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ABSTRACT
PURPOSE:
Phospholipid metabolites are of importance in cancer studies, and have been suggested as
candidate metabolic biomarkers for response to targeted anticancer drugs. The purpose of this
study was to develop a phosphorus (31P) high resolution magic angle spinning (HR-MAS)
magnetic resonance spectroscopy (MRS) protocol for quantification of phosphorylated
metabolites in intact cancer tissue.
METHODS:
31

P spectra were acquired on a 14.1 T spectrometer with a triplet 1H/13C/31P MAS probe.

Quantification of metabolites was performed using the PULCON principle. Basal-like and
luminal-like breast cancer xenografts were treated with the dual PI3K/mTOR inhibitor
BEZ235, and the impact of treatment on the concentration of phosphocholine (PCho),
glycerophosphocholine (GPC), phosphoethanolamine (PEtn) and glycerophosphoethanolamine
(GPE) was evaluated.
RESULTS:
In basal-like xenografts, BEZ235 treatment induced a significant decrease in PEtn (-25.6%, P
= 0.01) whilst PCho (16.5%, P = 0.02) and GPC (37.3%, P < 0.001) were significantly
increased. The metabolic changes could partially be explained by increased levels of
phospholipase A2 group 4A (PLA2G4A).
CONCLUSION:
31

P HR-MAS MRS is a useful method for quantitative assessment of metabolic responses to

PI3K inhibition. Using the PULCON principle for quantification, the levels of PCho, GPC,
PEtn and GPE could be evaluated with high precision and accuracy.
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INTRODUCTION
High resolution magic angle spinning (HR-MAS) magnetic resonance spectroscopy
(MRS) possesses a great diagnostic potential in cancer, as the levels of diagnostically important
metabolites can be examined in intact tissue samples (1). The metabolic profiles of the tissue
directly reflect the in vivo status of cancer metabolism and its relationship with the underlying
tumor biology. 1H MRS is the most sensitive MRS methodology and is frequently used for
investigating the metabolic profiles and changes associated with cancer (1-4). Quantitative 31P
HR-MAS MRS is rarely used, and has never been used to quantify the levels of phosphorylated
metabolites in breast cancer tissue. One of the main reasons is the lower intrinsic sensitivity of
31

P MRS. Compared with 1H HR-MAS MRS, larger tissue specimens are needed and the total

analysis time is longer. In this study we developed a quantitative 31P HR-MAS MRS protocol
which can be used for ex vivo analysis of breast cancer tissue taking these limitations into
account.
Choline-containing

metabolites

(choline,

phosphocholine

(PCho),

and

glycerophosphocholine (GPC)) are of special interest in breast cancer (5) due to the abnormal
choline metabolism. The choline metabolites have been suggested as diagnostic biomarkers,
but may also play a role in therapy monitoring (6). The role of ethanolamine-containing
metabolites

is

still

not

fully

understood.

Phosphoethanolamine

(PEtn)

and

glycerophosphoethanolamine (GPE) have potential clinical relevance and have been suggested
as biomarkers for diagnosis and response to targeted anticancer drugs (7-10). Choline- and
ethanolamine-containing metabolites resonances overlap in one dimensional (1D) 1H HR-MAS
MR spectra and the weak resonances from PEtn and GPE are difficult to detect. However, 31P
MRS is associated with less background signal and provides a wider chemical shift dispersion
enabling spectral separation of both choline- and ethanolamine-containing metabolites.

31

P
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MRS may therefore allow detailed studies of phospholipid metabolism in breast cancer, with a
potential for translation to in vivo applications.
Breast cancer can be divided into subtypes with different clinical characteristics, based
on the gene expression profile (11). Basal-like breast cancer has a poor prognosis, and is
frequently associated with lacking expression of the steroid hormone receptors; estrogen
receptor (ER) and progesterone receptor (PgR) and the human epidermal growth factor receptor
2 (HER2) (11,12). Treatment of this type of breast cancer is challenging due to lack of
molecularly targeted drugs (13). Relevant preclinical models are therefore required for
development and evaluation of novel anti-cancer drugs, and for identification of treatment
response biomarkers (6,14).
The phosphatidylinositol-3-kinase/mammalian target of the rapamycin (PI3K/mTOR)
signaling pathway promotes cell proliferation and survival, but it is also directly involved in
regulation of cellular metabolism (15). Drugs targeting the PI3K signaling pathway have shown
potential in anticancer treatment and may be of particular benefit in basal-like breast cancer
(16,17). Several candidate drugs are currently in clinical trials (17). Noninvasive, in vivo
assessment of metabolic response to treatment with this novel class of drugs can improve their
clinical utility through rapid identification of responding patients, and in vitro studies have
identified several potential metabolic biomarkers for response to PI3K inhibition (18-20). In
this study, we used 31P HR-MAS MRS to identify phosphorylated biomarkers for response to
treatment with the dual PI3K/mTOR inhibitor BEZ235 in tissue samples obtained from two
patient-derived breast cancer xenograft models representing basal-like and luminal-like breast
cancer.
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METHODS
Animals
The xenograft models from two genetically distinct human breast cancer subtypes
representing basal-like (MAS98.12) and luminal-like (MAS98.06) breast cancer were
established by direct implantation of primary human breast cancer tissues in the mammary fat
pad of immunodeficient mice, and then serially transplanted in BalbC nu/nu mice (21). The
animals used in this study were housed under pathogen free environment in individually
ventilated cages. Housing conditions included an equal light/dark cycle and room temperature
of 19 – 22 ˚C. The drinking water was supplemented with 17-β-estradiol (4 μg/ml) to promote
growth of the ER-positive luminal-like xenografts. The mice (10 basal- and 6 luminal-like
xenografts) received 50 mg/kg of the dual PI3K/mTOR inhibitor BEZ235 (Selleck Chemicals,
Houston, TX, USA) dissolved in vehicle (30% Captisol/NMP 66:33 v/v) by gavage daily for
three days. Control animals (11 animals; 6 basal- and 5 luminal-like xenografts) received
volume-matched drug free vehicle only. These dose levels have previously shown efficacy in
murine xenograft models (22). In a previous study, it has been shown that the basal-like
xenograft model responds to treatment with BEZ235 whereas no response was seen in the
luminal-like xenograft model (23). After treatment, the animals were sacrificed by cervical
dislocation and tumors were harvested and immediately snap-frozen in liquid nitrogen.
Harvested tumor tissues were stored in liquid nitrogen until HR-MAS MRS analysis.
All procedures and experiments involving animals were approved by The National
Animal Research Authority, and carried out according to the European Convention for the
Protection of Vertebrates used for Scientific Purposes.
Preparation of tumor specimens for HR-MAS analysis
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HR-MAS MRS was carried out on a spectrometer (Bruker Avance III 600 MHz/54 mm
US-Plus) equipped with a Triplet 1H/13C/31P MAS probe (Bruker BioSpin GmbH, Ettlingen,
Germany). Frozen tumor specimens (24.2 ± 4.6 mg) were thawed, cut on an ice-pad, and gently
loaded into 30 μl disposable inserts filled with 3 μl deuterium oxide (D2O, Sigma-Aldrich
GmbH, Germany) to ensure the 2H lock. The inserts were then placed into 4mm diameter ZrO2
MAS rotors (Bruker BioSpin GmbH, Ettlingen, Germany). The MAS rotors were spun at 5 kHz
and maintained at 4˚C to minimize enzymatic activities within the tissue samples. The actual
temperature of the probe was calibrated periodically using a 4% methanol-d4 standard (Bruker
GmbH, Germany). Shimming and carrier frequency adjustments were performed 5 minutes
after transfer of the sample to the magnet to ensure temperature equilibrium.
31P

HR-MAS MRS
31

P HR-MAS spectra were acquired using an inverse-gated 31P pulse-acquired sequence

with 1H decoupling activated during the acquisition (Bruker; zgig), eliminating 1H-31P coupling
without nuclear overhauser effect (NOE) build-up. Acquisition parameters consisted of a 30˚
excitation pulse, 1536 transients, 32 K complex data points, 60 ppm spectral width, acquisition
time of 1.12 s, recovery delay of 2.5 s (a repetition time of 3.62 s), and a total acquisition time
of 1 hr 30 min.
Longitudinal 31P Relaxation time (T1)
Longitudinal

31

P relaxation studies were performed in five tumor specimens using an

inversion recovery pulse sequence (Bruker; t1ir). For each measurement, 6K complex data
points were collected over a spectral width of 12 ppm, with an acquisition time of 1.05 s,
recovery delay of 10 s, and 4 transients per delay time. The inversion recovery experiment
lasted 1 hr 5 min, consisting of 4 delay times ranging from 50 ms to 10 s. The relaxation times
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were used to determine the optimal repetition time for quantitative

31

P MRS acquisition,

minimizing the total acquisition time but avoiding resonance saturation.
Degradation Analysis
1

H HR-MAS spectra were acquired before and after each

31

P MR acquisition to

investigate the possible metabolic degradation. The spectra were acquired using a Carr-PurcellMeiboom-Gill (CPMG) pulse sequence (Bruker; cpmgpr1d)

including a MAS rotor

synchronized T2 filter (to attenuate macromolecule and lipid resonances and suppress water
resonances) followed by a 90˚ excitation pulse, over a spectral width of 20 ppm, and 136 ms
spin echo time. A total of 64 transients were collected into 64K complex data points, acquisition
time of 2.73 s, recovery delay of 10 s (a repetition time of 12.73 s), and a total acquisition time
of 7 min. Data preprocessing was performed in Matlab 7.10.0.499 (The Mathworks, Inc.,
Natick, MA, USA), and the changes in areas of PCho and GPC signals were calculated in the
two 1H MR spectra.
Data Processing
The 31P HR-MAS spectra were processed using TopSpin V 3.0 (Bruker BioSpin GmbH,
Ettlingen, Germany). The raw data were multiplied by a 3 Hz exponential weighting function
prior to Fourier transformation. All spectra were processed using automatic phase and baseline
correction routines. The chemical shifts in the HR-MAS spectra were calibrated to the GPC
peak at 3.04 ppm for 31P and the lactate doublet at 1.34 ppm for 1H. GPC has previously been
shown to have a stable chemical shift in

31

P HR-MAS experiments (24). The area under the

metabolite and methylenediphosphonic acid (MDPA, Sigma-Aldrich GmbH, Germany)
resonances was calculated using PeakFit software (PeakFit V 4.12, SeaSolve Software Inc., San
Jose, CA, USA). A Voigt curve fitting function (25), which is a mixed Gaussian-Lorenzian
lineshape model, was used after baseline refinement. The fit correlation factor (r2) was better
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than 0.99 for all spectra. Relaxation time raw data were processed using the T1 calculation of
the TopSpin V 3.0 software.
Quantification
Phosphorylated metabolites were quantified using the PULCON principle (26). MDPA
was used as an external reference. To investigate the precision and accuracy of quantification
using the PULCON principle, disposable inserts were filled with three different MDPA
reference standard solutions (7.09, 29.01, and 49.64 µmol/g). Five replicates of each
concentration were analyzed to evaluate the analytical precision. To determine the linearity and
accuracy of the method, the MDPA concentration was calculated from the MR spectra using
equation [1]:

[𝑀𝐷𝑃𝐴𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑐𝑜𝑛𝑐. ] =

𝐴𝑀𝐷𝑃𝐴
× [𝑀𝐷𝑃𝐴𝑟𝑒𝑓 ]
𝐴𝑀𝐷𝑃𝐴𝑟𝑒𝑓

(1)

AMDPA represents the fitted areas of the MDPA signal in the solutions of various
concentrations. AMDPAref represents the fitted area of the MDPAref signal in the reference
standard sample, defined as the MDPA reference standard solution with the lowest
concentration ([MDPAref ] = 7.09 µmol/g).
The accuracy of the external reference was calculated using equation [2], and the
precision was described by the standard deviation calculated for each of the 3 different
concentrations of the MDPA solutions.

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑟𝑟𝑜𝑟 = 100 ×

|𝑀𝐷𝑃𝐴𝑎𝑐𝑡𝑢𝑎𝑙 𝑐𝑜𝑛𝑐. − 𝑀𝐷𝑃𝐴𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑐𝑜𝑛𝑐. |
𝑀𝐷𝑃𝐴𝑎𝑐𝑡𝑢𝑎𝑙 𝑐𝑜𝑛𝑐.

(2)

The concentration of the choline- and ethanolamine-containing metabolites in the tissue
samples ([Met]) were calculated using equation [3]:
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[𝑀𝑒𝑡] =

𝐴𝑀𝑒𝑡
𝑛𝑀𝐷𝑃𝐴
𝑀𝐷𝑃𝐴
×
×
𝐴𝑀𝐷𝑃𝐴
𝑛𝑀𝑒𝑡
𝑤𝑒𝑖𝑔ℎ𝑡𝑡𝑖𝑠𝑠𝑢𝑒

(3)

AMet and AMDPA are the fitted areas of the metabolite of interest and the MDPA signal,
respectively. nMet and nMDPA represent the number of phosphorus nuclei giving rise to the MR
signals from the metabolite of interest and MDPA signal, respectively. MDPA is the mean
amount of MDPA in the reference standard with lowest concentration (= 0.23 µmol), and
weighttissue is the analyzed tissue mass.
Western Blot Analysis

To explain changes in PCho, PEtn, and GPC, enzymes directly involved in synthesis of
these metabolites were investigated. Antibodies for PLA2G4A (SC-454), choline kinase A
(ChoKA, SC-376489), choline kinase B (ChoKB, SC-86382), ethanolamine kinase 1 (ETNK1,
SC-130754), and ethanolamine kinase 2 (ETNK2, SC-162780) purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA) were used to measure the expression of these proteins.
In addition, β-actin (ab8226, AbCam, Cambridge, UK) was used as a loading control.

After HR-MAS MRS analysis, proteins were extracted from BEZ235-treated and
vehicle control basal-like xenograft tissue using a pestle homogenizer in RIPA (radio immuno
precipitation assays) buffer (SC-24948, Santa Cruz Biotechnology, Santa Cruz, CA, USA) with
2 mM PMSF (phenylmethanesulfonyl fluoride), 1 mM Na-orthovanadat and 10 µl/ml Protease
inhibitormix (Santa Cruz Biotechnology, Santa Cruz, CA, USA). After 20 min extraction at 4ºC
the protein lysate was clarified at 10000 g for 10 min.

50 µg protein extract was separated using 1D PAGE (P antigen family) with 4-12%
NuPage Novex Bis-Tris gels using MOPS run buffer (Invitrogen, Carlsbad, USA). The gels
were electro-blotted on nitrocellulose. The membranes were blocked for 3 hr in TBS, 0.1%
Tween (TBST), 5% fat-free dry milk and incubated in primary antibody for 1 hr in blocking

Page 10 of 26

buffer. After 3 x 10 min washing in TBST, membranes were further incubated for 1 hr in
secondary fluorescent-conjugated (LI-COR Biosciences, NE, USA) antibodies in TBST,
washed 3 x 10 min TBST and 1 x 10 min TBS. The gels were scanned on an Odyssey imaging
system (LI-COR Biosciences, NE, USA) and bands were quantified by densitometry using
ImageStudio 2.0 software.

Statistical Analysis
Statistical analyses were performed using GraphPad Prism (GraphPad Software, Inc. V
4.03, CA, USA). Spearman correlation analysis was performed between actual and measured
MDPA concentrations. Metabolite concentrations were compared across treatment groups
using the non-parametric Mann-Whitney test with the threshold for statistical significance
defined as P ≤ 0.05.

RESULTS
31

P HR-MAS MR spectra with high spectral resolution and good signal to noise ratio

were obtained from all tissue samples. Resolved resonances from PEtn, PCho, inorganic
phosphate (Pi), GPE, and GPC were identified between 3.04 – 6.70 ppm (Figure 1). A distinct
signal (at 6.76 ± 0.05 ppm) was observed in the 31P MR spectra of treated tissue samples. Based
on previous knowledge (27,28), this signal was assigned to glycerol 3-phosphate (G3P). There
was no significant contribution from high energy phosphate metabolites such as
phosphocreatine and adenosine triphosphates in the

31

metabolism and degradation of these metabolites.
Longitudinal Relaxation Times and MDPA Calibration

P MR spectra, reflecting the rapid
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The longitudinal relaxation times (T1) of the phosphorylated metabolites were
determined using an inversion recovery pulse sequence. The resulting T1 values (presented in
Table 1) confirm that a repetition time of 3.62 s (> 5 × T1) is sufficient for quantitative analysis
of the phosphorous metabolites. A significant correlation (P < 0.0001 and r = 0.96) was
observed between actual and measured MDPA concentrations (Figure 2A), demonstrating a
linear concentration-response relationship. The accuracy of quantification using the PULCON
principle was calculated using the lowest MDPA concentration (= 7.09 µmol/g) as reference.
The relative error was < 4.31 % at all concentrations (Figure 2B), demonstrating a high level of
precision in a concentration range representative of phosphorylated metabolites in xenograft
tumor tissues.
Metabolite stability
1

H HR-MAS spectra of tissue samples from both BEZ235 treated and control groups

indicated an increase in PCho and GPC concentration during the acquisition of 31P spectra at 4
ºC. The changes in PCho and GPC concentrations are presented in Table 2. The PCho level
increased significantly more in basal-like than in luminal-like xenografts. However, there was
no significant difference in metabolite stability between controls and treated mice in any of the
xenograft models, justifying that metabolite concentrations can be compared across the
treatment groups.
31P

MR Spectral Profiles in Breast Cancer Xenografts
31

P HR-MAS spectra were analyzed to investigate the effect of PI3K/mTOR pathway

inhibition on choline- and ethanolamine-containing metabolites. Representative spectra from
luminal-like and basal-like xenografts are presented in Figure 1, showing well resolved peaks
from phosphorylated metabolites and metabolic changes associated with BEZ235 treatment.
The 31P MR spectra showed distinct differences between luminal-like and basal-like xenograft

Page 12 of 26

models, confirming an inverse relationship in PCho-GPC concentrations which is also seen in
previous studies (29). The concentrations of phosphorylated metabolites in basal-like and
luminal-like xenografts are presented in Figure 3. In samples from basal-like xenografts treated
with BEZ235, a significant reduction in PEtn concentration (-25.6%, P = 0.01) compared to
vehicle treated controls was observed (Figure 3). Treatment with BEZ235 also induced a
significant increase in PCho (16.5%, P = 0.02) and GPC (37.3%, P < 0.001) (Figure 1 and 3).
In the luminal-like xenografts, BEZ235 treatment induced no significant change in the
concentration of phosphorylated metabolites.
PI3K/mTOR Pathway Inhibition Effects on Enzymatic Activities
Western blot analysis was performed to further investigate the effect of PI3K/ mTOR
pathway inhibition on phospholipid metabolism in basal-like xenografts. No difference in
protein expression of ChoKA, ChoKB, ETNK1, or ETNK2 between BEZ235-treated mice and
vehicle-treated controls was observed. However, a 2-fold increase in the PLA2G4A levels (P =
0.005) in treated tissue samples compared to vehicle-treated controls was observed (Figure 4).
PLA2G4A has previously been associated with the high GPC concentration observed in the
basal-like xenograft model (29).

DISCUSSION
In this study, we have established a quantitative

31

P HR-MAS MRS protocol for

assessment of phosphorylated metabolites in breast cancer xenograft tissue. We have
demonstrated the feasibility of the method in metabolic profiling of breast cancer subtypes, and
for assessment of metabolic response to a dual PI3K/mTOR inhibitor. Treatment of the basallike breast cancer xenograft model was associated with increased concentrations of PCho and
GPC and decreased concentration of PEtn. After HR-MAS analysis, the intact tissue samples
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were used for Western blot analyses, which suggested that the metabolic changes in part could
be attributed to a change in PLA2G4A levels.
Quantitative performance of the 31P HR-MAS MRS protocol
The implemented

31

P HR-MAS MRS protocol uses the PULCON principle for

quantification (30). The concentration of metabolites present in the sample is determined using
the reference spectrum of an external standard with known concentration obtained under
identical experimental conditions. Advances in spectrometer technology have enhanced the
stability and reproducibility, thereby allowing direct quantitative analysis. The linearity of the
method was demonstrated by a relative error  4.31% in the MDPA reference standard
solutions. A relative standard deviation < 0.1 % demonstrate a high precision of the
measurement. The concentration-response relationship was linear in the range of 7.09 – 49.64
µmol/g. Thus, we consider the performance of the method to be adequate for evaluation of
phosphorylated metabolites in tumor tissue samples. Traditionally, quantitative HR-MAS MRS
has been performed through addition of internal standards to the sample. This method has
several disadvantages such as reduced reproducibility and accuracy due to interaction between
the standard and tissue components, as well as pH dependency. The ERETIC (Electronic
Reference To access In vivo Concentrations) approach is an alternative to the classical internal
standard method, and is based on the use of a synthetic radio frequency reference signal (31).
This approach eliminates the need for an internal standard, thereby improving precision and
accuracy (32). The absence of the artificial signal generation in the current protocol reduces the
number of potential error sources compared to the ERETIC approach. MDPA is a suitable
external reference, since its resonance frequency does not overlap with other peaks in the 31P
spectra. In summary, the analytical performance of the PULCON-based

31

P HR-MAS MRS

method is equivalent to that of ERETIC-based protocols (2,32), allowing direct quantification
of metabolite concentration in intact tissue.
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Metabolite stability
A major source of error in quantitative HR-MAS MRS experiments is metabolite
degradation. Metabolite degradation may occur during tissue excision, sample preparation, or
during the acquisition of MR spectra. However, immediate freezing, rapid sample preparation
and low temperature during HR-MAS MRS analysis can minimize metabolite degradation.
Previous studies have shown that the duration of cryogenic storage do not cause significant
alteration in metabolic contents (33,34). As the 31P HR-MAS MRS protocol established in this
study has a total running time of 1 hr 30 min, degradation of metabolites during the experiment
may be a confounding factor. Some metabolic degradation is virtually unavoidable due to high
metabolic rates, such as nucleotide triphosphate degradation. We therefore acquired 1H HRMAS MRS spectra before and after 31P HR-MAS MRS to assess the change in PCho and GPC
concentration during analysis. The data clearly indicate that the concentration of PCho and GPC
increase over the time course of the

31

P HR-MAS MRS acquisition, potentially leading to

overestimation of the actual concentration of these metabolites. Metabolite stability therefore
has to be taken into account when quantifying phospholipid metabolites. However, our data
also demonstrated that the increased levels of PCho and GPC occurred at similar rates in all
control and treatment groups (Table 2). The increase was in the range of 10-20 %, which was
considered acceptable for evaluation of phospholipid metabolism in xenograft tumors.
Although the concentration of metabolites may be overestimated due to increasing levels of
PCho and GPC, comparison of metabolite concentrations across treatment groups can be
justified.
31P

HR-MAS MRS for Evaluation of Cancer Phospholipid Metabolism
A major trend in current cancer drug development is to target specific oncogenic signaling

pathways using low molecular weight drugs (35). This class of drugs typically interferes with
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proteins involved in signal transduction, resulting in inhibition of tumor growth. In addition,
these drugs frequently cause metabolic alterations in the cancer cells (6). However, metabolic
responses to therapy may be both drug- and cancer subtype-specific, and there is a need to
understand the effects of different drugs on a more detailed level. Therefore, development of
methods for evaluation of metabolic responses in preclinical models ex vivo is an important
step towards personalized therapy monitoring in patients. The use of MRS to identify metabolic
biomarkers can potentially be useful for noninvasive detection of response and resistance, both
during preclinical development of novel drugs and in the clinical trial stage. Choline metabolites
are widely studied in cancer research as diagnostic biomarkers and indicators of therapeutic
response. 31P MRS probes typical membrane phospholipid compounds; PEtn, PCho, GPC, and
GPE. These metabolites are suggested as valuable biomarkers in cancer, both for
diagnosis/grading and for therapy monitoring (1,5).

31

P HR-MAS MRS has previously been

employed to investigate intact rhabdomyosarcoma tissues (24) and cervical cancer (36). The
amount of tissue required for sufficient signal-to-noise ratio may limit the utility of

31

P HR-

MAS MRS. In the current study we obtained data from breast tissue samples in the weight range
of 24.2 ± 4.6 mg, which is significantly lower than previously reported (24,36).
In this study, we used

31

P HR-MAS MRS to demonstrate the metabolic response to

PI3K/mTOR inhibition in a basal-like xenograft model. The method could also discriminate
between basal-like and luminal-like xenograft models based on

31

P-metabolic profiles. The

basal-like xenograft model (MAS98.12) responds to BEZ235 treatment, whereas the luminallike model (MAS98.06) does not (23). Using 1H HR-MAS MRS, Moestue et al. (23)
demonstrated that response to PI3K inhibition was associated with decreased glycolytic activity
and increased PCho and GPC levels. The increased PCho and GPC levels were confirmed in
the present study, but in addition

31

P HR-MAS MRS could detect a decrease in PEtn

concentrations. The PCho and GPC concentrations found in the two studies are in good
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accordance, but the intersubject variability was markedly lower in the 31P HR-MAS MRS data.
Since quantification of PCho and GPC in 1H HR-MAS MRS spectra depend on curve fitting of
overlapping metabolite peaks, both accuracy and precision may benefit from the use of 31P HRMAS MRS.
The 31P HR-MAS spectra from basal-like xenografts treated with BEZ235 exhibited an
extra peak, which was assigned to G3P based on previous literature (27,28). The underlying
biology of the G3P accumulation induced by BEZ235 treatment is not clear. G3P is formed by
degradation of GPC, and can feed into the glycolysis after conversion to glyceraldehyde-3phosphate. Accumulation of G3P could therefore reflect the increased turnover of
phosphatidylcholine (as suggested by the increased GPC concentration) and reduced glycolytic
activity caused by PI3K/mTOR inhibition. The increased level of PLA2G4A in BEZ235-treated
basal-like tumors supports this hypothesis (Figure 4). This phospholipase is commonly found
in mammalian tissues and associated with hydrolysis of the sn-2 acyl bond of
phosphoglycerides, converting PtdCho to 1-acyl GPC, a precursor of GPC (27). Phospholipases
has been shown to be mediators of response to cancer therapy both in vitro and in vivo (37-39).
The PLA2GIV gene has previously been shown to be higher expressed in the basal-like
xenografts than luminal-like xenografts, and was therefore suggested to be associated with GPC
concentration in tumor tissue (29). The increase in PLA2GIV is consistent with the increase in
GPC concentration in basal-like tumors treated with BEZ235. This finding is in accordance
with previous studies where elevated PLA2 activity was associated with increased GPC
concentration in response to the heat shock protein 90-inhibitor 17-AAG (40). Increased PLA2
activity has also been shown to accompany apoptotic cell death (41). PI3K inhibitors may also
interfere with the function of enzymes involved in the GPC hydrolysis such as EDI3, an enzyme
responsible for cleavage of GPC to produce G3P (27). Small amounts of G3P were also found
in samples from luminal-like xenografts treated with BEZ235. Since this xenograft model show
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no or little response to treatment with BEZ235, the accumulation of G3P in these tumors is
difficult to explain.
We evaluated the impact of the PI3K signaling inhibition on the expression of ChoKA/B
and ETNK1/2. No treatment-related changes were observed. The reduction in PEtn observed in
BEZ235-treated basal-like tumors is consistent with previously described responses to
treatment (10). In contrast, the increased PCho found in the BEZ235-treated basal-like tumors
cannot be explained by decreased cell membrane turnover. However, increased PCho has been
associated with response to treatment with other targeted drugs such as histone deacetylase
inhibitors, illustrating the complexity of choline metabolism in cancer (6). In previous in vitro
studies, it has been shown that treatment with PI3K inhibitors cause decreased PCho and
increased GPC concentrations (18-20). This is only partly in accordance with the increased
PCho and GPC concentrations found ex vivo in our study, which possibly could reflect
microenvironmental regulation in metabolite concentrations. However, it has also been shown
that PI3K inhibitors can induce apoptosis in breast cancer cells (42). Early event of the apoptosis
cascade has been associated with increased levels of PCho and GPC (43). It is therefore possible
that the metabolic changes observed in our study reflect BEZ235-induced apoptosis. Metabolic
responses to treatment can be mediated by phospholipases C and D, but also other enzymes in
the choline metabolism (5,7). In particular, a PtdCho-specific PLC has been suggested to be
involved in regulation of PCho concentration in cancer (44). However, the enzyme has not yet
been cloned, and specific monoclonal antibodies are not commercially available. We were
therefore not able to evaluate the importance of PtdCho-specific PLC in the metabolic response
to PI3K inhibition.
Potential of 31P MRS in clinical applications
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Clinical in vivo 1H MRS has been used to discriminate between benign and malignant
breast lesions, and to monitor response to neoadjuvant therapy by evaluation of the total choline
signal (45,46). This method is limited by the lack of spectral resolution, which can obscure
changes in individual choline metabolites. Establishing a quantitative

31

P HR-MAS MRS to

analyze choline metabolism is therefore of particular interest, as it potentially can provide
evaluation of individual choline- and ethanolamine-containing metabolites in vivo. These
metabolites have potential clinical relevance, but their role as cancer biomarkers are not known
in detail. Elevated PEtn concentration is found in most tumor cells (7). The role of GPE is less
clear, but in prostate cancer, PEtn and GPE, in contrast to PCho and GPC, can be used to
discriminate between cancer and benign prostatic hyperplasia (8,9). PEtn and GPE are also
suggested as biomarkers for response to targeted anticancer drugs. In colon cancer xenografts,
treatment with the HIF-1 inhibitor PX-478 caused significant reduction in both PEtn and GPE
concentration (10).
31

P HR-MAS MRS provides more robust quantitative analysis compared to 1H HR-

MAS MRS due to the high spectral resolution and the low background signal. However, it has
an intrinsically low sensitivity compared to 1H MRS, resulting in longer examination times.
The clinical utility of 31P MRS therefore depends on high magnetic field strengths which
enhance sensitivity and reduce total scan time. The findings in this study suggest that 31P
MRS may be a powerful tool in clinical therapy monitoring of targeted anticancer drugs, by
simultaneous assessment of choline- and ethanolamine-containing metabolites. Advances in
MR technology and increased availability of clinical high field systems might enable the
translation of current ex vivo 31P MRS protocols into in vivo 31P MRS applications.
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CONCLUSION
In this study the absolute concentration of phosphorylated metabolites of importance in
cancer was calculated using 31P HR-MAS MRS at 14.1T. Based on the PULCON principle,
MDPA was used as an external reference, providing higher precision and accuracy compared
to other quantitative HR-MAS methods. Using a basal-like and a luminal-like xenograft
model, we evaluated the metabolic response to treatment with the dual PI3K/mTOR inhibitor
BEZ235. In basal-like xenografts, a significant increase in GPC and PCho was found,
whereas PEtn decreased. The increase in GPC could be explained by increased PLA2GIV
levels. No significant changes in phosphorylated metabolites were observed in luminal-like
xenografts, which do not respond to treatment with BEZ235. This demonstrates that 31P HRMAS MRS can be a valuable method for detailed studies of phospholipid metabolism in
breast cancer.
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Figures legend and Tables

Figure 1: The 31P metabolite profiles from basal- and luminal xenografts before and after
BEZ235 treatment: Representative 31P HR-MAS spectra of BEZ235-treated tissues (right) and
controls (left). In basal-like xenografts (black), BEZ235 treatment induced a significant decrease in
PEtn concentration whilst PCho and GPC signals are significantly increased compared with controls.
Basal-like xenografts could be discriminated from luminal-like xenografts (blue) by a lower PChoGPC ratio and lower PEtn concentration. In spectra obtained from BEZ235-treated samples glycerol3-phosphate (G3P) was detected at about 6.8 ppm (The luminal-like spectra are shifted slightly to the
right for visualization purpose). The chemical shift was calibrated to the GPC peak at 3.04 ppm.
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Figure 2: Accuracy and precision of the MDPA calibration standard curve. Actual
MDPA concentrations versus the measured MDPAs are plotted, using the highest MDPA
concentration as reference (A). A linear regression was performed on the data demonstrating a
significant correlation (P < 0.0001 and r = 0.96) between actual and measured concentrations.
The relative error plot (B) is a measure of the method’s accuracy, and indicates the agreement
between the actual and the measured concentrations of MDPAs (B).

Figure 3: Effect of BEZ235 treatment on the phosphorylated metabolite concentrations
(μmol/g) in basal- and luminal-like xenograft tumors. *: P < 0.05, ***: P < 0.001.
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Figure 4: Phospholipase A2 group IV expression was increased after BEZ235 treatment
in basal-like xenografts. The bar graph shows the quantification of the immunoblots (mean ±
SD). Phospholipase A2 group IV (PLA2GIV), Ethanolamine kinase 1 and 2 (ETNK1/2),
Choline kinase alpha/beta (ChoKA/B), and β-actin protein expression were examined by
immunoblotting of tissue samples after MRS experiments (control group (n = 5) and BEZ235treated group (n = 7)). This demonstrated a higher expression of PLA2GIV protein (P =
0.005), but no changes in ETNK1 and ChoKA/B in samples from basal-like xenografts treated
with BEZ235.
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Table 1: 31P chemical shifts and longitudinal relaxation times (T1). The 31P resonances
determined in MR spectra of intact tissues from luminal- and basal-like breast cancer
xenografts.
n

G3P

PEtn

PCho

Pi

GPE

GPC

Luminal-

Control

5

Nd

6.49±0.07

5.99±0.07

4.19±0.10

3.58±0.00

3.04±0.00

like

BEZ235

6

6.78±0.061

6.62±0.04

6.13±0.04

4.51±0.12

3.58±0.00

3.04±0.00

Basal-like

Control

6

Nd

6.57±0.04

6.07±0.04

4.35±0.09

3.58±0.00

3.04±0.00

BEZ235

10

6.75±0.04

6.63±0.02

6.13±0.02

4.52±0.05

3.58±0.00

3.04±0.00

Nd

1.52±0.50

1.56±0.53

1.12±0.28

1.25±0.36

1.07 ±0.06

Chemical shift
[ppm]

T1 [s]

Nd; not determined.

Table 2: Stability of the phosphorylated metabolites: Metabolite peak areas were measured using
1

H HR-MAS MRS before and after the 31P HR-MAS MRS analysis. The table shows the increase (%

of pre-analysis value, mean ± SD) in PCho and GPC during 31P HR-MAS analysis. **: Significant
difference between basal-like and luminal-like xenografts, P = 0.007.

Xenografts
Basal-like

n

GPC

PCho

BEZ235 5

15.66 ± 3.55 18.80 ± 5.33**

Control

13.16 ± 1.99 16.61 ± 5.42

6

Luminal-like BEZ235 6
Control

11.08 ± 4.82 10.20 ± 4.52**

10 09.70 ± 3.21 10.52 ± 2.33

