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Metabolic Reprogramming and Validation of Hyperpolarized 13C
Lactate as a Prostate Cancer Biomarker Using a Human Prostate
Tissue Slice Culture Bioreactor

Kayvan R. Keshari1, Renuka Sriram1, Mark Van Criekinge1, David M. Wilson1, Zhen J.
Wang1, Daniel B. Vigneron1, Donna M. Peehl2, and John Kurhanewicz1,*

1Department of Radiology and Biomedical Imaging, University of California, San Francisco,
California
2Department of Urology, Stanford University School of Medicine, Stanford, California

Abstract
BACKGROUND—The treatment of prostate cancer has been impeded by the lack of both
clinically relevant disease models and metabolic markers that track tumor progression.
Hyperpolarized (HP) 13C MR spectroscopy has emerged as a new technology to investigate the
metabolic shifts in prostate cancer. In this study, we investigate the glucose reprogramming using
HP 13C pyruvate MR in a patient-derived prostate tissue slice culture (TSC) model.

METHODS—The steady-state metabolite concentrations in freshly excised human prostate TSCs
were assessed and compared to those from snap-frozen biopsy samples. The TSCs were then
applied to a perfused cell (bioreactor) platform, and the bioenergetics and the dynamic pyruvate
flux of the TSCs were investigated by 31P and HP 13C MR, respectively.

RESULTS—The prostate TSCs demonstrated steady-state glycolytic and phospholipid
metabolism, and bioenergetics that recapitulate features of prostate cancer in vivo. 13C spectra
following injection of HP 13C pyruvate showed significantly increased pyruvate to lactate flux in
malignant as compared to the benign prostate TSCs. This increased flux in the malignant prostate
TSCs correlated with both increased expression of monocarboxylate transporters (MCT) and
activity of lactate dehydrogenase (LDH).

CONCLUSIONS—We provide the first mechanistic evidence for HP 13C lactate as a prostate
cancer biomarker in living human tissues, critical for the interpretation of in vivo studies. More
broadly, the clinically relevant metabolic model system in combination with HP MR can facilitate
the identification of clinically translatable biomarkers of prostate cancer presence, aggressiveness,
and treatment response.
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INTRODUCTION
Prostate cancer is the second most common cancer occurring among Americans, with
241,740 men diagnosed in the United States in 2012 [1]. Increased screening using serum
prostate-specific antigen (PSA) and extended-template transrectal ultrasound (TRUS)-
guided biopsies have led to the earlier detection and staging of patients [2], but clinical
management remains difficult. This difficulty is due to the biological diversity in prostate
cancers, resulting in varied treatment approaches, including active surveillance and, if
aggressive tumor is suspected, surgical removal, radiation and focal therapies [3].
Additionally, many prostate cancers may remain indolent without metastasizing, proving to
have no effect on the quality of life of the individual [4]. Unfortunately, the natural
progression of tumors as well as their response to therapy cannot be confidently predicted
with current clinical or imaging biomarkers [5].

Development of biomarkers of both prostate cancer aggressiveness and response to therapy
requires a robust model that accurately represents human disease. Therapeutics tested using
currently available models of prostate cancer have resulted in poor translation to effective
clinical treatments [6]. In many recent reviews, the lack of clinically relevant models has
been cited as one of the limiting factors in the development of robust cancer drugs [7,8].
Typically, several models are used to evaluate pre-clinical activity of experimental
compounds including monolayer primary and immortalized cell cultures, co-cultures of
stromal and epithelial cells, three-dimensional cultures in matrices, and murine models.
However, these models each have deficiencies [9]. It is nearly impossible to recapitulate
complex cell–cell and cell–matrix interactions in traditional monolayer and three-
dimensional cell cultures of prostate cancer [10,11]. Such interactions are critical for
studying in vivo prostate cancer metabolism and the metabolic reprogramming that occurs
(Fig. 1a) with tumor progression. Although transgenic mouse models, such as TRAMP [12]
and PTEN knockouts [13], demonstrate several key aspects of human prostate cancer, there
are a number of important differences between these animal models and human disease.
First, the rodent gland is anatomically different from the human gland in its multiple free-
lobe configuration, resulting in significantly less stroma about the epithelial acini and ducts
than seen in the human prostate. Second, transgenic mouse models of prostate cancer, due to
their genetic construction, initiate and progress at a faster rate than the human disease [14].
The transgenic components driving oncogenesis are continuously “on” throughout the
epithelium of the rodent gland, a feature not seen in human prostate cancer [9]. Additionally,
these models have difficulty recapitulating Gleason grades (particularly Gleason 3), since
they rapidly progress to a poorly differentiated state [15]. A final significant difference is
that the rodent models have a low incidence of bony metastases at the advanced stage, while
human prostate cancer is marked by widely disseminated bony disease. These differences
suggest that there are significant pathophysiological differences between artificial animal
and cell models of prostate cancer and the human disease.

Preliminary work in primary human tissue slice culture (TSC) suggests that the applications
of prostate TSCs could provide a model that is closer to the human condition [16]. These
slices are precision-cut from fresh tissues obtained during surgery and cultured on a rotary
apparatus that takes the TSCs in and out of gaseous and liquid phases. This process provides
optimal nutrient and gas exchange, and maintains the tissue viability. TSCs provide a
preserved 3D architecture, thereby maintaining essential cell–cell interactions in the
extracellular matrix of prostatic tissue [16–18]. It is possible to culture these primary tissue
slices for the study of genomics, proteomics, and metabolomics prior to and following
experimental therapeutics [18,19]. Moreover, TSCs of multiple types can be easily selected
for analysis, including primary tumors of varying Gleason grade, metastases, and the normal
prostate gland. This feature is especially important, since low grade (Gleason 3) lesions may
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be distinguished from high grade (Gleason 4/5) cancer, a major goal of biomarker discovery.
Therefore TSCs may serve as an ideal model for the development of clinically translatable
biomarkers of prostate cancer presence, aggressiveness, and response to therapy.

Hyperpolarized (HP) 13C MR is an emerging technique that allows for the rapid and non-
invasive study of metabolism [20]. Typically a 13C-labeled probe is polarized using the
dynamic nuclear polarization (DNP) method, and injected into a living system where the
substrate is metabolized and its products imaged in real time [21,22]. Hyperpolarization
provides the necessary enhancement (>10,000-fold increase in signal to noise) to observe
metabolites that are crucial for understanding and monitoring cancer metabolism, but are
beyond the detection threshold of traditional MR. HP probes can be used to investigate
dynamic metabolic processes as well as disease phenotypes [23]. This technology lends
itself to not only individual endogenous probes, but also their combination for the evaluation
of multiple processes simultaneously [24]. HP 13C MR has been successfully applied to cell
culture bioreactors, perfused organs, and animal models. More recently, HP 13C pyruvate
studies have been performed in a Phase 1 safety trial in prostate cancer patients [25].

Although this trial demonstrated the safety of HP 13C pyruvate, and confirmed that HP 13C
lactate signals can be observed in the human prostate, additional mechanistic studies are
needed to interpret these in vivo results with direct correlations to tissue pathology,
histochemistry, and genetic analyses. Freshly excised human tissue slices (TSCs) interfaced
with HP MR provide an ideal platform to perform these mechanistic studies, both for 13C
pyruvate and other clinically translatable probes. In this study, we first characterized the
steady-state metabolism of prostate TSCs and compared to that of immortal cell-lines,
primary prostate cancer cells, and patient-derived prostate biopsy samples. We then
investigated the steady-state bioenergetics and dynamic metabolic flux in human prostate
tissues using HP 13C pyruvate in an MR-compatible bioreactor. We showed, for the first
time, that prostate TSCs recapitulate features of prostate cancer in vivo, and that the glucose
metabolic reprogramming in human prostate cancer tissues can be rapidly visualized using
clinically translatable HP 13C pyruvate.

MATERIALS AND METHODS
See Supplementary methods for full descriptions of the abbreviated methods below.

Cell Culture: PC-3, VCaP, Primary Prostate Cancer Cells
PC-3 cells, an androgen insensitive cell line derived from a prostate cancer vertebral
metastasis [26] were obtained from American Type Culture Collection (ATCC, VA;
obtained June 2010; authentication performed at ATCC was via Short Tandem Repeat
(STR) Profiling). VCaP cells, which express the androgen receptor, were also originally
isolated from a vertebral metastasis [26] and the line was obtained from ATCC (obtained
June 2009; authentication performed at ATCC was via STR Profiling). PC-3 and VCaP cells
were grown to 80% confluency in Dulbecco's Modified Eagle's medium (DMEM) with high
glucose and supplemented analogous to the PFMR-4A previously described [27], which
included 10 nM R1881. Primary prostate cancer cells were isolated from radical
prostatectomy patients and cultured as previously described [28] and samples from both
patients of Gleason grade 4 were used. For the labeling studies, medium was aspirated from
the culture flask and replaced with DMEM containing 5 mM [3-13C] pyruvate (Isotec,
Miamisburg, OH) and 1 mM unlabeled glucose for 2 hr.
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Acquisition and Preparation of Human Prostate Biopsies (BYs)
This study was approved by the UCSF Institutional Review Board (IRB), and informed
consent was obtained from all patients. TRUS-guided prostate biopsies were acquired from
previously untreated patients (mean age = 64 ± 10 years [range: 1.6–115.9 μg/L]). Biopsies
were immediately placed in individual cryovials and snap-frozen on dry ice (≤15 sec), and
then stored at –80°C and analyzed within 2 weeks of harvesting, as previously described
[29].

Prostate Tissue Slice (TSC) Acquisition and Culture
Fresh tissue cores (8-mm diameter) from radical prostatectomy specimens were embedded
in agarose, mounted in a Krumdieck tissue slicer (Alabama Research and Development,
Munford, AL) and rapidly sectioned (250–300 μm thickness) while immersed in chilled
physiologic fluid. The tissue slices were then cultured in the same PFMR-4A medium as cell
studies on a rotator inside of a standard cell culture incubator as previously described
[17,18,27]. Following culture, the slices were either used in the bioreactor for
hyperpolarized carbon MR or used for HR-MAS experiments.

High-Resolution Magic Angle Spinning (HR-MAS) NMR
1H HR-MAS spectroscopy was performed at 11.7 T (500 MHz for 1H), 1°C, and a 2,250 Hz
spin rate using a Varian INOVA NMR spectrometer equipped with a 4-mm gHX nanoprobe
(Varian Inc., Palo Alto, CA). Fully relaxed pulse-acquire spectra were acquired with a 2-sec
presaturation delay, 2-sec acquisition time, 40,000 points, 20,000-Hz spectral width, 128
transients, and 4 steady-state pulses. T1 relaxation parameters were measured using an
inversion recovery scheme and similar parameters as previously described [30,31].
Additionally, Carr-Purcell-Meiboom-Gill (CPMG), 1H–1H TOCSY, and 1H–13C HSQC
spectra were acquired as previously described [28,29,32].

3DMR-Compatible Bioreactors
Tissue slices were then transferred to either an MR-compatible bioreactor or processed for
pre-culture histopathological analysis. The custom designed bio-reactor is a completely
contained 3D culture system with a continuous flow of 37°C media [33] (perfused with the
same medium as was used for cell culture).

Hyperpolarized MR
Hyperpolarization was conducted by the DNP method using the HyperSense (Oxford
Instruments, Oxford, UK) to an average polarization of 20% as previously published
[34,35]. The compound polarized was a mixture of [1-13C]pyruvic acid (14.2 M) and the
trityl radical OX063 (15 mM, GE Health, Menlo Park, CA). Samples were dissolved in a
dissolution solution containing NaPO4 (50 mM)/ethylenediaminetetraacetic acid (EDTA)
(0.3 mM) to bring the sample to 10 mM and average pH of 7.5. A solution of 1 ml of the HP
pyruvate was injected into the bioreactor system with continuous flow [33].

Histopathology
Immortal cell lines (PC-3 and VCaP), primary prostate cancer cells derived from patients,
human biopsies and TSCs were fixed in formalin, embedded in paraffin, sectioned at 5-mm.
For each sample, adjacent sections were stained with hematoxylin and eosin (H&E) and
Ki-67 nuclear antigen staining. For Ki-67, the slides were incubated for 60 min with a
monoclonal mouse Ki-67 antibody, clone MIB-1 (M7240, Dako, Copenhagen), diluted
1:100 at room temperature. Secondary antibody was peroxidase labeled HRP polymer
(Dako) and incubated for 60 min. The antigen localization was achieved by the DAB-
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chromogen (Dako). Nuclei were considered Ki67-positive if any nuclear staining was
present, regardless of staining intensity.

The pathology slides were reviewed by two trained pathologists on two separate days. They
determined the percentage of benign epithelium, benign stroma, the percentage and grade of
prostate cancer, and the percentage of the cancer that stained positive for Ki-67. Samples
containing more than 5% of other confounding pathologies, including chronic inflammation
(prostatitis), high-grade prostatic intraepithelial neoplasia (HGPIN), corpora amylacea
(inspissated secretions), mucin, and atrophy were excluded from the analysis. For malignant
biopsies and TSCs, tissue that contained >35% cancer cells were included in this study
(average % cancer in biopsies—73 ± 6% and average % cancer in TSCs—51 ± 10%, both
groups 50% Gleason grade 3 and 4). A Ki-67 labeling index was defined as the percentage
of positively staining cells for each cell type, as determined by counting approximately
1,000 cells of that type. Pathology readings and Ki-67 labeling index were then recorded
into a database and averaged for both readers and days. For TSC post-bioreactor
experiments, the two pathologists used a five-point scale (1 = excellent, 5 = poor) to
quantify the quality of the pathology after perfusion as previously described [36].

Biochemical Assays
Lactate dehydrogenase (LDH) activity was assayed using standard methods. qRT-PCR for
the expression of the monocarboxylate transporters (MCT1 and 4) as well as LDHA utilized
primers purchased from Applied Biosystems (Foster City, CA). Expanded methods are listed
in Supplementary Methods.

Data Analysis and Statistics
All NMR data was processed using a combination of ACD Lab 1D and 2D NMR processor
(version 9; ACD/Labs, Toronto, Canada) and jMRUI. Peak areas or volumes were integrated
and used to derive the necessary concentrations. All statistics were calculated using JMP
software (SAS Corporation, Cary, NC). Significance was reported using a two-sided
Student's t-test for all comparisons and a P-value < 0.05.

RESULTS AND DISCUSSION
Relaxation Parameters and Histopathology Confirm Preserved Glandular Architecturein
Prostate TSCs

After the prostate was surgically removed, cores were taken from benign and malignant
areas and TSCs incubated in serum-free medium. To characterize the structural state of this
tissue, both spin–lattice (T1) and spin–spin (T2) relaxation constants were determined for the
relevant metabolic intermediates in TSCs after 2 hr in culture. These parameters would be
expected to change if the culture process impacted the tissue architecture, due to changes in
the nuclear environment. For example, if the glandular structure were disrupted, the citrate
T1 and T2 would change due to the loss of ductal structure. As anticipated, both T1 and T2
relaxation rates of various metabolites in the TSCs were not significantly different from
those previously published for prostate tissues (Table S1) [30]. This result implies that both
the ductal morphology of the benign glandular prostatic tissue as well as the malignant
architecture are preserved in these TSCs. This result is further validated in formalin-fixed
and paraffin-embedded TSCs (Fig. 2c), in which H&E staining demonstrates preserved
cellular architecture post ex vivo culture.
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1HHR-MAS Studies Indicate That Prostate TSCs Approximate Snap-Frozen Biopsy
Samples With Respect to Steady-State Citrate, Lactate, Glutamate, Choline And Polyamine
Concentrations

Metabolism is dynamic and fluctuates depending on the interaction of genes, proteins, and
the environment. To better understand the HP pyruvate metabolism, we first evaluated
steady-state metabolite concentrations in prostate TSCs and compared them to those found
in immortalized prostate cancer cells (PC-3 and VCaP cell lines), primary human prostate
cancer cells, and snap-frozen, patient-derived prostate biopsy samples (BYs). The snap-
frozen, patient-derived prostate biopsy samples have been shown to reflect metabolism of
the in vivo prostate in patients [29,36]. High levels of citrate (derived from tricarboxylic
acid (TCA) cycle metabolism) and polyamines are hallmarks of normal prostate metabolism
and are typically observed in vivo (Fig. 1) [37]. Figure 2a demonstrates that metabolite
concentrations seen in snap-frozen prostate biopsies and TSCs cultured for 2 hr are similar
as measured by 1H HR-MAS. The cit-rate and polyamine metabolism of the normal prostate
was recapitulated in TSCs from benign tissues, and is similar to that of prostate biopsies.
Both citrate and polyamines were significantly higher in benign compared to malignant
TSCs (Fig. 2b, P < 0.001 for citrate and 0.03 for polyamines). Although levels of citrate
were lower in both malignant and benign TSCs as compared to biopsies, polyamine levels
were not significantly different between TSCs and prostate biopsy samples. In contrast to
the prostate TSCs and biopsies, citrate and polyamines were not detected in immortal cell
lines (PC-3 and VCaP) or primary prostate cancer cells in culture.

Levels of lactate for both benign and malignant TSCs were on the same order as those in
their biopsy counterparts. Also, lactate levels were lower in prostate TSCs than in the
immortal PC-3 cells and primary prostate cancer cells (Fig. 2b and Fig. S1). These
differences in the lactate levels highlight the differences in glycolytic metabolism between
primary tissues and isolated cells in culture. Although increased aerobic glycolysis [38] is a
feature of both malignant prostate TSCs and prostate cancer cells, the production of lactate
in either benign or malignant human tissues is not on the same order as that observed in cells
in monolayer culture. It is important to note that increased glycolysis with lactate production
in prostate cancer, although significant, is difficult to visualize in conventional in vivo 1H
MRSI of the prostate, since lactate signals overlap the nearly insuppressible periprostatic
lipids [39].

Steady-state concentrations of glutamate in prostate TSCs were similar to those of biopsies,
while dramatically different from both immortal and primary prostate cancer cells (Fig. 2b).
Both PC-3 and primary prostate cancer cells demonstrated extremely elevated levels of
glutamate, in contrast to the low concentration in VCaP cells. Low steady-state levels of
glutamate in VCaP cells, which are derived from a vertebral metastatic lesion [26], were
most likely the result of its cataplerotic use as a building block in other synthetic pathways
[40]. In normal prostate metabolism, citrate is produced at high levels and secreted into the
prostatic ducts. This citrate is generated via shunting of the tricarboxylic acid (TCA) cycle at
aconitase due to the accumulation of high levels of mitochondrial zinc and the subsequent
transport of citrate out of the cell (Fig. 1a) [41]. It has been postulated that in prostate
cancer, the zinc transporters hZIP1 and hZIP3 are down regulated, resulting in a decreased
intracellular concentration of zinc, increased aconitase activity and thus increased
incorporation of carbons into TCA [42]. Shifting of these carbons back into TCA cycle leads
to increased aketoglutarate, which is in equilibrium with glutamate. Accordingly, we
observed a 31% increase in steady-state glutamate in both malignant prostate biopsies and
TSCs as compared to their benign counterparts (Fig. 2b). Moreover, with increased carbon
flux into the TCA cycle, the concentrations of several TCA intermediates are increased,
yielding essential building blocks for cataplerotic use in rapid cell division, including
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nucleotides and fatty acids. Additionally, the increase in glutamate could be coupled to an
increase in glutaminolysis [43], further increasing glutamate concentrations. This metabolic
switch in response to zinc levels is difficult to modulate in both cell culture and animal
models, though it is readily observed in TSCs, highlighting the relevance of TSCs as a
realistic model system to recapitulate the in vivo human condition.

The Kennedy cycle is responsible for the metabolism of phospholipids, and changes in this
pathway have been implicated in most cancers including breast, prostate, and brain [44]. To
meet the demands of increased cellular proliferation, flux through the Kennedy cycle is
increased, resulting in increased concentrations of phosphorylated intermediates such as
phosphocholine and glycerophosphocholine. These intermediates have been studied in the
context of therapies that inhibit Kennedy cycle flux and cell division. Typically, immortal
cell lines demonstrate extremely high levels of Kennedy cycle intermediates, and PC-3 cells
are no exception. The total choline levels of PC-3 cells, when normalized to creatine, were
3.5-fold higher than those of malignant prostate biopsies and 4.9-fold higher than those of
malignant TSCs (Fig. 2b). Conversely, VCaP cells demonstrated low levels of total choline,
below those of benign biopsies and TSCs. Total phosphorylated choline was also increased
in malignant TSCs and biopsies relative to their benign counterparts, but both were
significantly lower than that of PC-3 cells (Fig. S1). Interestingly, both VCaP and primary
prostate cancer cells demonstrated lower levels of both phosphorylated and total choline as
compared to malignant biopsies and TSCs. These phospholipid differences were coupled
with differences in the cellular proliferation index, as measured by the nuclear antigen Ki-67
staining [32]. PC-3 cells exhibited the highest percentage of Ki-67 positive cells (90%), with
VCaP and primary prostate cancer cells on the order of 40% positive. On the other hand,
prostate biopsies and TSCs demonstrated significantly lower proliferation index, on the
order of 5– 10% (P < 0.001, Fig. 2e).

It is important to note that differences in metabolism between TSCs and cell cultures are in
part due to the variety of cell types present in tissue, consistent with the human situation,
rather than a pure population of cancer cells. Additionally, this micro-environmental
difference results in stromal–epithelial interactions, which are absent in cell cultures.
Stromal–epithelial interactions are known to be extremely important in normal prostate
biology, the development and progression of prostate cancer [45,46], and response to
therapy [47]. The lack of tumor micro-environmental factors in prostate cancer cell cultures
also contributes to their unnaturally rapid mitotic rate relative to the human situation [32]
that also further impacts the observed metabolic profile. The purpose of cell culture and TSC
metabolic profile comparisons was to show the wide range of metabolic profiles and their
deviation from the in situ patient situation (snap-frozen biopsy metabolic profiles). This has
important implications for metabolic biomarker development. Taken together, these data
suggest that isolated cells in culture are not an appropriate surrogate for human prostate
cancer, due to their high levels of phospholipid intermediates, and high proliferation rates. In
contrast, TSCs provide a model that more closely approximates the in vivo human condition.

Intracellular [3-13C] Pyruvate Labelingin Culture Demonstrates Increased Fractional
Enrichment of [3-13C] Lactate and Decreased Fractional Enrichmentof [4-13C] Citratein
Malignant TSCs

Pyruvate is at the entry point of several important energy and biosynthesis pathways, and
has a central role in cellular metabolism. In order to understand the changes in HP pyruvate
metabolism in TSCs and in vivo, we evaluated the intracellular [3-13C] pyruvate labeling of
prostate TSCs in 2D cultures. 2D 1H–13C HSQC NMR spectra of TSCs demonstrated visual
differences in the labeling of intracellular metabolites (Fig. 3a). Malignant TSCs produced
higher [3-13C] lactate than benign TSCs when normalized to creatine (0.99 ± 0.38 vs. 0.18 ±
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0.04, P = 0.07), though these levels were much lower than those of primary prostate cancer
cells [28]. The increased labeling also resulted in an increased fractional enrichment (FE) of
intracellular lactate (Fig. 3b). The differences in the labeled lactate between TSCs and
isolated cell cultures again suggest that the metabolism of isolated cells in culture departs
from clinically relevant conditions, potentially as a result of lost extracellular matrix, cell–
cell interactions, and changes in oxygenation [9].

[3-13C] alanine labeling was similar in both primary prostate cancer cells and TSCs after
incubation with pyruvate (Fig. 3a). Malignant and benign TSCs produced similar
concentrations of labeled alanine (0.13 ± 0.05 vs. 0.15 ± 0.03, P = 0.4), though the fractional
enrichment was significantly lower in malignant TSCs (6 ± 1% vs. 14 ± 4%, P < 0.01). This
difference between FE and alanine concentration implies that the metabolically active pool
size of alanine in the malignant TSCs is larger. Additionally it suggests that the kinetics of
alanine aminotransferase (ALT) in both the primary prostate cancer cells and TSCs are
unchanged.

Of greater importance for the use of prostate TSCs in metabolic research is the
recapitulation of citrate catabolism. When labeling with [3-13C] pyruvate, malignant TSCs
produce higher levels of labeled [4-13C] glutamate relative to benign TSCs (0.7 ± 0.22 vs.
0.21 ± 0.06, P = 0.06) and significantly lower levels of [4-13C] citrate relative to benign
TSCs (0.01 ± 0.005 vs. 0.08 ± 0.03, P = 0.03). The FE of glutamate did not change
significantly, indicating that the increase of labeled glutamate scales with the pool size. In
contrast, the citrate FE decreased significantly (P = 0.04, Fig. 3b). The 3.2-fold increase
in 13C glutamate reflects both increases in steady-state glutamate as well as the shift of
carbons from citrate back into the TCA cycle. Supporting this is the 10-fold decrease in 13C
labeled citrate in malignant prostate TSCs compared to benign. The visible citrate
metabolism in prostate TSCs is indicative of the preservation of the specialized metabolism
of the prostate.

31P NMR Bioreactor Studies Confirm Preserved Bioenergeticsin Prostate TSCs
Since these initial studies demonstrated that prostate TSCs are a more realistic model of the
human disease than cell cultures, we then set out to study the TSCs further in an MR-
compatible bioreactor, which provides a controlled and physiological setting for real time
metabolic evaluations. We first assessed the viability of TSCs in the bioreactor. TSCs were
perfused in gas-equilibrated medium in order to maintain viability. Histology was compared
between slices that had been perfused in the bioreactor and those that had been cultured
using the rotary apparatus (Fig. 4). We also monitored the β-NTP resonance of the TSCs in
the bioreactor in order to assess tissue bioenergetics. The β-NTP arises from the β phosphate
group of the nucleotide triphosphates and is chemically shifted from both the nucleomono
and nucleodiphosphates, allowing for the assessment of the triphopshates independently and
viability assessment [48]. The viability of TSCs in the bioreactor was unchanged over the
course of 24 hr (Fig. 4b). This stability ensures that the HP measurements made in the
magnet are both reproducible in time and robust for comparison. Representative 31P spectra
from both benign and malignant prostate TSCs in the bioreactor (Fig. 4a) demonstrate
profiles similar to previously published in vivo prostate spectra [49]. In concordance with
previous in vivo studies, the ratio of phosphocreatine to ATP decreased by 57% in malignant
TSCs compared to benign (0.56 ± 0.15 vs. 0.24 ± 0.05, P = 0.04), and the phosphocholine to
ATP ratios increased by 37% in the malignant TSCs (0.72 ± 0.02 vs. 0.99 ± 0.09, P = 0.02;
Fig. 4c). Additionally, histology of TSCs following 24 hr of perfusion in the bioreactor
demonstrated preservation of in vivo tissue structure (Fig. 4d), with good pathologic scores
(3.3 ± 0.2) [36], reaffirming that the TSCs assessed non-invasively in the bioreactor are
analogous to those in rotary culture. The preserved bioenergetics as assessed by 31P MR
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were indicative of not only maintained tissue viability, but also preserved in vivo
metabolism in these ex vivo MR-compatible bioreactor studies.

HP [1-13C] Pyruvate to Lactate Flux Is Increasedin Malignant TSCs and Correlated With
LDH and MCT Expression

Given the central role of pyruvate in glycolytic metabolism and the recent HP MR trial in
patients, the metabolism of [1-13C] pyruvate in TSCs was investigated using the bioreactor
platform. It has been postulated that increased HP lactate, the metabolic product of HP
pyruvate, correlates with a number of pathologies, including both the presence and
aggressiveness of prostate cancer in transgenic models [23]. Moreover, in the first phase 1
clinical trial of hyperpolarized 13C MR, HP lactate was visualized in prostate cancer in
patients [25]. Accordingly, we observed increased HP lactate label generated after injection
of HP pyruvate in malignant as compared to benign prostate TSCs (Fig. 5a).

Average dynamic kinetic data demonstrate a visually distinguishable difference in the total
production of HP lactate over time between malignant and benign TSCs, though the time to
maximum lactate peak was similar between the two (Fig. 5b). These lactate kinetics are
similar to those obtained from the first-inman HP pyruvate studies in prostate cancer
patients, and support the relevance of this ex vivo model to the in vivo condition. The total
lactate area under the curve (AUC) was significantly elevated in malignant compared to
benign TSCs (2.05 ± 0.51 vs. 0.62 ± 0.22, P = 0.03, Fig. 5c). In concordance with the HP
pyruvate data, there was a 50% increase in the LDH activity in malignant relative to benign
TSCs (2.7 ± 0.2 vs. 1.8 ± 0.3, P = 0.02, Fig. 5d). mRNA expression of LDHA was also
elevated twofold in malignant relative to benign TSCs (Fig. 5e). LDHA is responsible for
encoding the M subunit of LDH and favors the reaction of LDH toward lactate, making this
enzyme a cancer target [50,51]. Since the measurement of HP lactate signal generation is in
non-steady state dynamics, increased LDH activity would contribute to an increase in HP
lactate signal. Moreover, increases in LDH activity have been implicated in prostate cancer,
and this was demonstrated in TSCs.

Additionally, significant changes in the mRNA expression of monocarboxylate transporters
MCT1 and MCT4 were observed between the benign and malignant prostate TSCs (Fig. 5e).
These transporters are responsible for both the uptake of HP pyruvate (predominantly
MCT1) and export of lactate (MCT4). Export of lactate out of the cells by MCT4 and
corresponding acidification of the extracellular space is one method of promoting high
metabolic flux through the LDH enzymatic reaction [52], and can promote cancer
aggressiveness. MCT4 in particular has also been shown to be necessary for the survival of
prostate cancer cells [53], and could be an important drug target for future studies. It is
possible that HP MR evaluation of the dynamics of lactate export via MCT4 may provide
improved biomarkers of prostate cancer presence and aggressiveness, and facilitate drug
design that targets glycolysis and lactate export.

CONCLUSION
In this study we have characterized the metabolism of patient-derived prostate tissue slices
in cultures, a novel model for study of prostate cancer. In contrast to immortal and primary
prostate cancer cells in culture, the prostate TSCs exhibit structure, function, and
metabolism that recapitulate the in vivo situation. Utilizing this model, we interrogated the
glucose reprogramming in human prostate cancer tissues using HP 13C pyruvate MR, and
provided mechanistic evidence for HP 13C lactate as a prostate cancer bio-marker. More
broadly, this clinically relevant in vitro metabolic model system in combination with HP
MR can facilitate the identification of clinically translatable biomarkers of prostate cancer
presence and aggressiveness, which are important for treatment selection. Moreover, this
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approach addresses one of the most pressing issues in prostate cancer research, the
development of treatments and multimodality companion metabolic biomarkers of response
that can be easily translated into the clinic. In future studies this research will be extended to
smaller cultures (i.e., single human biopsies), the analysis of the metabolism of prostate
cancer samples of increasing pathologic grade, the investigation of hyperpolarized probes
other than [1-13C] pyruvate, the use of other molecular imaging approaches including PET,
and the use of novel therapeutics.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
a: Change in glucose metabolism when comparing normal prostate glandular epithelial and
malignant prostate cells. b: Representative in vivo T2-weighted image and corresponding
3D 1H MRSI array of a patient with Gleason 3 + 4 cancer in the right base of the prostate
gland. Inlaid spectra corresponding to a normal and malignant voxel demonstrate the
observed differences in metabolism for these regions. GLUTs, glucose transporters;
MCT1,4, monocarboxylate transporters; ZIP1, zinc transporter, ACON, aconitase; OAA,
oxaloacetate; αKG, α-ketogluterate; Pyr, pyruvate; Lac, lactate; LDH, lactate
dehydrogenase.
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Fig. 2.
a: Representative 1H HR-MAS spectra from benign and malignant snap-frozen human
biopsies and TSCs post-2 hr of culture. b: Quantified metabolite ratios for benign biopsies
and TSCs (N = 16 and 14, respectively) as well as malignant BY and TSC(N = 12 and 9,
respectively) compared to PC-3, primary prostate cancer cells and VCaP cells (all N = 4). c:
Representative hematoxylin- and eosin- (H&E) staining and (d) Ki-67
immunohistochemistry of TSCs. e: Average percent positive Ki-67 staining of TSCs as
compared to the other prostate tissues and cells. Ala, alanine; Lac, lactate; Glut, glutamate;
Cre, creatine; Pol, polyamines; PC + GPC, combined phosphocholine and glycero-
phosphocholine; totCho, total choline. All ratios reported as mean ± SE.
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Fig. 3.
a: Representative 2D 1H–13C HSQC HR-MAS NMR spectra of benign (N = 7) and
malignant (N = 4) prostate TSCs post-incubation with 4 mM [3-13C] pyruvate for 2 hr. b:
Fractional Enrichment of each metabolite after 2 hr of labeling in TSCs. All ratios reported
as mean ± SE.
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Fig. 4.
a: 31P spectra from living malignant and benign TSCs perfused in the MR-compatible
bioreactor. b: Timecourse of βNTP demonstrating preservation of ATP in the bioreactor. c:
Ratios of metabolites to βNTP in benign and malignant TSCs (N = 4). d: Representative
H&E staining of TSCs post-perfusion in the bioreactor. PCr, phosphocreatine; PC,
phosphocholine; PE, phosphoethanolamine; GPC, glycerophosphocholine; α, β, γ-NTPs,
nucleotide triphosphates. All ratios reported as mean ± SE. *P < 0.05.
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Fig. 5.
a: A single spectrum taken at 90 sec post-injection of HP [1-13C] pyruvate in the bioreactor
with benign (N = 4) or malignant TSCs (N = 4). b: Average HP Lactate dynamics for TSCs.
c: Total normalized lactate area under the curve (AUC) and (d) LDH activity for be nign and
malignant TSCs. e: mRNA expression of lactate dehydrogenase A (LDHA),
monocarboxylate transporters1 (MCT1) and 4 (MCT4). All plots are represented as mean ±
SE.
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