
Detecting tumor response to treatment using
hyperpolarized 13C magnetic resonance imaging
and spectroscopy
Sam E Day1,5, Mikko I Kettunen1,5, Ferdia A Gallagher1,2, De-En Hu1, Mathilde Lerche3, Jan Wolber4,
Klaes Golman3, Jan Henrik Ardenkjaer-Larsen4 & Kevin M Brindle1

Measurements of early tumor responses to therapy have been

shown, in some cases, to predict treatment outcome. We show

in lymphoma-bearing mice injected intravenously with

hyperpolarized [1-13C]pyruvate that the lactate dehydrogenase–

catalyzed flux of 13C label between the carboxyl groups of

pyruvate and lactate in the tumor can be measured using 13C

magnetic resonance spectroscopy and spectroscopic imaging,

and that this flux is inhibited within 24 h of chemotherapy. The

reduction in the measured flux after drug treatment and the

induction of tumor cell death can be explained by loss of the

coenzyme NAD(H) and decreases in concentrations of lactate

and enzyme in the tumors. The technique could provide a new

way to assess tumor responses to treatment in the clinic.

Tumor responses to treatment are assessed largely from imaging
measurements of tumor size. Reductions in tumor volume may take
weeks, however, and therefore there has been considerable interest in
the development of imaging techniques that could give early indica-
tions of response to treatment and that could predict treatment
outcome1–3. The most widely used technique in the clinic has been
positron emission tomography (PET) measurements of 18F-fluoro-
deoxyglucose (FDG) uptake (FDG-PET). For example, in patients
with gastrointestinal stromal tumors, FDG-PET–measured uptake is
reduced as early as 24 h after treatment with imatinib, whereas weeks
to months are required before the tumors shrink4. This technique has
relatively poor spatial resolution, however, compared to magnetic
resonance imaging (MRI), and it involves exposure of the patient to
ionizing radiation.

Magnetic resonance methods for detecting early tumor responses to
treatment (reviewed in ref. 5) have included measurements of the
apparent diffusion coefficient of water6. These have been used clini-
cally7 and they appear to detect the reduction in tumor cellularity
resulting from a positive response to treatment.

13C magnetic resonance spectroscopy (MRS) has long been used
in the investigation of metabolic processes in vivo8. The recent

introduction of dynamic nuclear polarization (DNP) for solution-
state magnetic resonance, which can increase sensitivity in the 13C
MRS experiment by 10,000-fold or more, now allows not only
detection of 13C-labeled substrates in vivo but imaging of their tissue
distribution as well9–13. An additional advantage is that there is no
background signal from nonpolarized material. We show here that
flux of hyperpolarized 13C label between pyruvate and lactate in the
reaction catalyzed by lactate dehydrogenase (LDH) is decreased in
mouse lymphoma cells in vitro and in lymphoma tumors in vivo after
drug-induced cell death.

RESULTS

Measurements in cells

After addition of hyperpolarized [1-13C]pyruvate to EL-4 mouse
lymphoma cells, the lactate carboxyl signal (Fig. 1a) first increased,
as label was transferred from pyruvate, and then decreased owing to
decay of the polarization, which has an apparent spin lattice relaxation
time, T1, of B40 s (Fig. 1b). The unassigned signals (Fig. 1a) are from
minor contaminants in the pyruvate preparation. There was no
evidence that these contaminants were metabolized by the cells, and
their signals were not observed in vivo.

The peak intensities for labeled pyruvate and lactate can be fit to the
modified Bloch equations for two-site exchange (equations (2) and
(3))14.

kL

L"P
kP

ð1Þ

dLz=dt ¼ �rLðLz � L1Þ + kPPz � kLLz ð2Þ

dPz=dt ¼ �rPðPz � P1Þ + kLLz � kPPz ð3Þ

L and P denote lactate and pyruvate, respectively; t is time; Lz and Pz
are the z-magnetizations of the 13C nucleus in the lactate and pyruvate
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carboxyl carbons; rL and rP are the spin lattice relaxation rates
(1/T1(L,P)); and LN and PN are the equilibrium magnetizations
(that is, at t ¼ N) of lactate and pyruvate, which are effectively
equivalent to their concentrations. The lactate and pyruvate peak
intensities were fit to these equations (see Methods) to obtain the rate
constants kL and kP and the apparent spin lattice relaxation rates
(Fig. 1c). LN/PN was obtained from the ratio of the fitted rate
constants. Because we used low–flip angle pulses, we ignored the
effects of repeated excitation on decay of the polarization (Supple-
mentary Figs. 1 and 2 online). The rate constants reflect LDH activity,
membrane transport of lactate and pyruvate and, in vivo, pyruvate
delivery to the tumor. We may also have detected signals from several
compartments in the tissue. Therefore, the estimated rate constants
are apparent rate constants (kapp). Addition of unlabeled lactate to the
cells increased the rate constants and the amplitude of the lactate 13C
peak intensity (Fig. 2a), consistent with exchange of 13C label between
lactate and pyruvate at or near chemical equilibrium15 (Supplemen-
tary Fig. 3 online).

Treatment with 15 mM etoposide for 16 h resulted in 30%–40%
apoptosis, 10%–15% necrosis and an approximately 80% reduction in
flux (kapp(P) � [P]), from 54 ± 15 nmol/s/108 cells (n ¼ 4) to 9.0 ± 1.5
nmol/s/108 cells (n ¼ 5, P o 0.005; Fig. 2b). There was negligible loss
of LDH activity in cell extracts: LDH activity was 5.43 ± 0.34 units/
107 cells (n ¼ 3) in control cells and 5.37 ± 0.27 units/107 cells (n ¼ 3)
in drug-treated cells. The cell counts included viable, apoptotic and
necrotic cells. After 20 h of incubation with etoposide, however,
when the necrotic fraction increased from B15% to B45%, the
LDH activity decreased significantly to 2.53 ± 0.32 units/107 cells
(n ¼ 3, P o 0.01).

We confirmed the levels of necrosis and apoptosis by flow cytom-
etry, measuring 40%–50% apoptotic cells and 20% necrotic cells16.
The apoptotic cell population was evident as a population with low
UV autofluorescence (Fig. 3a). This has been observed previously17

and is probably the result of poly(ADP-ribose) polymerase (PARP)-
mediated depletion of the NAD(H) pool18. 31P MRS measurements of
extracts (Fig. 3b) showed that the NAD+ concentration decreased
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Figure 1 Flux of hyperpolarized 13C label between pyruvate and lactate in an EL-4 cell
suspension. (a) Representative spectrum of a cell suspension (2.5 � 107 cells/ml) 15 s

after the addition of 37.5 mM hyperpolarized [1-13C]pyruvate and 40 mM unlabeled

lactate. The labeled peaks are as follows: 1, natural abundance of [2-13C]pyruvate;

2, [1-13C]lactate; 3, [1-13C]pyruvate hydrate; 4, [1-13C]pyruvate. (b) Sequential spectra

collected every second for 250 s. Every third spectrum during the first 3 min of data

acquisition is shown. The initial variation in the lactate and pyruvate resonances is

probably the result of sample mixing. (c) Example of fits of the [1-13C]pyruvate and

[1-13C]lactate peak intensities to the two-site exchange model. Fits are shown as solid

lines. The pyruvate peak intensity was divided by 100. For clarity, only every fourth data

point is shown. AU, arbitrary units.

Figure 2 Effect of addition of exogenous

lactate and induction of cell death on flux of

hyperpolarized 13C label between pyruvate

and lactate in an EL-4 cell suspension.

(a) [1-13C]lactate peak intensities after addition

of 37.5 mM hyperpolarized [1-13C]pyruvate and

the specified lactate concentration to an EL-4

cell suspension (2.5 � 107 cells/ml). Spectra

were scaled to the initial pyruvate signal intensity

to correct for variation in polarization levels. For

clarity, only every fourth data point is shown.
(b) [1-13C]lactate peak intensities after addition

of 37.5 mM hyperpolarized [1-13C]pyruvate and

40 mM unlabeled lactate to EL-4 cell suspen-

sions (2.5 � 107 cells/ml) that had been treated for 16 h with 15 mM etoposide or were untreated. For clarity, only every fourth data point is shown. Shaded

regions represent one s.d. from the mean value (n ¼ 3 for both groups). The total number of cells (viable, apoptotic and necrotic) was the same in both

experiments. AU, arbitrary units.
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from 0.53 ± 0.26 to 0.27 ± 0.14 nmol/106 cells (n ¼ 3) and that the
fructose-1,6-bisphosphate concentration increased from 0.22 ± 0.06 to
0.56 ± 0.07 nmol/106 cells (n ¼ 3) in etoposide-treated cells.
Accumulation of fructose-1,6-bisphosphate is caused by inhibition
of the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase,
resulting from loss of the NAD(H) pool19. Administration of a PARP
inhibitor, nicotinamide, inhibited loss of NAD+ (0.77 ± 0.18 nmol/106

cells, n ¼ 3; Fig. 3c,d) and the accumulation of fructose-1,6-bisphos-
phate (0.13 ± 0.06 nmol/106 cells, n ¼ 3). Addition of nicotinamide
also largely prevented the loss of lactate-pyruvate exchange, suggesting
that the decreased flux in dying cells resulted mainly from the loss of
NAD(H) and the consequent decrease in LDH activity. The flux was
42 ± 11 nmol/s/108 cells (n ¼ 4) in cells incubated with etoposide and

20 mM nicotinamide. Addition of another PARP inhibitor, 3-amino-
benzamide20, also inhibited loss of lactate-pyruvate exchange, which
was 27 ± 2 nmol/s/108 cells (n ¼ 2) in cells treated with the drug plus
10 mM 3-aminobenzamide.

Measurements in tumors

We produced lymphoma tumors in mice by subcutaneous implanta-
tion of EL-4 cells. Intravenous injection of hyperpolarized [1-13C]pyru-
vate (0.2 ml, 75 mM) resulted in signals from [1-13C]pyruvate and
lactate in the tumor (Fig. 4a). Measurements from an imaging slice
in underlying muscle and from a slice that passed through the liver
above the tumor showed substantial signal from pyruvate but only
small signals from lactate in drug-treated and untreated mice
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Figure 3 Induction of cell death depletes EL-4

cells of NAD(H). (a) Flow-cytometric analysis of

cells treated for 16 h with 15 mM etoposide.

Apoptotic cells were detected using annexin V–

FITC (lexcitation ¼ 488 nm, lemission ¼ 518 nm)

and necrotic cells using propidium iodide

(lexcitation ¼ 535 nm, lemission ¼ 617 nm). The

autofluorescence observed at 442 nm after

excitation at 346 nm has been assigned to

NADH. Population 1 represents viable cells,

whereas population 2 represents apoptotic cells,

which show little UV autofluorescence, indicating

depletion of NADH. Population 3 represents

necrotic cells. (b–d) 31P NMR spectra of

perchloric acid extracts of EL-4 cells that were
either untreated (b), treated for 16 h with 15 mM

etoposide (c) or treated for 16 h with 15 mM

etoposide and 20 mM nicotinamide

(d). Resonances from NAD+ are indicated.

Resonances from fructose-1,6-bisphosphate,

which are not shown, were at 7.0 and 7.15 p.p.m.
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Figure 4 Flux of hyperpolarized 13C label between pyruvate and lactate in EL-4 tumors.

(a) Representative series of 13C magnetic resonance spectra from a 5-mm-thick slice

through a tumor before drug treatment, after intravenous injection of 0.2 ml 75 mM

hyperpolarized [1-13C]pyruvate. Spectra were collected every 2 s for 2 min starting 12 s

after the beginning of injection. The resonance at 171 p.p.m. is from [1-13C]pyruvate; that

at 183 p.p.m. is from [1-13C]lactate. (b) Tumor [1-13C]lactate and [1-13C]pyruvate peak

intensities after intravenous injection of 0.2 ml 75 mM hyperpolarized [1-13C]pyruvate.

The initial 15 s of data acquisition were lost because of the time taken to complete the

injection and place the probe assembly, containing the mouse, into the magnet bore. The

solid lines show the fit to the two-site exchange model. (c) [1-13C]lactate/[1-13C]pyruvate

peak intensity ratios in untreated and drug-treated tumors. Data were collected 20 h after injection of the mice with etoposide. Shaded regions represent

one s.d. from the mean (n ¼ 8 for both groups). Black bar between 20 and 25 s indicates the time period when spectroscopic imaging was performed

(see Fig. 5). AU, arbitrary units.
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(Supplementary Fig. 4 online). We fitted the changes in the tumor
lactate and pyruvate signals to the exchange model to obtain the
apparent rate constants and spin lattice relaxation times (Fig. 4b).

Treatment of mice with etoposide resulted in the death of 37% ± 4%
of tumor cells 24 h after drug treatment, as compared to 5% ± 1%
in the control group (n ¼ 3, Po 0.01), and there was a small decrease
in tumor volume, from 1.6 ± 0.4 cm3 (n¼ 8) to 1.3 ± 0.2 cm3 (n¼ 8).
Drug treatment resulted in an B25% decrease in the rate constant
kapp(P), from 0.075 ± 0.011 s–1 to 0.056 ± 0.005 s–1 (n ¼ 8, P o 0.01).
Pyruvate concentrations, determined by 1H NMR measurements of
extracts of freeze-clamped tumors, were 0.55 ± 0.19 mmol per gram of
wet weight (n ¼ 8) in control tumors and 0.75 ± 0.48 mmol per gram
of wet weight (n ¼ 8) in drug-treated tumors. The decreased flux
between pyruvate and lactate could be seen in a plot of the labeled
lactate/pyruvate ratios (Fig. 4c). The calculated equilibrium lactate/
pyruvate ratios (that is, LN/PN, equivalent to the concentration
ratios) decreased from 4.0 ± 0.8 (n ¼ 8) in control tumors to 2.7 ± 0.4
(n ¼ 8, P o 0.005) in etoposide-treated tumors. A similar decrease
was observed for the lactate/pyruvate ratio measured by 1H NMR in
extracts of freeze-clamped tumors, in which the ratio decreased from
9.5 ± 3.5 (n ¼ 8) to 5.1 ± 2.0 (n ¼ 8, P o 0.01). We made these
extracts immediately after completion of the magnetic resonance
experiments. The lactate concentrations in treated and untreated
tumors from mice that had not been injected with pyruvate were
3.6 ± 0.2 mmol per gram of wet weight and 3.0 ± 0.6 mmol per gram of
wet weight (n ¼ 3), respectively, and were not statistically significantly
different from those in pyruvate-injected mice, which were

3.2 ± 1.3 mmol per gram of wet weight and 5.0 ± 1.9 mmol per gram of
wet weight, respectively (n ¼ 8 for each group). The LDH activity
measured in tumor extracts decreased from 350 ± 200 units per gram
of wet weight (n¼ 5) to 100 ± 20 units per gram of wet weight (n¼ 3,
P o 0.05) in drug-treated tumors.

In another experiment, we treated mice with the drug 24 h after
imaging, and then 24 h later we acquired additional images; thus,
each mouse served as its own control. The rate constant was
0.065 ± 0.017 s–1 before treatment and 0.040 ± 0.012 s–1 after
treatment (n ¼ 4, P o 0.01), a 39% decrease.

13C chemical-shift images from a tumor before and after treat-
ment are shown in Figure 5. These images reveal heterogeneity
in the lactate/pyruvate ratio (see also Supplementary Fig. 5 online)
and a marked reduction of this ratio in the treated tumor. In
some images we could see blood vessels (Fig. 5c), which
contained labeled pyruvate but only relatively low concentrations of
labeled lactate.

DISCUSSION

Measurements of hyperpolarized 13C label flux between pyruvate and
lactate can be used to detect responses to chemotherapy in isolated
tumor cells and in tumors in vivo, where the induction of cell death
results in decreased flux. Exchange of label makes a substantial
contribution to the measured flux from pyruvate to lactate. This
was shown in the experiments with isolated cells, in which the
addition of exogenous lactate increased flux, and also in the experi-
ments with tumors, in which the equilibrium concentration ratio of
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Figure 5 13C spectroscopic imaging of EL-4 tumors before and after drug

treatment. (a,b) Color maps representing [1-13C]lactate and [1-13C]pyruvate

peak intensities (a), and plots of corresponding lactate/pyruvate intensity

ratios (b) obtained from 13C chemical-shift images in the same mouse

before and after treatment with etoposide. The images were acquired

between 20 and 25 s after intravenous injection of 0.2 ml 75 mM

hyperpolarized [1-13C]pyruvate and 20 h after injection of the mice with

67 mg/kg etoposide. Image resolution was 2 mm � 2 mm � 6 mm. For
these imaging experiments, the [1-13C]pyruvate polarization was between

23% and 30%. To account for differences in polarization, the pre- and

post-treatment data were normalized so that the mean pyruvate signal in the tumor was 1. AU, arbitrary units. (c) Color maps representing [1-13C]lactate and

[1-13C]pyruvate peak intensities and spectra from the tumor and a blood vessel (indicated by arrow) in an etoposide-treated mouse. The 1H images, shown in

grayscale, were used to define the tumor margins (indicated by white lines).
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lactate and pyruvate (LN/PN), calculated from the fitted rate con-
stants kapp(P) and kapp(L), was comparable to the lactate and pyruvate
concentrations measured in tumor extracts. In vivo, however, there
may also be net flux from pyruvate to lactate. The relatively low
concentrations of labeled lactate in the blood and in other tissues
suggest that there is little influx into the tumor of labeled lactate from
the circulation.

Fitting both the pyruvate and lactate peak intensities to the kinetic
model corrected, to some extent, for any differences in pyruvate
delivery to the tumor and for the B1 inhomogeneity of the detector
coil. The inhibition of flux in responding tumors could also be detected
as a decrease in the labeled lactate/pyruvate ratio in 13C chemical shift
images. The imaging experiments could be improved by increasing the
speed of image acquisition, which would allow the acquisition of a
series of images and thus the calculation of an enzyme activity map.

Induction of apoptosis by a chemotherapeutic drug, etoposide,
resulted in a significant reduction in flux (P ¼ 0.0002 in vitro and
P ¼ 0.0010 in vivo). In the cells, this reduction resulted mainly from a
loss of the coenzyme NAD(H). Loss of exchange after extended
incubation with the drug, when the frequency of necrosis increased,
can also be explained by loss of LDH from the cells. The decrease
in flux in treated tumors was probably the result of NAD(H) loss
and the measured decreases in extractable tumor LDH activity
and lactate concentration. A decrease in lactate concentration
has been observed previously in treated tumors using localized
1H MRS measurements21,22.

A limitation of the tumor model we used is its rapid response to
treatment; there was a 17% decrease in tumor volume by 24 h. It will
be of interest to determine whether this and other techniques can be
used to detect responses sooner after treatment.

Because pyruvate is an endogenous substrate, we expect that this
technique could transfer to the clinic, and it has an advantage over
other MRS techniques21–23 in that it allows rapid spectroscopic
imaging of the response. The advantages of this technique over
FDG-PET will need to be evaluated in preclinical and clinical studies.
When the overall frequency of tumor cell death is low, detection using
either technique may be difficult. If cell death is localized in specific
regions, however, as was the case here, then the higher resolution of
hyperpolarized 13C MRI may be an advantage.

METHODS
Cell culture. We cultured EL-4 cells and detected apoptosis and necrosis by

staining with acridine orange and propidium iodide and by flow cytometry as

described previously16,24 (see Supplementary Methods online).

Tumor implantation. We established tumors as described previously16,25 and

allowed them to grow for 10 d (volume, B2 cm3; maximum diameter, 1.5 cm).

We treated mice with an intraperitoneal injection of 67 mg etoposide (PCH

Pharmachemie BV) per kg body weight. We carried out our procedures under

the authority of project and personal licenses issued by the Home Office,

United Kingdom. We assessed tumor cell death histologically16.

[1-13C]pyruvate hyperpolarization. We hyperpolarized a 44-mg sample of

91% [1-13C]pyruvic acid containing 15 mM of the trityl radical OXO63 (GE

Healthcare) as described previously9. We dissolved the frozen sample at 180 1C

in 6 ml buffer containing 40 mM HEPES, 94 mM NaOH, 30 mM NaCl and

50 mg/l EDTA. The sample was dissolved and removed from the polarizer

magnet in less than 10 s, and the same preparation was used for the cell

and tumor experiments. The polarization levels were 12%–15%, unless

stated otherwise.

Nuclear magnetic resonance spectroscopy of cells. We examined cells (108) in

RPMI 1640 medium in a 10-mm NMR tube, using a broadband probe (Varian)

in a 9.4-T vertical wide-bore magnet (Oxford Instruments). We maintained the

temperature at 37 1C. We injected hyperpolarized [1-13C]pyruvate (75 mM)

and non-hyperpolarized, unlabeled lactate (40 or 80 mM) and acquired single

transient 13C spectra every second for 250 s using a 61 flip angle pulse and a

spectral width of 32 kHz.

Nuclear magnetic resonance spectroscopy of tumors. We anesthetized mice

by intraperitoneal administration of 10 ml per kg body weight of a 5:4:31

mixture of Hypnorm (VetaPharma), Hypnovel (Roche) and saline. We inserted

a catheter into a tail vein and positioned a 1-cm-diameter surface coil tuned to
13C (100 MHz) over the tumor. We placed the entire assembly in a quadrature
1H-tuned volume coil (Varian), in a 9.4-T vertical wide-bore magnet. We

acquired transverse 1H images using a spin-echo pulse sequence (repetition

time (TR), 1.5 s; echo time (TE), 30 ms; field of view, 32 mm � 32 mm; data

matrix, 256 � 256; slice thickness, 2 mm; 11 slices). After injection of

hyperpolarized [1-13C]pyruvate, accomplished within 3 s, we collected 160

interleaved single transient spectra over a period of 160 s from the entire

sensitive volume of the surface coil and from a 5-mm-thick tumor slice (80

spectra from each volume). We used a pulse-acquire sequence with a slice-

selective 600-ms sinc pulse, with a nominal flip angle of 51, for slice selection.

Imaging. We acquired transverse 13C chemical-shift images from a 6-mm slice

through the tumor mass between 20 and 25 s after injection of hyperpolarized

[1-13C]pyruvate. The imaging sequence was the same as that used for the

spectroscopic measurements, with additional phase-encoding gradients pre-

ceding signal acquisition (TR, 20 ms; TE, 1.5 ms; field of view, 32 mm � 32 mm;

data matrix, 16 � 16; spectral width, 8 kHz; total acquisition time, 5 s).

Data analysis. The peak integrals from [1-13C]pyruvate and [1-13C]lactate were

fit to the following equations with Matlab Mathworks:

Lz � L1 ¼ kPP1ðZ � 1Þ
ðl+ � l�Þ ðel+ t � el

�tÞ ð4Þ

Pz � P1 ¼ P1ðZ � 1Þ
ðl+ � l�Þ ððrL + kL + l+Þel+t � ðrL + kL + l�Þel�tÞ ð5Þ

l� ¼
�ðrL + kL + rP + kPÞ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððrL + kLÞ � ðrP + kPÞÞ2 + 4kLkP

q

2
ð6Þ

l denotes the roots of the quadratic equation. At t¼ 0, Pz ¼ ZPN and Lz¼ LN,

where Z is the degree of polarization. We assumed that LN and PN are given by

the concentrations of lactate and pyruvate, respectively. The nonpolarized 13C

content was ignored, as its signal is negligible. The relaxation rates for lactate

and pyruvate were assumed to be the same. We calculated maps of lactate/

pyruvate ratios from 13C chemical-shift images. We zero-filled the data to

128 � 128 and calculated the peak integrals from baseline-corrected data in

absolute-value mode. We set the lactate/pyruvate ratios to 0 in pixels where

either the lactate or pyruvate intensities were less than 10% of the correspond-

ing maximum intensities.

Tumor extracts. We snap-froze rapidly excised tumors in a liquid

nitrogen–cooled mortar, extracted samples using 7% ice-cold perchloric acid

and acquired 1H NMR spectra from the neutralized samples (Supplemen-

tary Methods).

For measurements of LDH activity, we thawed tumor tissue in 50 mM Tris-

HCl (pH 8.2), 2 mM dithiothreitol, 2 mM EDTA and 1% Triton X-100, and

then homogenized it using a tight-fitting Potter homogenizer. We assayed

extracts as described in ref. 26 and Supplementary Methods.

Cell extracts. We extracted cells (6 � 108) using 7% ice-cold perchloric acid

and acquired 31P spectra from the neutralized samples (Supplementary

Methods). For measurements of LDH activity, we resuspended 107 cells in

50 mM Tris-HCl (pH 8.2), 2 mM dithiothreitol, 2 mM EDTA and 1% Triton

X-100, and then homogenized the mixture using a tight-fitting Potter

homogenizer. We assayed extracts as described in ref. 26 and Supplemen-

tary Methods.

Additional methods. Detailed methodology is described in Supple-

mentary Methods.
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Note: Supplementary information is available on the Nature Medicine website.
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