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Real-time quantitative analysis of metabolic flux in
live cells using a hyperpolarized micromagnetic
resonance spectrometer
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Metabolic reprogramming is widely considered a hallmark of cancer, and understanding metabolic dynamics de-
scribed by the conversion rates or “fluxes” of metabolites can shed light onto biological processes of tumorigenesis
and response to therapy. For real-time analysis of metabolic flux in intact cells or organisms, magnetic resonance
(MR) spectroscopy and imaging methods have been developed in conjunction with hyperpolarization of nuclear
spins. These approaches enable noninvasive monitoring of tumor progression and treatment efficacy and are being
tested in multiple clinical trials. However, because of their limited sensitivity, these methods require a larger number
of cells, on the order of 107, which is impractical for analyzing scant target cells or mass-limited samples. We present
a new technology platform, a hyperpolarized micromagnetic resonance spectrometer (HMRS), that achieves real-
time, 10°-fold more sensitive metabolic analysis on live cells. This platform enables quantification of the metabolic
flux in a wide range of cell types, including leukemia stem cells, without significant changes in viability, which allows
downstream molecular analyses in tandem. It also enables rapid assessment of metabolic changes by a given drug,
which may direct therapeutic choices in patients. We further advanced this platform for high-throughput analysis of
hyperpolarized molecules by integrating a three-dimensionally printed microfluidic system. The HMRS platform
holds promise as a sensitive method for studying metabolic dynamics in mass-limited samples, including primary
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cancer cells, providing novel therapeutic targets and an enhanced understanding of cellular metabolism.

INTRODUCTION

Altered metabolism in cancer, first discovered as a mitochondrial de-
fect in the 1920s (1), is now recognized as one of the hallmarks of
cancer; cancer cells can reprogram their metabolism to promote
cellular growth and proliferation (2-4), adapt nutrient- or oxygen-
depleted environments (5-8), and even escape immune surveillance
(9-11). A common phenotype is an increased glucose uptake, which
can be metabolized through glycolysis, regardless of oxygen availabil-
ity. Known as aerobic glycolysis or the “Warburg effect,” this pathway
provides metabolic intermediates critical for numerous biosynthetic
processes, conferring proliferative advantages (4), and acidifies the
tumor microenvironment, promoting metastasis to other organs
(12, 13). Aerobic glycolysis is thus closely correlated with poor prog-
nosis (14-16). Considering that the glycolytic rate, or “flux,” repre-
sents the metabolic activity of energetic reactions at any given
moment derived from glucose, its analysis may describe how cancer
cells respond to environmental changes, such as nutrient availability
or drug treatment, in real time (9, 17).

Nuclear magnetic resonance (NMR) spectroscopy and imaging tech-
niques have been developed in conjunction with hyperpolarization of
nuclear spins for real-time analysis of metabolism in intact cells or
organs. Dynamic nuclear polarization (DNP), in particular, is an
emerging technique that achieves hyperpolarization by transferring po-
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larization from unpaired electrons in a stable organic free radical to
neighboring nuclei, demonstrating more than a 10,000-fold enhancement
of NMR sensitivity (18). Using 13C-enriched metabolites (for example,
[1—13C]pyruvate or [U-3C] glucose, which are NMR-active nuclei) as hy-
perpolarized molecules, the DNP-NMR technique can measure multiple
metabolic pathways with minimal toxicity (17, 19, 20), and its
application to cancer diagnosis is undergoing multiple clinical trials.
However, this method requires numerous cells of interest (order of
107), because of its limited sensitivity, and analytical application of
DNP-NMR has been challenging with mass-limited samples, including
primary cancer cells, stem cells, or organoids.

Here, we report a rapid and sensitive NMR platform designed for
metabolic flux analysis on a small number of cells. Termed a hyperpo-
larized micromagnetic resonance spectrometer (HMRS), the system is
(i) equipped with a dual-tuned microcoil circuit for sensitive detection
of *C molecules, (ii) optimized to process a small mass of biological
sample, and (iii) integrated with a microfluidic system for high-
throughput analysis. The HMRS system can quantify glycolytic flux
with a 1000-fold higher sensitivity than conventional DNP-NMR
approaches. We applied this system to quantify metabolic flux in leuke-
mia stem cells (LSCs) in vitro and to assess drug treatment response
before any changes in cell viability or proliferation have occurred.
Furthermore, we extended this platform to the analysis of more than
10 samples of hyperpolarized molecules in one experiment, demon-
strating its potential as a powerful system to study metabolic flux.

RESULTS

Hyperpolarized micromagnetic resonance spectrometer
Figure 1A illustrates the fundamental difference in glycolytic metab-
olism between cancer and normal cells. Pyruvate, a three-carbon
intermediate product of glycolysis, is predominantly converted to
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Fig. 1. HMRS platform. (A) Schematic of glycolytic metabolism in cancer and normal cells. (B) Schematic of HMRS assay. '>C-enriched pyruvate is hyperpolarized and
mixed with cell suspension. Once it is loaded into the microcoil, '*C NMR acquisition starts in a 1.05-T magnetic field. (C) Optical picture of the microcoil probe in the
HMRS. The mechanical switch was used for changing the resonance mode of the microcoil. Inset shows the microcoil embedded in a polydimethylsiloxane (PDMS)

block. Net volume inside the coil is 2 pl.

lactate by lactate dehydrogenase (LDH; EC 1.1.2.4) in the cytoplasm or
to acetyl-coenzyme A by pyruvate dehydrogenase (EC 1.2.4.1) in the
mitochondria. LDH is typically overexpressed in cancer cells (4) and
drives the conversion from pyruvate to lactate. In normal cells, pyru-
vate is oxidized to a greater degree and used for adenosine triphosphate
generation in the mitochondria. When [1-">C]pyruvate enters cells
directly through the monocarboxylate transporters, it enters the in-
tracellular pool of pyruvate and is metabolized, producing higher
[1-*C]lactate in cancer cells as compared to normal cells (fig. S1)
(21, 22). Hyperpolarization of [1-23C] pyruvate then provides a means
of probing this last step of glycolysis noninvasively with a marked en-
hancement of MR signal.

Figure 1B shows the HMRS assay scheme. Samples (cell suspen-
sion) are mixed with hyperpolarized [1-'>C]pyruvate and then loaded
into the microcoil (diameter, 1.4 mm; volume, 2 pl ) in the HMRS sys-
tem (Fig. 1C). Once the microcoil probe is moved into the center of the
magnetic field (Bo, 1.05 T), the NMR signal acquisition is started.
Because pyruvate and lactate have relatively long spin-lattice re-
laxation times, T, at 1.05 T (71 and 43 s, respectively) (23), the hy-
perpolarization states of these molecules do not decay significantly
during the metabolic reactions and signal acquisition (24). It is im-
portant to note that the whole process of analyzing metabolic flux is
completed within 2 min (Fig. 1B). The microcoil probe circuit was
implemented to resonate at the Larmor frequencies of 'H and '*C in
our permanent magnet (44.69 and 11.24 MHz, respectively). In gen-
eral, a permanent magnet provides a cost-effective solution for MR
research, but it suffers from temporal and spatial inhomogeneity of
a magnetic field. We addressed these problems with the 'H resonance
mode in the microcoil; the drift and inhomogeneity were diagnosed
and calibrated with first-order shimming in the 'H resonance mode.
The resonance mode was then switched from 'H mode to '*C mode
immediately before >*C NMR experiments (Fig. 1C and fig. S2).

The HMRS system acquired NMR spectra every 4 s with a 30° radio
frequency (RF) pulse and quantified them on the basis of the peak ar-
ea. Utilizing 50,000 UOK262 cells (a renal cell carcinoma) (25), we
observed that the lactate peak was detected from the first NMR
spectrum (Fig. 2, A and B). The positioning of the micro-NMR probe
into the center of the magnetic field (By) required a delay of 30 s before
signal acquisition, because of the mechanical characteristics of the
magnet system (nanoScan, Mediso). Therefore, the lactate peak in
the first spectrum indicates that the cancer cells in the microcoil
had already begun converting hyperpolarized pyruvate and generating
lactate within the delay. Also, the slower decay of the lactate signal
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compared to the pyruvate demonstrated that the pyruvate-to-lactate
conversion continued during the measurements (Fig. 2, B and C); hy-
perpolarized signals decay exponentially with a decay constant of 1/T7,
and the fact that the lactate (T; of 43 s) decayed slower than the pyr-
uvate (T of 71 s) indicated that the former was generated and the
latter was consumed (fig. S3).

Because the '*C NMR signal of pyruvate is significantly larger than
that of lactate and pyruvate hydrate, the increase in '>C lactate signal
relative to "°C total signal (pyruvate + pyruvate hydrate + lactate) can
represent the conversion rate constant of pyruvate to lactate, kpr.
(fig. S4). The overall conversion rate from pyruvate to lactate in the
HMRS assay, therefore, can be assumed to be the product of kp;, and the
initial amount of pyruvate, [Pyr],—o, loaded into the system (28 x 10~° mol
in 2 ul). We defined the overall conversion rate (kpy x [Pyr],—o) as a meta-
bolic flux metric &.

Analysis of metabolic flux in live cells with a 1000-fold
higher sensitivity

To assess the sensitivity of our approach, we performed titration
experiments with UOK262 cells, demonstrating detection sensitivity
down to 10* cancer cells with a linear response to cell numbers
(R* > 99%; Fig. 3A). Conventional hyperpolarized NMR techniques
typically require much larger number of cells (>107) for metabolic flux
analysis, whereas the HMRS platform required on the order of 10* cells
of interest. This 1000-fold higher sensitivity is the key advantage of
the HMRS system and was achieved with the miniaturization of the
coil design. The signal-to-noise ratio (SNR) of NMR signals depends
on the magnetic field induced by unit current flowing through the
coil (26, 27); thus, a smaller coil generates a higher SNR than a larger
one with the same amount of target molecules (fig. S5). Another
contributing factor for a higher SNR is the filling factor of the target
molecule. Our microcoil, embedded into a polymer block, allowed
the sample to fill the entire coil, maximizing the filling factor (=1)
for NMR detection (28).

We profiled five different cell lines, UOK262, U87, Jurkat, K562,
and HK-2 (Fig. 3B). As expected, UOK262 showed approximately
twofold higher flux when compared to benign renal tubular cells,
HK-2 (40.6 and 21.0 pmol/s, respectively), which is well matched to
previous studies (Fig. 3C) (22, 29). We further assessed the cell viabil-
ity before and after the HMRS assay with two cancer cell lines,
UOK?262, as a representative of solid cancer, and K562, a chronic my-
eloid leukemia (CML) cell line, as a representative of liquid cancer.
The cell loss was negligible during the experiments, and their viability
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Fig. 2. Analysis of metabolic flux using HMRS. (A) NMR spectra of hyperpolarized metabolites from 50,000 UOK262 cells. Each spectrum was acquired every 4 s with
a 30° RF pulse. Lac, lactate; Pyr-H, pyruvate hydrate; Pyr, pyruvate. (B) Plot of the NMR signals of pyruvate and lactate peaks shown in (A). Each signal was quantified

from the integral of each area. a.u., arbitrary units. (C) Plot of the ratio of lactate signal to total signal (sum of pyruvate, pyruvate hydrate, and lactate signal) with time.

All measurements were performed in duplicate. Error bars show the SD.
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Fig. 3. Sensitive and nondestructive analysis of glycolytic flux with HMRS. (A)

Titration data of the flux metric & of UOK262 cells. (B) Profiling of the flux metric in

five different cell lines: UOK262 (kidney cancer), U87 (glioblastoma), Jurkat (acute T cell leukemia), K562 (CML), and HK-2 (kidney). (C) NMR spectra of hyperpolarized
metabolites acquired from malignant cancer cells (UOK262) and nonmalignant ones (HK-2). For each HMRS assay, 10° cells were used. (D) Comparison of viability before
and after HMRS assays. Two cancer cell lines (K562 and UOK262) were tested. The “Before” measurement was conducted 15 min before the HMRS assay, and the “After”

measurement was conducted 15 min after the HMRS assay. All measurements we

was not significantly different (P value = not significant; Fig. 3D and
fig. S6), demonstrating another advantage of the HMRS platform:
nondestructive analysis of metabolic flux.

Quantification of metabolic flux in LSCs

LSCs, defined by their ability to initiate and re-establish malignancy
upon transplantation, are more resistant to conventional therapeutic
regimens as compared to bulk leukemia populations (30-32). Consid-
ering that distinct metabolic features confer the survival benefits to
cancer cells, understanding reliance on specific metabolic pathways
has the potential to illuminate more effective therapeutic strategies
to target cancer stem cells. With this in mind, we took advantage of
the increased sensitivity of the HMRS platform to quantify metabolic
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re performed in duplicate. Error bars show the SD.

flux in primary LSCs, previously not possible using conventional
approaches.

LSCs in acute myeloid leukemia (AML) driven by the MLL-AF9 on-
cogene are of particular interest because MLL-AF9 is related to deregu-
lated expression of Myc (33, 34), which potentially mediates metabolic
reprogramming in cancer (35). LSCs, collected from the bone marrow
in MLL-AF9 AML mice, were sorted on the basis of the surface protein
¢-Kit (CD117) and assayed rapidly within 24 hours noninvasively (Fig.
4, A and B) (36). Intriguingly, LSCs (c-Kit™) demonstrated a nearly
twofold higher flux than leukemia non-stem cells (c-Kit™) (Fig. 4C).
Given that our approach is nondestructive, we were able to further assay
the status of c-Myc in these primary cells by immunoblot and con-
firmed that c-Kit"" cells also exhibited high expression levels of Myc

30of9

/T0Z ‘2z aunr uo /B1o’Bewsdusios saoueApe//:dny wolj papeojumoq


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

Fig. 4. Quantification of metabolic flux in LSCs. (A) Representative plot of flow cytometry of leukemia cells from a mouse with MLL-AF9 AML. The leukemia cells,
collected from a mouse bone marrow, were sorted using the gates indicated in the plot. (B) Median fluorescence intensity of c-Kit in the LSCs (c-Kit™) and leukemia
non-stem cells (c-Kit*®) after 20 hours in media. MFI, mean fluorescence intensity. *P = 0.0281. (C) Profiling of the flux metric & in the leukemia cells. **P = 0.0045.

(fig. S7) (33, 34). Although further experiments are necessary to char-
acterize the control of metabolism by c-Myc in primary c-Kit™ LSCs,
this work using hyperpolarized substrates provides quantitative evi-
dence of differential metabolism in the LSC compartment.

Rapid quantitative assessment of drug treatment response
Because metabolic changes can be induced by anticancer drug treat-
ments before major clinicopathological changes occur (37), any meta-
bolic changes related to the pathway can be an early indicator of the
treatment efficacy. With this premise in mind, we applied the HMRS
platform for rapid assessment of drug-treatment efficacy, based on the
advantages of high sensitivity and nondestructiveness for metabolic
flux analysis.

Imatinib (Gleevec), a breakpoint cluster region-Abelson murine
leukemia viral oncogene homolog (BCR-ABL) tyrosine kinase inhibi-
tor developed for CML treatment, has been shown to affect glycolytic
activity in cancer cells (38, 39). We reasoned that glycolytic flux analysis
on K562 cells with imatinib treatment would be an ideal model to
assess time-dependent changes in drug action. After 24 hours of drug
treatment, the rate of cell proliferation was slightly decreased, and the
cell viability was not significantly changed at concentrations as high as
1 uM imatinib (Fig. 5, A and B, and fig. S8). However, using the HMRS,
we found that the lactate peak decreased by approximately 75% after
24 hours of 1 uM imatinib treatment (Fig. 5, C and D). By assessing
different time points, we found that the drug effect could be detected as
early as 3 hours after treatment (Fig. 5, E and F). This reduction in the
glycolytic flux with drug treatment was attributed to multiple factors,
and we analyzed the protein levels in the signaling pathways, targeted
by imatinib treatment, and the concentration of endogenous cofactors
NADH [reduced form of NAD" (nicotinamide adenine dinucleotide)]
and NAD". The phosphorylation level of the target protein, BCR-ABL,
decreased even at 0.25 uM imatinib treatment, which led to down-
regulation of the PI3K/AKT/mTOR (phosphoinositide 3-kinase/
AKT/mammalian target of rapamycin) pathway (40, 41) and the key
metabolic enzyme LDH-A (fig. S9). Intriguingly, the concentration of
NADH, the cofactor for the pyruvate-to-lactate conversion, decreased
significantly with the treatment (fig. S10). The mechanism by which
BCR-ABL inhibition affects the NADH level has not been elucidated
comprehensively, and this requires further study. Contrary to the flux
analysis, the analysis of metabolite concentrations (pool sizes) using a
conventional high-field NMR spectrometer showed much slower re-
sponse to treatment (Fig. 5G). This significant difference between the
analyses of flux and pool sizes can be explained as follows: The flux
indicates the metabolic activity at a given moment, but the pool size
indicates the integration of the metabolic activity over a certain period.
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Imatinib starts to affect metabolic activities in K562 cells as early as
3 hours after treatment, and the decreased glycolytic activity begins to
change the lactate pool size, which is large (on the order of millimolar).
In our assay, it required about 12 hours to make a significant change in
the pool size. These results demonstrate another advantage of the
HMRS flux analysis: rapid assessment of treatment efficacy.

Multiple analyses in a single dissolution

Although current approaches provide a means of rapidly measuring
metabolic fluxes, there is a great need for developing high-throughput
approaches. To address this need, we further advanced the HMRS
platform to enable high-throughput analysis of hyperpolarized mole-
cules. The DNP method provides greater than 20% polarization for
13C nuclei, but it has some limitations in throughput: (i) It takes more
than an hour for hyperpolarization with relatively expensive chemical
compounds, and (ii) the hyperpolarized state decays to thermal equi-
librium rapidly with RF excitation pulses, which allows for only one
NMR experiment. There is a great need for approaches that enable a
high-throughput analysis with the DNP-NMR method. We hypothe-
sized that multiple NMR analyses could be performed if intact hyper-
polarized molecules could be supplied constantly into the microcoil in
a time frame proportional to the T} relaxation time of the hyperpolar-
ized molecule.

We designed a three-dimensionally (3D) printed microreservoir to
hold samples for multiple experiments (up to 100 pl) and connected it
to the inlet of the microcoil channel (Fig. 6A). The channel outlet was
connected to a syringe pump (PH2000, Harvard Apparatus) with a
pulling rate of 5 ul/s. Figure 6B describes the assay scheme of high-
throughput analysis from a single dissolution; (i) the syringe pump
pulled the sample (Z1) to the microcoil region, followed by ">C
NMR signal acquisition; (ii) after the acquisition, the syringe pump
pulled the intact sample (Z2) into the microcoil region; and (iii) an-
other '*C NMR signal acquisition started. Integrated with the micro-
reservoir, the HMRS platform successfully conducted 12 analyses of
the hyperpolarized spin states from a single dissolution (Fig. 6, C
and D, and fig. S11). All 12 analyses were fit to a single decay model
with a T} of 67 s and an RF pulse of 60° flip angle, which yielded an R
0f99.5 + 0.4% and a root mean square error (RMSE) of 3.07 £ 1.05%
between analyses (Fig. 6D). Moreover, we extended this approach to
the multiple analyses of glycolytic flux in cancer cells from a single
dissolution (Fig. 6E). Our integrated HMRS platform, separating the
sample reservoir from the microcoil where RF pulses were applied,
achieved multiple analyses from a single dissolution of hyperpolarized
molecules. This analytical capability shows the potential of the HMRS
for high-throughput flux analysis in cells.
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Fig. 6. HMRS integrated with a microfluidic system for multiple analyses. (A) Schematic of the integrated HMRS platform. (B) Assay schematic. (C) Sequential
spectra of hyperpolarized pyruvate collected from multiple analyses. (D) Quantification and comparison of NMR signals from 12 analyses. NMR signal in each analysis (/)
was normalized by the first signal of the same analysis (lp). All data sets were fitted to a single model of decay of hyperpolarized spin states. The 12 analyses yielded an
R? of 99.5 + 0.4% and an RMSE of 3.07 + 1.05%. (E) Multiple analyses of glycolytic flux from a single dissolution of hyperpolarized pyruvate. Each analysis consists of five
NMR acquisitions (15 s in total), followed by a 15-s interval to stabilize the sample after movement. The overall glycolytic flux metric & was 34.69 (pmol/s) per 10° cells,
which was well matched to the & of K562 (33.24 + 2.51) presented in Fig. 3B. The measurements were performed in triplicate. Error bars show the SD.

Technical optimizations could further advance the HMRS system.
For the analysis of multiple metabolic pathways (for example, pyruvate-
to-lactate, pyruvate-to-bicarbonate, or pyruvate-to-alanine) in a smaller
number of cells, there are multiple strategies: (i) A smaller coil for
NMR signal acquisition can be implemented. A coil with a diameter
of <1.4 mm could provide a higher sensitivity, but precise loading of
the sample into a submicroliter space within a limited time frame is
not trivial. One strategy to overcome this challenge is to integrate a
micropneumatic actuator into the HMRS, which could move liquid
sample rapidly and precisely into a microcoil. (ii) High-order shim-
ming coils can be designed to make a magnetic field more homoge-
neous. The current system was equipped with first-order shimming
coils, which provided a limited homogeneity of magnetic field (0.14
parts per million full width at half maximum) in the microcoil circuit
region. Because the NMR signal is proportional to the number of target
nuclei experiencing the same magnetic field, a more homogeneous
magnetic field leads to narrower NMR peaks and a higher SNR. Add-
ing second- and third-order shimming coils into the permanent mag-
net will improve the homogeneity of the magnetic field (46), thereby
leading to the enhanced sensitivity of the HMRS. (iii) A selective RF
pulse can be applied for signal acquisition. The current system acquired
the NMR spectra using a single RF pulse, which excited all the meta-
bolic substrates and products at the same time. A selective pulse de-
signed to excite the products (for example, lactate) only can leave the
hyperpolarized spin states of substrates (for example, pyruvate) rela-
tively intact (47-49). The benefit of slowly decaying hyperpolarized
substrates will allow flux analysis for extended periods of time, pro-
viding an opportunity to monitor multiple metabolic pathways.

The recent advancement of hyperpolarized NMR technology has
shed light on how to study metabolism in live cells or organs. The HMRS

Jeong et al., Sci. Adv. 2017;3:e1700341 16 June 2017

platform can expand the applications of the hyperpolarized NMR tech-
nology further, which will provide opportunities for rapid and sensitive
exploration of metabolic dynamics in biologically relevant systems.

MATERIALS AND METHODS

Microcoil fabrication

Thin magnet wire [Belden 8042, 32 AWG (American wire gauge)]
was wound five times around a metal rod (diameter, 1.4 mm), and it
was embedded into PDMS (Dow Corning). After overnight PDMS
curing at 80°C, the wire was pulled out, which formed a miniaturized
solenoid coil (microcoil) with a microfluidic channel.

3D-printed microreservoir

We used a computer-aided design software (3ds MAX, Autodesk) and
a 3D printer (Micro Plus Hi-Res, EnvisionTEC) to design and print a
microreservoir. Its outlet (diameter, 1.4 mm) was designed to fit into
the microfluidic channel, and its inlet (diameter, 10 mm) was designed
for easy loading of the sample. Its maximum capacity was 100 pl.

Drug (imatinib) treatment on K562 cells

K562 cells were plated with a concentration of 100,000 cells/mlin 10 ml
of complete RPMI medium. Complete RPMI medium (10 ul), di-
methyl sulfoxide (DMSO), 0.25 mM imatinib in DMSO, and 1 mM
imatinib in DMSO were loaded for the control sample, the 0.1%
DMSO-treated sample, and the 0.25 and 1.0 pM imatinib-treated
samples, respectively. Imatinib was purchased from Cayman Chemical.
Cell number and viability were checked after 24 hours, and the cells
were washed with complete RPMI medium once and prepared for hy-
perpolarization experiments.
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Hyperpolarization using DNP

We used a SPINIab polarizer (GE) to polarize [1—13C]pyruvate. The
preparation steps for polarization are as follows: (i) The *C-enriched
pyruvate sample was prepared with a stable organic radical: 15 mM
AH-111501 (GE) was mixed in [1—13C]pyruvic acid (Sigma-Aldrich,
677175) thoroughly. (ii) Buffer solution for dissolution was prepared:
0.4 mM EDTA was added in 40 mM Trizma hydrochloride solution
(Sigma-Aldrich, T2663). (iii) The pyruvate sample (100 pl) from step
(i) and 20 ml of the buffer solution from step (ii) were loaded into the
SPINlab polarizer (3.35 T, 0.98 K). After 90 min of polarization, the
pyruvate sample was quickly dissolved into an ice-cold flask with
120 pl of 10 N sodium hydroxide solution (Fisher Scientific, SS255)
to make the dissolved sample neutral (pH ~ 7.4) and reach 37°C faster.
The dissolved pyruvate sample was added into the cell suspension with
a ratio of 1:10, which made the concentration of pyruvate 14 mM.

Cell culture

K562 and Jurkat cells were grown in Gibco RPMI 1640 medium
(Thermo Fisher Scientific, 11875-093). UOK262 and HK-2 cells were
grown in Advanced Dulbecco’s modified Eagle’s medium/F-12 (Thermo
Fisher Scientific, 12634-010). U87 cells were grown in Eagle’s minimum
essential medium (American Type Culture Collection, 30-2003). All
media were supplemented with 10% fetal bovine serum (FBS) and
penicillin-streptomycin.

Cell number and viability

Cell number and viability were measured using a Cellometer Mini Cell
Counter (Nexcelom Bioscience); the cell suspension was mixed ata 1:1
ratio with the trypan blue solution before the measurement. For each
measurement, the cell suspension was diluted so that its concentration
would be within the 0.8 x 10° to 2 x 10%/ml range.

Preparation of primary leukemia cells

Bones collected from leukemic mice, transplanted with MLL-AF9
transformed leukemic cells, were crushed in a sterile mortar in the addi-
tion of serum-free RPMI 1640 medium. The bone marrow leukemic cells
were strained (70 uM Nylon strainer, Falcon), resuspended in red blood
cell lysis buffer (Qiagen) to remove red blood cells, and washed with
serum-free RPMI 1640 media. After centrifugation (15,000 rpm, 5 min),
the cell pellet was resuspended in 2% FBS/RPMI medium and stained
with Macl-PacBlue and c-Kit-PeCy7 (34). The top 15% and lowest 20%
of c-Kit cells were sorted as c-Kit™ and c-Kit*° cells, respectively, using a
BD FACSAria III instrument. The ¢-Kit™ and ¢-Kit™ cells were
cultured separately in 10% FBS RPMI medium with the addition of stem
cell factor (10 ng/ml), interleukin-3 (IL-3) (10 ng/ml), and IL-6 (10 ng/ml).
All cytokines were purchased from PeproTech. After a 20-hour incuba-
tion, hyperpolarization experiments were conducted with approximately
0.3 million cells loaded into the microcoil. All animal procedures were ap-
proved by the Institutional Animal Care and Use Committee at Memorial
Sloan Kettering Cancer Center (MSKCC).

Western blot analysis

K562 cells, washed with ice-cold phosphate-buffered saline (PBS) with-
out Ca + Mg and concentrated by centrifugation (1400 rpm, 5 min),
were lysed in radioimmunoprecipitation assay buffer (Thermo Scientific,
89901) containing protease and phosphatase inhibitors (Thermo Scientific,
78480 and 78420). The concentration of protein lysates was quanti-
fied using bicinchoninic acid assay. Protein lysates were resolved using
NuPAGE precast gels and transferred to Novex polyvinylidene di-
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fluoride membrane (Thermo Fisher Scientific, LC2002), as described
in the protocol. Target proteins in the membrane were immunoblotted
with the following primary antibodies: BCR-ABL (Cell Signaling, 3902),
phospho-BCR-ABL (Cell Signaling, 3901), lactate dehydrogenase A
(LDHA) (Cell Signaling, 2012), phospho-LDHA (Cell Signaling,
8176), and B-actin (Cell Signaling, 8457). The horseradish peroxidase
(HRP)-conjugated secondary antibodies (Santa Cruz Biotechnology,
sc-2004) were then incubated with the membrane. With the chemi-
luminescent (enhanced chemiluminescence) HRP substrate (Thermo
Fisher Scientific, 34080), protein bands were detected on x-ray film
(Thermo Fisher Scientific, 34090).

Quantification of NADH/NAD* from cell extracts

K562 cells, washed with ice-cold PBS without Ca + Mg and concen-
trated by centrifugation (1400 rpm, 5 min), were resuspended in
methanol solution (80% in water) and kept at —80°C. After 24 hours,
the supernatant of the mixture was collected, centrifuged (4000 rpm,
30 min), and dried using a solvent evaporator (EZ-2 Elite Genevac, SP
Scientific). The dried material was resuspended in D,O with the inter-
nal standard solution and transferred to a high-field NMR tube. After
an hour-long "H NMR acquisition (Ultrashield Plus 14.1 T, Bruker),
the spectrum was analyzed using Chenomx NMR Suite.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/6/e1700341/DC1

fig. S1. Schematic of [1-13C]pyruvate metabolism in cells.

fig. S2. Tuning/matching characteristic of the microcoil in the HMRS platform.

fig. S3. Metabolic flux measurement using the HMRS.

fig. S4. Mathematical analysis of the increased rate of lactate relative to total carbon (lactate +
pyruvate + pyruvate hydrate) with time.

fig. S5. Comparison of NMR signals from three different coils.

fig. S6. Comparison of viability before and after HMRS assays.

fig. 57. Immunoblot analysis for c-Myc in LSCs (c-Kit™) and leukemia non-stem cells (c-Kit*°).
fig. S8. Viability after imatinib treatment on K562 cells.

fig. S9. Changes in protein expression and phosphorylation levels in K562 cells after 24-hour
imatinib treatment.

fig. S10. Changes in the NADH concentration after the imatinib treatment.

fig. S11. High-throughput analysis of hyperpolarized pyruvate.
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