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Magnetic resonance-detectable metabolic consequences of MEK
inhibition

Alessia Lodi*, Sarah M. Woods, and Sabrina M. Ronen
Radiology and Biomedical Imaging, University of California San Francisco, San Francisco,
California, USA

Abstract

Metabolic reprogramming is increasingly viewed as a hallmark of cancer. Accordingly, metabolic

readouts can serve as biomarkers of response to therapy. The goal of this study was to investigate

some of the magnetic resonance spectroscopy (MRS)-detectable metabolic consequences of MEK

inhibition. We investigated PC3 prostate cancer, MCF-7 breast cancer and A375 melanoma cells

and determined that, consistent with previous studies, MRS-detectable levels of phosphocholine

dropped significantly in all cell lines (to 63%, 50% and 18% of control, respectively) following

MEK inhibition with U0126. This effect was mediated by a drop in the expression of choline

kinase α, the enzyme that catalyzed the phosphorylation of choline. In contrast, the impact of

MEK inhibition on glycolysis was cell-line dependent. A375 cells, which express mutant BRAF

demonstrated a significant drop in glucose uptake (to 36% of control) and a drop in lactate

production (to 42% of control) in line with PET data. In contrast, in PC3 and MCF-7 cells an

increase in glucose uptake (to 198 % and 192% of control, respectively) and an increase in lactate

production (to 177% and to 212% of control, respectively) was observed, in line with a previous

hyperpolarized 13C MRS study. This effect is likely mediated by activation of the PI3K pathway

and AMPK. Our findings demonstrate the value of translatable non-invasive MRS methods for

informing on cellular metabolism as a readout for activation of potential feedback loops following

MEK inhibition.
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Introduction

Metabolic reprogramming is increasingly recognized as a key aspect of carcinogenesis and

disease progression. It is mediated by signaling via key oncogenic signaling pathways and,

conversely, response to therapies specifically aimed at targeting these signaling pathways, is

associated with normalization of cell metabolism (1–3). These observations have fueled the

development of imaging approaches that can monitor metabolism and can thus improve
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early detection of disease, timely and efficient evaluation of response to treatment, and

identification of therapeutic resistance.

Specifically, the Warburg effect – elevated glucose uptake and its aerobic metabolism to

lactate – is observed in most tumor types, and can be imaged in vivo by monitoring uptake

of the glucose analogue [18F]-2-fluoro-2-deoxy-D-glucose (FDG) using positron emission

tomography (PET). FDG-PET is routinely used in the clinic to detect the presence of tumor,

and for evaluating early response and treatment outcome (4, 5). Methods based on magnetic

resonance spectroscopy (MRS) and spectroscopic imaging (MRSI) can also be used to

monitor the Warburg effect. 1H MRS, which detects steady state metabolite levels, can be

used to probe the elevated levels of tumor lactate associated with increased glycolysis (6). In

addition, 13C MRS can be used to monitor metabolic fluxes and probe the metabolic fate

of 13C labeled metabolites, including glucose. However, the relatively low sensitivity of 13C

MRS has limited its application in the clinic (7, 8). In recent years, with the development

and optimization of dissolution dynamic nuclear polarization (DNP) methods, and the

outstanding signal enhancement that can be achieved with hyperpolarization of 13C-labeled

compounds, the use of 13C MRS for detection of in vivo metabolism has generated growing

interest. In particular, hyperpolarized pyruvate has been used in cancer models in vitro and

in vivo to detect the production of lactate at the end of the glycolytic pathway and to monitor

response to therapy in a variety of cancers. A clinical trial recently performed at UCSF has

also demonstrated the utility of this approach in the clinic (9–19).

Choline metabolism is another metabolic pathway that is altered in cancer and has been used

to detect disease and monitor response to treatment (20). PET tracers based on 11C- and 18F-

labelled choline and choline derivatives have been developed and evaluated for the in vivo

radiological diagnosis of metastatic and recurrent tumors, as well as for the evaluation of

tumor response to drug treatment (21–23). 1H MRS can be used to detect steady-state

choline-containing metabolite levels (tCho, comprised of choline, phosphocholine (PC) and

glycerophosphocholine (GPC)) and the concentration of PC and tCho metabolites was

shown to be associated with malignancy in cancer models as well as in patients, including in

breast, brain, prostate and other cancers. Conversly, these metabolites typically decrease in

response to therapy (20, 24–27).

In the case of treatment aimed at inhibiting the Ras/MAPK pathway, inhibition of Ras

signaling in fibroblasts, and response of breast and colorectal cancer models to MEK

inhibition has been associated with a drop in PC levels (24, 26). However, its effect on the

glycolytic pathway is more variable. In cells that harbor the BRAF mutation, treatment with

BRAF and BRAF/VEGFR-2 inhibitors led to a drop in FDG-PET-detected glucose uptake

in melanoma cells (28, 29) and a drop in extracellular lactate levels was also detected

using 1H MRS following MEK inhibition (30). In contrast, we recently found that the

production of lactate was increased in prostate and breast cancer cells treated with the MEK

inhibitor U0126 (11). The goal of this work was therefore to perform a detailed investigation

of the metabolic alterations associated with inhibition of the MAPK pathway, with a

particular emphasis on the imageable glucose and choline metabolic pathways. To this end,

we characterized the metabolic consequences of treatment with the MEK inhibitor U0126 in

prostate cancer, breast cancer, and melanoma cells. We found that in MEK-inhibited mutant
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BRAF melanoma a decrease in glycolytic flux occurred. In contrast, MEK inhibition in

prostate and breast cancer cells resulted in an increase in glucose uptake and lactate

production, likely mediated by activation of the PI3K pathway and/or AMPK. However, in

all cell lines, the levels of PC dropped following U0126 treatment, mediated by a drop in

choline kinase α expression.

Experimental

Cell culture and treatments

PC3 (prostate), MCF-7 (breast), and A375 (melanoma) cancer cell lines were obtained from

American Type Culture Collection via the UCSF Cell Culture Facility (San Francisco, CA,

USA). All experiments were performed within 6–12 months of cell line authentication

(using short tandem repeat (STR) analysis, PowerPlex 1.2 System, Promega) and

mycoplasma testing (MycoAlert™ mycoplasma detection kit, Lonza). PC3 and MCF-7 cells

were cultured in low glucose DMEM, A375 cells in high glucose DMEM. In all cases,

medium was supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-

glutamine, 100 units ml−1 of penicillin and 100 μg ml−1 of streptomycin and cells were

cultured in a humidified chamber at 37 °C in 5% CO2 in air.

Cells were incubated with U0126 (LC Laboratories) at doses of 50 μM for PC3, and 25 μM

for MCF-7 and A375 cells. All treatments were performed over 48 hours with matching

DMSO solvent controls (1:1000 in the culture medium) and U0126 was replenished every

24 hours. Treatment doses were determined as previously described (31) using the WST-1

cell proliferation assay (Roche) and doses were selected such that they induced a 50% drop

in cell viability after 48 hours of treatment. In all cases, inhibition of the target at the

selected drug dose was confirmed by probing for p-ERK levels using Western blotting (see

below).

Cell extraction and MRS data acquisition and analysis

Cell extracts were prepared using a dual-phase extraction as previously described (24, 31–

33). For each sample a parallel flask was trypsinized and used to determine cell numbers. At

the time of extraction, 1 ml of the extracellular medium was also collected, snap frozen and

stored at −80 °C until the 1H MRS analysis.

MR spectra of cell extracts or growth medium were acquired on a 600 MHz scanner

(Varian/Agilent, Palo Alto California). 1H MRS data were acquired using 90° pulse, 3 s

relaxation delay, 8 kHz spectral width and either presat or excitation sculpting (34) for

suppression of the water signal. Sodium 3-(trimethylsilyl)propionate-2,2,3,3-d4 (TMSP;

Cambridge Isotope Laboratories) was used as reference. Fully relaxed spectra (90° pulse and

60 s relaxation delay) were also obtained in order to determine saturation correction factors.

ACD/Spec Manager version 9.15 (Advanced Chemistry Development) software was used

for the analysis of spectra and for peak area integration. Peak assignments were based on

previous literature and available databases such as HMDB (http://www.hmdb.ca/) and BML

(www.bml-nmr.org). Metabolites were quantified correcting for saturation and normalizing

to reference and to cell number. Proton-decoupled (Waltz-16) 31P MR spectra were acquired

using a 30° pulse, 3 s relaxation delay and 8 kHz spectral width following the addition of
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EDTA (pH 8; 10 mM final concentration). Methylenediphosphonic acid (MDPA; Sigma-

Aldrich) was used as reference and metabolites were quantified as above.

Multivariate statistical analysis (principal component analysis, PCA) was used to identify

the main treatment-induced metabolic changes in the 1H MR spectra, as previously

described (31). Difference spectra were obtained by subtracting the average of all spectra

acquired on control cells from the average spectrum of treated cells (N=8 in both

conditions).

Cell perfusion system

For MRS studies of live cells, experiments were performed using a cell perfusion MR-

compatible bioreactor system, previously described (11, 12, 32, 35). Briefly, cells were

seeded, allowed to adhere and grow on Biosilon® microcarrier beads (Nunc) for

approximately 24 hours, and then treated for approximately 48 hours prior to the MRS

study. In addition to the cells required for the MRS studies, one extra aliquot of cells was

seeded on microcarrier beads at the same density, treated in the same way and used,

following trypsinization, to obtain a cell count. Immediately prior to MRS studies, the cell-

bearing beads were loaded into the bioreactor system. A perfusion system consisting of one

inflow and two outflow lines enabled circulation of growth medium to a 10-mm MR tube at

the bottom of which the cells on beads were immobilized. The system was under a 5%

CO2/95% air over-pressure and placed in the MR probe at 35 °C. Glucose and choline in the

growth medium (100 ml, continuously circulated at 1.5 ml min−1) were completely replaced

with 1-13C glucose and 1,2-13C choline. To maintain treatment either the appropriate dose of

U0126 or DMSO was also added to the medium.

Live cell studies and MRS data acquisition and analysis

All MRS studies on live cells were performed on a 500 MHz spectrometer (Varian/Agilent

Palo Alto, CA, USA). Proton-decoupled (Waltz 16) 13C MR spectra were acquired every

hour for a period for up to 20 hours using a 60° pulse and 6 s relaxation delay. Cells were

continuously perfused with 13C-labeled medium. Inverse-gated fully relaxed spectra (90°

pulse and 60 s relaxation delay) were also obtained to determine the saturation correction

factors for metabolite quantification. Prior to and at the end of each 13C MRS

experiment, 31P MRS spectra were acquired to confirm cell viability using a pulse-acquire

scheme with a 30° pulse, 3 s relaxation delay, 8 kHz spectral width and composite pulse 1H

decoupling during acquisition. The ACD/Spec Manager version 9.15 software was used for

peak area integration. Metabolite concentrations were determined as above by normalizing

each metabolite level to a reference compound of known concentration (inorganic phosphate

in the perfusion medium for 31P data and glucose at the onset of the experiment for 13C

studies) correcting for saturation effects and normalizing to cell number.

Microarray analysis of gene expression

Total cellular RNA was isolated using the RNeasy Mini Kit (Qiagen), according to

manufacturer’s instructions. RNA quality was determined by Bioanalyzer (Agilent),

considering RNA Intergrity Numbers (RIN) values of ≥ 8.0 acceptable (for all samples:

RIN=10). Microarray hybridization was performed at the UCSF Genomics Core
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Laboratories (UCSF/Gladstone, San Francisco, CA) using the Human Gene 1.0 ST and

analysis by fluorescence detection using the Agilent GeneArray Scanner (Agilent). Data

acquisition was performed using the Micro Array Suite 5.0 software (Affymetrix).

Microarray experiments were performed with 4 repeats for each condition. Analysis of

significance was performed using SAM (36). Microarray data is available through the

ArrayExpress public repository (ArrayExpress accession number: E-MTAB-2142) in

compliance with standards of the Microarray Data Gene Expression Society.

qRT-PCR analysis of gene expression

Total cellular RNA was isolated using the RNeasy Mini Kit and quantified using a

NanoDrop ND1000 Fluorospectrometer (NanoDrop Technologies). Reverse transcription

was performed using the QuantiTect Reverse Transcription kit (Qiagen). Real-Time PCR

was performed on the resulting cDNA on a Taqman 7900 (Applied Biosystems). Expression

of SLC2A1 (Hs00892681_m1), HK2 (Hs00606086_m1), PFKFB3 (Hs00998700_m1),

CHKA (Hs03682798_m1) and SLC44A1 (Hs00223114_m1; all gene specific primer/probe

sets from Applied Biosystems) was examined using Assays-on-Demand (Applied

Biosystems) and normalized to the expression of GAPDH or the 18S ribosomal subunit

(Integrated DNA Technologies).

Western Blotting

Whole cell extracts were obtained (RIPA buffer), separated on 4% to 20% SDS-PAGE gels

(Bio-Rad) and probed with the following: rabbit antibodies against p44/42 MAPK

(ERK1/2), phospho-p44/42 MAPK (p-ERK1/2), β-actin (as loading control), Akt, p-Akt,

AMPK, p-AMPK (all from Cell Signaling), mouse antibodies against ChoKa (Sigma) and

horseradish peroxidase-linked secondary antibodies (Cell Signaling or Abcam).

Immunocomplexes were visualized using Pierce ECL Western Blotting Substrate (Pierce

Biotechnology). Quantification of bands was performed using the gel analysis submenu in

ImageJ (http://rsbweb.nih.gov/ij/index.html), normalized to loading control and reported as

percent of control.

Statistics

All data are reported as mean±standard deviation. Statistical significance was determined

using a Student’s t-test with p<0.05 considered significant.

Results

Untargeted metabolic profiling of MEK inhibition in PC3 prostate cancer cells

PC3 prostate cancer cells were treated with 50 μM U0126 for 48 hours, a treatment dose that

was found to effectively inhibit MEK signaling as illustrated by the drop in ERK

phosphorylation (Figure 1A, N=4) and which induced a drop in cell number to 54%±8% of

untreated cells. To identify the metabolic changes associated with MEK inhibition in PC3

cells, we first performed an untargeted 1H MRS-based metabolomics study and analyzed the

entire 1H MR-detectable metabolome using principal component analysis (PCA). The scores

plot obtained from PCA is illustrated in Figure 1B and indicates very good separation of the

treated and untreated samples. Because we had previously investigated the metabolomic
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consequences of treatment with PI3K and HSP90 inhibition (31), we also questioned

whether inhibition of MAPK signaling in response to U0126 resulted in a specific

metabolomics signature that could be clearly distinguished from response to other targeted

therapies. Our findings clearly demonstrate that response to each of the three therapies leads

to a distinct metabolic signature, although, when compared with other therapies, treatment

with U0126 induced a more limited metabolic response (illustrated in Supplementary Figure

1 by the larger separation of the control group from the LY294002 and 17-AAG treatment

groups compared to its separation from the U0126 treatment group).

We then performed an in depth analysis of the specific metabolic changes induced in PC3

prostate cancer cells by U0126-treatment (N=8). The difference spectrum between the

average data of control and treated cells (Figure 1C) indicates that only a few metabolites

change significantly following treatment (false discovery rate (FDR)-corrected p-values are

shown). In particular, lactate and fumarate (signal resonates at 6.5 ppm and is not shown in

Figure 1C) were found to accumulate intracellularly in U0126-treated PC3 cells, while PC,

GPC, aspartate and succinate levels all dropped significantly (Figure 1D).

Treatment-induced metabolic flux changes in MEK-inhibited PC3 prostate cancer cells

Next, we focused on investigating the metabolic pathways that are associated with lactate

and PC - two metabolites that showed significant changes with treatment and that are readily

imageable in vivo. Since intracellular lactate was elevated in the U0126-treated cells, we

investigated the treatment-induced modulation of glucose metabolism. Using 13C MRS, we

longitudinally monitored glucose consumption and its metabolic fate in live PC3 cells

(N=6). 13C MR spectra acquired sequentially showed progressive consumption of glucose

from the medium and its conversion into lactate (Figure 2A). A significant increase in both

glucose consumption (to 198% of control from 270±45 fmol/cell/h to 534±69 fmol/cell/h;

p=0.01) and lactate production (to 177% of control from 208±39 fmol/cell/hour to 369±53

fmol/cell/h; p=0.003) were observed in cells undergoing treatment with U0126 when

compared to controls (Figure 2B).

In an effort to understand the underlying mechanism for our observations, we investigated

the expression of genes coding for proteins involved in regulation of the glycolytic pathway

(37) using microarray analysis. Most notably, we found that hexokinase 2 (HK2) increased

by 1.6 fold (q-value 0.001), 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3

(PFKFB3) increased by 2 fold (q-value 0.001) and solute carrier family 2 (facilitated

glucose transporter), member 1 (SLC2A1) increased by 1.95 fold (q-value 0.001). We

further confirmed these findings by probing mRNA levels using qRT-PCR in control and

U0126-treated PC3 cells (N=4). HK2 increased by 1.6 fold while PFKFB3 and SLC2A1

increased by over 2 fold (Figure 2C).

The increase in glycolysis observed in our cells can be mediated by several factors. In

particular, signaling via the PI3K pathway impacts the expression of glycolytic enzymes

(38) and it is well established that inhibition of the MAPK pathway can induce a

compensatory effect that involves activation of PI3K signaling (39, 40). We therefore

probed the Akt status in our cells (N=4) and observed a drug-induced increase in the levels

of p-Akt to 150±19% of control (p=0.04; Figure 3A) providing a possible explanation for
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our findings. Activation of AMPK can also lead to an increase in glycolytic flux (41).

Using 31P MRS we probed the levels of phosphorous-containing intracellular metabolites in

control and U0126-treated PC3 cells (Figure 3B; N=4) and found that ATP levels dropped

from 7.7±0.8 fmol/cell in controls to 5.7±0.6 fmol/cell (p=0.03) in treated cells, while ADP

levels remained unchanged (AMP levels were below detection level). This resulted in an

increase in the ADP-to-ATP ratio (ADP/ATP) in treated cells to 255±116% of control

(p=0.04; Figure 3C), an effect that has been shown to promote activation of AMPK (42). We

confirmed that AMPK was activated by probing p-AMPK levels (N=3) and observed an

increase in p-AMPK in treated cells to 249±90% (p=0.009) of control (Figure 3A). This too

could explain the increase in glycolytic flux observed in our treated cells.

In line with previous findings, the 1H MRS data (Figure 1D) also showed a drop in PC

levels from 14.5±1.2 to 8.6±1.5 fmol/cell. 31P MRS (Figure 3B) confirmed these findings.

PC levels dropped in U0126-treated cells from 12.8±1.8 fmol/cell to 8.4±1.0 fmol/cell

(p=0.03). Similarly, GPC levels also dropped significantly after treatment, in line with

the 1H MRS results, from 1.6±0.3 fmol/cell to 0.7±0.2 fmol/cell (p=0.03). To further

investigate the underlying mechanism for the modulation in PC levels, we determined the

rates of de novo PC synthesis by perfusing live PC3 cells with medium containing 1,2-13C

choline and using 13C MRS to monitor the buildup of 1,2-13C PC (Figure 2A). In line with

the drop in total PC levels, the initial rate of its de novo synthesis dropped to 60% of control

(p=0.04) in U0126-treated PC3 cells from 1.04±0.18 to 0.62±0.12 fmol/cell/hour (Figure

4A). The accumulation of 1,2-13C PC reached a plateau after approximately 14 hours at

which point the size of the labeled PC pool in untreated (12.8±2.2 fmol/cell) and treated

(7.9±1.7 fmol/cell) cells were in line with the steady state total intracellular PC levels

determined from the 1H and 31P MRS metabolic profiling.

Choline is actively transported to the cytoplasm from the extracellular space by choline

transporters and is then intracellularly converted to PC by choline kinase (32). In an effort to

understand the factors that lead to the reduction in PC synthesis, we monitored the

expression of choline transporters and the expression of choline kinase α, the isoform that is

typically overexpressed and active in cancer. A significant drop in the expression of choline

kinase α, both at the level of protein (62±5% of control, p=0.002, N=3; Figure 4B) and at

the level of mRNA (65±8% of control, p=0.005, Figure 4C) was observed in treated PC3

cells. In addition a drop in the mRNA levels of the SLC44A1 choline transporter was

observed (74±3% of control, p=0.001, Figure 4C), although the change in SLC44A1 protein

levels did not reach significance (data not shown).

Treatment-induced modulation of metabolism in MCF-7 cells

To further explore whether the metabolic modulations induced by treatment with U0126 in

PC3 prostate cancer cells could be extended to other cancer models, we investigated the

effects of drug treatment on metabolism in MCF-7 breast cancer cells. Cells were treated

with 25 μM U0126, which induced a drop in cell number to 52±7% of control after 48 hours.

We have previously shown that following treatment with U0126 intracellular lactate

accumulation increased to 206±42% of control (p=0.001, N=5) (11), in line with our

findings in PC3 cells. Consistent with this observation, and similar to our findings in PC3
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cells, 13C MRS of MCF-7 cells perfused with 1-13C glucose-containing medium, also

showed elevated rates of glucose consumption (up to 192% of control from 362±125 to

696±239 fmol/cell/h, p=0.02, N=8) and lactate production (up to 212% of control from

295±99 to 625±230 fmol/cell/h, p=0.02) in cells receiving U0126 treatment (Figure 5A).

When considering the mechanism through which this effect could be mediated, the mRNA

levels of HK2 increased significantly (404±241% of control, p=0.006, N=4), but in contrast

to our findings in the prostate cancer cells we did not observe any significant changes in p-

Akt levels (N=4). However, similar to the results obtained in PC3 cells, profiling of 31P

MRS-detectable metabolites indicated that the intracellular levels of ATP dropped following

treatment (from 10.1±1.9 fmol/cell in control to 5.5±1.3 fmol/cell in treated cells, N=5)

resulting in an increase in ADP/ATP (from 0.24±0.03 to 0.40±0.02, p=0.002; Figure 5B).

Moreover, p-AMPK levels increased significantly to 178±42% of control (p=0.01) in treated

MCF-7 cells (Figure 5C).

Metabolic profiling using 1H and 31P MRS also indicated that intracellular PC levels

dropped significantly following treatment to approximately 50% (p<0.05) of control (Figure

5D; PC dropped from 19.5±3.8 to 9.9±3.5 fmol/cell and from 21.0±4.7 to 10.4±4.6 fmol/cell

based on the 1H and 31P spectra, respectively). The rate of de novo PC synthesis also

dropped to 47% of control (from 1.8±0.8 to 0.8±0.3 fmol/cell/h, p=0.02) in U0126-treated

MCF-7 cells (Figure 5E), as did protein levels of choline kinase α (63±12% of control,

p=0.04; Figure 5C) although the change in choline kinase α mRNA levels was not

significant. No significant change was observed in the expression of SLC44A1.

Treatment-induced modulation of metabolism in A375 cells

In the case of melanoma cells, inhibition of the MAPK pathway by treatment with B-Raf

and B-Raf/VEGFR-2 inhibitors has been shown to induce a substantial drop in FDG-PET-

detected glucose uptake in the A375 model which harbors the BRAFV600E mutation (28,

29). Furthermore, a 1H MRS study showed that extracellular lactate drops in BRAF-

dependent cells, but not in BRAF-independent cells (30). We therefore decided to also

investigate the melanoma cell line A375. Treatment with 25 μM U0126 for 48 hours induced

a drop in A375 melanoma cell number to 49±5% of control. Using 1H MRS on A375

cellular extracts, we determined that intracellular lactate accumulation dropped dramatically

to 27±4% of control (p=0.01, N=3) in cells treated with U0126 from 27.2±3.9 fmol/cell to

7.1±0.3 fmol/cell (Figure 6A). A treatment-induced drop in glucose uptake and lactate

production was also confirmed using 1H MRS on the conditioned culture medium: glucose

uptake from the medium dropped to 36.0±7.2% of control, while extracellular lactate

accumulation dropped to 42.3±3.5% of control. Importantly, levels of AMPK, p-AMPK,

Akt, and p-Akt remained unchanged (Figure 6B, N=3), highlighting the fact that the drop in

glycolysis observed in the A375 cells, in contrast to the activation of glycolysis observed in

PC3 and MCF-7 cells, reflects a range of different molecular consequences associated with

MAPK signal inhibition in BRAF dependent cells, as previously described by others (30).

In the case of PC, a treatment-induced drop to 18% of control (from 10.0±1.1 to 1.8±0.1

fmol/cell, p=0.005) was observed, in line with our results in PC3 and MCF-7 cells, as well
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as previous reports in breast and colon cancer cells (26). The drop in PC was associated with

a drop in choline kinase α protein levels to 46±7% (p=0.008) of control (Figure 6B).

Discussion

Deregulated cell metabolism is increasingly recognized as a hallmark of cancer.

Consequently, novel metabolic biomarkers and methods to non-invasively image those

biomarkers are being investigated and developed. A possible approach to identifying such

novel MRS-detectable biomarkers is based on the comprehensive profiling of the

metabolome to obtain broad-based metabolic signatures associated with the presence of

disease or response to treatment. Such studies are typically performed on cell extracts or

tissue biopsies (31, 33, 43, 44). Here, we used this approach and first investigated the 1H

MRS detectable consequences of treatment with U0126 on cell extracts. When considering

individual cell lines, the metabolomics signature associated with response to U0126

treatment differed from what we had previously observed in the same cells following

response to treatment with the PI3K inhibitor LY294002 or the HSP90 inhibitor 17-AAG

(31), highlighting the potential value of metabolomics to identify a metabolic signature that

is specifically associated with response to a particular therapy. Such a signature could

become useful as higher magnetic field strengths are increasingly used in the clinic,

providing improved sensitivity and resolution for detection of a wide range of metabolites in

vivo. However, currently, translation of metabolomics signatures to the clinical setting using

non-invasive in vivo MRS is limited by the relatively low sensitivity of MRS. Nonetheless,

the metabolomics approach can serve to identify translatable biomarker candidates. In our

studies, because modulation of PC and lactate were observed, and because tCho and lactate

are the most readily detectable metabolites in the 1H spectrum in vivo, we focused on the

metabolic pathways associated with those metabolites, and investigated glycolysis and

choline metabolism.

When considering glucose metabolism, the metabolic sequelae of MAPK inhibition that

were associated with inhibition of cell proliferation in our cells varied depending on the cell

line investigated. We observed an increase in steady-state intracellular lactate, and an

increase in glycolytic flux and lactate production in PC3 prostate cancer and in MCF-7

breast cancer cells, but a drop in intracellular lactate, glucose uptake and lactate production

in A375 melanoma cells. Our findings in melanoma cells are consistent with previous

publications, which reported that following treatment with a BRAF inhibitor, FDG-PET-

detectable glucose uptake dropped in melanoma cells and tumors harboring the V600E

BRAF mutation (28, 29). Similarly, an MRS-detectable drop in lactate levels was observed

following MEK inhibition in cells that are BRAF dependent (30). Our observations in PC3

and MCF-7 cells are consistent with a previous study in which we showed a 13C-MRS

detectable increase in the amount of hyperpolarized lactate produced from exogenous

pyruvate in treated PC3 cells compared to controls. Furthermore, PC3 and MCF-7 cells

investigated in this study are wild-type for BRAF, thus our findings in those cells are also

consistent with previous work showing a drop in FDG uptake and lactate production

following MAPK pathway inhibition in BRAF mutant cells, but not in BRAF wild type cells

(independent of RAS status), and the finding that FDG uptake increased in a BRAF-mutant

tumor that had developed resistance to treatment (28, 30).
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AMPK and PI3K are known to play a significant role in controlling glucose homeostasis

(45). Our findings indicate that in the case of PC3 and MCF-7 cells, PI3K and/or AMPK

were activated following MAPK inhibition. Activation of the PI3K pathway following

MAPK inhibition is well established as a feedback pathway that likely contributes to the

lack of clinical response in patients treated with MAPK inhibitors, particularly when their

tumors do not harbor a BRAF mutation (40). Activation of the PI3K pathway downstream of

MAPK inhibition would be expected to increase glycolytic flux, as observed in our studies.

Activation of AMPK following MAPK inhibition is less established. However, depletion of

ATP following ERK inhibition has been reported in macrophages and astrocytes (46, 47)

and AMPK activation could also be mediated by IKK, which is upregulated following MEK

inhibition (48, 49). Importantly however, in the A375 melanoma cell line in which we saw a

drop in glycolysis, activation of neither PI3K nor AMPK signaling was observed. Thus an

increase in glycolysis could potentially serve as an indicator of the activation of feedback

pathways that limit the efficacy of MAPK inhibitors.

In contrast to our findings regarding glycolysis, a drop in intracellular PC levels was

consistently associated with MEK inhibition and was observed in all three cell lines

investigated here (PC3, MCF-7 and A375). Our studies demonstrate that this effect was

mediated by a drop in de novo PC synthesis. PC synthesis involves transport of choline into

the cell via choline transporters, and choline phosphorylation by choline kinase (20). The

drop in choline transporter expression observed in PC3 cells could be contributing to the

drop in PC. PC levels could also be lower due to a drop in choline kinase activity, since the

activity of this enzyme depends on ATP levels, and ATP dropped in our treated cells (50).

Furthermore, in PC3 and MCF-7 cells, the drop in the PC level is similar to the drop in

choline kinase α, but in A375 cells the drop in PC is much greater than the treatment-

induced modulation of choline kinase α, suggesting that other factors are affected by U0126.

However, when considering the data in all three cell lines, the consistent finding was a drop

in the expression of choline kinase α, and this is likely the most significant factor

contribution to our findings. Our findings are also consistent with previous reports showing

an MRS-detectable drop in PC levels following treatment with U0126 in other breast and

colon cancer models (26), and following treatment with Ras inhibitors in mouse fibroblasts

(24), as well as other studies linking MAPK signaling to choline metabolism (20).

Further studies are needed to confirm our findings in vivo. Nonetheless, imaging of PC

could serve to inform on the inhibition of MAPK signaling. Choline containing metabolites

(mainly PC, choline and GPC) are readily detectable in vivo by 1H MRS as the so-called

total choline (tCho) peak (20) and, whereas a drop in PC has also been reported in response

to other therapeutic approaches, tCho could serve as a nonspecific indicator of drug delivery

and drug target inhibition following treatment with MAPK pathway inhibitors. More

significant, however, might be the imaging of glycolysis. In BRAF-dependent melanoma,

inhibition of MAPK signaling has been particularly successful and FDG-PET has proved a

useful tool for assessing response. In other cancer types, clinical response has been more

limited, likely due to multiple active feedback pathways requiring combination therapies

(40, 48). Our observations, combined with previous studies, suggest that imaging glycolysis,

be it by FDG-PET, 1H MRS or hyperpolarized 13C MRS of pyruvate (11, 12, 28–30) could
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serve to detect the activation of such feedback pathways, predicting therapeutic resistance

and potentially providing an important tool for improving the implementation of

personalized cancer care.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

MRS magnetic resonance spectroscopy

MEK mitogen-activated protein kinase kinase

PI3K phosphoinositide 3-kinase

AMPK AMP-activated protein kinase

FDG [18F]-2-fluoro-2-deoxy-D-glucose

PET positron emission tomography

DNP dynamic nuclear polarization

GPC glycerophosphocholine

PC phosphocholine

MAPK mitogen-activated protein kinase

VEGFR vascular endothelial growth factor receptor

STR short tandem repeat

DMEM Dulbecco’s Modified Eagle Medium

DMSO Dimethyl sulfoxide

ERK extracellular-signal-regulated kinases

TMSP Sodium 3-(trimethylsilyl)propionate-2,2,3,3-d4

EDTA Ethylenediaminetetraacetic acid

MDPA methylenediphosphonic acid

PCA principal component analysis

RIN RNA Intergrity Numbers

HSP90 heat shock protein 90

FDR false discovery rate
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HK2 hexokinase 2

PFKFB3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3

IKK I kappa beta kinase
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Figure 1. Metabolic changes induced by MAPK inhibition with U0126 in PC3 prostate cancer
cells
(A) Inhibition of Erk phosphorylation as probed by Western blotting following 48-hour

treatment with U0126; (B) Scores plot for the principal component analysis performed on

the 1H MRS datasets acquired on cell extracts (N=8) of untreated and U0126-treated PC3

cells; (C) 1H MR spectrum (zoomed in section 0.8–4.2 ppm) and illustrating the difference

between control and U0126-treated cells (average spectrum acquired on U0126-treated PC3

cells minus average spectrum of control cells). Colorbar indicates FDR-corrected p-value

calculated at each point of the spectrum (fumarate which resonates at 6.5 ppm is not

included in the represented spectral region); (D) Intracellular concentration (fmol/cell) of

metabolites altered by treatment with U0126. *: p<0.01; **: p<10−4; ***: p<10−5.
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Figure 2. Effect of treatment with U0126 on glucose metabolism and glycolysis- related gene
expression
(A) Representative 13C MR spectra acquired sequentially over 16 hours in live PC3 cells

continuously perfused with medium containing 1-13C glucose and 1,2-13C choline; (B)

Metabolic rates (fmol/cell/hour) of glucose consumption and lactate production; (C)

Changes in mRNA levels for selected genes related to glycolysis. *: p≤0.01; **: p < 0.001.
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Figure 3. Effect of treatment with U0126 on signaling and phosphorous-containing metabolites
(A) Changes in p-Akt, Akt, p-AMPK and AMPK protein levels in untreated (C) and U0126-

treated (U) PC3 cells (β-actin shown as loading control); (B) Representative 31P MR spectra

of control and treated PC3 cells; (C) changes in ADP/ATP levels. *: p < 0.05.
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Figure 4. Effect of treatment with U0126 on phosphocholine (PC) metabolism
(A) Rate of de novo phosphocholine synthesis (fmol/cell/hour) in live PC3 cells; (B) Choline

kinase α protein levels in control (C) and U0126-treated (U) cells (β-actin shown as loading

control); (C) U0126-induced changes in mRNA levels of choline kinase α and the choline

transporter SLC44A1. *: p < 0.05; **: p≤0.005.
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Figure 5. Effect of treatment with U0126 in MCF-7 cells
(A) Metabolic rate of glucose consumption and lactate production in untreated (black) and

U0126-treated (white) MCF-7 cells; (B) ADP/ATP levels; (C) p-AMPK and choline kinase

α protein levels as probed by Western blotting; (D) Intracellular concentration of PC; (E)

Rate of de novo PC synthesis in live cells. *: p < 0.05; **: p < 0.005.
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Figure 6. Effect of treatment with U0126 in A375 cells
(A) Lactate peak intensity in 1H MR spectra acquired on untreated (black) and U0126-

treated (grey) A375 cell extracts; (B) protein levels of AMPK, p-AMPK, Akt, p-Akt and

choline kinase α (β-actin shown as loading control).
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