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Abstract
Activation of the PI3K/Akt pathway is associated with the development of numerous human
cancers. Thus, many emerging therapies target this pathway. Previous studies have shown that
targeting the PI3K/Akt pathway at the level of PI3K is associated with a drop in phosphocholine
(PCho) and a reduction in hyperpolarized lactate production. However, the consequences of
targeting downstream of PI3K at the level of Akt have not been investigated. Perifosine is an
anticancer alkylphospholipid in clinical trials. It acts by inhibiting phosphorylation of Akt and was
also shown to inhibit CTP:phosphocholine cytidyltransferase (CT). The goal of this study was to
identify the MRS-detectable metabolic consequences of treatment with perifosine in MCF-7 breast
cancer cells. We found that perifosine treatment led to a 51±5% drop in PCho from 30±5 fmol/
cell to 15±1 fmol/cell and a comparable drop in de novo synthesized PCho. This was associated
with a drop in choline kinase (ChoK) activity and ChoKα expression. CT inhibition could not be
ruled out but likely did not contribute to the change in PCho. We also found that intracellular
lactate levels decreased from 2.7±0.5 fmol/cell to 1.5±0.3 fmol/cell and extracellular lactate levels
dropped by a similar extent. These findings were consistent with a drop in lactate dehydrogenase
expression, and associated with a drop in activity of the hypoxia inducible factor (HIF)-1α. The
drops in PCho and lactate production following perifosine treatment are therefore mediated
downstream of Akt by the drop in HIF-1α, which serves as the transcription factor for both ChoK
and lactate dehydrogenase. The metabolic changes were confirmed in a second breast cancer cell
line, MDA-MB-231. Taken together, our findings indicate that PCho and lactate can serve as
noninvasive metabolic biomarkers for monitoring the effects of inhibitors that target the PI3K/Akt
pathway, independent of the step that leads to inhibition of HIF-1α.
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INTRODUCTION
Phosphatidylinositol 3-kinases (PI3Ks) are a family of lipid kinases that catalyze the
formation of phosphatidylinositol 3, 4, 5-triphosphate, which then recruits to the membrane
a subset of signaling proteins with pleckstrin homology (PH) domains, including protein
kinase 1 (PDK 1) and Akt (protein kinase B) (1, 2). The recruitment of these specific
proteins leads to activation of downstream signaling pathways that mediate many key
cellular processes including growth, proliferation, survival, and metabolism (3). The PI3K/
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Akt pathway plays an important role in cancer biology and its activation has been associated
with the development of many human cancers (4, 5). Accordingly, this signaling pathway is
an attractive target for cancer therapeutics and many agents have been developed for its
inhibition (6-8).

Because inhibition of the PI3K/Akt pathway is frequently associated with tumor stasis rather
than tumor shrinkage, identifying biomarkers of target inhibition has been desirable both for
drug development and for longitudinal monitoring of patient response. In this regard,
magnetic resonance spectroscopy (MRS) has recently emerged as a promising tool (9-14).
Inhibiting PI3K/Akt signaling by targeting PI3K consistently leads to an MRS detectable
drop in phosphocholine (PCho) and total choline-containing metabolite levels (tCho,
comprised of choline PCho and glycerophosphocholine) (10-12, 14). In addition, some
studies showed a drop in hyperpolarized lactate production (12,13). However, to date, the
consequences of targeting downstream of PI3K, particularly at the level of Akt, have not
been investigated. Importantly, depletion of Akt, together with the other client proteins of
heat shock protein 90 (HSP90), results in an elevation, rather than a drop in PCho (15-18).
The goal of this study was therefore to monitor the MR detectable metabolic consequences
of treatment with the Akt inhibitor perifosine, and to assess the generality of reduced PCho
as a biomarker of PI3K/Akt inhibition independent of the step within the PI3K/Akt pathway
being inhibited.

Perifosine (4-[[hydroxy(octadecyloxy)-phosphyinyl]oxy]-1, 1-dimethyl-piperidinium, inner
salt) is an anticancer alkylphospholipid currently in clinical trials (19). The anti-neoplatic
effects of perifosine are likely mediated by several factors (19, 20). A possible involvement
of extracellular signal-regulated kinase (ERK) signaling or c-Jun NH2-terminal kinase
(JNK) signaling have been reported (21, 22). Additionally, because the structure of
perifosine resembles natural lysophosphatidylcholine, the drug can interfere with the
turnover and synthesis of natural phospholipids. In particular, perifosine has been shown to
inhibit CTP:phosphocholine cytidyltransferase (CT), the rate-limiting enzyme for
phosphatidylcholine (PtdCho) synthesis. As a result, perifosine treatment can lead to a drop
in cellular PtdCho levels and subsequent apoptosis (19, 20, 23, 24). Most importantly, like
other alkylphospholipids, perifosine accumulates in lipid rafts where it interacts with the PH
domain of Akt kinase to prevent its membrane localization and thus inhibit Akt
phosphorylation. This leads to cell cycle arrest or apoptosis (19, 20, 25, 26). Consistent with
this mechanism of action, a recent functional proteomics study demonstrated a strong
correlation between perifosine-induced inhibition of Akt and the degree of perifosine
antitumor efficacy in breast, ovarian, and prostate cancer cells (27).

In this study, we used multinuclear MRS and complementary biochemical assays to evaluate
changes in metabolite levels and various associated enzymes in order to monitor the effect
of perifosine on the metabolism of MCF-7 human breast cancer cells. We found that
perifosine treatment led to a drop in total cellular PCho levels and a drop in lactate
production. These two metabolic consequences of perifosine treatment are likely due to the
observed blockade of PI3K/Akt signaling and the resulting drop in levels of the hypoxia
inducible factor (HIF)-1α. Moreover, we confirmed the metabolic changes in a second
breast cancer cell line, MDA-MB-231. Thus, our findings indicate that the drop in PCho and
lactate can serve as biomarkers of PI3K/Akt signal inhibition independent of the specific
target being inhibited.
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MATERIALS AND METHODS
Cell Culture

MCF-7 and MDA-MB-231 human breast cancer cells were cultured in DMEM (UCSF Cell
Culture Facility, San Francisco, CA) supplemented with 10% heat-inactivated fetal bovine
serum (Thermo Scientific Hyclone, Logan, UT), 2 mmol/L L-glutamine (Invitrogen,
Carlsbad, CA), 100 units/mL penicillin, and 100 mg/mL streptomycin (UCSF Cell Culture
Facility, San Francisco, CA), at 37 °C in 5% CO2. Both cell lines were treated with 30 μM
perifosine (Cayman Europe, Estonia) (treated cells) or with ethanol at 0.06% (v/v; carrier-
treated control cells) for 48 h and medium was replenished every 24 h. The concentration
and exposure time of perifosine used were determined using the WST-1 cell proliferation
reagent (Roche, Basel, Switzerland) to achieve ~50% drop in cell number.

In short-term labeling experiments, choline and glucose in the medium of MCF-7 cells were
replaced with labeled metabolites at their normal concentrations: 28.6 μmol/L [1, 2-13C]
choline and 5.6 mM [1-13C] glucose (Cambridge Isotope Laboratories, Inc., Andover, MA)
for the last 6 h of treatment. The short-term labeling with 13C-labled metabolic precursors
allowed us to look at de novo synthesis of PCho and lactate production. In long-term
labeling experiments, cells were incubated in medium where both choline and glucose were
replaced with labeled metabolites as above for the full duration of the 48 h perifosine
treatment. This allowed us to look at de novo synthesis of PtdCho, glycerophosphocholine
(GPCho), fatty acids as well as glucose uptake and lactate production.

Western Blot Analysis
After 48 h treatment with perifosine or ethanol (carrier), MCF-7 cells were lysed in cell lysis
buffer (Cell Signaling Technology Inc., Danvers, MA) supplemented with 1 mM
phenylmethylsulfonyl fluoride (PMSF) and 1 μL/mL protease inhibitor cocktail set III
(Calbiochem, Darmstadt, Germany). Lysates were incubated on ice for 10 minutes and
centrifuged at 14,000 rpm for 10 min at 4 °C. The protein supernatant was collected and
total protein concentrations were quantified using the Bradford assay (Bio-Rad Laboratories,
Hercules, CA). Proteins were separated by SDS-PAGE using 4-20% gradient gel (Bio-Rad
Laboratories, Hercules, CA) and transferred electrophoretically to nitrocellulose membranes
(Millipore, Billerica, MA). Membranes were blocked in blocking buffer containing 5%
nonfat dry milk in Tris-Buffered Saline Tween-20 (TBST) for an hour and incubated with
primary antibodies overnight at 4 °C. The primary antibodies probed for were: Akt, P-Akt,
4E-BP1, P-4E-BP1 (obtained from Cell Signaling Technology Inc., Danvers MA), and
carbonic anhydrase 9 (CAIX) (obtained from Abchem, Cambridge, MA). The membranes
were then incubated with secondary antibody anti-IgG horseradish peroxidase-linked
antibody (Cell Signaling Technology Inc., Danvers, MA). The proteins of interest were
visualized using ECL Western Blotting Substrate (Thermo Scientific Pierce, Logan, UT).

Cell Cycle Analysis and Cell Size Determination
Samples for cell cycle analysis were prepared as previously described (28, 29). 1×106 cells
were harvested with PBS buffer (without calcium and magnesium) (UCSF Cell Culture
Facility, San Francisco, CA) and fixed with 70% ethanol (Fisher Scientifics, Pittsburgh, PA)
for 24 h at 4°C. Cells were then treated with 20 μg/ml RNase A (Qiagen Inc., Valencia, CA)
for 30 minutes and stained with 20 μg/ml propidium iodide (MP Biomedicals, LLC, Francs)
for DNA content. Cell cycle distribution was determined using FACScan cell sorter (BD
Biosciences, San Jose, CA). The cell cycle profiles were processed using the CELLQUEST
and MODFIT LT software. The mean forward scatter height (FSC-H, which is a measure of
relative cell size) of the G1 phase cells was also determined for the control and treated
MCF-7 cells (30). In addition, cell size was determined by Beckman Coulter Multisizer III
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(Beckman Coulter, Inc., Brea, CA). For this, 100 μl cell samples containing at least 1 × 106

cells were added to 10 ml of isotonic dilution solution and analyzed. The data were
displayed as histograms of cell counts against cell diameters, and mean cell diameter was
determined using the cell coulter software.

Cell Extraction
4 - 5 × 107 cells were extracted using the dual-phase extraction method (29, 31). Briefly,
cells were trypsinized, washed with ice-cold 0.85% saline (UCSF Cell Culture Facility, San
Francisco, CA), and 10 mL ice-cold methanol (Sigma-Aldrich, St. Louis, MO) was added to
the cell pellet. The solution was then subjected to: vortexing, addition of 10mL chloroform
(Acros Organics, Geel, Belgium), vortexing, addition of 10mL ice cold Milli-Q water and a
final vortexing. Phase separation was achieved by centrifuging the mixture at 4,400 rpm for
30 minutes at 4 °C. The aqueous and organic phases were separated and solvents were
removed.

MRS Acquisition and Analysis
To acquire 1H and 13C spectra, the aqueous fraction was reconstituted in 400 μl deuterium
oxide (Cambridge Isotope Laboratories, Inc., Andover, MA) and the lipid fraction was
reconstituted in 400 μl deuterated chloroform (Acros Organics, Geel, Belgium). To acquire
aqueous 31P spectra, 8 μl of 500 mM ethylenediaminetetraacetic acid (EDTA) (pH 8.0)
(Sigma-Aldrich, St. Louis, MO) was further added to a final concentration of 10 mM EDTA,
and then the final pH was adjusted to 8.2. For lipid 31P MR measurements, 200 μl of 40 mM
methanolic EDTA was added to the lipid fraction that was already reconstituted in 400 μl
deuterated chloroform. 40 mM methanolic EDTA was prepared by adjusting 200 mM
EDTA in water to pH 6.0 with caesium hydroxide (CsOH) (Sigma-Aldrich, St. Louis, MO)
and then diluted fivefold with methanol (Sigma-Aldrich, St. Louis, MO). To evaluate
glucose uptake and lactate production, 500 μl of extracellular medium samples were also
collected, mixed with 50 μl deuterium oxide for lock, and then directly analyzed by 13C
MRS.

1H, 13C, and 31P MR spectra of the aqueous metabolite fraction, lipid metabolite fraction,
and extracellular medium samples were recorded on a 600MHz INOVA spectrometer
(Varian, Inc., Palo Alto, CA) using a 90° flip angle and 3 sec relaxation delay for 1H, and
30° flip angle and 3 sec relaxation delay with proton decoupling for 13C and 31P. Fully
relaxed 13C, 31P and 1H spectra were collected in order to determine the saturation
correction factor for each metabolite of interest. The concentrations of metabolites were
determined by integration, correction for saturation, and normalization to cell number and to
an external reference of known concentration. 2, 2, 3, 3-tetradeutero-3-
trimethylsilylpropionic acid (TSP) (Cambridge Isotope Laboratories, Inc., Andover, MA)
was used for 1H and 13C reference. Methylenediphosphonic acid (MDPA) (Sigma-Aldrich,
St. Louis, MO) was used for 31P reference. The perifosine peak was identified by spiking the
lipid fraction with perifosine dissolved in deuterated chloroform and confirming an increase
in peak intensity in the 31P spectrum.

Choline Kinase (ChoK) Activity Assay
Choline kinase (ChoK) activity was determined as described previously (32). After
incubation with perifosine or ethanol for 48 h, at least 1 × 107 MCF-7 cells were trypsinized,
washed in ice-cold 0.85% saline, and lysed on ice in 550 μl Tris-HCl (pH 8.0) (Invitrogen,
Carlsbad, CA) containing 10 mM dithiothreitol (DTT) (Acros Organics, Geel, Belgium) and
1 mM EDTA (Ambion, Austin, TX) in deuterium oxide. Cells were homogenized by
passing through a fine-tipped needle (27.5 G) and then disrupted at 0 °C by sonication for 10
periods of 1s. Cell lysate was centrifuged at 14,000 rpm for 30 minutes at 4 °C and the
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supernatant was retained. Reaction buffer containing choline chloride, magnesium chloride
(MgCl2), and adenosine triphosphate (ATP) (all from Sigma-Aldrich, St. Louis, MO) in
Tris-HCl buffer was added to the supernatant right before transferring the mixture to the
NMR tube. The final concentrations of substrates were 5 mM choline chloride, 10 mM ATP,
and 10 mM MgCl2 in 50 mM Tris-HCl (pH 8.0). ChoK activity was assayed by monitoring
the temporal accumulation of PCho using an array of 1H spectra at 25 °C (choice of
temperature based on previously described (32) in order to minimize the degradation of
ATP). 1H spectra were acquired following presaturation of the residual water using a 90°
flip angle, 3 sec relaxation delay, and 64 scans. ChoK activity was determined from the
straight-line fit to plots of PCho (fmol/cell) versus time following addition of all substrates.

Quantitative PCR Analysis
Total cellular RNA was extracted by RNeasy Mini kit (Qiagen Inc., Valencia, CA). The
quantity of total RNA was determined by using a NanoDrop ND1000 fluorospectrometer
(NanoDrop Technologies, Thermo Scientific, Logan, UT). Reverse transcription was
performed using the QuantiTect Reverse Transcription kit (Qiagen Inc., Valencia, CA) to
obtain cDNA. The quantitative PCR was performed by UCSF Genome core and expression
results were normalized to the house keeping gene, 18S rRNA (18). Primers used for
amplification of ChoKα, ChoKβ, LDH-A and 18S rRNA were purchased from Applied
Biosystems as Taqman Gene Expression Assays (ChoKα ID: Hs00608045_m1, ChoKβ ID:
Hs00193219_m1, LDH-A ID: Hs00855332_g1, and 18S rRNA ID: Hs99999901_s1).

CTP:choline-phosphate Cytidylyltransferase (CT) Activity Assay
The CT activity was determined by a modified MRS-based method that was described in a
recent study (18). In brief, about 1 × 107 MCF-7 cells were lysed on ice in 500 μL lysis
buffer containing 50 mM 3-(N-morpholino)propanesulfonic acid-potassium hydroxide
(MOPS-KOH) (pH 7.6), 5.5 mM sodium bisulfite (both from Sigma-Aldrich, St. Louis,
MA), 1 mM PMSF (Thermo Scientific, Logan, UT), 5 mM EDTA (pH 8.0), and 5 mM
ethylene glycol tetraacetic acid (EGTA) (pH 8.0) (Boston BioProducts, Ashland, MA). Cells
were homogenized by passing through a fine-tipped needle (27.5 G) and then disrupted at 0
°C by sonication for 10 periods of 1 s. Cell lysate was centrifuged at 14,000 rpm for 30
minutes at 4 °C and the supernatant was retained. Reaction buffer containing PCho chloride,
MgCl2, cytidine triphosphate (CTP) (Sigma-Aldrich, St. Louis, MA), and DTT in Tris-HCl
buffer was added to the supernatant right before MRS measurement. The final
concentrations were 5 mM PCho chloride, 5 mM DTT, 10 mM CTP, 25 mM MgCl2. 31P
decoupled spectra were collected at 33°C using a 30° flip angle, 3 second relaxation delay,
and 128 scans per FID. Peak areas were integrated and concentrations were determined
using the external reference, 10 mM MDPA, and further normalized to cell numbers.
Concentration values of cytidine diphosphate (CDP)-choline peak were plotted against time.
CT activity was determined from the straight-line fit to plots of CDP-choline (fmol/cell)
versus time.

Phospholipase Activity Assays
Phospholipase A1 and A2 activity assay kits were purchased from Invitrogen (Carlsbad,
California) and used following the manufacturer's instruction (18).

GPCho-Phosphodiesterase (PD) activity assay
PD activity was measured as described by Iorio et al (33). Briefly, 1 – 1.5 × 107 cells were
trypsinized, washed with ice-cold 0.85% saline solution and lysed in 550 μl Tris-HCl (pH
8.0) containing 10 mM DTT and 1 mM EDTA in deuterium oxide. The reaction buffer
containing L-α-glycerophosphorylcholine (Sigma-Aldrich, St. Louis, MO) and MgCl2 was
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added to the cell lysate right before MRS measurement. The final concentration of GPCho
was 5 mM and that of MgCl2 was 10 mM, pH 7.2. PD activity was assayed by monitoring
the temporal accumulation of choline by an array of 1H spectra at 28 °C using the same
conditions as above. PD activity was determined from straight-line fit to plots of choline
(fmol/cell) versus time.

Statistical Analysis
Results are presented as mean ± S.D. Two-tailed, unpaired Student's t-test was used to
assess the statistical significance of results. P value ≤ 0.05 was considered significant.

RESULTS
Perifosine leads to inhibition of PI3K/Akt signaling associated with cell cycle arrest

MCF-7 cells were treated for 48 hours with 30 μM perifosine; a dose determined to cause a
50% drop in cell number based on the WST-1 cell proliferation assay. Following treatment,
blockade of the PI3K/Akt signaling pathway was confirmed by western blot analysis (Figure
1A) which demonstrated a reduction in the levels of P-Akt and P-4E-BP1 downstream of
Akt and mTOR. In addition, a drop in the levels of CAIX was observed, indicating a drop in
its transcription factor HIF-1α which is also downstream of PI3K and Akt.

The effect of perifosine on cell size and cell cycle distribution was also evaluated. There was
no difference in cell diameters, 19.9 ± 4.6 μm for control and 20.2 ± 4.7 μm for treated cells
(n = 3, p = 0.16), and consistent with this finding there was no change in FSC-H between
control and treated cells (Figure 1B). Cell cycle analysis indicated an increase in the G1
phase population, from 42 ± 6% to 70 ± 3 % (n = 4, p = 0.001), and a decrease in S phase
fraction, from 45 ± 9% to 18 ± 2% (n = 4, p = 0.008), when comparing control and treated
cells (Figure 1C), which is consistent with the drop in cell proliferation.

Perifosine leads to significant changes in choline phospholipid metabolism
First we investigated the effects of perifosine treatment on choline metabolism by using 1H
and 31P MRS to monitor total metabolite levels in cell extracts of control and perifosine-
treated MCF-7 cells. Our findings are summarized in Table 1. Analysis of the 31P MR
spectrum (Figure 2A) showed a 51 ± 5% drop in total PCho levels, from 30 ± 5 fmol/cell to
15 ± 1 fmol/cell (n = 4, p = 0.005), while total GPCho levels remained essentially
unchanged at 7 ± 2 fmol/cell for control cells and at 7 ± 1 fmol/cell for treated cells (n = 4, p
= 0.83). 1H MRS data were consistent with these findings and indicated that total PCho
levels decreased to 55 ± 4% (n = 4, p = 0.003) of control, whereas total GPCho remained
constant (96 ± 24% of control; n = 4, p = 0.8). tCho levels decreased to 65 ± 5% (n = 4, p =
0.004) relative to control (Table 1). Total cellular PtdCho levels dropped slightly from 29 ±
5 fmol/cell to 23 ± 3 fmol/cell but did not reach statistical significance (n = 4, p = 0.08). In
addition, 7 ± 1 fmol/cell of perifosine was detected in the 31P spectra of the lipid soluble
fraction of treated cells (Figure 2B).

To assess the underlying mechanism for the modulation in total PCho levels, we next
used 13C MRS and monitored short-term (6 h) 1, 2 -13C-labeled choline metabolism to
PCho by investigating the aqueous fraction of cell extracts. A significant drop was detected
in 13C labeled PCho, from 6 ± 2 fmol/cell to 3 ± 1 fmol/cell (n = 4, p = 0.02). A 60 ± 11%
decrease in 13C labeled betaine was also observed (Figure 2C).

Since the drop in total PCho levels was comparable with the drop in de novo 13C-labeled
PCho synthesis, we hypothesized that the drop in PCho was likely due to reduced synthesis
of PCho rather than an increase in utilization. To test this hypothesis, we measured the
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activity of the enzyme responsible for PCho synthesis, namely choline kinase (ChoK), in
both control and treated MCF-7 cells using the MRS-based ChoK activity assay described
previously (32). The rate of PCho build-up, a measure of ChoK activity, was 0.20 ± 0.01
fmol/cell/min for control cells. After 48 h of perifosine treatment, the rate dropped to 0.13 ±
0.03 fmol/cell/min (n = 4, p = 0.014) (Figure 3A). To rule out a direct interaction between
perifosine and ChoK, perifosine was also added directly into extracted cell lysates and ChoK
activity was monitored. The rate of PCho synthesis was not significantly altered (n = 3, p =
0.21) (data not shown). We next looked at mRNA levels for ChoKα and ChoKβ using
quantitative PCR (Q-PCR) analysis. ChoKα mRNA expression levels decreased in
perifosine treated cells to 58 ± 23% of control (n = 4, p = 0.03) whereas ChoKβ mRNA
remained unchanged (105 ± 54%; n = 4, p = 0.86) (Figure 3B).

Perifosine has been found to inhibit CT activity leading to a drop in PtdCho biosynthesis and
cellular PtdCho levels (24, 34). Our findings indicated a slight but not significant drop in the
membrane phospholipid. To obtain a more complete picture of both anabolism and
catabolism of PtdCho, we analyzed long-term (48 h) 13C-labeled MCF-7 cell extracts. After
48 h of 13C-labeling, the 13C-labeled PtdCho pool in control cells was 9 ± 0.4 fmol/cell,
which represented 38 ± 2% of the total PtdCho pool. In treated cells, the 13C-labeled PtdCho
pool was 10 ± 1 fmol/cell, representing 43 ± 2% of the total PtdCho pool. This indicated that
perifosine treatment did not cause a statistically significant difference in the rate of PtdCho
synthesis (n = 3, p = 0.6) (Figure 4A). The activity of the rate-limiting enzyme CT was also
evaluated. To this end, we used MRS to determine the rate of CDP-choline accumulation in
cell lysates following addition of choline and CTP (Figure 4B), using a similar approach to
that used for assessing ChoK activity. The rate of CDP-choline build-up was 0.18 ± 0.07
fmol/cell/min in control and 0.15 ± .05 fmol/cell/min in treated cell extracts and the
difference was not statistically significant (n = 3, p = 0.6) (Figure 4C). We then evaluated if
there was a direct interaction between perifosine and CT by incubating extracted cell lysates
with 30 μM perifosine for 10 minutes and comparing activity to extracted cell lysate
incubated with carrier (ethanol). We found that the rate of CDP-choline build-up dropped
from 0.27 ± 0.02 fmol/cell/min in the carrier-incubated lysate to 0.12 ± 0.04 fmol/cell/min
in perifosine-incubated lysate (n = 3, p = 0.04) (Figure 4D).

GPCho, the breakdown product of PtdCho, was unaffected by perifosine treatment.
However, 13C-labeled GPCho produced from labeled PtdCho increased from 1.1 ± 0.2
fmol/cell to 2.4 ± 0.3 fmol/cell upon treatment (n = 3, p = 0.003). We therefore hypothesized
that a faster breakdown of PtdCho to GPCho was the cause of the two-fold increase in 13C-
labeled GPCho levels. Since GPCho is produced by breakdown of PtdCho via
phospholipase A2 (PLA2) and A1 (PLA1) followed by lysophospholipase, we evaluated the
enzymatic activities of both phospholipases. Perifosine treatment caused a significant
increase in PLA2 activity to 125 ± 9% of the control (n = 6, p = 0.01) and a slight drop in
PLA1 activity to 95 ± 3% of the control (n = 4, p = 0.04). Because the total cellular GPCho
levels remained constant, we also assessed the activity of GPCho-phosphodiesterase, the
enzyme that converts GPCho back to choline. Using the MRS-based phosphodiesterase
activity assay (33), we found that after 48 h of perifosine treatment, the rate of choline
production, an indication of enzyme activity, increased to 134 ± 30% of the control, from
0.16 ± .02 fmol/cell/min to 0.20 ± .01 fmol/cell/min (n = 4, p = 0.02) (Figure 5A).

Perifosine leads to a drop in lactate production
PI3K/Akt signaling controls the expression of HIF-1α, which subsequently controls the
expression of several of the enzymes involved in the glycolytic pathway (35-38). In some
cases, PI3K/Akt signaling has also been reported to control fatty acid synthesis (39) and we
have previously shown that PCho levels are reduced when fatty acid (FA) synthesis is
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inhibited (29). We therefore wanted to assess the effect of perifosine on FA synthesis,
glucose uptake, and lactate production. To this end we also incubated the cells with 1-13C-
labeled glucose. We found that perifosine had no effect on total FA levels or de novo FA
synthesis. In contrast, the Akt inhibitor caused a drop in both intracellular and extracellular
lactate levels. Intracellular lactate levels decreased from 2.7 ± 0.5 fmol/cell to 1.5 ± 0.3
fmol/cell (n = 3, p = 0.04) while extracellular lactate levels dropped from 1348 ± 427 fmol/
cell to 640 ± 276 fmol/cell (n = 4, p = 0.04) at the end of short-term (6 h) 13C-labeling.
Glucose uptake dropped from 4426 ± 2211 fmol/cell for control to 4040 ± 1511 fmol/cell
for treated cells but the drop did not reach significance due to the relatively large variability
in glucose measurements. Consistent with the drop in lactate production, we also observed a
48 ± 26% (n = 4, p = 0.03) drop in the mRNA level of lactate dehydrogenase (LDH-A), the
enzyme responsible for lactate production.

Perifosine also leads to a drop in PCho, tCho and lactate in MDA-MB-231 cells To confirm
the generality of our findings, the metabolic consequences of perifosine treatment were
investigated in a second breast cancer cell line, the more aggressive MDA-MB-231 cells. In
line with the results in MCF-7 cells, we found that PCho levels dropped to 49 ± 6% (n=4,
p=0.009) following treatment from 38.3 ± 9.2 fmol/cell in control cells to 19.0 ± 7.8 fmol/
cell in treated. Also consistent with findings in MCF-7 cells, GPCho levels remained
constant (102 ± 4%; n=4, p=0.09) and tCho levels dropped with treatment to 58 ± 6% (n=4,
p=0.07). Finally as in the case of the MCF-7 cells, intracellular lactate levels dropped in
MDA-MB-231 cells from 3.3 ± 0.9 fmol/cell in control cells to 1.8 ± 0.6 fmol/cell in
perifosine treated cells (n=4, p=0.03).

DISCUSSION
The PI3K/Akt pathway is central to cancer development and is a promising target for novel
anti-neoplastic therapies. We and others have previously shown that inhibiting signaling
through this pathway by targeting PI3K leads to an MRS detectable drop in PCho, tCho and
lactate levels (10-12, 14). However, to date, no studies have been performed to assess the
metabolic sequelae of inhibitors that target Akt, downstream of PI3K. To assess the
generality of reduced PCho and lactate as biomarkers for inhibition of the PI3K/Akt
pathway, we therefore studied the effects of the Akt inhibitor perifosine. Additionally, since
perifosine is an oral Akt inhibitor currently being tested in phase I and II clinical trials (19),
a secondary goal of this study was to identify noninvasive MRS metabolic biomarkers of
perifosine activity that could be used in the clinical setting to assess drug target modulation
by this and other alkylphospholipid anti-cancer agents.

After treating MCF-7 cells with 30 μM perifosine for 48 h, we confirmed the molecular
effect of perifosine on PI3K/Akt signaling. The reductions in P-Akt, P-4E-BP1 and CAIX
demonstrate inhibition of Akt and its downstream targets mTOR and HIF-1α. We also
confirmed that, in line with some previous reports, G1 cell cycle arrest was observed after
perifosine treatment (40). Finally, we ruled out any changes in cell size as confounding
factors associated with altered cellular metabolite levels observed following treatment. Of
note is that our finding with regard to cell cycle arrest is in contrast to another study in
prostate cancer cells wherein an increase in the G2/M phase and a decrease in the S and G0/
G1 phases was observed following treatment with perifosine (52). This difference is likely
due to the different cell types being investigated as well as the different treatment
conditions.

We were able to detect perifosine in the lipid fraction of the cell extracts but because our
studies involve cell extraction through homogenization of the cellular content, we cannot
rule out redistribution of perifosine to the lipid phase during the extraction process.

Su et al. Page 8

NMR Biomed. Author manuscript; available in PMC 2014 February 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Nonetheless, the presence of perifosine in the lipid metabolite fraction is consistent with the
known mode of action for alkylphospholipid anti-cancer agents, and is in line with previous
findings (24).

Using 31P and 1H MRS, a drop in total PCho and tCho levels was observed following
treatment with perifosine in both MCF-7 and MDA-MB-231 cells. The drop in PCho was
similar to previous findings in breast cancer cell lines treated with the PI3K inhibitors
LY294002 and wortmannin (10). It was also in line with the drop in tCho observed in vivo
following treatment of glioblastoma with the wortmannin analogue PX-866 (11) and in
keeping with the drop in PCho and tCho levels detected when treating human prostate PC-3
cells with a specific class I PI3K inhibitor, PI-103 (14).

The overexpression of ChoKα has been closely associated with increased ChoK activity and
elevated PCho levels in human cancer cell lines (42, 43). In light of these observations
ChoK has emerged as a potential anti-cancer target (44, 45). The activity of ChoK is
regulated via the PI3K pathway (44) and more recent studies show that ChoKα expression is
regulated by HIF-1α, downstream of PI3K/Akt (46). Our studies show that perifosine leads
to a drop in the transcriptional activity of HIF-1α (as illustrated by the drop in CAIX), a
drop in ChoKα expression, and a drop in ChoK activity. Our results are therefore consistent
with previous findings and also concur with the decrease in CHKα expression observed
following inhibition of the PI3K/Akt pathway with PI-103 (14).

PI3K/Akt signaling has been reported to regulate expression of fatty acid synthase (FASN),
the key enzyme controlling de novo synthesis of FA (47, 48). Moreover, a drop in PCho
levels has been observed following FASN inhibition in previous studies, albeit without
involvement of signaling via the PI3K/Akt pathway (29). Our results in this study showed
that both total and de novo FA levels remained constant after Akt inhibition following
perifosine treatment, similar to results obtained with the PI3K inhibitor PI-103 (14), and
ruled out the involvement of FASN inhibition in modulation of PCho.

Previous studies show that in some cases alkylphospholipids accumulate within the cellular
membranes and directly interact with CT leading to its rapid inhibition and thus a drop in
PtdCho synthesis within a few hours of treatment (24, 34). In those studies, perifosine
treatment also led to elevation of PCho and choline, in contrast to our findings. Nonetheless
we wanted to assess CT activity as another factor that could affect PCho levels. When we
investigated the effect of perifosine on cell extracts, we did not find a significant change in
CT activity. On the other hand, we did observe inhibition of CT activity when adding
perifosine directly to extracted cell lysates. Modulation of CT activity in the intact cell is
complex, mediated by localization to the membrane, phosphorylation, and transcription
(49-51). Our findings in cell extracts rule out any change in cellular CT activity through
enzyme phosphorylation or expression, but cannot rule out altered CT activity as a result of
enzyme relocalization to the membrane. Furthermore, our studies of extracts pre-incubated
with perifosine indicate that the Akt inhibitor could directly interact with, and inhibit, CT in
intact MCF-7 cells. We therefore cannot rule out some inhibitory effect of perifosine on CT.
However; the fact that we observe a drop in PCho instead of an increase as previously
reported with CT inhibition, combined with the knowledge that the drug has a similar effect
on de novo 1, 2-13C-labeled PCho accumulation and total PCho levels, leads us to conclude
that the drop in PCho is primarily due to a drop in ChoK expression and activity. A drop in
choline transport into the cell could also contribute to the drop in PCho and explain the fact
that betaine levels also dropped. Further studies are needed to address this issue.

Following perifosine treatment, total cellular GPCho levels stayed constant while 13C-
labeled GPCho increased significantly. We verified that an increase in PLA2 activity was
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the likely explanation for the elevated 13C-labeled GPCho levels and that the rise in
GPChophosphodiesterase activity with perifosine treatment counter-balances the faster
breakdown of PtdCho to GPCho to keep total GPCho levels constant. Previous studies have
shown that the PI3K inhibitor wortmannin leads to elevated total GPCho levels while
LY294002 and PI-103 do not. This possibly indicates a complex and variable interplay
between the PI3K/Akt pathway, PLA2 and GPCho-phosphodiesterase activities.

Perifosine treatment also led to a drop in lactate production in MCF-7 and MDA-MB-231
cells in line with our previous studies showing a drop in hyperpolarized lactate production
(12,13). Like the drop in ChoKα expression, this is likely due to the drop in HIF-1α activity,
which is known to control LDH expression (36) and shows that the most significant
metabolic changes observed in this study are mediated by the same PI3K/Akt effectors.

HSP90 inhibition, which results in depletion of multiple HSP90 client proteins including
Akt, leads to an elevation rather than a drop in PCho (15-18). Our observation that Akt
inhibition by perifosine leads to a decrease in PCho, rules out Akt as a factor that could
mediate this elevation in PCho.

In summary, this study shows that the main metabolic consequences of treatment with the
Akt inhibitor perifosine are a drop in PCho and a drop in lactate production. Both of these
metabolic effects are likely mediated by the reduction in HIF-1α transcriptional activity and
could serve as metabolic biomarkers of signal inhibition upstream of HIF-1α.
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LIST OF ABBREVIATIONS

PI3K phosphatidylinositol 3-kinase

PCho phosphocholine

CT CTP:phosphocholine cytidyltransferase

PtdCho Phosphatidylcholine

HIF-1α hypoxia inducible factor 1α

GPCho glycerophosphocholine

CAIX carbonic anhydrase 9

ChoK choline kinase

PLA1 phospholipase A1

PLA2 phospholipase A2

PD GPC-phosphodiesterase

FA fatty acids
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Figure 1. Biological effects of 48 h perifosine treatment on MCF-7 cells
(A) Western blot analysis of P-Akt, Akt, P-4E-BP1, 4E-BP-1, CAIX, and β-actin (loading
control) showing the effect on protein expression. (B) Mean FSC-H of G1-phase cells
showing the effect on cell size. (C) Cell cycle distribution showing the effect on cell cycle.
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Figure 2. Effect of perifosine on MRS-detectable choline-containing metabolites in MCF-7 cell
extracts
(A) Representative 31P MR spectra of aqueous fraction showing the effect of treatment on
total PCho and GPCho levels. (B) Representative 13P MR spectra of lipid fraction showing
the effect on total PtdCho levels and the accumulation of perifosine. (C) Representative 13C
MR spectra of aqueous fraction upon perifosine treatment on de novo synthesis of PCho.

Su et al. Page 15

NMR Biomed. Author manuscript; available in PMC 2014 February 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Effect of perifosine on ChoK
(A) Choline kinase activity: 1H MR spectra of MCF-7 cell lysate at the beginning and at the
end of ChoK activity assay measurement. The conversion of choline to PCho was
monitored throughout the reaction time period. Representative plot of PCho biosynthesis
versus time from control ( ◇ ) and treated (■) cells. The data was fit to a straight-line to
obtain the rates of PC synthesis. (B) Choline kinase expression: mRNA levels of CHKα and
CHKβ in treated cells expressed as % of the control from Q-PCR analysis.
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Figure 4. Effect of perifosine on CT
(A) Representative 13C spectra of lipid fraction showing the effect of treatment on de novo
synthesis of PtdCho. (B) 31P spectra of MCF-7 cell lysate at the beginning and the end of
CT activity assay measurement. The concentration of reaction product, CDP-Choline, was
plotted against time, and the synthesis rate was determined from the slope of the straight-line
fit. (C) Representative plot of CDP-Choline biosynthesis versus time in control cell lysate
( ◆ ) and perifosine-treated cell lysate ( ◇ ). (D) Representative plot of CDP-Choline
biosynthesis versus time from extracted cell lysate plus EtOH ( ■ ) and extracted cell lysate
plus 30 μM perifosine ( □ ).
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Figure 5. Effect of perifosine on GPCho-phosphodiesterase
1H MR spectra of MCF-7 cell lysate at the beginning and at the end of phosphodiesterase
activity assay measurement. The conversion of GPCho to choline was monitored
throughout the reaction time period. Representative plot of choline biosynthesis versus time
from both control ( ◇ ) and treated ( ■ ) cells. The data was fit to a straight-line to obtain the
rates of choline formation.
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Table 1

Summary of changes in metabolite levels in cancer cells with 30μM perifosine

Metabolite (fmol/cell) EtOH Perifosine % of control p-value

In MCF-7 cancer cells

PCho (total, 31P) 30±5 15±1 51±5 0.005
*

PCho (total, 1H) 27±5 15±4 55±4 0.003
*

GPCho (total, 31P) 7±2 7±1 105±18 0.8

GPCho (total, 1H) 9±3 8±1 96±24 0.6

Choline (1H) 2±1 2±.2 78±31 0.3

tCholine (total, 1H) 38±5 25±5 65±5 0.004
*

PtdCho (total, 31P) 29±5 23±3 79±6 0.08

PCho
**

 (de novo, 13C) 6±2 3±1 51±12 0.025
*

GPCho
#
 (de novo, 13C) 1±0.2 2±0.3 223±62 0.003

*

PtdCho (de novo, 13C) 9±0.4 10±1 104±14 0.249

Intracellular lactate (1H) 2.7±0.5 1.5±0.3 48±24 0.04
*

Extracellular lactate (13C) 1348±427 640±276 55±33 0.04
*

In MDA-MB-231 cancer cells

PCho(total, 1H) 38±9 19±8 50±8 .009
*

GPCho(total, 1H) 11±2 10±2 90±19 0.7

tCholine(total, 1H) 52±12 29±9 55±11 0.03
*

Intracellular lactate (1H) 3.3±0.9 1.8±0.6 55±18 0.03
*

*
P<.05 (two tailed unpaired Student's t-test)

**
Concentrations determined from short-term 13C labeling

#
Concentrations determined from long-term 13C labeling
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