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Detects Glutaminase Inhibition in a Mouse Model
of Triple-Negative Breast Cancer
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Abstract

Glutamate is an important metabolite of glutaminolysis,
a metabolic pathway used by many aggressive cancers,
including triple-negative breast cancer (TNBC). With the
exception of the brain, in vivo detection of glutamate in
tissues using 1H magnetic resonance spectroscopy (MRS)
is challenging. Compared with MRS, glutamate-weighted
chemical exchange saturation transfer MR imaging
(GluCEST MRI) offers a more sensitive detection mecha-
nism that is free of glutamine interference. Here, we devel-
oped a robust, highly repeatable GluCEST MRI protocol in
mice bearing human TNBC xenografts and treated with a
potent glutaminase inhibitor, CB-839. In paired studies,
treatment with CB-839 for 2 days reduced the GluCEST
asymmetry value compared with baseline (P < 0.05, n¼ 10).

The absolute change of the GluCEST asymmetry value
was �2.5 percent points after CB-839 treatment versus
þ0.3 after vehicle (P < 0.01). Correspondingly, treatment
with CB-839 reduced tumor glutamate concentrations by
1.5 mmol/L, consistent with prior calibration between
changes of the GluCEST value versus tissue glutamate con-
centration; CB-839, however, did not change tumor intra-
cellular pH. These results demonstrate in a mouse model
of breast cancer the utility of GluCEST MRI to detect the
early response to glutaminase inhibition.

Significance: A sensitive method enables noninvasive
detection of tumor response to inhibitors of glutamine
metabolism. Cancer Res; 78(19); 5521–6. �2018 AACR.

Introduction
Glutamate plays an important role in cancer metabolism,

especially in glutaminolysis pathway, where cellular glutamate
level is associated with the catabolism of glutamine by mito-
chondrial glutaminase, GLS, activity (Fig. 1A). Recent discov-
eries in cancer metabolism have revealed that glutaminolysis is
activated in many aggressive forms of human cancers, including
the triple-negative breast cancers (TNBC). This provides strong
rationale to target the cancer-specific metabolic signature. As
the first and rate-limiting enzyme of glutaminolysis, inhibition
of GLS activity can effectively block glutamine's utilization for
macromolecular synthesis and energy (1, 2). Developing GLS-
targeted strategy is especially important for TNBC, which has

higher recurrence rate after surgical removal of the primary
tumor and is not responsive to endocrine (e.g., tamoxifen) or
HER2-targeted therapies. Several small-molecule inhibitors of
GLS were developed and a highly potent and selective GLS
inhibitor, CB-839, is undergoing clinical trials in patients with
glutaminolytic cancers, including TNBC (2, 3). In TNBC tumors
that exhibit high GLS and low glutamate synthase activity
(3, 4), previous studies revealed a direct proportional relation-
ship between GLS activity and cellular glutamate concentra-
tion. Consequently, change in the tumor glutamate level could
be a measurable indicator of GLS inhibition.

Noninvasive measurement of tissue glutamate level by in vivo
1H magnetic resonance spectroscopy (MRS) is established in
the brain, which has the highest glutamate concentration
(6�12.5 mmol/L) of all tissues (5). In non-neuronal tissues,
however, in vivo 1H MRS is not feasible to assess glutamate level
even with the sophisticated acquisition and post-processing
methods (6) owing to (i) much lower glutamate concentration
than the brain, (ii) interfering signals from lipids, and (iii) over-
lapping with glutamine resonance peaks. Therefore, a more
sensitive glutamate detection method that is free of the above
limitations is highly desirable.

Glutamate is among a few endogenous metabolites that
exhibit the chemical exchange saturation transfer (CEST)
effect (7), providing an amplification mechanism that allows
indirect detection of low concentration solute pool (such as
glutamate). Glutamate-weighted CEST (GluCEST) MRI demon-
strates greater than 100-fold increase in sensitivity over
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1H MRS detection of glutamate in the brain (8). GluCEST has
shown great utility in several neurological/psychiatric applica-
tions (9–11). However, its ability to assess the pharmacody-
namics of drugs targeting cancer glutaminolysis has not been
examined.

Radio-labeled glutamate analogs detectable by PET, such as
18F-fluoroglutamate (12) or 18F-FSPG (13), are very sensitive
but their signals represent cellular glutamate transporter activ-
ity rather than the endogenous glutamate level in the tissue. To
our knowledge, GluCEST MRI is the only method that has the
sensitivity potentially suitable for noninvasively assessing
changes in tumor glutamate level. On the basis of the mech-
anistic link between cellular glutamate level and GLS activity in
TNBC, we hypothesized that a reduction of overall GluCEST
signal would be observed in TNBC tumors responding to GLS
inhibitor. To test this hypothesis, we conducted the first fea-
sibility study of GluCEST MRI as a therapeutic marker of GLS
inhibitor.

Materials and Methods
Human TNBC cell line, HCC1806 (ATCC), exhibiting high

GLS activity (3), was authenticated using the Short Tandem
Repeat DNA profiling and was tested to be free of Mycoplasma
by agar culture and Hoechst DNA staining. Cells within 50
passages were used. GLS inhibitor, CB-839 (Calithera Bios-
ciences) was obtained via a material transfer agreement.

Tumor inoculation, treatment, and imaging schedule, quan-
tification of aqueous metabolites concentration in tumor tissue
and cell extracts, in vivo measurement of tumor intracellular
pH by 31P MRS are described in the Supplementary Methods.
Animal studies were approved by local Institutional Animal
Care and Use Committee.

In vivo GluCEST MR imaging was performed on a 9.4
Tesla horizontal bore MR spectrometer (Agilent). A custom-
built slotted-tube cylindrical resonator (13-mm inner diameter
�16.5-mm height) tuned to 1H was installed underneath a flat
plastic platform on which the mouse was lying on its side
with the flank tumor fit inside the resonator cylinder. The
mouse was anesthetized with 1% to 2% isoflurane (mixed in
air at 1 L/min) whereas the respiration and temperature were

monitored, and the rectal temperature was maintained at
37� 0.2�C by warm air (SA Inc.).

Homogeneity of the static magnetic field (B0) was improved by
shimming of the entire tumor using the point-resolved spectros-
copy (PRESS) technique. For imaging, a single, 10-mm thick slice
was planned to include the entire tumor (<10 mm in any dimen-
sion). To minimize the effect of respiration motion, the slice
direction was parallel to the diaphragm motion. This slice was
used for acquiring the B0 and radiofrequency field (B1) map (14),
GluCEST and T2-weighted (T2W) gradient echo images with
a matrix size of 128 � 128 over a field of view (FOV) of 25 �
25 mm2. B0 map was acquired using the Water Saturation
Shift Referencing (WASSR) technique (15): A saturation pulse
of 400msec duration was applied with B1 of 0.3 mT and Dw in the
range of �1 to þ1 ppm with 0.1 ppm increment.

CEST images were acquired using a saturation pulse consist-
ing of 4 square pulses of 250 msec each with a 4 msec inter-
pulse-delay and a 64-segment GRE readout (segment TR/TE ¼
6.7/3.4 msec). The B1 was optimized to 5.9 mT (250 Hz) to
adequately saturate the amine protons on glutamate (9) and
was applied with offset frequencies of �2.5, �2.75, �3, �3.25,
�3.5 ppm in reference to the bulk water. For each offset
frequency, four acquisitions were executed with an 8-sec inter-
val to allow T1 recovery. Within-subject variability was assessed
by test-retest study, where two GluCEST imaging sessions were
performed on the same mice in a single same day and the mice
were recovered from the anesthesia and returned to the cage
during the interval.

CEST images were first corrected for B0 and B1 inhomogeneity
(8). On the basis of the B0 and B1map, the tumor region in which
the B0 and relative B1 were within [�0.4 to 0.4] ppm and [0.8–
1.2], respectively was processed to generate pixel-wise GluCEST
asymmetry map using Eq. A (7), where the MTRasymm is normal-
ized to the signal losses by direct water saturation and magneti-
zation transfer contrast at -Dv:

GluCESTasym Dv¼3 ppmð Þ ¼
Msat �Dvð Þ �Msat þDvð Þ

Msat �Dvð Þ
� 100% ðAÞ

TheMsat (� Dv) are images obtained with saturation at a 'þ' or
'�' offset frequency (Dw) to the water resonance. The GluCEST

Figure 1.

Metabolic pathway of glutaminolysis in cancer and cellular glutamate level in TNBC cells after vehicle (VEH) or GLS inhibitor (CB-839) treatment.
A, Mitochondrial glutaminase (GLS; kidney type) catalyzes the conversion of glutamine to glutamate, the first and rate-limiting step of
glutaminolysis pathway. B, Cellular glutamate concentrations (mmol/g protein) after TNBC cells (HCC1806) were exposed to the vehicle (0.01%
DMSO in culture media; n ¼ 2) or 1 mmol/L CB-839 (in same amount of DMSO; n ¼ 2) for 24 hours, followed by extraction of aqueous metabolites
(Supplementary Methods).
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asymmetry value is presented in percent point. In addition to
the GluCEST scans, complete MTRasymm analysis was applied on
one animal before and after CB-839 treatment. For this, all the
acquisition parameters were the same as GluCEST except the
Dv was ranged [�5 to þ5]ppm with the step size of 0.2 ppm.
The pre- and post-treatment data was processed using a
MATLAB script to generate the z-spectrum and MTRasymm from
the tumor region.

Statistical analysis
Data are presented as mean � standard deviation (SD)

unless specified otherwise. Repeatability was evaluated by
Coefficient of variation (CV ¼ mean/SD). Statistical signifi-
cance was evaluated by two-sided Student t tests with a ¼ 0.05
using GraphPad 6.

Results
To assess the extent of glutamate reduction induced by GLS

inhibition (Fig. 1A), we first measured the absolute glutamate
concentration in TNBC cells using high-resolution 1H MRS of
aqueous extracts. We found that CB-839 induced a profound
reduction of cellular glutamate concentration: glutamate level in
vehicle (VEH)-treated cellswas approximately 19-foldofCB-839–
treated cells (Fig. 1B), confirming that cellular glutamate level is
sensitive to inhibition of GLS activity.

The T2W image and GluCEST map (overlaid on T2W image)
from two CB-839 treated mice are shown in Fig. 2A–D, reveal-
ing a clear reduction in GluCEST value in response to the GLS
inhibition. In contrast, there was no change of average GluCEST
value after VEH treatment (Fig. 2E–H). The B0 and B1 maps
and their mean values indicate good B0 and B1 homogeneity
obtained at baseline and post-treatment scans (Supplementary
Fig. S1A and S1B). The tumor region that meets both B0 and
relative B1 homogeneity cutoff accounted for averagely 85%
of the entire tumor volume. Pixel-wise GluCEST was measured
from this region to derive GluCEST map. This protocol led
to robust test-retest repeatability: The SD of tumor GluCEST
value is 0.3 percent point and CV (SD/mean) is 0.016. There-
fore, a measured change of GluCEST value � 1.5 percent points
(i.e., 5 � SD) would be highly reliable (not by chance).

Paired GluCEST values were obtained at baseline and post-
treatment (Fig. 3A): CB-839 induced a reduction of GluCEST in 9
out 10 mice (P < 0.05 comparing baseline vs. post), whereas little
change detected in VEH-group (n ¼ 7). On average, CB-839
induced an absolute 2.5 percent points decrease of GluCEST value
whereas VEH led to a 0.28 percent point increase. Compared with
the baseline, GluCEST was decreased 11.3% after CB-839 but
increased 1.6% after VEH treatment (P < 0.001, Fig. 3B). Analyses
of z-spectra obtained before and after CB-839 treatment were
consistent with the extent ofMTRasymm reduction at approximate-
ly 3 ppm (Supplementary Fig. S2). Tumor size did not change

Figure 2.

In vivo GluCEST MRI of the tumor.
Representative T2W anatomic image
and GluCEST map (overlaid on T2W
image) at baseline and post-treatment
from two CB-839–treated mice
(A–D) and two VEH-treated mice
(E–H). The GluCEST map (in color
scale) includes the region that meets
both B0 and B1 homogeneity criteria
(see text), thus it is slightly smaller
than the tumor delineated on the T2W
image (grayscale). Note that the single
slice includes the entire tumor,
although the tumor appears slightly
different in the baseline and
post-treatment image due to the
positioning of the mice.

GluCEST MRI Detects Inhibition of Cancer Glutaminase

www.aacrjournals.org Cancer Res; 78(19) October 1, 2018 5523

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/78/19/5521/2771130/5521.pdf by guest on 19 M

ay 2023



significantly after the short course of CB-839 treatment whereas it
was increased significantly in the VEH group (Fig. 3C). Impor-
tantly, the 2-day exposure to the GLS inhibitor had little effect on
tumor pHi estimated by in vivo 31PMR spectroscopy: pHi was 6.96
at baseline, 6.90 after CB-839 and 6.93 after VEH treatment
(Fig. 3D).

To assess the potential contribution of tumor glutamate and
other metabolites to the GluCEST MRI signal, tumor tissues from
mice treated by CB-839 or VEH (the same dose/duration as the
imaging study) were harvested by freeze-clamping and extracted
for 1H MRS (detailed in Supplementary Informationr; ref. 16).
Representative 1H MR spectra of the tumor extract are shown for
VEH (Fig. 4A) and CB-839–treated mouse (Fig. 4B). Compared
with the VEH controls, CB-839–treated group had a 3-fold lower
glutamate concentration (P ¼ 5.4 � 10�5, Fig. 4C). Besides Glu,
other 1H MRS quantifiable major metabolites were listed in
Supplementary Table S1, which revealed a moderate decrease of
tumor alanine (9.7%) in response to CB-839 treatment but no
significant change in choline or lactate level. This suggests that
commonly used breast cancer markers (choline and lactate)
detectable by in vivo 1H MRS are not sensitive for early detection
of GLS inhibition.

Discussion
GLS inhibitors represent a new category of drugs, which are

directed at specific metabolic signatures of the tumor, and unlike
chemotherapy, they do not induce rapid cell death or tumor

shrinkage (3). Hence, their therapeutic effect, especially early
responses of the tumor cannot be sufficiently evaluated by the
tumor size. Meanwhile, other established markers for breast
cancer therapy such as FDG-PET, lactate and/or choline detected
by in vivo MRS are not sensitive to GLS inhibition (Supple-
mentary Table S1). In this study, we demonstrated the feasibility
of GluCEST MRI to detect early therapeutic responses of
tumor to GLS inhibition. CEST MRI of endogenous metabolites
including the amide proton transfer (APT; ref. 17) and GluCEST
has a great potential to reach the clinic because it does not
need any exogenous contrast media and can be performed on
the existing 3T (for APT) and high field 7T (for GluCEST) MRI
scanners (18).

Glutamate-weighted nature of the GluCEST value is sup-
ported by our experimental condition and results. First, APT
and glutamine have negligible contribution because the B1

saturation required for GluCEST detection is not suitable for
observing APT effect (19). Minimal contribution of glutamine
to the GluCEST signal was demonstrated at 7T MRI scanner
using phantoms containing 2 mmol/L (8) and 10 mmol/L
glutamine (both phantoms pH �7; Supplementary Fig. S3),
respectively. Under our study conditions with tumor gluta-
mine at 0.7 to 2.1 mmol/L range (Supplementary Table-S1)
and pH �7, glutamine contribution to GluCEST signal would
be negligible. Second, owing to short treatment regimen
(2-day) and specificity of CB-839 (3), which blocks
conversion of glutamine to glutamate, the mobile protein
concentration may remain unchanged while the change of

Figure 3.

The GluCEST MRI value, tumors size, and
intracellular pH in response to
glutaminase inhibitor treatment. A,
Paired GluCEST MRI values pre and post
VEH (n ¼ 7) or CB-839 (n ¼ 10)
treatment. B, The percentage of change
of the GluCEST value (¼ post/pre-1).
Sample size is the same as in A. C, Tumor
size pre- and post-treatment (the
same cohorts of mice as in A). D, In a
separate cohort, intracellular pH of
tumor pre- and post-treatment (n ¼ 3
for each treatment arm).
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glutamate concentration would have major contribution
to the change of GluCEST asymmetry with modest contribu-
tion from Ala (Supplementary Table S1). Third, CB-839 low-
ered the tumor glutamate concentration by approximately
1.4 mmol/L corresponding to 2.5 percent points decrease in
tumor GluCEST value, suggesting that each mmol/L change in
glutamate concentration corresponds to 1.7 percent points
change of the GluCEST value, consistent with the GluCEST
sensitivity estimated in our previous study (20) plus modest
contribution of Ala.

We have established a protocol that was insensitive to
respiration motion and has robust test-retest repeatability
(CV ¼ 0.016), and as such, the 2.5 percent points reduction
in GluCEST value after CB-839 treatment is reliable and sig-
nificant (Fig. 3A). This absolute change represents 11.3%
reduction from the baseline value (P < 0.001 compared with
VEH controls). The minimal decrease of tumor pHi

(<1%, Fig. 3D) induced by CB-839 was not likely to impact
the GluCEST value, but even it had, it would cause an increase
of post-treatment GluCEST value, leading to an underestima-
tion of the treatment effect. Meanwhile, a modest decrease
(9.7%) in tumor Ala level (Supplementary Table S1) could
have contributed to the overall reduction of GluCEST value
mediated by GLS inhibition. Since Ala also exhibits GluCEST
effect and the cellular glutamate and Ala pool are coupled via
the alanine transferase (ALT) reaction (Fig. 1A), a decrease of
Ala concentration accompanying the decrease of glutamate
concentration would serendipitously increase the GluCEST
sensitivity to GLS inhibition.

The change in the glutamate level in response to GLS inhib-
itor is much larger in cells (Fig. 1B) than in tumors (Fig. 4C),
likely due to high drug concentration maintained in the culture

media compared with mice in which rapid clearance and poor
perfusion would certainly reduce tumor exposure to the drug.
Our data revealed a relatively high baseline tumor GluCEST
value of 18%� 2% corresponding to a relatively low glutamate
concentration in the tumor (2.1 � 0.7 mmol/L), suggesting
contributions of other amine protons. Compared with normal
tissues such as the brain, proliferating tumors have a higher
level of mobile proteins hence the associated amine protons
could have contributed to the absolute GluCEST value. There-
fore, it is not the absolute GluCEST value but its decrease that
serves as a marker of GLS inhibition.

GLS inhibition results in a decrease of steady-state cellular
glutamate concentration and an increase of glutamine concen-
tration. Our earlier work has shown that PET imaging of [18F]
(2S,4R)4-Fluoroglutamine, a glutamine analog, can detect
changes of the tumor glutamine level induced by CB-839 (16).
Because the glutamate-to-glutamine-ratio would better represent
the degree of GLS inhibition and would be more sensitive than
glutamate or glutamine alone, GluCEST MRI and Fluorogluta-
mine PET could be combined to optimally evaluate GLS-inhibit-
ing drugs in future studies.

Our study has limitations. We examined a TNBC tumor
model with relatively high GLS activity (3). Future studies
should include a panel of TNBC lines with a range of GLS
activities to further test the GluCEST utility. An intrinsic lim-
itation of the GluCEST MRI is the requirement of high magnetic
field (�7 T) due to the intermediate exchange rate of the
glutamate amine proton (9). Recent FDA approval of 7T MRI
scanner will boost the applications of GluCEST, which has been
successfully implemented to investigate human neurological/
psychological diseases (11). Although challenges such as the
presence of tumor microcalcification are expected, the clinical

Figure 4.

Metabolites in perchloric acid–extracted tumor samples. Representative 1H MR spectrum of the perchloric acid extract of the tumor from VEH (A)- and CB-839 (B)-
treated mouse. Both spectra were scaled to the reference trimethylsilyl propanoic acid (TMSP) peak at 0 ppm. Insets, the H4 resonances of glutamate and
glutamine. C, The tumor glutamate concentration (mmol/g of wet tissue) after four doses of VEH or CB-839 treatment. Glu, glutamate; Gln, glutamine;
Ala, alanine; Lac, lactate.
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application of GluCEST MRI may be motivated by its unique
ability to assess cancer glutaminolysis and therapies targeting
this metabolic signature.
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