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Abstract 
Background.   Telomere maintenance by telomerase reverse transcriptase (TERT) is essential for immortality in 
most cancers, including oligodendrogliomas. Agents that disrupt telomere maintenance such as the telomere 
uncapping agent 6-thio-2’-deoxyguanosine (6-thio-dG) are in clinical trials. We previously showed that TERT ex-
pression in oligodendrogliomas is associated with upregulation of glucose-6-phosphate dehydrogenase (G6PD), 
the rate-limiting enzyme of the pentose phosphate pathway (PPP). We also showed that hyperpolarized δ-[1-13C]-
gluconolactone metabolism to 6-phosphogluconate (6-PG) can be used to probe the PPP in glioblastomas. The goal 
of this study was to determine whether hyperpolarized 13C imaging using δ-[1-13C]-gluconolactone can monitor 
TERT expression and response to 6-thio-dG in oligodendrogliomas.
Methods.   We examined patient-derived oligodendroglioma cells and orthotopic tumors to assess the link be-
tween TERT and hyperpolarized δ-[1-13C]-gluconolactone metabolism. We performed in vivo imaging to assess 
the ability of hyperpolarized δ-[1-13C]-gluconolactone to report on TERT and response to 6-thio-dG in rats bearing 
orthotopic oligodendrogliomas in vivo.
Results.   Doxycycline-inducible TERT silencing abrogated 6-PG production from hyperpolarized δ-[1-13C]-
gluconolactone in oligodendroglioma cells, consistent with the loss of G6PD activity. Rescuing TERT expres-
sion by doxycycline removal restored G6PD activity and, concomitantly, 6-PG production. 6-PG production from 
hyperpolarized δ-[1-13C]-gluconolactone demarcated TERT-expressing tumor from surrounding TERT-negative 
normal brain in vivo. Importantly, 6-thio-dG abrogated 6-PG production at an early timepoint preceding MRI-
detectable alterations in rats bearing orthotopic oligodendrogliomas in vivo.
Conclusions.   These results indicate that hyperpolarized δ-[1-13C]-gluconolactone reports on TERT expression and 
early response to therapy in oligodendrogliomas. Our studies identify a novel agent for imaging tumor prolifera-
tion and treatment response in oligodendroglioma patients.

Key Points

•	 Hyperpolarized δ-[1-13C]-gluconolactone can probe G6PD activity in oligodendrogliomas.

•	 Hyperpolarized δ-[1-13C]-gluconolactone informs on telomerase reverse transcriptase and 
treatment response in vivo.

Telomere maintenance is a fundamental hallmark of cancer.1,2 
Telomeres are cap-like structures composed of telomeric 
DNA and specialized proteins that protect the ends of linear 
chromosomes from damage during DNA replication.2 

Telomeres shorten with every cell division until the cell under-
goes senescence.1,2 To achieve replicative immortality, tumor 
cells need a mechanism for maintaining telomere length. Most 
tumors (~85%) reactivate expression of telomerase reverse 
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transcriptase (TERT), which is the catalytic component of 
the enzyme telomerase that synthesizes telomeric DNA.2,3 
Reactivation of TERT expression occurs via hotspot mu-
tations in the TERT promoter that facilitate recruitment of 
the transcription factor GA-binding protein specifically 
in cancer cells.3–5 In contrast, TERT expression is silenced 
early in development in normal somatic cells, except 
stem cells where it is maintained via the wild-type TERT 
promoter.2,3

Oligodendrogliomas are solid primary brain tumors 
characterized by the presence of an isocitrate dehydro-
genase mutation combined with a chromosomal 1p/19q 
codeletion.6 TERT promoter mutations are observed in 
>90% of oligodendrogliomas, suggesting that TERT has 
potential as an additional diagnostic marker.7,8 Due to the 
specificity of TERT promoter mutations to cancer and the 
key role of TERT in sustaining tumor proliferation, TERT is 
an attractive therapeutic target.2,3 Disruption of TERT ex-
pression from the mutant TERT promoter prolongs survival 
in mice bearing orthotopic gliomas, pointing to a poten-
tial therapeutic strategy.5 Another promising therapeutic 
strategy is the use of telomere uncapping agents such as 
6-thio-2’-deoxyguanosine (6-thio-dG).9–12 6-thio-dG causes 
telomeric DNA damage and cell death in TERT-expressing 
tumor cells but not TERT-negative tumor cells or normal 
astrocytes.9–12 Importantly, 6-thio-DG is currently in clinical 
trials for solid tumors (NCT05208944).

Oncogenic events reprogram tumor metabolism in 
order to generate the biosynthetic and bioenergetic 
intermediates needed to sustain uncontrolled prolifer-
ation.1 For instance, glucose metabolism via the pen-
tose phosphate pathway (PPP) is the major source of 
NADPH, which is essential for redox maintenance, and of 
ribulose-5-phosphate, which is a structural component 
of nucleotides.13 The PPP begins with the oxidation of 
glucose-6-phosphate to 6-phospho-δ-gluconolactone with 
the concomitant reduction of NADP+ to NADPH by the 
rate-limiting enzyme glucose-6-phosphate dehydrogenase 
(G6PD; see Figure 1A). 6-phospho-δ-gluconolactone 
is then hydrolyzed to 6-phosphogluconate (6-PG) by 
6-phosphogluconolactonase (PGLS). 6-PG is subsequently 
converted to ribulose-5-phosphate by 6-phosphogluconate 
dehydrogenase, in a reaction that also generates NADPH. 
Importantly, we previously demonstrated that TERT 

expression is associated with elevated steady-state levels 
of glutathione and NADPH.14,15 NADPH maintains gluta-
thione in the reduced state and we showed that silencing 
TERT leads to loss of NADPH, glutathione, and elevated 
oxidative stress.14,15 Mechanistically, TERT upregulates glu-
cose flux via the PPP by activating the sirtuin SIRT2 which, 
in turn, upregulates G6PD expression and activity in oligo-
dendroglioma cells and rats bearing orthotopic tumors.14

Magnetic resonance spectroscopy (MRS) is a noninva-
sive, non-radioactive method of imaging tissue metabo-
lism in real-time in vivo.16 1H-MRS measures steady-state 
metabolite levels and is used in clinical research.16 
However, 1H-MRS does not detect metabolites of the PPP, 
nor does it provide a readout of PPP activity. Thermally 
polarized 13C-MRS following administration of 13C-labeled 
precursors such as [2-13C]-glucose can trace metabolic 
fluxes, but suffers from low sensitivity which limits clin-
ical translatability.16 The implementation of hyperpolarized 
13C-MRS has enhanced the signal-to-noise ratio (SNR) of 
13C-MRS by >10 000 fold, thereby providing a noninvasive 
method of imaging dynamic metabolic fluxes in vivo.17,18 
Importantly, the feasibility of hyperpolarized 13C-MRS 
has been established in patients with gliomas and other 
cancers.17,18 In the context of the PPP, we recently dem-
onstrated that hyperpolarized δ-[1-13C]-gluconolactone 
can monitor the activity of the second PPP enzyme PGLS 
in preclinical glioblastoma models in vivo.19 Following 
entry via the glucose transporters,20,21 hyperpolarized 
δ-[1-13C]-gluconolactone is rapidly phosphorylated by 
gluconokinase to 6-phospho-δ-[1-13C]-gluconolactone and 
converted to 6-PG20–22 (see Figure 1A).

Since TERT is essential for tumor proliferation, nonin-
vasive methods of imaging TERT have the potential to 
report on tumor burden and response to therapy in vivo. 
As detailed above, our previous studies indicate that 
TERT upregulates G6PD expression and glucose flux 
via the PPP.14 Since G6PD functions upstream of PGLS 
and is a rate-limiting enzyme, hyperpolarized δ-[1-13C]-
gluconolactone has the potential to provide a readout of 
TERT-linked G6PD activity in vivo. Therefore, the goal 
of this study was to evaluate whether hyperpolarized 
δ-[1-13C]-gluconolactone can assess TERT-associated 
upregulation of G6PD in oligodendrogliomas in vivo. Our 
findings indicate that 6-PG production from hyperpolarized 

Importance of the Study

MRI is the mainstay for glioma patient management. 
However, oligodendrogliomas are difficult to visu-
alize by MRI. Importantly, MRI fails to adequately 
report on response to therapy. There is a need for 
noninvasive methods that can be used to visualize 
oligodendrogliomas and their response to therapy. 
Telomerase reverse transcriptase (TERT) expres-
sion is essential for telomere maintenance and is a 
fundamental event in oligodendroglioma formation. 
TERT is also an attractive therapeutic target and the 
drug 6-thio-2’-deoxyguanosine that disrupts telomere 

maintenance is in clinical trials for cancer. We previ-
ously showed that TERT expression is associated with 
upregulation of the pentose phosphate pathway (PPP) 
in oligodendrogliomas. Here, we have established the 
ability of hyperpolarized δ-[1-13C]-gluconolactone, a 
novel probe of the PPP, to assess TERT expression and 
response to 6-thio-2’-deoxyguanosine in oligodendro-
glioma models in vivo. Our findings identify a noninva-
sive method of imaging as a hallmark of cancer and 
have the potential to improve management of oligo-
dendroglioma patients.
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Figure 1.  Hyperpolarized δ-[1-13C]-gluconolactone metabolism to [1-13C]-6-PG reports on G6PD in patient-derived oligodendroglioma cells. 
(A) Schematic illustration of the pentose phosphate pathway (PPP). G6PD is the rate-limiting enzyme of the PPP and converts glucose-6-
phosphate to 6-phospho-δ-gluconolactone, which is in equilibrium with 6-phospho-γ-gluconolactone. δ-gluconolactone is converted to 
6-phospho-δ-gluconolactone by gluconokinase. PGLS converts 6-phospho-δ-gluconolactone to 6-PG. PGD converts 6-PG to ribulose-5-
phosphate, which is the precursor for nucleotide biosynthesis. G6PD: Glucose-6-phosphate dehydrogenase; PGLS, 6-phosphogluconolactonase; 
PGD: 6-phosphogluconate dehydrogenase. 6-PG: 6-phosphogluconate. (B) Representative 13C-MR spectral array showing dynamic pro-
duction of [1-13C]-6-PG from hyperpolarized δ-[1-13C]-gluconolactone in live BT88 cells. The peaks for δ-[1-13C]-gluconolactone (173.8 ppm), 
γ-[1-13C]-gluconolactone (177 ppm), and [1-13C]-6-PG (178.6 ppm) are labeled. (C) Effect of G6PD silencing on the ratio of [1-13C]-6-PG to total 
[1-13C]-gluconolactone in the BT88 and BT54 models (n = 3 each). **** indicates statistical significance with P < .0001.
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δ-[1-13C]-gluconolactone provides a readout of TERT ex-
pression in oligodendrogliomas. Importantly, 6-PG produc-
tion from hyperpolarized δ-[1-13C]-gluconolactone reports 
on early response to 6-thio-dG in vivo.

Materials and Methods

Cell Culture

The BT54 and BT88 cell lines were kind gifts from Dr. 
Luchman and Dr. Cairncross from the University of 
Calgary, Alberta, Canada. The SF10417 model was a 
kind gift from Dr. Joseph Costello from the University of 
California San Francisco. BT54 cells were derived from a 
patient carrying a WHO grade III oligodendroglioma.23 
SF10417 and BT88 cells were isolated from male pa-
tients harboring oligodendrogliomas.23,24 BT54 were 
grown as neurospheres in Neurocult medium (Stem Cell 
Technologies) supplemented with epidermal growth factor 
(20 ng/mL, Peprotech), fibroblast growth factor 2 (20 ng/
mL, Peprotech) and heparin sulphate (2 mg/mL; Stem Cell 
Technologies).23,25–27 SF10417 cells were maintained as 
monolayers in laminin-coated flasks and were cultured 
in serum-free Neurocult NS-A medium containing 2 mM 
glutamine, 1% penicillin/streptomycin, B-27 and N2 sup-
plements, 20 ng/mL epidermal growth factor, 20 ng/mL 
fibroblast growth factor 2 and 20 ng/mL platelet-derived 
growth factor-AA.14,15,24 BT88 cells were maintained as 
monolayers in Dulbecco’s Modified Eagles medium sup-
plemented with 2 mM glutamine, 10% fetal calf serum, and 
1% penicillin/streptomycin. Cell lines were routinely tested 
for mycoplasma contamination, authenticated by short 
tandem repeat fingerprinting (Cell Line Genetics), and as-
sayed within 6 months of authentication.

Gene Silencing

Expression of TERT, G6PD, PGLS, and gluconokinase 
(gene ID: IDNK, or C9orf103) was silenced using RNA 
interference as described previously.14,15,19 Briefly, ~2 
× 106 cells were seeded in a 150 mm dish and allowed 
to adhere for 24 hours. Cells were then transfected with 
25 nM siRNA using the DharmaFECT 4 transfection re-
agent (Dharmacon) and incubated at 37°C for an addi-
tional 72 hours prior to harvesting for further studies. 
Silencing was carried out using siGENOME SMARTpool 
siRNA (TERT: catalog # M-003547-02; IDNK: catalog # 
M-032285-00; G6PD: catalog # M-008181-02; PGLS: cat-
alog # M-020023-00). siGENOME non-targeting siRNA 
Pool #2 was used as control (catalog # D-001206-14). The 
doxycycline-inducible TERT silencing construct has been 
previously described.28 Briefly, microRNA-embedded 
miR-E shRNA against TERT was cloned into a lentiviral 
vector (pCW57-TurboGFP-miR-E-puro). Lentiviral par-
ticles were produced by transient transfection of psPAX2 
(Addgene #12260), pMD2.G (Addgene #12259), and 
transfer plasmid (pCW57-CMV-GFP-miR-E-IRES-puro-
shRNA) into HEK293T cells. BT88 cells were transduced 
with lentivirus followed by puromycin selection. For si-
lencing, cells were treated with 0.4 μg/mL of doxycycline 

for 24 hours. For rescue of TERT expression, cells were 
treated with 0.4 μg/mL of doxycycline for 24 hours, 
washed with saline, and grown in doxycycline-free media 
for 48 hours before examination.

Expression and Activity Assays

Gene expression was confirmed by quantitative 
RT-PCR.14,15 Briefly, the SYBR Green Quantitative RT-PCR 
Kit (Sigma-Aldrich) was used with the following primers: 
TERT (forward primer: TCACGGAGACCACGTTTCAAA; 
reverse primer: TTCAAGTGCTGTCTGATTCCAAT), 
G6PD (forward primer: TGAGCCAGATAGGCTGGAA; re-
verse primer: TAACGCAGGCGATGTTGTC), PGLS (for-
ward primer: TGTGGCAACTGGAGAAGGCAAG; reverse 
primer: CTCGTCCAAGAACCAGCACAGT) and IDNK 
(forward primer: GAAAAGGCATACCGCTCAAT; reverse 
primer: GAGATGACCTCAAACGACCC). β-actin (forward 
primer: AGAGCTACGAGCTGCCTGAC; reverse primer: 
AGCACTGTGTTGGCGTACAG) was used as control for nor-
malization. Telomerase activity was quantified using the 
telomeric repeat amplification protocol assay, (TRAPeze® 
RT kit, Sigma) which is the gold standard for measure-
ment of telomerase activity.29,30 The effect of TERT silen-
cing on G6PD activity was measured using a kit according 
to manufacturer’s instructions (Abcam, ab102529).

Hyperpolarized 13C-MRS of Live Cells

Hyperpolarized δ-[1-13C]-gluconolactone was synthesized 
and polarized as described previously.19 Briefly, 2M δ-[1-
13C]-gluconolactone was dissolved in 3:1 water:glycerol, 
mixed with 15 mM OX063 trityl radical and polarized 
in a HyperSense polarizer. We previously showed that 
hyperpolarized δ-[1-13C]-gluconolactone has a T1 of 31.7 
± 4.7 seconds at 3T.19 After maximal polarization was 
achieved, the sample was dissolved in phosphate-buffered 
saline (pH ~7) to a final concentration of 8mM and added 
to a suspension of live cells.14,15,19 13C spectra were ac-
quired on a 11.7T Varian or a 14.1T Bruker spectrometer 
with a 13° flip angle every 3 seconds for 300 seconds. 
Data analysis were performed using Mnova (MestreLab). 
δ-gluconolactone is in equilibrium with γ-gluconolactone 
in aqueous solutions and we previously confirmed that 
differences in the relative levels of δ- and γ-gluconolactone 
did not influence 6-PG production.19 Therefore, we evalu-
ated the ratio of [1-13C]-6-PG to the combined signal 
from hyperpolarized δ-[1-13C]-gluconolactone and γ-[1-
13C]-gluconolactone (henceforth referred to as total 
[1-13C]-gluconolactone) and to cell number.

MRI

Animal studies were conducted in accordance with UCSF 
Institutional Animal Care and Use Committee guidelines. 
SF10417 or BT88 (2 × 105 or 3 × 105 cells, respectively in 
10 μL) were intracranially injected into athymic male nude 
rats (5–6 weeks).14,15,19 T2-weighted MRI was performed on 
a horizontal Bruker 3T scanner equipped with a dual-tuned 
1H-13C linear-linear volume coil (40 mm inner diameter; 
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Bruker) or a dual-tuned 1H-13C quadrature-quadrature 
volume coil (45 mm inner diameter; NeosBiotec) using a 
spin echo TurboRARE sequence (TE/TR = 64/3484 ms, FOV 
= 43 × 43mm2, 256 × 256, slice thickness = 1 mm, NA = 
6). Tumors were manually segmented, and tumor volume 
was determined as a sum of the areas multiplied by slice 
thickness. For assessment of response to 6-thio-dG, rats 
bearing orthotopic BT88 tumors were examined. Once tu-
mors reached a volume of 64.8 ± 36.1mm3, this timepoint 
was considered day 0, and hyperpolarized δ-[1-13C]-
gluconolactone metabolism was evaluated as described 
below. Rats were then treated intraperitoneally with 
6-thio-dG (50 mg/kg in saline) daily for 7 days and then 
treated 4 times every week. Treatment was continued until 
tumors were no longer visible on MRI.

Hyperpolarized 13C-MRS In Vivo

Following polarization, 2.2 mL of hyperpolarized δ-[1-
13C]-gluconolactone corresponding to a final concentra-
tion of 37.8 mM was injected via a tail-vein catheter over 
12 seconds. For non-localized slab studies, rats bearing 
orthotopic SF10417 tumors or tumor-free healthy controls 
were examined. Dynamic 13C spectra were acquired using 
the 40 mm Bruker coil from a 12 mm axial slab through the 
brain every 3 seconds using a flyback spectral-spatial RF 
pulse with flip angles of 15.3° on [1-13C]-6-PG, 3.4o on δ-[1-
13C]-gluconolactone and 12o on γ-[1-13C]-gluconolactone. 
13C slab spectra were analyzed using Mnova and the 
SNR for [1-13C]-6-PG, δ-[1-13C]-gluconolactone and γ-[1-
13C]-gluconolactone quantified. We compared the ratio of 
[1-13C]-6-PG to total [1-13C]-gluconolactone and the SNR 
of total-[1-13C]-gluconolactone between tumor-bearing 
and tumor-free rats. For spatial localization, data were ac-
quired using the 45 mm NeosBiotec coil and a 2D flyback 
spectral-spatial echo-planar spectroscopic imaging (EPSI) 
sequence with flip angles as described above.19 The spatial 
resolution of the EPSI method was 5.375 × 5.375 × 8mm3, 
the temporal resolution was 3 seconds, and the spectral 
resolution was 128 points over 20 ppm. 2D EPSI data were 
analyzed using in-house MATLAB codes available from 
a GitHub repository (https://github.com/ViswanathLab/
EPSI).14,15,19 For each voxel at every time point, spectra 
were analyzed after a 5 Hz line broadening, peak inte-
grals were evaluated and the SNR was calculated by 
normalizing to noise, which was evaluated as the standard 
deviation of the real part of the signal in a voxel outside 
of the brain.14,15,19 Color heatmaps were generated by in-
terpolating the raw data using the Lanczos-2 interpolation 
algorithm.14,15,19

Statistics

All experiments were performed on a minimum of 3 sam-
ples (n≥3) and results were presented as mean ± standard 
deviation. Statistical analyses were performed using 
GraphPad Prism 9. For cell studies and in vivo slab studies, 
statistical significance was assessed using an unpaired 
Welch’s two-tailed t-test assuming unequal variance with P 
< .05 considered significant. A paired one-tailed t-test was 

used to assess the statistical significance of differences 
between tumor and contralateral normal brain in 2D EPSI 
studies. An ordinary two-way ANOVA (uncorrected Fisher’s 
LSD) was used to assess the statistical significance of dif-
ferences between day 0 and day 7 of treatment in tumor 
versus contralateral normal brain in 2D EPSI studies. * 
indicates statistical significance with P < .05, ** indicates 
statistical significance with P < .01, *** indicates statistical 
significance with P < .001 and **** indicates statistical sig-
nificance with P < .0001.

Results

Hyperpolarized δ-[1-13C]-Gluconolactone Reports 
on TERT-Mediated Upregulation of G6PD in 
Oligodendroglioma Cells

Our prior studies indicate that silencing TERT downregulates 
G6PD expression and activity and reduces glucose flux via 
the PPP in genetically engineered and patient-derived oligo-
dendroglioma cells.14 Although G6PD functions upstream 
of PGLS, nevertheless, it is the rate-limiting enzyme of the 
PPP. Rate-limiting enzymes are known to influence flux via 
the entire metabolic pathway.31,32 Therefore, hyperpolarized 
δ-[1-13C]-gluconolactone has the potential to report on TERT-
mediated upregulation of G6PD in oligodendrogliomas. To 
clearly delineate the link between TERT and hyperpolarized 
δ-[1-13C]-gluconolactone, we examined the expression of 
the various components involved in hyperpolarized δ-[1-
13C]-gluconolactone metabolism in TERT+ and TERT− cells. 
Hyperpolarized δ-[1-13C]-gluconolactone is phosphorylated 
to 6-phospho-δ-[1-13C]-gluconolactone by gluconokinase 
(see Figure 1A). 6-phospho δ-[1-13C]-gluconolactone is then 
converted to 6-PG by the action of PGLS. We confirmed 
that there is no difference in gluconokinase or PGLS ex-
pression between TERT+ and TERT− cells for both BT88 and 
BT54 oligodendroglioma models (Supplementary Figure 
S1A-S1B). To directly confirm that hyperpolarized δ-[1-13C]-
gluconolactone provides a readout of G6PD activity, we 
examined the effect of G6PD silencing on hyperpolarized δ-[1-
13C]-gluconolactone metabolism in oligodendroglioma cells. 
As shown in Figure 1B, following addition to a suspension 
of live BT88 cells, hyperpolarized δ-[1-13C]-gluconolactone 
(173.8 ppm) metabolism to [1-13C]-6-PG (178.6 ppm) was 
clearly observed. In line with previous studies,19,20 we also 
observed a peak for γ-[1-13C]-gluconolactone (177 ppm), 
which is in equilibrium with δ-[1-13C]-gluconolactone 
in aqueous solutions. Importantly, G6PD silencing (see 
Supplementary Figure S1C-S1D for verification of loss of 
G6PD expression and activity) significantly reduced 6-PG 
production from hyperpolarized δ-[1-13C]-gluconolactone in 
both BT88 and BT54 models (Figure 1C).

We then examined whether hyperpolarized δ-[1-13C]-
gluconolactone has the ability to provide a readout of 
TERT-mediated upregulation of G6PD in patient-derived 
oligodendroglioma cells. As shown in Figure 2A, silencing 
TERT by RNA interference (see Supplementary Figure S1E-
S1F for verification of loss of TERT expression and telom-
erase activity) significantly reduced 6-PG production from 
hyperpolarized δ-[1-13C]-gluconolactone in both BT88 and 

https://github.com/ViswanathLab/EPSI
https://github.com/ViswanathLab/EPSI
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad092#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad092#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad092#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad092#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad092#supplementary-data
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Figure 2.  Hyperpolarized δ-[1-13C]-gluconolactone provides a readout of TERT expression in patient-derived oligodendroglioma cells. The ef-
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BT54 models. These results are consistent with the signif-
icant reduction in G6PD expression and activity in TERT− 
cells relative to TERT+ (Figure 2B-2C). To further confirm 
that hyperpolarized δ-[1-13C]-gluconolactone can reliably 
track TERT expression with serial silencing and reactivation 
over time, we examined BT88 cells in which TERT expres-
sion could be silenced in a doxycycline-inducible manner 
(see Supplementary Figure S2A-S2B for verification of loss 
of TERT expression and telomerase activity). Our studies in-
dicate that 6-PG production from hyperpolarized δ-[1-13C]-
gluconolactone is abrogated upon doxycycline-mediated 
TERT silencing and restored upon rescue of TERT expres-
sion via doxycycline removal (Figure 2D). Concomitantly, 
G6PD expression and activity are significantly reduced 
upon doxycycline-mediated TERT silencing and restored 
upon TERT rescue by doxycycline removal (Figure 2E–F). 
Collectively, our studies indicate that 6-PG production from 
hyperpolarized δ-[1-13C]-gluconolactone is a biomarker of 
TERT expression in patient-derived oligodendroglioma 
cells.

Hyperpolarized δ-[1-13C]-Gluconolactone 
Metabolism to 6-PG Reports on TERT Expression 
in Oligodendrogliomas In Vivo

We previously showed that hyperpolarized δ-[1-13C]-
gluconolactone metabolism can be observed in the normal 
brain in vivo.19 Here, we examined the test–retest repeat-
ability of 6-PG production in the brain of healthy, tumor-
free rats. In accordance with the guidelines for quantitative 
imaging studies,33 we measured the within-subject co-
efficient of variation (wCV) in EPSI studies performed on 
two consecutive days. Our results (Supplementary Figure 
S2C-S2D) indicate that the wCV of 6-PG production in 
vivo is 13.9%, which is in line with values reported for 
other imaging methods such as FDG-PET, 1H-MRS, and 
hyperpolarized [1-13C]-pyruvate.34–36

Next, we examined the feasibility of imaging TERT 
in vivo using hyperpolarized δ-[1-13C]-gluconolactone. 
Dynamic 13C spectra were acquired from a 12 mm slab 
through the brain of rats bearing orthotopic TERT+ SF10417 
tumors or tumor-free controls following intravenous in-
jection of hyperpolarized δ-[1-13C]-gluconolactone (see 
Supplementary Figure S2E–S2F for confirmation of TERT 
expression and telomerase activity in tumor vs. normal 
brain). As shown in Figure 3A–B, consistent with our cell 
studies, 6-PG production was significantly higher in rats 
bearing TERT+ SF10417 tumors relative to TERT- normal 
brains. In contrast, there was no significant difference 
in the SNR of total [1-13C]-gluconolactone (Figure 3C), 
indicating that the differences in 6-PG production between 
tumor and normal brain were not the result of differences 
in gluconolactone delivery.

To further confirm these results and assess the spatial 
distribution of 6-PG production, we performed 2D EPSI 
following intravenous administration of hyperpolarized 
δ-[1-13C]-gluconolactone to rats bearing orthotopic BT88 
tumors. Representative 13C-MR spectra from voxels 
placed over tumor or contralateral normal brain in a rat 
bearing an orthotopic BT88 tumor are shown in Figure 4A. 
Visualization of the data in the form of metabolic heatmaps 

generated by overlaying metabolic data over the corre-
sponding MRI showed localization of 6-PG to the tumor 
while gluconolactone was distributed homogenously 
over the brain (Figure 4B and Supplementary Figure 
S3). Importantly, consistent with the non-localized slice-
selective studies, the SNR of [1-13C]-6-PG was significantly 
higher in the tumor relative to the contralateral normal 
brain while there was no difference in the SNR of total 
[1-13C]-gluconolactone (Figure 4C–D). Collectively, these 
results suggest that 6-PG production from hyperpolarized 
δ-[1-13C]-gluconolactone is a biomarker of TERT expres-
sion in vivo and point to its ability to demarcate tumors 
from normal brain in patient-derived oligodendroglioma 
models.

Hyperpolarized δ-[1-13C]-Gluconolactone 
Reports on Early Response to Therapy in 
Oligodendrogliomas In Vivo

Having established the ability of hyperpolarized δ-[1-
13C]-gluconolactone to differentiate tumor from normal 
brain, we then assessed its ability to inform on response 
to therapy. 6-thio-dG is a nucleoside analog that is recog-
nized and incorporated by telomerase, disrupts telomeres, 
and induces cell death in TERT+ cancers.9–12 We treated 
rats bearing orthotopic BT88 tumors with 6-thio-dG and 
examined hyperpolarized δ-[1-13C]-gluconolactone me-
tabolism by 2D EPSI before (day 0) and after (day 7) treat-
ment. As shown in the representative spectra in Figure 
5A, 6-PG production was significantly reduced at day 7 
relative to day 0. Visualization of the data in the form of 
metabolic heatmaps confirmed the reduction in 6-PG 
production in the tumor at day 7 relative to day 0 (Figure 
5B). In contrast, there was no difference in spatial distri-
bution of total [1-13C]-gluconolactone at day 7 vs. day 0 
(Figure 5B). Quantification of the SNR of [1-13C]-6-PG and 
total [1-13C]-gluconolactone confirmed the statistical sig-
nificance of these results (Figure 5C–D). Importantly, 
6-thio-dG significantly reduced tumor volume only at day 
14 (Figure 5E), indicating that the reduction in 6-PG pro-
duction precedes tumor shrinkage. Collectively, our re-
sults indicate that 6-PG production from hyperpolarized 
δ-[1-13C]-gluconolactone is a biomarker of response to 
6-thio-dG at early time points that precede the onset of 
MRI-detectable anatomical alterations in vivo.

Discussion

Telomere maintenance is essential for tumor prolifera-
tion.1,2 Most human tumors, including oligodendrogliomas, 
maintain telomere length via reactivation of TERT expres-
sion. noninvasive detection of TERT has the potential to 
provide a readout of tumor proliferation and response 
to therapy. Here, we show that 6-PG production from 
hyperpolarized δ-[1-13C]-gluconolactone is a metabolic 
imaging biomarker of TERT expression and response to 
therapy in oligodendrogliomas.

At present, detection of TERT expression requires Sanger 
sequencing, pyrosequencing, and quantitative or droplet 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad092#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad092#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad092#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad092#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad092#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad092#supplementary-data
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digital PCR of tumor biopsies.37,38 However, the infiltrative 
nature, anatomical location, and the complications of re-
peated neurosurgery make it difficult to longitudinally 

monitor TERT expression using biopsy-based methods. 
Although liquid biopsies provide an alternate, minimally 
invasive approach, the blood-brain barrier remains a 
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Figure 3.  Hyperpolarized δ-[1-13C]gluconolactone metabolism to 6-PG can be noninvasively monitored in patient-derived oligodendroglioma 
models in vivo. (A) Representative summed 13C-MR spectra showing [1-13C]-6-PG production from hyperpolarized δ-[1-13C]-gluconolactone in a rat 
bearing an orthotopic SF10417 tumor (left panel) or tumor-free control (right panel). Spectra were acquired from a slab through the brain following 
intravenous administration of hyperpolarized δ-[1-13C]-gluconolactone. Peaks for δ-[1-13C]-gluconolactone (173.8 ppm), γ-[1-13C]-gluconolactone 
(177 ppm), and [1-13C]-6-PG (178.6 ppm) are labeled. The dotted line highlights the higher 6-PG signal in the tumor-bearing rat. Quantification of the 
ratio of [1-13C]-6-PG to total [1-13C]-gluconolactone (B) and the signal-to-noise ratio of total [1-13C]-gluconolactone (C) in SF10417 tumor-bearing 
and tumor-free rats (n = 3 each). * indicates statistical significance with P < .05. ns indicates a lack of statistical significance.
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significant obstacle to liquid biopsy-based assessment of 
gliomas.39,40 Hyperpolarized 13C-MRS measures dynamic 
metabolic activity in a noninvasive manner. Imaging meta-
bolic activity is important because it provides information 
on regulatory mechanisms or spatiotemporal changes in 
gene expression, by which the activity of key metabolic 
enzymes can be adjusted to meet the functional require-
ments of tumor cells.41–43 Our studies highlight the ability 
of hyperpolarized δ-[1-13C]-gluconolactone to provide a 
noninvasive readout of TERT expression, which is indis-
pensable for tumor proliferation in oligodendrogliomas.

MRS is not routinely used to guide clinical deci-
sion-making, in part due to the lack of reproducible meta-
bolic targets. Our studies demonstrate the reproducibility 
of imaging 6-PG production from hyperpolarized δ-[1-13C]-
gluconolactone in vivo. Furthermore, we demonstrate that 
hyperpolarized δ-[1-13C]-gluconolactone has the poten-
tial to report on early response to therapy, which is chal-
lenging.44,45 By providing an early readout of treatment 
response, prior to MRI-detectable alterations in tumor 
volume, hyperpolarized δ-[1-13C]-gluconolactone can be 
used to stratify responders from nonresponders, thereby 
sparing nonresponsive patients the burden of ineffective 
treatment, toxicity, and healthcare costs. Accurate response 
assessment will also ensure that responsive patients con-
tinue to receive treatments that benefit them. Since clinical 
trials are expensive and recruiting oligodendroglioma pa-
tients is difficult due to the relative rarity of the disease,46 
preclinical studies such as those described in this manu-
script are essential for clinical translation of hyperpolarized 
δ-[1-13C]-gluconolactone to oligodendroglioma patients.

Our studies underscore the utility of imaging TERT-linked 
upregulation of G6PD activity in oligodendrogliomas. 
In a previous manuscript, we demonstrated that TERT 
upregulates G6PD, which is the rate-limiting enzyme of the 
PPP.14 Mechanistically, we identified the sirtuin SIRT2 as a 
novel intermediary in the upregulation of G6PD by TERT.14 
Specifically, SIRT2 silencing downregulated G6PD activity 
in TERT+ cells and, conversely, SIRT2 overexpression re-
stored G6PD activity in TERT− cells.14 We leveraged this 
mechanistic information to show that 6-PG production 
from hyperpolarized [U-13C, U-2H]-glucose is a metabolic 
biomarker of TERT in oligodendrogliomas.14 However, the 
short T1 (~14 seconds) of hyperpolarized [U-13C, U-2H]-
glucose limits clinical applicability due to the technical 
challenges of transferring the hyperpolarized glucose 
solution from the polarizer to the patient within this 
short lifetime of polarization. To address this limitation, 
in the current study, we identify hyperpolarized δ-[1-13C]-
gluconolactone as an alternate agent for in vivo imaging 
of TERT in oligodendrogliomas. Specifically, we show 
that doxycycline-inducible TERT silencing downregulates 
G6PD activity and concomitantly downregulates 6-PG 
production from hyperpolarized δ-[1-13C]-gluconolactone, 
effects that can be normalized by rescuing TERT ex-
pression via doxycycline removal. Having linked TERT 
expression to G6PD activity, we demonstrate that im-
aging G6PD activity using hyperpolarized δ-[1-13C]-
gluconolactone provides an early readout of response 
to telomerase inhibition in rats bearing patient-derived 
oligodendrogliomas. Collectively, our studies suggest 
that hyperpolarized δ-[1-13C]-gluconolactone has the 

potential to assess, albeit indirectly, TERT expression and 
response to therapy in vivo.

A potential limitation of our study is the lack of in-
formation on the temporal evolution of hyperpolarized 
δ-[1-13C]-gluconolactone metabolism in vivo. Our studies 
were focused on assessing the timing of 6-PG produc-
tion relative to MRI-detectable volumetric alterations in 
rats bearing orthotopic oligodendrogliomas. Indeed, our 
studies show that 6-PG production from hyperpolarized 
δ-[1-13C]-gluconolactone is reduced within 7 days of 
6-thio-dG treatment, a timepoint when anatomical alter-
ations are not observed on MRI. Future studies that longi-
tudinally monitor hyperpolarized δ-[1-13C]-gluconolactone 
metabolism at multiple timepoints before and after treat-
ment are needed to pinpoint the earliest timepoint at which 
a drop in 6-PG production can be observed and determine 
the temporal evolution of 6-PG production relative to MRI-
detectable tumor volume.

Another potential limitation of our study is the lack of data 
demonstrating the feasibility of imaging hyperpolarized 
δ-[1-13C]-gluconolactone metabolism in human patients. 
Hyperpolarized 13C-MRS studies in human glioma pa-
tients are expensive and beyond the scope of the current 
study. However, several factors point to the translational 
potential of hyperpolarized δ-[1-13C]-gluconolactone. The 
T1 of hyperpolarized δ-[1-13C]-gluconolactone at 3T is 
~32 seconds,19 a value that is significantly longer than 
that of hyperpolarized glucose and is comparable to 
that of hyperpolarized [2-13C]-pyruvate (~39 seconds).18 
Importantly, our studies indicate that 6-PG production from 
hyperpolarized δ-[1-13C]-gluconolactone can be reproducibly 
observed in the normal brain, thereby attesting to its ability 
to penetrate the blood-brain barrier.19 Furthermore, the use 
of gluconolactone as a food additive at concentrations of 50 
mM,47 and the absence of adverse reactions in our studies 
at a concentration of 37.8 mM, minimize concerns regarding 
toxicity. Optimization of the hyperpolarized preparation, the 
use of higher magnetic fields during polarization and the 
application of denoising algorithms during post-processing 
could further improve the SNR of hyperpolarized δ-[1-13C]-
gluconolactone metabolism in future in vivo studies.17,18

In summary, our studies identify hyperpolarized δ-[1-
13C]-gluconolactone as a novel agent for imaging TERT 
expression in oligodendrogliomas. Clinical translation of 
hyperpolarized δ-[1-13C]-gluconolactone has the poten-
tial to provide a readout of tumor burden and response to 
therapy in oligodendroglioma patients.
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