Tumour Phospholipid Metabolism

Franca Podo’, Silvana Canevari?, Rossella Canese’,
Maria Elena Pisanu®, Alessandro Ricci® and Egidio lorio®

'Department of Cell Biology and Neurosciences, Istituto Superiore di Sanita, Roma;
Department of Experimental Oncology and Molecular Medicine,
Fondazione IRCCS Istituto Nazionale dei Tumori, Milano, Italy.

E-mail: franca.podo@iss.it

Summary

Abnormalities in phospholipid metabolism represent major hallmarks of cancer cells. Changes in the MRS
profiles of aqueous precursors and catabolites of phosphatidylcholine (PtdCho) in cancer lesions allow non
invasive monitoring of tumor progression and response to conventional and targeted anti-cancer therapies.
Advances and limitations of our present understanding of molecular mechanisms underlying these
anomalous metabolic profiles will be here discussed in the light of altered expression and activity of enzymes
of the PtdCho cycle and links to dysregulated cell signaling pathways responsible for oncogenesis. An
overview will also be provided of a) the role of choline metabolites as possible pharmacodynamic
biomarkers of targeted therapies and b) current efforts to identify PtdCho cycle enzymes as possible targets
for therapy.

MRS profiles of phospholipid metabolites in cancer cells

Initial detection in the 90’s and characterization of altered MRS profiles of phospholipid metabolites in
cancer cells and tissues [1-3] fostered new research areas in cancer cell biology and allowed the
identification of novel indicators of in vivo tumor progression at the pre-clinical and clinical level [4-10].

An increase in the 'H MRS resonance band at 3.2 ppm, mainly due to the trimethylammonium
headgroups of choline-containing metabolites (collectively called “total choline” or “tCho peak”) is a
common feature of a large variety of cancers. Changes in the MRS tCho spectral profile reflect altered
contents and metabolic fluxes of phosphocholine (PCho), glycerophosphocholine (GPCho) and free choline
(Cho) through the biosynthetic and catabolic pathways of the PtdCho cycle [11]. Alterations in the levels of
PCho and GPCho can also be detected in the *!P MRS frequency ranges respectively typical of phospho-
monoester (PME) and phosphodiester (PDE) compounds, together with those of phosphatidylethanolamine
(PtdEtn) derivatives, phosphoethanolamine (PEtn) and glycerophosphoethanolamine (GPEtn) [2].

Phospholipids play the dual role of basic structural components of membranes and substrates of
reactions involved in key regulatory functions in mammalian cells [12]. Physiologically regulated catabolism
of PtdCho, the most abundant phospholipid in eukaryotic cell membranes, generates second messengers and
mitogens such as diacylglycerol (DAG), phosphatidic acid (PA), lysophosphatidic acid (LPA),
lysophosphatidylcholine (LPtdCho) and arachidonic acid, through three major pathways respectively
mediated by phospholipases of the C (PLC), D (PLD) and A (PLA2 and PLA1) type (Scheme below). PCho
has also been proposed to be mitogenic [13] by acting as a mediator of growth factor-induced cell
proliferation.

A number of links exist between the PtdCho cycle and cell receptor-activated signal transduction
pathways [14,15], with implications on the biogenesis and utilization of other lipids and phospholipids [12],
under the control of Ras-GTP-stimulated phosphorylation cascades mediated by Raf-1, Ral-GDS and
phosphoinositide 3-kinase (PI3K). The interpretation of tCho spectral profiles in terms of individual
enzymatic reactions and cell signaling pathways is however limited by the dual role of each tCho component
as both substrate and product in PtdCho cycle pathways: in fact, Cho enters the Kennedy pathway by
transport from the external medium and is produced in the cell either by PLD-catalyzed PtdCho hydrolysis or
phosphodiesterase (PD)-mediated GPCho degradation; PCho, either synthetized by Cho phosphorylation or
produced by PLC-mediated PtdCho hydrolysis, is substrate for the second reaction step of the Kennedy
pathway, catalyzed by the key-regulatory enzyme cytidylyltransferase (CT); and, finally, GPCho produced at
the end of the PtdCho deacylation pathway, is also substrate for PD-mediated hydrolysis into Cho and
glycerol 3-phosphate (Gro3P).
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Abnormal levels of water-soluble choline metabolites are detected by in vitro and in vivo *H and P
MRS in a large variety of cancer cells, including breast, prostate, colon, ovary carcinomas and
neuroepithelial tumors. Examples of absolute metabolites’ quantification [16-19] are reported in Table 1.
Alterations in intracellular contents of PCho and tCho in cancer cells during tumor progression or in
response to therapy, may reflect a multiplicity of modifications taking place at the genetic, epigenetic
transcriptional, and post-transcriptional levels.

Enhanced levels of PtdEtn derivatives (PEtn and GPEtn) can also be detected in tumors but their values
may widely vary in cells according to the concentration of ethanolamine in the extracellular medium. For
instance, higher PEtn levels detected in chronic lymphocytic leukaemia cells versus normal lymphocytes
were associated with a decreased level of ethanolamine in the blood of patients compared with healthy
volunteers [20].

Changes in the contents of choline derivatives can be induced by genetic modifications characteristic of
cancer cells. Examples are the reported 10-fold increase in PCho in mammary epithelial cells transfected
with the human epidermal growth factor receptor 2 (HER2) [16]; the 3-fold increase in PCho in ras-
transformed NIH 3T3 fibroblasts and its drop following inhibition of the Ras signaling pathway [21]; and the
over 2-fold increase in PCho measured in a p53” cell variant of a colon cancer cell line [22]. Conversely, a
significant decrease in PCho and increase in GPCho were detected in highly metastatic breast carcinoma
cells by stable transfection with the metastatic suppressor gene nm23 [23].

The elevated levels of PCho and tCho detected in cancer cells are currently interpreted as fingerprints of
tumour progression.

Molecular mechanisms responsible for altered MRS choline profiles in cancer cells
An increase in PCho, the major tCho component, may derive from a) enhanced Cho transport and choline
kinase (ChoK) activation; b) increased PtdCho-PLC activity; ¢) increased intracellular Cho production by
PtdCho deacylation combined with GPCho-PD activity or by PLD-mediated PtdCho catabolism, followed by
choline phosphorylation.

Choline transport - Upregulation of the mRNA expression levels of the organic cation transporter-2 (OCT2)
and Cho high affinity transporter-1 (CHT1), has been reported to correlate with the intracellular PCho
content of breast cancer cells [24]. Similar mMRNA expression levels were instead detected for the Cho
transporter-like protein 1 (CTL1) and OCT1 in HMEC and the cancer cell lines. No differential mMRNA
expression levels were instead measured in epithelial ovarian cancer cells (EOC) and in their normal
counterparts (ovarian surface epithelial cells, OSE) concerning either CHT1 or the organic cation
transporters OCT1 and OCT2, while OCT3, the most highly expressed transporter gene, was substantially
downregulated in the cancer cells [19]. Among Cho transporter-like proteins (CTL1-CTL5), only CTL3
showed an increased mRNA expression in EOC cells. Since Cho might also be transported by a Cho/H*

Proc. Intl. Soc. Mag. Reson. Med. 19 (2011)



antiport system, the overall mRNA expression was measured for Na*/H" exchangers (NHE1-NHE5), but no
differences were found between EOC and OSE cells.

Overall, these results showed that Cho transport mechanisms may differently affect the size of the PCho
pool in breast and ovarian cancer cells, with possible implications for a different response of these cells to
inhibitors of choline transport.

Table 1. Quantification of PCho, GPCho and tCho in cancer cells and their non tumoral counterparts.

TISSUE OF ORIGIN PCho? GPCho? GPCho/PCho® tCho? References
(mM) (mM) (mM)

BREAST

Cancer cells 05-3.2 0.05-0.7 0.1-0.2 05-4.7 Aboagye et al.
Cancer Res 1999

HMEC" 0- 0.1 0-0.2 02-27 0.05-0.3 | [16]

PROSTATE

Cancer cells

Primary tumor 3.1 1.2 0.4 4.5 Ackerstaff et al.

Metastases 05-24 02-24 02-1.0 10-51 Cancer Res 2001
[17]

Non tumoral cells

epithelial cells 0.1 0.02 0.2 0.2

stromal cells 0.4 0.1 0.2 0.5

OVARY

Cancer cells 40-70 05-1.0 01-02 52-85 lorio et al.
Cancer Res 2005

Non tumoral cells 1.0-1.2 06-1.0 0.6-0.9 20-25 [18]; Cancer

Res 2010 [19]

2 Mean value or range of mean values; ® HMEC, normal or immortalized non tumoral human mammary
epithelial cells; tCho = [PCho + GPCho + free choline].

ChoK activity - ChoK-mediated phosphorylation of Cho into PCho is the first, highly efficient reaction
taking place in the Kennedy pathway of de novo PtdCho biosynthesis. ChoK exists in mammalian cells as at
least three isoforms ChoKal, ChoKa2 and ChoKp, encoded by two genes [14]. The first two isoforms
derive from alternative splicing of the same ChoKa gene (cka), while ChoKp is the product of a separate
gene, ckpB. ChoK activity depends upon the relative percentages of ChoKa and ChoKp homo- and
heterodimers.

ChoK activation, a critical requirement for induction of DNA synthesis by mitogens and growth factors,
is implicated in Ras-dependent and independent carcinogenesis [14,15] and tumor progression [25].
Evidence of hypoxia-regulated expression of ChoK through hypoxia inducible factor 1 (HIF-1) signaling has
been reported by Glunde and colleagues in a human prostate cancer cell line [26]. Ras-signaling pathways
through Ral-GDS and phosphoinositide 3-kinase (PI3K) effectors can enhance the activity of ChoK during
tumor formation and, in turn, ChoK activation and generation of PCho have been proposed as essential
events in regulating AKT phosphorylation [27] and activation of Raf-1 and mitogen-activated protein kinases
(MAPK) [28]. ChoK has also been proposed as a prognostic factor in breast, non-small cell lung cancer and
bladder carcinomas [29-31].

Significant 2- to 5-fold ChoK activation has been reported by Eliyahu and coll. in breast cancer cells
[24]. Gene expression analyses showed that ChoKp was the dominant gene in normal mammary epithelial
cells, with a ChoKpB/ChoKa. expression ratio of about ten. The mRNA expression of ChoKa was 5- to 8-fold
higher in breast cancer cell lines than in human mammary epithelial cells (HMEC), while ChoKp showed a
smaller (up to 2-fold) increase only in some investigated cancer cell lines. The higher ChoK activity in
cancer cells failed to correlate with the increased PCho level, suggesting that the Chok-mediated reaction is
fast and not rate-limiting, although its induction ensures increased PCho levels. Moreover, the activity of CT
was found to be several fold lower than that of ChoK in each investigated breast cancer cell line, in
agreement with the role of CT as the rate limiting step in PtdCho synthesis and PCho accumulation [24].

A 3 to 4-fold increase in ChoKa (but not ChoKB) mRNA expression has also been reported in EOC
cell lines, compared with non tumoral counterparts [19], in substantial agreement with a 3-fold increased
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protein expression. Much higher (12- to 25-fold) increases were found in ChoK activity in EOC cells,
suggesting that the activation of this enzyme likely depends upon multiple oncogene-driven and post-
translational signaling mechanisms. These results, together with the detected downregulation of enzymes
involved in the subsequent steps of the Kennedy pathway, CT (PCYT1A and PCYT1B genes) and
phosphocholine transferase (PCT, CHPT1 gene) pointed to a major role of ChoK in the build-up of the PCho
pool in EOC cells [19]. Since, however, there was a substantial lack of correlation between ChoK activity
and intracellular PCho levels, further contributions to the accumulation of this metabolite in EOC cells are
expected from activation of phospholipases responsible for PtdCho catabolism.

PtdCho catabolism - The two catabolic pathways responsible for PtdCho hydrolysis at the level of the
headgroup phosphodiester bonds can contribute to the intracellular PCho pool in cancer cells, by fueling
PLD-produced Cho into the first step of the Kennedy pathway or by directly producing PCho by PLC-
catalyzed reaction.

PtdCho-PLD - Phospholipase D mediates PtdCho hydrolysis into choline and PA. While the former product
re-enters the Kennedy pathway, the latter may act either as pleiotropic second messenger or precursor for the
PA phosphohydrolase-mediated production of DAG or LPA, a potent regulator of ovarian cancer cell growth
[32]. Two major isoforms of mammalian PLD have been isolated and sequenced, PLD1 (presenting two
alternative spliced forms) mainly located in perinuclear and Golgi regions, and PLD2, mainly located in
membrane domains [33,34]. PLD is activated in response to hormones and growth factors, as well as to
stimulators of vesicle transport, endo- and exocytosis, cell migration and mitosis [35]. Abnormal PLD
expression has been reported in some human cancers, in which attention has been focused on the links
between the regulatory role played by Ras proteins on PLD activity through Ral-GDS, PI3K and Raf-1
effectors [36], and on effects of PA on Ras-signaling (MAPK, PI3K/AKT and mTOR) and ChoK activity
[37,38].

PLD activation has been reported only in one out of five breast cancer cell lines [24], while a lack of
differential expression for PLD1 and only a moderate, if any, overexpression of PLD2 gene, was associated
with a 2- to 4-fold PLD activation only in two out of four investigated EOC cell lines, compared with non
tumoral counterparts [19].

Overall, these results point to the conclusion that PLD activation may well contribute to the PCho pool

of some cancer cell lines, but it does not seem to play an essential role in the differential PCho levels
detected in tumoral versus non tumoral cells.
PtdCho-PLC - Although mammalian PtdCho-PLC isoforms have not yet been sequenced nor their genes
identified, a growing body of evidence points to the role of this enzyme in processes crucial to cell signaling,
such as mitogen- and oncogene-driven triggering of the MAPK/ERK cascade and activation of gene
transcription factors, activation of cells of the immune system and programmed cell death [39,40 and
references therein]. Notably, PtdCho-PLC is mainly confined to cytoplasmic compartments of non tumoral
cells, whereas it is also capable to selectively accumulate on the plasma membrane of ovarian cancer cells
[40] and to co-localize with HER2 in membrane raft domains of HER2-overexpressing breast cancer cells
[41].

A 3-fold increase in protein expression and 5- to 17-fold increases in PtdCho-PLC activity were

measured in EOC cell lines compared with non tumoral counterparts [19]. Cell exposure for 24 h to the
PtdCho-PLC inhibitor tricyclodecan-9-yl-potassium xanthate (D609) almost abolished the activity of this
enzyme in EOC cells, induced cell growth arrest and reduced to about 60% the intracellular PCho level,
maintaining GPCho and free Cho contents practically unaltered. These experiments provided the first direct
evidence that PtdCho-PLC activation may substantially contribute to cell proliferation and to the intracellular
PCho pool.
PtdCho deacylation_- A lower PLA2 expression has been reported for the cytosolic, calcium dependent,
group IV PLAZ2 in a highly malignant (MDA-MB-231) breast cancer cell line, compared with non a tumoral
counterpart [42]. 3P MRS measurements indicated a lower PLA2 activity in EOC compared with OSE cells,
while  mRNA expression analyses of nineteen PLA2 isoforms showed that the global difference in the
overall PLA2 gene expression was not significant [19]. Moreover, the GPCho-PD activity increased only in
some, but not in all investigated EOC cells [19]. Overall, these results showed that the deacylation pathway
may not be a major source of substrate for the buid-up of the intracellular PCho pool at least in some cancer
cells.

MRS profiles as biomarkers of response to targeted therapeutic agents

An increased understanding of the molecular etiology of cancer supports the development of innovative
therapies based on the use of compounds specifically designed to target key molecular mechanisms
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responsible for the malignant phenotype. Unique challenges of a targeted therapy compared with
chemotherapy include the need to identify appropriate pharmacodynamic markers to guide dose and schedule
and to utilize robust biomarkers enabling the selection of patient populations that are most likely to benefit
from the treatment. The capability of the PCho MRS signal to act as pharmacodynamic biomarker to detect
and monitor the effectiveness of specific inhibitors of reactions involved in Ras-effector activated signaling
pathways in cancer cells is summarized in Fig. 1.
Inhibition of Ras and Ras/c-Raf/MEK1/2/ERK1/2 signaling - The MAPK signaling is involved in key
cellular functions including proliferation, motility and apoptosis. A major component of the MAPK signaling
is represented by the Ras/c-Raf/MEK1/2/ERK1/2 pathway which, following Ras mutation, results in an
aberrant activation of target proteins and transcriptional factors in about 30% of human cancers.
Time-dependent decreases in PCho have been reported in breast and colon cancer cells upon cell
exposure to U0126, a noncompetitive MEK inhibitor [43]. The results could be interpreted as linked to
multiple pathways, likely including ChoK- and CT-mediated reactions in de novo PtdCho biosynthesis and
an altered balance with phospholipase-mediated PtdCho degradation. An additional note of interest was that
in some cases PCho has been found to be required for activation of c-Raf and ERK1/2 (and DNA synthesis),
while inhibition of ChoK activity was sufficient to cause blockade of MAPK signaling [28], suggesting
double directionality of the links between the PtdCho cycle and cell signaling pathways.
Inhibition of PI3K - The type | PI3K pathway triggered by tyrosine kinase receptor (TKR) stimulation and
Ras activation mediates the conversion of phosphatidylinositol 4,5-bisphospate (PIP2) into
phosphatidylinositol 3,4,5-trisphosphate (PIP3), which in turn acts as effector of downstream cell signaling
including AKT phosphorylation. An aberrant PI3K pathway and altered expression of the antagonizing
phosphatase PTEN are involved in tumor progression, angiogenesis, invasion and cell survival. PI3K is
therefore held as an attractive target for novel mechanism-based anticancer treatments. The PI3K inhibitor
LY?294202 caused a significant up to 2-fold decrease in PCho and 5-fold increase in GPCho levels in breast
cancer cells which were characterized by increased expression of the epidermal growth factor receptor
(EGFR) and by different ras and p53 mutational status [44]. Concentration- and time-dependent decrease in
PCho was also induced on prostate and colon cancer cells by PI-103, a class | PI3K and mammalian target of
rapamycin (mTOR) inhibitor [45]. The observed decrease in PCho was not considered to be specific for
PI3K inhibition, as it was also seen in cells treated with the MAPK inhibitor U0126, suggesting that the
effects on PCho are downstream of both PI3K and Raf/MEK/ERK signaling pathways [44].
Inhibition of PI-PLCy1 - Phosphoinositide specific phospholipase Cyl (PI-PLCyl) is activated by
phosphorylation downstream of many TKR and is implicated in the regulation of cell adhesion, matility and
angiogenesis. PI-PLCyl mediates the hydrolysis of PIP2 into inositol trisphosphate (IP3), which mobilizes
Ca®* from intracellular stores, and DAG, involved in protein kinase C (PKC) activation, which is in turn
implicated in cytoskeletal rearrangement at the leading edge necessary for cell motility. PI-PLCyl
inactivation via an inducible short hairpin (sh) RNA caused in prostate cancer cells decreases in PCho, tCho
and NTP, along with rounded-up cell morphology, indicative of reduced adhesion and migration [46].
Inhibition of fatty acid synthase (FASN) - The activity of FASN, a key enzyme in de novo biosynthesis of
long-chain fatty acids, is generally low in normal tissues, but is significantly increased in cancer, including
prostate, breast, ovarian and colon carcinomas. Inhibition of FASN by pharmacological agents, such as
Orlistat or cerulenin, or small interfering RNA (siRNA), induced cell cycle arrest and apoptosis of
transformed cells, along with decreases in the PCho MRS signal, attributed to reduced synthesis, rather than
to increased utilization. [47]. The PCho levels correlated with fatty acid synthesis.
Inhibition of Heat Shock Protein 90 (Hsp90) - Inhibition of Hsp90 results in proteasomal degradation of
several client oncogenic proteins, offering the possibility of simultaneously acting against several signaling
pathways responsible for malignant progression. The Hsp90 inhibitor 17AAG, reported to act as anticancer
agent in absence of antiproliferative-related cytotoxicity, induced in colon cancer cell lines significant 2- to
20-fold increases in PCho, associated with depleted levels of Hsp90, c-Raf-1 and Cdk4 and decreased cell
proliferation, compared with the respective vehicle-treated controls [48]. The increase in PCho induced by
this inhibitor was opposite to what would be expected on the basis of the simplified assumption that the
elevated PCho levels characteristic of cancer cells are mere indicators of enhanced cell proliferation. The
spectral changes detected by MRS in cancer cells in vitro were confirmed by **P MRS examinations of colon
cancer cell xenografts and their tissue extracts, in which elevated values of the PME/PDE ratio were also
detected in response to 17AAG [48].
Inhibition of histone deacetylase - Histone acetylation plays an important role in transcriptional regulatory
mechanisms and in DNA replication and repair. Acetylation is regulated by the opposing effects of two
families of enzymes, histone acetyltransferases and histone deacetylase (HDAC). Inhibition of HDAC can
represent a new strategy for cancer therapy, by affecting the expression of genes responsible for cell
proliferation and cell cycle progression, angiogenesis, cell differentiation and apoptosis. P MRS analyses of
colon cancer cells treated either with HDAC inhibitors (LAQ824, SAHA or FSAHA) showed up to 2-fold
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increases in PCho (with no other spectral change), associated with marked increases in acetyl histone H3
levels, decreases in c-Raf (Hsp90 client protein), antiproliferative effects and alterations in cell cycle profiles
[49]. In agreement with these in vitro results, examinations of colon carcinoma xenografts showed increases
in the PME/(total phosphorus) signal area ratio, associated with a compromised bioenergetic status (high Pi,
low NTP levels), likely due to reduced perfusion of the treated tumor. Elucidation of the mechanisms
underlying increases in the levels of PCho in cancer cells treated with HDAC inhibitors requires further
investigations, as discussed above for the effects of Hsp90 inhibition.
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Fig 1. Schematic representation of links between the PtdCho cycle and some Ras-effector-mediated
signal transduction pathways in cancer cells. Inhibitors (encircled —| symbol) are indicated in blue or
red according to their capability to induce a decrease or an increase in the PCho signal of exposed
cancer cells, respectively [Ref. 19,21,43-46,48-56].

Enzymes of the PtdCho cycle as potential anticancer therapy targets

The dual directionality of links between the aberrant PtdCho cycle and several oncogene-activated cell
signaling pathways in cancer cells strongly support the interest of exploring the possible use of enzymes
involved in choline metabolism as targets for antitumor therapies.

The reported evidence on the role of ChoK in cell proliferation, transformation and carcinogenesis
suggested the use of this enzyme as a potential novel target for treatment of different types of tumors [50-56].
In particular, a Chok inhibitor ( MN58b) and ChoKa depletion were found to induce non reversible cytotoxic
effects on tumoral cells, including increase in ceramides and apoptosis [54,55]. 'H and **P MRS experiments
on human breast and colon carcinoma cell lines before and after treatment with MN58b showed a decrease in
PCho and tCho levels, followed by a significant drop in cell proliferation [56], correlated with ChoK activity.
Furthermore, inhibition of ChoK showed a strong in vivo antitumor activity against human breast cancer in
nude mice [25], associated with a decrease in the *'P MRS PME resonance [56].

RNA interference (RNAI) -mediated ChoK knockdown induced a significant decrease in PCho level in
breast cancer cells, along with reduced proliferation and promotion of cell differentiation [51]. A
combination of siRNA-Choko with a chemotherapeutic drug, 5-FU, resulted in a larger reduction of cell
viability/proliferation in breast cancer cells than in non tumoral counterparts [52]. Furthermore, preclinical
evaluation of lentiviral vector-mediated downregulation of ChoK using shRNA in established breast cancer
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xenografts in SCID mice confirmed the capability of MRS approaches to monitor the effectiveness of ChoK
downregulation in vivo, by measuring the tumoral PCho levels [53].

The simultaneous activation of both ChoK and PtdCho-PLC in ovarian cancer cells [19] suggested this
phospholipase as a potential target for antitumor therapy. The hypothesis was supported by the reported role
of PtdCho-PLC in mitogenesis and by the strong delay induced by PtdCho-PLC inhibition on the recovery of
the S-phase fraction in these cancer cells re-stimulated by growth factors (serum, LPA) after serum
deprivation [40]. Further support to this hypothesis has been given by experiments showing that 24-h cell
incubation with D609 induced in EOC cells proliferation arrest and decrease in MRS-detected PCho level
similar to those associated with serum deprivation [19].

Future directions

MRS analyses of in vitro cultured cancer cells provide new insights on elucidation of mechanisms involved
in tumor-specific metabolic alterations and allow identification of useful pharmacodyamic biomarkers of
cancer response to targeted therapy. The current in vitro MRS studies, integrated with gene expression and
biochemical analyses on cancer cells and tissues, fuel novel information into molecular oncology and may
shed light on the mechanisms responsible for both altered MRS profiles of cancer lesions and changes in the
standardized uptake value (SUV) of radiolabeled choline in positron emission spectroscopy (PET)
examinations of cancer patients.

Interpretation of in vivo MRS profiles requires the additional consideration of effects exerted by the
tumor microenvironment in terms of pH, hypoxia and angiogenesis, and on the influence of altered
metabolism and physiology of host cells (e.g. stromal, endothelial and immune cells). Furthermore, analysis
of MRS profiles in terms of biomarkers of tumor response to therapy requires the use of suitable approaches
to overcome the problems of susceptibility-broadened and spatially averaged signal profiles of multi-
component tumor lesions. Some of these limitations may however be at least partially compensated using the
higher spatial selectivity provided by multivoxel MRSI approaches. The use of suitable preclinical models
support the feasibility of in vivo quantitative MRS approaches and their possible transferability to the
clinical setting.

In view of the high levels of specificity achieved in the characterization of some metabolic changes
induced in cancer cells by the abnormal activation of oncogene-driven signaling cascades and by their
inhibition under the action of targeted therapies, MRS is expected to continue to represent a valuable first-
line method to test the efficacy of new therapeutic approaches in cancer, in the frame of an integrated
platform of multimodal imaging approaches.
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