show that GPC concentration is significantly
lower and PCho concentration is significantly higher in the
luminal-like animal model, which represents a less aggres-
sive disease than the basal-like model. This suggests that
the relationship between choline metabolite concentrations
and malignancy of solid tumors is more complex than indi-
cated by studies of breast cancer cell lines. Discrepancies
between in vitro data and clinical data may be attributed to
the microenvironment of solid tumors. It has recently been
shown that the metabolic profiles change when the same
breast cancer cell lines are studied both i vitro and in vivo
[46]. In addition, in vitro simulation of microenvironmental
factors in solid tumors has demonstrated that PCho and
GPC concentrations respond to changes in acidity, oxyge-
nation level and glucose accessibility [44].

The relevance of the basal-like and luminal-like xeno-
grafts used in this study was further supported by com-
paring the choline metabolite pattern with that of
human tissue samples from ER+/PgR+ and triple nega-
tive breast cancer. Evaluation of metabolite levels
through relative peak areas demonstrated that the mean
GPC/PCho ratio was significantly higher in triple nega-
tive breast cancer than in ER+/PgR+ breast cancer. The
relative PCho area was significantly higher in ER+/PgR+
samples than in samples from triple negative breast can-
cer. A trend towards higher glycine concentration was
also found in triple negative tissue samples. Interest-
ingly, the choline concentration in triple negative breast
cancer was higher than in ER+/PgR+ breast cancer.
Overall, the striking similarity between xenografts and
human tissue samples with respect to GPC and PCho
levels suggest that the xenografts have maintained
genetic and/or microenvironmental features from the
primary carcinomas which are relevant for the choline
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metabolite pattern. The spectra from human tissue sam-
ples also suggest that PCho concentrations alone are not
a reliable prognostic biomarker. The triple negative sam-
ples represent disease with poor prognosis, yet the PCho
level in these samples appear to be significantly lower
than in ER+/PgR+ samples. This finding encourages
large-scale studies of the metabolite pattern and gene
expression in the different molecular subtypes of breast
cancer, as this may reveal new drug targets or suggest
strategies for individualised therapy using drugs target-
ing the choline metabolism pathways.

When interpreting the gene expression data from the
two xenograft models, it should be kept in mind that
gene expression not always represents the actual enzy-
matic activity. Isoforms of the same enzyme may exhibit
differences in transcriptional regulation, and mRNA
concentrations do not account for post-translational
modification of enzymes. In addition, the concentrations
of all investigated choline-containing compounds are
determined by more than one metabolic reaction. Thus,
a simplistic model for correlating gene expression with
metabolite concentration is not applicable. The net rate
of all relevant metabolic reactions governs the metabo-
lite concentrations, and the relative importance of each
metabolic reaction is unknown. This must be kept in
mind when interpreting the data. However, the gene
expression data provide significant information in terms
of highlighting the reactions that are most likely to be
relevant for the observed differences in metabolic pat-
tern. Hypotheses generated on the basis of microarray
data should be evaluated by tracking the flux of metabo-
lites through the different pathways.

Comparing our data with pre-existing studies of cho-
line metabolism in cultured cells and iz vivo models with
data from human biopsies, we suggest that primary
tumor xenografts are more relevant model systems than
cell cultures with respect to investigation of metabolic
profiles in different breast cancer subtypes, and may be a
better approach to studies of therapeutic efficacy in the
different breast cancer subtypes. As the choline metabo-
lite profile of the xenograft models used in the study
appear representative of basal-like and luminal-like
human breast cancer, the models are considered valuable
tools for testing of targeted drugs and for monitoring
response to treatment in these subtypes of breast cancer.

Conclusions

HR MAS MRS analyses of a basal-like and a luminal-like
xenograft model demonstrated significant differences in
choline metabolite concentrations. In the more aggressive
basal-like tumor, GPC concentrations were higher than
PCho concentrations, whereas this pattern was reversed in
the luminal-like model. Glycine concentration was also
significantly higher in the basal-like model. These
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differences could at least in part be explained by lower
choline kinase expression and increased PtdCho degrada-
tion in the basal-like model. The gene expression data also
suggested a possible shift in metabolic flux from PtdCho
synthesis to glycine formation in the basal-like model. The
choline metabolism pattern in the xenografts corre-
sponded well with spectra from tissue samples from triple
negative and ER+/PgR+ human breast carcinomas, sug-
gesting that the basal-like and luminal-like xenografts may
be a relevant model system for studies of choline metabo-
lism in these two subtypes of human breast cancer.

Additional material

Additional file 1: Differential gene expression. Excel spreadsheet
containing results from the differential gene expression analysis of the
119 investigated genes.
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Abstract

BACKGROUND: The VEGF targeted antiangiogenic drug bevacizumab has shown varying results in
clinical trials of breast cancer. Identifying robust biomarkers for selection of patients that may benefit

from bevacizumab treatment is important for the future use of this drug.

METHODS: Two established xenograft models representing basal-like and luminal-like breast cancer
were used to study metabolomic and transcriptomic responses. Controls and xenografts treated with
bevacizumab, doxorubicin or the combination of the two drugs were sacrificed at day 3 and 10 after
treatment. Gene expression microarrays and high resolution magic angle spinning magnetic
resonance spectroscopy (HR MAS MRS) was performed on all tumor samples. In addition, microarray
data from human breast tumors were used to compare expression of genes involved in phospholipid

metabolism with the observed differences in the xenograft models.

RESULTS: Metabolomic and transcriptomic bevacizumab induced changes were observed in the
benefiting basal-like tumors which were not observed in the non-benefiting luminal-like model. The
metabolite with highest potential as response marker was glycerophosphocholine (GPC) which
showed opposite response patterns in the two differently responding xenografts; lower in the
treated basal-like tumors and higher in luminal-like tumors compared with controls. Phosphocholine
(PCho) on the other hand, showed either no difference or increase in concentration after treatment
in both models, diluting the total choline (tCho) signal. On the global transcriptomic level, the largest
changes in gene expression compared with controls were observed for the most efficient treatment
in each of the two xenograft models. Of particular interest were 14 genes showing significant
differential expression between basal-like tumors receiving combination therapy and doxorubicin
monotherapy, including higher expression of very low density lipoprotein receptor (VLDR), and lower
expression of hemoglobin, theta 1 (HBQ1). Using published gene expression signatures and GO-term
enrichment analysis, biological responses including possible treatment resistance effects were
explored. When evaluating expression of genes involved in choline and phospholipid metabolism, a
concordant response to the metabolomic changes was not observed. However, differences in
expression of these genes between basal-like and luminal-like untreated xenografts were correlated
with differences observed in human breast cancer, suggesting that distinct phospholipid metabolism

patterns may be intrinsic features of these breast cancer subtypes.

CONCLUSIONS: This study underlines the importance of characterizing biological differences between
subtypes of breast cancer to identify personalized biomarkers for selecting patients for bevacizumab

treatment and evaluating response to therapy.



Introduction

Targeting tumor stroma has evolved as an attractive strategy to treat solid cancers. One
implemented strategy for several cancers is antiangiogenic treatment utilizing a VEGF targeting
monoclonal antibody (bevacizumab). Limited benefit in progression free survival (PFS) and lack of
benefit in overall survival (OS) reported from clinical trials have induced questions about the
relevance of bevacizumab for breast cancer [1]. However, recent results indicate that prolonged
bevacizumab administration in metastatic breast cancer patients may give a considerable benefit in
OS [2]. The usefulness of bevacizumab as an anti breast cancer drug will depend on identification of
precise biomarkers for subgroups of patients that with high probability will respond to this drug [3].
Several potential biomarkers have been proposed, including VEGFR polymorphisms, and VEGF,
PDGFR- and VCAM1 expression levels [4-7], but none have been established as reproducible. In
addition to predicting which patients may benefit from bevacizumab, identifying biomarkers for
monitoring treatment response could accelerate the evaluation of individual therapeutic regimes.
The aim of this study was to identify response biomarkers and study the biology of treatment
response and possible resistance effects by combining metabolomics and transcriptomics of breast

cancer xenograft models.

The tumor metabolome is known to be highly affected by extracellular factors such as the
microenvironment, pH, oxygen, nutrients and drugs. Thus, metabolomic techniques have the
potential to be more sensitive in monitoring treatment than other approaches such as measuring
levels of RNA or proteins. Several metabolic markers of treatment response have been suggested,
such as total choline (tCho) from in vivo MRS [8,9], and from the higher resolution MRS spectra also
metabolites such as phosphocholine (PCho), glycerophosphocholine (GPC), and lactate [10,11].
Preclinical tumor model systems are valuable tools for the study of treatment response mechanisms
in a controlled manner. In particular, xenografts are attractive models since human carcinomas can
be studied in vivo surrounded by a relevant microenvironment [12]. In addition, direct grafting of
human tumor tissue is more representative of human cancer than using cultured cells. Two directly
grafted orthotopic xenograft models representing basal-like and luminal-like breast cancer have
previously been established and characterized at the transcriptomic and metabolomic levels [13-15].
Distinct patterns of choline derivatives observed in the xenografts were also found in clinical tumor
samples, suggesting that these two models are relevant for studies of metabolism and treatment
response in the two types of breast cancer [15]. Recently, the xenografts were treated with

bevacizumab, doxorubicin and combination therapy, and the basal-like model showed significantly



improved response to combination therapy compared with doxorubicin alone, while doxorubicin
monotherapy or a combination of the two were equally effective in the luminal-like model [16].
Tumor tissue was harvested at day 3 and 10 from the treatment groups, and in the present study,
metabolomics and transcriptomics of tumor tissue from these experiments was performed using high
resolution magic angle spinning magnetic resonance spectroscopy (HR MAS MRS) and gene
expression microarrays. Comparison of these differently responding models with respect to potential
response markers and the underlying biology may generate hypotheses for future studies in selecting

breast cancer patients who may benefit from antiangiogenic therapy with bevacizumab.

We demonstrated that glycerophosphocholine (GPC) is a promising biomarker on the metabolomic
level and that several gene transcripts were associated with responses only in the bevacizumab
benefiting basal-like tumors. Additionally, microarray data from a set of human breast cancers were
been used to show that differences in the expression of genes involved in phospholipid metabolism

may be an intrinsic characteristic of basal-like and luminal-like breast cancer.



Material and methods

Xenograft models and treatment

Two orthotopic xenograft models, MAS98.12 and MAS98.06 have been established by directly
grafted orthotopic implantation of primary breast cancer tissue in SCID mice and are serially
transplanted, as previously described [13]. Using gene expression microarray, the MAS98.12 and
MAS98.06 xenografts were characterized as representing basal-like and luminal-like breast cancer,
respectively [13]. These models were used to test response to bevacizumab and doxorubicin
treatment, showing that the MAS98.12 xenografts had the greatest benefit (in terms of tumor
growth delay) from a combination of bevacizumab and doxorubicin, while the MAS98.06 xenografts
showed no additional benefit from adding bevacizumab [16]. MAS98.12 also responded significantly
to bevacizumab monotherapy, though not to the same extent as to the combination therapy. An
overview of the experimental procedure in the current work is illustrated in Figure 1. Locally bred
athymic nude mice (NCr-Foxn1™) were kept under pathogen-free conditions, at constant
temperature (21.5+0.5 2C) and humidity (555 %), 20 air changes/hr and a 12 hr light/dark cycle. The
mice were fed RM3 diet (Scanbur BK, Norway) and distilled tap water ad libitum. The water was
supplemented with 4 pg/ml 17-B-estradiol, which the luminal-like xenograft is dependent on.
Animals from the two xenograft models were randomly assigned to different treatment groups after
the tumor diameter reached approximately 5 mm. For each of the two xenograft models, tumors
were collected from animals used as controls or treated with bevacizumab (5 mg/kg), doxorubicin (8
mg/kg) or a combination of the two therapies (n = 6 tumors for each group). Bevacizumab treatment
was repeated at day 4 and day 7. Animals were sacrificed and tissue harvested at either day 3 or 10
after treatment, in triplicates within each treatment group. This resulted in 24 tumor samples from
each of the models. In addition, controls and bevacizumab treated luminal-like xenografts not fed
with estradiol were included for comparison (n = 12). Tumor tissue from all animals was stored in
liquid nitrogen and independent tumor pieces were used for HR MAS MRS and gene expression
microarray analysis. Out of the 48 samples from the estrogen fed animals analyzed with both
experimental techniques, 33 were from the same tumor, 11 were from the same mouse but from
different tumors (from bilateral implantations), and 4 were from different mice. The 12 tumors from
animals not receiving estrogen supplement were included in the gene expression analysis for
normalization purposes. All procedures and experiments involving animals are approved by the
National Animal Research Authority and were conducted according to the European Convention for

the Protection of Vertebrates used for Scientific Purposes.



HR MAS MRS experiments and data processing

HR MAS MRS experiments and data preprocessing were performed on a Bruker Avance DRX600
spectrometer equipped with a 1H/13C HR MAS probe (Bruker BioSpin Corp.). Macroscopically viable
tumor tissue was cut to fit a 30 pl disposable insert (Bruker Biospin Corp.), prefilled with 3 pl PBS
made on D,0 containing 98.8 mM trimethylsilyltetradeuteropropionic acid (TSP) for chemical shift
referencing. Sample weight was 13.6 + 4.3 mg (mean * SD). Samples were spun at 5 kHz and 4°C. A
pulse-acquired experiment including the ERETIC sequence (ereticpr.drx; Bruker) was performed for
all samples. The ERETIC signal was positioned at -1.0 ppm. The water resonance was saturated for 15
seconds (60 dB continuous wave), followed by a 60-degree pulse for excitation. Signals were
collected over a sweep width of 16.7 ppm. 128 FIDs were acquired into 64K points during 3.28
seconds. Spectra were Fourier transformed into 128K after 0.3 Hz exponential line broadening and
chemical shifts were calibrated to the TSP singlet at 0 ppm. Spectral assignments were performed
based on a previous HR MAS MRS study of breast cancer lesions [17]. The regions representing TSP,
ERETIC, creatine, choline, phosphocholine (PCho), glycerophosphocholine (GPC), taurine (Tau),
glycine (Gly), and lactate (Lac), were selected for quantification in all spectra. Peak areas were
calculated by polynomial curve fitting (PeakFit v 4, Systat Software Inc) with a combination of
Gaussian and Lorentzian line-shapes (Voigt function). Concentrations of tissue metabolites were

calculated relative to the ERETIC signal as previously described [15].

Gene expression microarray experiments and normalization

Total RNA from all 60 tumor pieces was extracted using the TRIzol reagent (Invitrogen) according to
the manufacturer’s protocol. Total RNA concentration was measured using NanoDrop (NanoDrop
Technologies) and quality assessed using 2100 Bioanalyzer (Agilent Technologies). 700 ng total RNA
was amplified and labeled using low-RNA input Linear Amplification RNA kit (Agilent Technologies)
and cy3-CTP, and hybridized to one-color Agilent Technologies 4x44K Whole Human Genome
Microarrays, according to the manufacturer’s protocol One-Color Microarray-Based Gene Expression
Analysis v5.5. The amount of cy3-labelled cRNA used for hybridization was 1.65 pug. The microarrays
were scanned using Agilent Technologies Microarray Scanner G2505C. Data were extracted from the
scanned images using Feature Extraction software (Agilent Technologies) version 10.1.1.1 and
protocol GE1-v5_10_Apr08 for mRNA and further processed and normalized using R (v2.10.1) and

Bioconductor [18]. Data from all 60 samples were included in normalization and statistical analysis to



increase the power of the statistical analysis. The microarray data were detrended for multiplicative
effects and log2 transformed. Data from control probes, probes with inferior quality for more than
20 percent of the arrays (such spots were defined as feature outliers from the FE file), and probes
that were flagged as present on less than 20 percent of the arrays were omitted from the analysis.
After setting spots flagged as outliers to NA, the average value of duplicate probes was used to
represent each unique probe. Missing data were imputed using k-nearest neighbors [19] and
quantile normalized. For transcripts (based on GeneName, as provided by Agilent Technologies)
represented by multiple different probes, the probe with the highest interquartile range (IQR) was
chosen to represent each transcript. The normalized dataset included data for 28150 unique mRNA
transcripts on 60 microarrays from biopsies; 24 from MAS98.12 animals, 24 from MAS98.06 animals

fed with estradiol and 12 from MAS98.06 animals not treated with estradiol.

Statistical analysis

Analysis of metabolic profiles

The quantified concentrations of specific metabolites were used to assess whether any of these
metabolites were affected by the treatments. Data for each metabolite were modeled separately for
each of the xenograft models using a two way ANOVA with interaction, the covariates being
treatment and days treated as factors. The ANOVA analysis was used to compare each treatment

with controls at day 3 and day 10, respectively.

Analysis of gene expression profiles

The gene expression data were analyzed for differences between treatment groups in the two
xenograft models. Exploiting the factorial design of the experiments, the Bioconductor package
Limma was used to model the expression levels of each transcript in the filtered microarray data as a
function of the different days and treatments, equivalent of a two way ANOVA [20]. Data from the
two xenograft models were modeled separately, and treatment and day were used as factors. An
observed batch effect in the microarray data, corresponding to amplification date, was also
corrected for in the model by using the blocking factor implemented in Limma [21]. All differences
between treatments compared with controls from the same day were analyzed by applying different

contrasts to the model as described by Smyth [22]. Additionally, the combination treatment was



compared with doxorubicin monotherapy. The test statistics were Empirical Bayes modified and the
p-values were adjusted by Benjamini Hochberg correction [20,23]. This analysis was performed
separately on all gene transcripts as input and on a gene set of 105 genes representing phospholipid
metabolism [15]. To analyze whether any biological processes were enriched among the genes most
differentially expressed between treatments and controls, GOrilla was used [24,25]. Lists of all 28150
transcripts in the normalized microarray data were ranked according to log fold change to analyze

GO-term enrichment towards the top of the lists.

Using gene expression signatures as surrogate measures

Published microarray based gene expression signatures including genomic grade index (GGl) [26], a
hypoxia classifier [27] and a vascular invasion signature [28] were used to study differences in
biological features of interest in relation to bevacizumab treatment effects and the possibility of
induced acquired resistance. Using scores from each of these signatures, calculated as described
below, comparisons between the two xenograft models and between the different treatments were
performed using ANOVA, in the same manner as described above for assessing differences in
metabolite concentrations. To analyze differences in aggressiveness of the tumors between the
controls and the different treatments, the gene expression based genomic grade index (GGI) was
used as a surrogate measure [26]. GGl was originally developed to differentiate histological grade |
tumors into grade | or Ill. A signature of 97 genes representing grade Ill or | tumors is used to
calculate the GGl score. The raw GGl score, which is a weighted average of the expression levels of
the 97 genes were used as a score for aggressiveness in the tumors. As a surrogate marker for
hypoxia, the gene expression based hypoxia classifier from Chi et. al [27] was applied. The original
probes were matched using the R-package BiomaRt [29]. For each probe for each sample, the
median expression value across all samples was subtracted (median centering). As described by Chi
et. al, a hypoxia score was calculated by taking the median expression of the hypoxia related genes
for each sample [27]. Another aggressive feature of cancers is vascular invasion of tumor epithelial
cells, which may be enhanced in leaky vessels. A recently published vascular invasion signature was
used as surrogate marker for this phenomenon [28]. This 18-gene signature represents differences
in gene expression between vascular invasion positive and negative endometrial tumors, based on
staining for presence of tumor cells in blood vessels [30]. Data for the selected genes were mean
centered across all samples, and the log fold changes of the vascular invasion signature were

analyzed for nonzero correlations to the expression of the matched genes for each sample. The



correlation coefficients were used as scores to compare vascular invasion between the xenograft

models and treatments.

Analysis of phospholipid metabolism gene expression in a patient cohort

To assess whether the distinct phospholipid metabolism gene expression patterns observed in the
two xenograft models are representative of basal-like and luminal-like cancer, a microarray dataset
from a patient cohort of 115 breast carcinomas was used [31]. Since the patient and xenograft
microarray data were from the same platform (Agilent Technologies 4x44K Whole Human Genome
Microarrays), the probes representing the 105 phospholipid metabolism genes were exactly
matched. The assigned intrinsic subtypes of the tumors were used to select the 16 basal-like tumors
and 61 luminal tumors in the dataset (including both luminal A and luminal B). Data were centered
across genes and a heatmap was generated by clustering of the 105 genes and 77 samples using
Pearson’s correlation and average linkage. Limma was used to test for differences between the two
groups in the patient data, and generated (modified) t-statistics were compared with those from the

xenograft data (as previously published [15]) using Pearson’s correlation test.



Results

Metabolic response to treatment

Quantified metabolite concentrations were used to analyze differences in Cho, GPC, PCho, tCho, Tau,
Cre, Gly and Lac between treated and control tumors from both models (See Supplementary Figure
1). The basal-like xenograft represented a bevacizumab responder while the luminal-like xenograft
represented a non-responder to this drug. Therefore, changes observed in bevacizumab treated
basal-like and not in luminal-like tumors were of particular interest as these could have the potential
of differentiating responders from non-responders. Indeed, GPC is potentially such a marker, as it
showed opposite patterns of response to treatment in the two differently responding xenograft
models (Figure 2). In basal-like tumors, GPC concentrations were significantly lower after any of the
three treatment modalities at day 10, and there was a similar trend at day 3. This was in contrast to
luminal-like tumors, where GPC concentrations were significantly higher in the doxorubicin and
combination treated animals compared with controls at day 10. PCho on the other hand, showed
either no change in concentrations or tended to increase in treated animals of both models (Figure
2). However, the latter was significant only for bevacizumab treated basal-like tumors and
combination treated luminal-like tumors. Importantly, for the basal-like model, the observed
decrease in GPC and increase in PCho after bevacizumab or combination treatment resulted in no
significant differences in the concentration of tCho. This was in contrast to the luminal-like model
where tCho showed a significant increase after the combination treatment compared with controls.
This shows that the value of tCho as a response marker by using in vivo MRS may be reduced due
these differences in patterns of choline derivatives between tumor subgroups. Table 1 summarizes
all metabolites that displayed either higher or lower levels after the three different treatment
regimes at day 10. Notably, Gly, Cre and Tau all displayed significantly lower concentrations in the
doxorubicin and bevacizumab treated basal-like tumors, but not in the combination treated tumors

even though this was the most effective treatment.

Gene expression response to the most efficient treatment

The most efficient treatment, measured as growth delay in each of the two models, revealed the
largest differences in gene expression, at day 10 (Figure 3). Hence, for the basal-like model, the
largest transcriptional response was seen in tumors from animals given the combination therapy, and
40 transcripts showed significantly different levels compared with controls; 38 at higher expression

levels including HOXB13, PPP1R3C, TMEM45A and 2 genes were lower expressed (SLC2A12 and
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KRT5) (see Supplementary Table 1 for details). Furthermore, when comparing combination treated
with doxorubicin treated basal-like tumors, 14 transcripts showed significantly different expression; 8
higher expressed, including VLDLR, PPFIA4 and MCHR1, and 6 lower expressed, including HBQ1,
DAB1 and ACCN1 (Table 2). The GO-term “muscle contraction” was enriched among the transcripts
higher expressed in the combination treated versus both the doxorubicin treated and untreated
basal-like tumors (Supplementary Table 2). In addition, several immune process related GO-terms
such as “immune response”, “inflammatory response” and “response to cytokine stimulus” were
enriched among the transcripts that were lower expressed in the combination treated when
compared with doxorubicin treated basal-like tumors. However, expression changes of such genes in

xenograft tumors are difficult to interpret, since the host animals were immunocompromised.

For the luminal-like model, the largest response was observed in the tumors given doxorubicin
monotherapy, and 380 transcripts showed significantly different expression compared with the
control animals. Of these, 201 were higher expressed, including EGF, RARRES3 and CAPSL. Lower
expression levels were seen in 179 genes, including HBA2, HBA1 and KCNK5 (see Supplementary
Table 3 for details). In doxorubicin treated versus control luminal-like tumors, GO-terms such as
“type | interferon-mediated signaling pathway”, “muscle contraction” and “muscle filament sliding”
were significantly enriched among the transcripts that were higher expressed. Among the transcripts
that were lower expressed, the terms “DNA replication”, “DNA strand elongation involved in DNA

replication” and “ncRNA processing” were significantly enriched (Supplementary Table 2), which is in

agreement with the proposed mechanism of doxorubicin of targeting topoisomerase II.

Using gene expression scores as surrogate markers

Evasive or adaptive resistance mechanisms to antiangiogenic treatment have been suggested, such
as increased aggressiveness/invasiveness or recruitment of bone marrow-derived cells due to
increased hypoxia and lack of nutrients [32]. The published gene expression signatures GGl [26],
hypoxia [27] and vascular invasion [28] were used as surrogate markers for the extent of
aggressiveness, hypoxia and vascular invasion by tumor epithelial cells, respectively. A score for each
of the three signatures was calculated for each sample, and these scores were compared between

the two models and the different treatments (Table 3).
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There was not significant evidence of differences in GGl between the two models. Lower GGl scores
were observed after treatment with bevacizumab in both xenografts, and for the basal-like tumors a
more significant decrease was observed after combination treatment. Interestingly, a significantly
higher GGI was observed in the doxorubicin treated basal-like tumors at day 3 compared with
controls. The luminal-like xenografts showed significantly higher baseline hypoxia scores than the
basal-like xenografts. Furthermore, hypoxia scores increased in both models after treatment with
either bevacizumab or the combination. This increase was most profound for the bevacizumab
treated basal-like tumors. Comparing vascular invasion scores between the two models, basal-like
tumors showed significantly higher baseline scores. While no significant differences between
treatments were observed for the basal-like model, vascular invasion was significantly higher for all

treated luminal-like tumors compared with controls.

Phospholipid metabolism gene expression in xenograft models and patient
cohort

In a previous study, we showed that genes involved in choline transport, phospholipid metabolism,
and glycine metabolism were differentially expressed between these xenograft models, and levels of
expression corresponded to metabolomic changes [15]. Using these same genes to analyze
differences between treated animals and controls, lecithin-cholesterol acyltransferase (LCAT) showed
significantly higher levels of expression in combination treated basal-like tumors compared with
controls at day 10. No other detectable gene expression changes could be associated with the
observed treatment responses in choline derivatives. The different responses on the metabolomic
level may reflect intrinsic diverse phospholipid metabolism between the models. To assess whether
the metabolic phenotypes of the xenograft models are intrinsic properties of basal-like and luminal-
like tumors, a human breast tumor microarray dataset was used to compare expression differences
of genes involved in phospholipid metabolism between these two biologically distinct subgroups of
breast cancer (Supplementary Figure 2A). A clustering analysis revealed great similarity between
basal-like tumors, while the luminal-like tumors were more heterogeneous in their expression of
genes involved in phospholipid metabolism. Analyses of differential expression of these genes
between basal-like and luminal-like tumors were compared between human and xenograft tumors
[15]. The correlation between these two analyses was found to be significant (rho = 0.34, p-value <
4.1 x 10™) (Supplementary Figure 2B and C). The most significant differences in gene expression
observed both in the xenograft and human basal-like versus luminal-like tumors included higher

expression of phospholipase A2, group IVA (PLA2G4A), phospholipase C, gamma 2 (PLCG2) and 1-
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acylglycerol-3-phosphate O-acyltransferase 4 (lysophosphatidic acid acyltransferase, delta) (AGPAT4);
and lower expression of glycerol-3-phosphate dehydrogenase 1-like (GPD1L), phospholipase C, delta
4 (PLCD4) and ethanolamine kinase 2 (ETNK2).

Discussion

Antiangiogenic therapy such as bevacizumab may be more efficient for certain subgroups of breast
cancer. To exploit the potential of bevacizumab as a breast cancer drug, individualized biomarkers
are needed to select patients and assess treatment response. Metabolomic biomarkers are especially
attractive because they have the potential of being measured in vivo allowing treatment monitoring
and possibilities for adapting treatment regimes according to response. Several in vitro studies of
breast cancer cell lines have reported high PCho levels or PCho/GPC ratio as malignant markers [33].
Previously, we have shown that the luminal-like model has a high PCho/GPC ratio while the basal-like
model shows the opposite, and also that PCho/GPC ratios were lower in triple negative human
cancers [15]. Together this suggests that PtdCho metabolism in breast cancer may be more
complicated than previously assumed. The difference in GPC content between the two xenograft
models may be associated with the way the tumors respond to treatment. While the GPC levels in
the bevacizumab responding basal-like tumors decrease after treatment, they increase in the non-
responding luminal-like tumors. PCho on the other hand, showed no differences or increased in both
luminal-like and basal-like tumors after treatment. This underlines the importance of characterizing
subtypes of breast cancer separately when evaluating response markers. Clinical 1-H in vivo MRS of
breast tumors detects tCho which is the sum of GPC, PCho and Cho signals. Opposite behavior of
GPC and PCho in response to treatment, as observed using ex vivo HR MAS MRS for the basal-like
tumors, may reduce the utility of tCho as a response marker. However, with increasing field
strengths and the possibility of implementing 31-P probes in clinical magnets, the GPC and PCho
peaks could be separated in the spectra obtained in vivo [34]. Thus, metabolomic biomarkers such as
GPC could in the future be measured without taking a single biopsy. Since GPC displays opposite
patterns of baseline concentrations and response to treatment in a benefiting and a non-benefiting
model, this metabolite may have the potential as a biomarker both to select patients for
bevacizumab treatment and to monitor treatment response. However, the role of GPC and PCho in
different subtypes of cancer should be studied more extensively to understand the behavior of these
metabolites in breast cancer subtypes and in response to treatment. Functional studies in different
models of breast cancer will be of great importance to unravel the mechanisms behind changes in

GPC content.
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On the gene expression level, this study suggests that the most significant gene expression changes
occur in tumors which benefit the most from a given treatment, i.e. the combination of bevacizumab
and doxorubicin for basal-like and doxorubicin for luminal-like tumors. A similar trend was also found
when studying the same tumors at the proteomic level, i.e. the most effective treatment was linked
to higher kinase activity at day 10 [16]. Those transcripts expressed at significantly different levels
between combination and doxorubicin treated tumors in the basal-like xenograft model (Table 2) are
particularly interesting since these may suggest mechanistic explanations for the additional effect of
bevacizumab in these tumors. Some of the genes with higher expression in the combination treated
tumors compared with controls have previously been associated with angiogenesis, such as VLDLR
[35] and CHI3L1 [36,37]. Of the transcripts whose expression was reduced after combination
treatment, two hemoglobins (HBQ1 and HBD) were represented. It could be speculated that the
genes showing higher expression may represent adaptive resistance processes while the lower
expressed genes could represent differences in composition of different cell types in the tumors due

to the antiangiogenic effects of bevacizumab.

Focusing solely on genes involved in phospholipid metabolism [15], LCAT was the only gene found to
be significantly differentially expressed in response to treatment. LCAT has both cholesterol and
PtdCho (also called lechitin) acetyltransferase acitvity and may thus catalyze the same reaction as
phospholipase A2. The increase in expression of LCAT in combination treated basal-like tumors is
contradictory to the decrease in GPC as measured by HR MAS MRS. However, the increase in LCAT
levels may be due to feedback mechanisms rather than exerting a direct effect on the levels of GPC,
or that the LCAT enzyme in fact does not catalyze this reaction in the basal-like tumors. The apparent
lack of transcriptional response of genes involved in phospholipid metabolism shows that the
observed responses in choline derivatives are not necessarily coupled to changes at the gene
expression level. This may be because changes in enzymatic activity are regulated at the post-
translational level. Also, the distinct gene expression patterns of phospholipid metabolism genes
found in the untreated basal-like and luminal-like xenografts correlated with those of human breast
tumors (Supplementary Figure 2), suggesting that the differences in phospholipid metabolism may be
an intrinsic characteristic to basal-like and luminal-like breast cancer. Interestingly, PLA2G4A was one
of the most significantly differentially expressed between basal-like (higher) and luminal-like (lower)
in for both xenografts and human tumors. PLA2G4A catalyzes the hydrolysis of membrane lipids and
may catalyze the breakdown of PtdCho to acyl-GPC. PLA2G4A may catalyze the breakdown of PtdCho

to acyl-GPC and has been reported to be underexpressed in breast cancer cells concomitant with low
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GPC levels compared with normal epithelial breast cells [38]. Thus, targeting PLA2G4A could perhaps

be an interesting approach in treatment of basal-like cancers.

The higher GPC/PCho ratio and corresponding gene expression levels observed in the basal-like
xenograft and patient tumors have not previously been reported in similar studies of PtdCho
metabolism in triple negative or ER-positive breast cancer cell lines [33,38,39]. Such in vitro studies
will however not account for the effects of tumor heterogeneity and the tumor microenvironment.
Furthermore, metabolomic profiles generated from in vitro studies are sensitive to cell culturing
conditions, including glucose availability and growth phase [40]. The differences in GPC/PCho ratios
observed between the two types of breast cancer in vivo may be due to diversity in genetic
aberrations, hormonal effects or impact of the microenvironment affecting PtdCho metabolism.
Levels of GPC have been shown to be inversely correlated with ER-status in MRS studies of breast
cancer [41,42]. Differences in the microenvironment for these xenograft models have been observed,
most notably more active angiogenesis and higher expression of genes involved in ECM (from both
tumor and host murine cells) in the basal-like model [13,16]. It should be noted that all
measurements in this study are based on bulk tumor, meaning that the observed signals arise from a

mix of different types of cells and extracellular constituents.

Bevacizumab induced changes in expression of genes involved in biological processes associated with
adaptive treatment resistance are of particular interest in light of the limited success of bevacizumab
in breast cancer clinical trials. The observed bevacizumab specific decrease in GGl is contradictory to
claims that antiangiogenic therapy may increase aggressiveness [43,44]. However, bevacizumab
associated increases in hypoxia scores were observed in both xenograft models, and this increase
was higher in the combination treated basal-like tumors. Increased hypoxia has been linked to
invasiveness and metastasis [45], and is proposed to induce adaptive resistance to antiangiogenic
therapies [46]. It is worth noting that aldehyde dehydrogenase 2 family (LDHA2), which was among
the most significantly higher expressed genes after combination treatment in basal-like xenografts,
has, in addition to being involved in many metabolic pathways, been linked to hypoxia [47]. In the
untreated xenografts, a vascular invasion score was significantly higher in basal-like tumors than in
luminal-like tumors, but the vascular invasion phenotype was increased after treatment in luminal-
like tumors. A potential for increased vascular invasion after treatment in luminal-like tumors may
thus be inferred, however, this increase did not reach the level of vascular invasion found in the in

the untreated basal-like tumors (results not shown). It should be noted that this gene signature was

15



based on vascular invasion in endometrial cancer [28]. Another possible indication of bevacizumab
induced invasiveness was enrichment of the GO-term “muscle contraction” (including genes such as
myosin and actin) when comparing the combination treated basal-like tumors with controls or with
doxorubicin monotherapy. This could perhaps also be linked to adaptive resistance by tumor cell

migration to more vascularized areas [46,48].

This study has highlighted metabolomic and transcriptomic responses to bevacizumab and
doxorubicin therapy, suggesting differential effects in luminal-like and basal-like breast cancer. The
biological connection between response at the metabolomic and transcriptomic level was not
evident, suggesting complementary information retrieved from these two types of analyses.
Importantly, the results from this study show the importance of patient stratification with respect to
biologically relevant subgroups when searching for biomarkers in preclinical as well as clinical breast
cancer trials. However, results from different clinical trials of bevacizumab in breast cancer, have
reported that both ER positive cancers [49] and triple negative cancers [50] may benefit from the
addition of bevacizumab to chemotherapy. Thus, biological features apart from the classical subtype
definitions may determine whether a tumor is responsive to bevacizumab. Biomarkers with the
potential to predict or monitor treatment response may in fact be found across subtypes. Thus, new
xenograft models representing the tumor heterogeneity of basal-like and luminal-like cancers and
carefully planned clinical trials will be important for investigating the biology of bevacizumab

response in breast cancer.
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Tables

Table 1. Overview of metabolites that displayed significantly (p < 0.05) different concentrations in
treated animals compared with controls at day 10. Arrows indicate whether the concentration of
each metabolite was higher (1) or lower ({) after treatment. Abbreviations: GPC:

glycerophosphocholine, tCho: total choline, PCho: phosphocholine, Tau: taurine, Cre: creatine, Gly:

glycine.

Xenograft | Metabolites Doxorubicin Bevacizumab Bevacizumab W
Doxorubicin

Basal-like ---_

Other Glyd ***, Crel ***, Glyl*, Creld *,
metabolites Taul Taul *
like o
er "
metabolites Vel

*p <0.05, ** p<0.01, *** p <0.001
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Table 2. Transcripts with the most significant difference in expression levels between combination

and doxorubicin treated basal-like tumors. Abbreviations: logFC: log2 fold change.

Higher expression levels

Probe Name Gene Name  Description logFC t p-value FDR
Very low density lipoprotein
A_23_P43476 VLDLR . . 1.4 7.8 1.7E-07 0.0047
- = receptor, transcript variant 1
Protein tyrosine phosphatase,
receptor type, f polypeptide
A_23_P420692 PPFIA4 FTRRE, ficamstns e 1.0 6.6 1.9E-06 0.013
(liprin), alpha 4
CB959193
AGENCOURT_13778270
A_23_P139166 CB959193 NIH_MGC_ 184 cDNA clone 1.9 6.2 4.7E-06 0.019
IMAGE:30351353 5’
A_23_P211543 MCHR1 Melanin-concentrating 0.8 6.0 6.2E06 0.022
- - hormone receptor 1
Protein phosphatase 1,
A_23_P35414 PPP1R3C regulatory (inhibitor) subunit 3C 1.6 5.9 8.2E-06 0.026
A_23_P137665 CHI3LL Chitinase  3-like 1 (cartilage g5 g 9.7E-06  0.027
- - glycoprotein-39)
DA727827 NT2RM1 cDNA clone
A_32_P128586 DA727827 NT2RM1001124 5’ 0.86 5.8 1.2E-05 0.029
A_23_P117851 CPLX3 Complexin 3 0.93 5.6 1.6E-05 0.032
Lower expression levels
ProbeName GeneName Description logFC t p-value FDR
A_23 P23850  DABL Disabled ~ —homolog Vg 6.6 1.9E06 0.013
(Drosophila)
A_23_P49254 HBQ1 Hemoglobin, theta 1 -1.6 -6.7 1.5E-06 0.013
A_32_P159612 ACCN1 Amiloride-sensitive cation ;7 6.4 3.1E-06 0.017
- channel 1, neuronal (degenerin)
UNC45 homolog A (UNC-45A)
A_24_P416097 52953800003 (Smooth muscle cell-associated -1.2 -6.3 3.6E-06 0.017
protein 1)
A_24_P75190 HBD Hemoglobin, delta -2.0 -5.7 1.3E-05 0.030
Synuclein, alpha (non A4
A_23_P29939  SNCA component of ~ amyloid 57 1.46-05 0.030
precursor), transcript variant
NACP112
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Table 3. Scores from three gene expression signatures (genomic grade index (GGI) [26], hypoxia [27],
and vascular invasion [28]) were compared between the two xenograft models and between

treatments within each model. Abbreviations: Dox: doxorubicin, Bev: bevacizumab.

Gene Differences in Treatment differences Treatment differences
signature controls basal-like luminal-like

Day 3: Bev **, Bev+DoxM*
Luminal-Like M ***  Day 10: Bev M ***,
Bev+Dox M **

Hypoxia Day 3: Bev M *

Day 10: Bev/**

Vascular
invasion

*p < 0.05, ** p < 0.01, *** p < 0.001
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Figure legends

Figure 1. lllustration of the experimental design of treatment experiments and metabolomic and
transcriptomic analysis. Con: control; Dox: doxorubicin; Bev: bevacizumab; wo/est: without estrogen;
rep: replicates; HR MAS MRS: high resolution magic angle spinning magnetic resonance

spectroscopy.

Figure 2. Concentrations of glycerophosphocholine (GPC) and phosphocholine (PCho) at day 10 is
plotted for each xenograft model and colored according to treatment (n = 3 animals per group). *p-

value < 0.05.

Figure 3. Heatmaps of significantly differentially expressed genes (FDR < 0.05) at day 10 between
controls and the most efficient treatment for each model: (A) combination treatment for basal-like
and (B) doxorubicin for luminal-like xenografts (only the top 100 transcripts are shown). Data were
centered across genes and clustering of samples and genes was performed using Euclidian distance
and complete linkage. Red is relatively higher and blue is relatively lower expression levels.
Transcripts that were also significantly differentially expressed when comparing combination treated

with doxorubicin treated basal-like tumors are indicated with bold gene symbols in A.
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Supplementary material

Supplementary Figure 1. Concentrations of creatine, choline, phosphocholine (PCho),
glycerophosphocholine (GPC), taurine, glycine, and lactate are plotted separately for each xenograft

model at day 3 and 10 and are colored according to treatment. *p-value < 0.05.

Supplementary Figure 2. Expression of genes involved in phospholipid metabolism in a patient
cohort. A) Heatmap of basal-like and luminal-like human tumor samples and 105 phospholipid
metabolism genes. Samples and genes are clustered using Pearson’s correlation distance and
average linkage. B) The t-statistics from comparisons of basal-like and luminal-like groups are plotted
for the patient and xenograft data. C) log10 of adjusted p-values (FDR) for the t-statistics in B are
plotted. For the genes higher expressed in basal-like, the log10(FDR) value is multiplied by -1

(returning positive values).

Supplementary Table 1. Significantly differentially expressed genes between combination treated
and untreated basal-like tumors at day 10. The columns ProbeName, GeneName, SystematicName
and Description are annotation from Agilent, while the columns logFC (log2 fold change), AveExpr
(average expression), t (t-statistic), P.Value (p-value), adj.P.Val (FDR) are output from differential

expression analysis using Limma.

Supplementary Table 2. Enriched GO-terms obtained using GOrilla [25] (p < 10®). Enrichment is
defined as (b/n) / (B/N), where N is the total number of genes, B is the total number of genes
associated with a specific GO term, n is the number of genes in the “target set”, b is the number of

genes in the “target set” associated with a specific GO-term.

Supplementary Table 3. Significantly differentially expressed genes between doxorubicin treated and
untreated luminal-like tumors at day 10. The columns ProbeName, GeneName, SystematicName and
Description are annotation from Agilent, while the columns logFC (log2 fold change), AveExpr
(average expression), t (t-statistic), P.Value (p-value), adj.P.Val (FDR) are output from differential

expression analysis using Limma.
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