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Deuterium metabolic imaging reports on TERT expression and
early response to therapy in cancer
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Anne Marie Gillespiel, Sabrina M Ronen?, Joseph F Costello?, Pavithra Viswanathl:"

1.Department of Radiology and Biomedical Imaging, University of California San Francisco, San
Francisco, CA, 94158, USA

2Department of Neurological Surgery, Helen Diller Research Center, University of California San
Francisco, San Francisco, CA, 94158, USA

Abstract

Purpose: Telomere maintenance is a hallmark of cancer. Most tumors maintain telomere

length via reactivation of telomerase reverse transcriptase (TERT) expression. Identifying
clinically translatable imaging biomarkers of TERT can enable non-invasive assessment of tumor
proliferation and response to therapy.

Methods: We used RNA interference, doxycycline-inducible expression systems and
pharmacological inhibitors to mechanistically delineate the association between TERT and
metabolism in preclinical patient-derived tumor models. Deuterium magnetic resonance
spectroscopy (2H-MRS), which is a novel, translational metabolic imaging modality, was used
for imaging TERT in cells and tumor-bearing mice /n vivo.

Results: Our results indicate that TERT expression is associated with elevated NADH in
multiple cancers, including glioblastoma, oligodendroglioma, melanoma, neuroblastoma, and
hepatocellular carcinoma. Mechanistically, TERT acts via the metabolic regulator FOXO1

to upregulate nicotinamide phosphoribosyl transferase, which is the key enzyme for NAD+
biosynthesis, and the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase, which
converts NAD+ to NADH. Since NADH is essential for pyruvate flux to lactate, we show that 2H-
MRS-based assessment of lactate production from [U-2H]-pyruvate reports on TERT expression

in preclinical tumor models /n vivo, including at clinical field strength (3T). Importantly, [U-2H]-
pyruvate reports on early response to therapy in mice bearing orthotopic patient-derived gliomas at
early timepoints before radiographic alterations can be visualized by magnetic resonance imaging.

Conclusions: Elevated NADH is a metabolic consequence of TERT expression in cancer.
Importantly, [U-2H]-pyruvate reports on early response to therapy, prior to anatomical alterations,
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thereby providing clinicians with a novel tool for assessment of tumor burden and treatment
response in cancer.

Keywords

Telomerase reverse transcriptase (TERT); Deuterium (2H)-magnetic resonance spectroscopy/
imaging (MRS/I); cancer; immortality; metabolic imaging; chemotherapy; TERT-inhibition

INTRODUCTION

Telomere shortening constitutes a natural barrier to cell proliferation (1). Telomeres are cap-
like structures composed of telomeric DNA and specialized proteins that protect the ends

of linear chromosomes from damage during replication (1). Telomerase reverse transcriptase
(TERT) is the catalytic component of the enzyme telomerase that synthesizes telomeric
DNA, and its expression is silenced in normal somatic cells, except stem cells (1,2).

TERT expression is reactivated via mutations in the 7ERT promoter in ~85% of tumors,
including glioblastomas, oligodendrogliomas, melanomas, hepatocellular carcinomas, and
neuroblastomas (2-4). TERT promoter mutations create a binding site for the transcription
factor GABP, which then activates TERT transcription and enables tumor cells to achieve
replicative immortality (4,5) . Due to its essential role in proliferation, TERT is also a
therapeutic target (1,2,6). Inhibition of TERT function using small molecules such as
6-thio-2”-deoxyguanosine (6-thio-dG) (7,8) or via antisense oligonucleotide-based inhibition
of TERT expression (6) are promising anti-cancer strategies.

Magnetic resonance imaging (MRI) is a key tool for non-invasive diagnosis and treatment
response assessment in cancer (9). However, anatomical imaging does not report on
biological events that sustain tumor proliferation and fails to distinguish tumor from
surrounding normal tissue or from morphologically similar areas of edema, necrosis or
gliosis (10). Importantly, changes in tumor size can be slow to occur following treatment,
leading to incorrect assessments of disease progression (11,12). Since TERT expression is
specifically reactivated in cancer cells and plays a key role in tumor immortality (2), TERT
is a biomarker of tumor proliferation. Identifying MR-based biomarkers of TERT expression
can, therefore, enable imaging of tumor proliferation and response to therapy.

Previous studies have linked TERT to redox homeostasis in cancer. TERT has been shown

to alleviate oxidative stress via upregulation of reduced glutathione (GSH) in HeLa cells
(13). We and others have shown that TERT expression in gliomas is associated with elevated
GSH, NADPH and NADH, which play key roles in redox maintenance (14-16). While these
studies point to an association between TERT and altered redox, the precise mechanisms and
the universality of TERT-linked redox alterations across multiple cancers remain elusive.

Magnetic resonance spectroscopy (MRS) is a non-invasive method of interrogating
metabolism /n vivo (11,17,18). H-MRS provides a readout of steady-state metabolism

(17). Steady-state metabolite levels, however, do not accurately reflect the activity of a
metabolic pathway and may not be sensitive to fluctuations in concentrations of cofactors
such as NADH (19). Thermally polarized 13C-MRS following administration of 13C-labeled
substrates is the gold standard for measuring dynamic metabolic activity (18). However,
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the low signal to noise ratio (SNR) of 13C-MRS prevents clinical integration. Although
hyperpolarization has increased the SNR, hyperpolarized 13C-MRS requires expensive
instrumentation and is technically demanding (20). Recently, 2H-MRS emerged as a
versatile, technically simple, innovative method of examining metabolic activity /n vivo
(21-26). Following administration of 2H-labeled substrates such as glucose, acetate or
fumarate, flux to metabolic products can be quantified in preclinical tumor models (21-26).
Importantly, the feasibility of 2H-MRS has been established in glioblastoma patients (21).

The goal of this study was to delineate the mechanisms linking TERT to redox across
multiple cancers and to leverage this information for non-invasive 2H-MRS-based imaging
of tumor burden and treatment response. We show that TERT inhibits the transcription
factor FOXOL in patient-derived models of glioblastoma, oligodendroglioma, melanoma,
neuroblastoma, and hepatocellular carcinoma. FOXOL1, in turn, inhibits expression of
nicotinamide phosphoribosy! transferase (NAMPT), the rate-limiting enzyme for NAD+
biosynthesis, and of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), the glycolytic
enzyme that converts NAD+ to NADH (27). As a result, TERT elevates steady-state NAD+,
NADH and the NADH/NAD+ ratio. Importantly, we demonstrate that TERT expression
can be visualized /n vivo using 2H-MRS following administration of [U-2H]-pyruvate.
Furthermore, [U-2H]-pyruvate reports on early response to therapy in vivo.

MATERIALS AND METHODS

Detailed methods are provided in the Supplementary material.

Patient-derived models and patient samples:

GBM1 and GBM6 were isolated from isocitrate dehydrogenase wild-type glioblastoma
male patients as previously described (4,6,28). SF10417 and BT88 cells were isolated from
male patients harboring isocitrate dehydrogenase mutant oligodendrogliomas (29,30). A375
(female), HepG2 (male) and SK-N-SH (female) cells were a kind gift from Dr. Joseph
Costello and have been described (4). All cells were maintained as previously described
(4,6,28-30). Cell lines were routinely tested for mycoplasma contamination, authenticated
by short tandem repeat fingerprinting and assayed within 6 months of authentication. Patient
biopsies were obtained from the UCSF Brain Tumor Center Biorepository in compliance
with written informed consent policy (15,16,31,32). Biopsies use was approved by the
Committee on Human Research at UCSF and research was approved by the Institutional
Review Board at UCSF according to ethical guidelines established by the U.S. Common
Rule.

Silencing and overexpression studies:

SMARTpool siRNAs (Dharmacon) against human TERT, FOXO1 or non-targeting siRNA
were used to silence gene expression (15,16,31,32). For exogenous expression of CA-
FOXO1, TERT+ cells were transiently transfected with human CA-FOXO1 (pcDNAS3 Flag-
FKHR-AAA mutant; Addgene). CA-FOXOL1 expression was verified at 72h by western
blotting for the FLAG tag. For NAMPT and GAPDH overexpression in TERT- cells, cells
were transfected with SITERT siRNA for 24h, washed and transiently transfected with
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human NAMPT or GAPDH cDNA (Origene), and expression confirmed by quantitative
RT-PCR. To silence FOXO1 in TERT- cells, cells were transfected with SITERT siRNA
for 24h, washed and transiently transfected with siFOXO1 siRNA. FOXO1 silencing was
verified at 72h by quantifying FOXOL transcription factor activity as described below.
For doxycycline-inducible TERT silencing, microRNA-embedded miR-E shRNA against
TERT was cloned into a lentiviral vector (pCW57-TurboGFP-miR-E-puro). Lentiviral
particles 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. HepG2 cells were transduced with lentivirus followed by puromycin
selection.

Gene expression:

Gene expression was measured by quantitative RT-PCR and normalized

to B-actin (6,33). The SYBR Green quantitative RT-PCR kit (Sigma)

was used with the following primers: 7ERT (forward primer:
TCACGGAGACCACGTTTCAAA,; reverse primer: TTCAAGTGCTGTCTGATTCCAAT),
NAMPT (forward primer: GTTCCAGCAGCAGAACACAG,; reverse

primer: GCTGACCACAGATACAGGCA), FOXO1 (forward primer:
GCAGCCAGGCATCTCATAA, reverse primer: CCTACCATAGCCATTGCAGC),
GAPDH (forward primer: GTCTCCTCTGACTTCAACAGCG,; reverse

primer: ACCACCCTGTTGCTGTAGCCAA), and p-actin (forward primer:
AGAGCTACGAGCTGCCTGAC,; reverse primer: AGCACTGTGTTGGCGTACAG).

Activity assays:

Telomerase activity was confirmed using the TRAPeze® RT kit (Sigma). NAMPT (Abcam,
#ab221819) and GAPDH (Biovision, #K680) activity were measured using kits. FOXO1
transcription factor activity was measured using a kit (Abcam, #ab207204). Briefly, the
assay measures binding of active FOXO1 to a DNA sequence containing the FOXO1
binding site. FOXOL1 is detected using a primary antibody that recognizes an epitope of
FOXO1 accessible only when the protein is active and bound to its target DNA. Levels

of total and phosphorylated FOXOL in the cytosol and nucleus were quantified using

a fluorescence resonance energy transfer assay (Perkin Elmer). NAD+ and NADH were
measured using a kit (Biovision, #K337). For supplementation studies, NMN (1ImM), NA
(ImM) or tryptophan (0.25mM) was added to the medium. GSH and oxidized glutathione
(GSSG) were measured using a kit (Abcam, #ab205811). NADPH and NADP+ were
measured using a kit (Abcam, #176724).

Western blotting:

Protein was separated by sodium dodecy! sulphate polyacrylamide gel electrophoresis,
transferred onto Immobilon-FL membrane and probed for FOXOL1 (Cell Signaling, #2880),
phospho-FOXO1 S256 (Cell Signaling, #84192), FLAG (Cell Signaling, anti-FLAG M2,
#14793). p-actin (Cell Signaling, 4970) was used as loading control.

Clin Cancer Res. Author manuscript; available in PMC 2023 February 15.
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MRS of cell extracts:

Metabolites were extracted by the methanol-chloroform method (31,32). For 13C MRS,
cells were cultured in medium containing 5mM [3-13C]-pyruvate for 48h. 1H- and 13C-MR
spectra were obtained using a 11.7T spectrometer. Peak integrals were quantified and
normalized to an external reference and to cell number (31,32).

2H-MRS of live cells:

MRI:

Cells were incubated in media containing 10mM [U-2H]-pyruvate for 72h. Live cells were
harvested, suspended in saline and 2H-MR spectra acquired on a Varian 14.1T scanner

using a 16mm 2H surface coil and a pulse-acquire sequence (TR=260ms, NA=2500,
complex points=512, flip angle=64°, spectral width=2kHz). Peak integrals were corrected
for saturation and converted to mM concentration using the natural abundance HDO signal
(4.75ppm; 12.8mM). The latter was determined assuming a 55.5M water concentration and a
deuterium natural abundance of 0.0156%.

Animal studies were conducted in accordance with UCSF Institutional Animal Care and Use
Committee (IACUC) guidelines. GBM1, GBM6, BT88 or SF10417 cells were intracranially
injected and HepG24ox-TERT Cells injected subcutaneously into SCID mice (31,32,34,35).
Once tumors reached a volume of 27.0+7.8mm? (orthotopic brain) or 180.3+24.7mm3
(subcutaneous), this timepoint was considered day zero (D0). Mice were randomized and
treated with vehicle-control (saline), temozolomide (TMZ; 50mg/kg), 6-thio-dG (50mg/kg)
or doxycycline (50mg/kg) daily via intraperitoneal injection. Animals under doxycycline
treatment also received doxycycline-enriched food ad /ibitum. MR studies were performed
on a Varian 14.1T scanner equipped with a H volume coil. Axial T2-weighted or T1-
weighted images were acquired using a spin-echo multi-slice sequence (TE/TR=20/1200ms,
FOV=30x30mm?, matrix=256x256, slice thickness=1mm, NA=4) (31,32,35) or a gradient-
echo multi-slice sequence (TE/TR=2.09/120ms, FOV=30x30mm?, matrix=256x256, slice
thickness=1mm, NA=10) respectively. Tumors were contoured manually, and volume
calculated as the sum of the areas multiplied by slice thickness (31,32,35). Dynamic contrast
enhanced (DCE)-MRI was performed in mice bearing orthotopic GBM6 tumors at day 0 and
day 5 of TMZ treatment using a 1H volume coil at 14.1T. Axial T1-weighted images were
acquired before and after intravenous injection of gadopentetate dimeglumine. Signals from
the image series were analyzed using in-house Matlab codes and slope values calculated (see
Supplementary Methods).

2H-MRS in vivo:

Studies were performed on a Varian 14.1T or a Bruker 3T scanner using a 16mm

2H surface coil. Following intravenous injection of a bolus of [U-2H]-pyruvate
(450mg/kg), non-localized 2H-MR spectra were acquired with a pulse-acquire sequence
(TR=500ms, NA=500, complex points=512, flip angle=64, spectral width=2kHz, temporal
resolution=4min 10s at 14.1T; TR=506.361ms, NA=1000, complex points=256, flip
angle=64, spectral width=512.8Hz, temporal resolution=8min 26s at 3T). Non-localized
2H-MR spectra were analyzed using MestReNova. Absolute metabolites concentrations

Clin Cancer Res. Author manuscript; available in PMC 2023 February 15.
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were determined by correcting peak integrals for saturation and normalizing to pre-
injection HDO (estimated to be 10.12mM (21,23,24)). For spatial localization, a 2D
chemical shift imaging (CSI) sequence with a temporal resolution of 4min 10s (TE/
TR=1.35/250ms, FOV=30x30x8mm3, 128 points, 2.5kHz spectral width, NA=20, nominal
voxel size=112.5ul) was used at 14.1T. Data were analyzed using in-house Matlab codes
(15,16,26). For each voxel at every time point, peak integrals were calculated. For
generation of heatmaps of 2H-lactate, raw data were interpolated from an 8x8 matrix to

a 256x256 matrix. Data were normalized to noise for SNR heatmaps or pre-injection HDO
for concentration heatmaps. The concentration of 2H-lactate was quantified in a 10.99mm3
volume from tumor and contralateral normal brain.

Statistical analysis:

All experiments were performed on a minimum of 3 samples (n=3) and results presented as
mean + standard deviation. Statistical significance was assessed in GraphPad Prism 9 using
a two-way ANOVA or two-tailed Student’s T-test assuming unequal variance with p<0.05
considered significant. Analyses were corrected for multiple comparisons using Tukey’s
method, wherever applicable. *=p<0.05, **=p<0.01, ***=p<0.001 and ****=p<0.0001.

Data availability:

RESULTS

Data included in this manuscript that support the findings and conclusions of this study are
available from the corresponding author upon reasonable request.

TERT expression is associated with elevated NADH and NADH/NAD+ ratio in cancer

The redox environment of mammalian cells is regulated by levels of redox-reactive small
molecules including GSH, GSSG, NADPH, NADP+, NADH and NAD+ (36). To determine
whether TERT is linked to redox across multiple cancers, we examined the effect of
silencing TERT in glioblastoma (GBM1, GBM®6), oligodendroglioma (SF10417, BT88),
melanoma (A375), neuroblastoma (SK-N-SH) and hepatocellular carcinoma (HepG2)
models. We confirmed that TERT mRNA and telomerase activity were significantly
reduced in TERT- cells relative to TERT+ (Supplementary Fig. SIA-S1B). TERT silencing
significantly reduced steady-state pools of NADH and NAD+ and the NADH/NAD+ ratio
in all models (Fig. 1A-1C). In contrast, silencing TERT significantly reduced GSH and
NADPH in glioblastoma, oligodendroglioma and melanoma, but not neuroblastoma or
hepatocellular carcinoma (Supplementary Fig. SIC-S1D). There was no change in GSSG
or NADP+ following TERT silencing in any model (Supplementary Fig. SIE-S1F). These
results identify elevated NADH and NADH/NAD+ ratio as common metabolic alterations
linked to TERT expression in cancer.

TERT upregulates NAMPT and GAPDH

First, we examined the mechanism leading to elevated NAD+ and NADH in TERT+ cells.
Although NAD+ can be synthesized de novo from dietary tryptophan or nicotinic acid, it is
mostly recycled via the salvage pathway from nicotinamide (NAM), which is converted to
nicotinamide mononucleotide (NMN) in a rate-limiting reaction catalyzed by NAMPT (see

Clin Cancer Res. Author manuscript; available in PMC 2023 February 15.
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Fig. 1D) (27,37). NMN is subsequently adenylated to NAD+. Silencing TERT significantly
reduced NAMPT expression (Supplementary Fig. S2A) and activity (Fig. 1E) in all models.
Exogenous supplementation with NMN, which is the product of NAMPT, restored NAD+
and NADH in TERT- cells to levels observed in TERT+ cells (Supplementary Fig. S2B-
S2C). In contrast, supplementation with tryptophan or nicotinic acid, which are precursors
for de novo biosynthesis (27,37), did not rescue NAD+ and NADH in TERT- cells
(Supplementary Fig. S2D-S2G).

Next, we examined the mechanism leading to an elevated NADH/NAD+ ratio in TERT+
cells since an increase in steady-state NAD+ and NADH does not explain an elevated
NADH/NAD+ ratio. GAPDH is a glycolytic enzyme that converts NAD+ to NADH. As
shown in Fig. 1F-1G, GAPDH expression and activity were significantly reduced in TERT-
cells relative to TERT+. Collectively, our studies suggest that NAMPT increases steady-state
pools of NAD+ and NADH while GAPDH increases the NADH/NAD+ ratio in TERT+
cancer cells.

TERT acts via FOXOL1 to upregulate NAMPT and GAPDH

The forkhead box O (FOXO) family of transcription factors, including FOXO1, regulate
metabolism and redox homeostasis (38). A major mechanism of FOXO1 regulation involves
inhibitory phosphorylation on 3 serine/threonine residues (T24, S256, and S319) (38,39).
Phospho-FOXO1 is sequestered in the cytoplasm and excluded from the nucleus, which
prevents transactivation of FOXO1 target genes in the nucleus (38,39). To determine
whether FOXOL1 plays a role in TERT+ cells, we first examined the effect of silencing TERT
on FOXOL1. As shown in Fig. 2A, levels of phospho-FOXO1 were significantly reduced

in TERT- cells relative to TERT+. There was no difference in total FOXO1 between
TERT+ and TERT- cells. We also confirmed that FOXO1 was predominantly cytosolic and
phosphorylated in TERT+ cells and that silencing TERT reduced phosphorylation and led to
nuclear accumulation of FOXO1 (Supplementary Fig. S3A-S3C). Concomitantly, FOXO1
transcription factor activity, as quantified by an ELISA assay that detects FOXOL1 in its
active DNA-bound form, was elevated in TERT- cells relative to TERT+ (Fig. 2B).

To further confirm these results, we expressed a constitutively active form of FOXO1
(hereafter named CA-FOXO01) in TERT+ cells (39). CA-FOXOL1 is a FLAG-tagged form
of FOXOL1 that is constitutively active since all three phosphorylation sites have been
mutated to alanine (39). We confirmed CA-FOXO1 expression and elevated FOXO1
transcription factor activity in transfected TERT+ cells (Supplementary Fig. S3D-S3E).
Expression of CA-FOXOL1 in TERT+ cells mimicked TERT silencing and significantly
reduced NAMPT expression (Supplementary Fig. S3F), NAMPT activity (Fig. 2C), GAPDH
expression (Supplementary Fig. S3G), GADPH activity (Fig. 2D), NAD+ (Supplementary
Fig. S3H), NADH (Fig. 2E) and the NADH/NAD+ ratio (Fig. 2F). Conversely, silencing
FOXO1 in TERT- cells (Supplementary Fig. S31) mimicked TERT expression and restored
NAMPT, GAPDH, NADH and the NADH/NAD-+ ratio to levels observed in TERT+ cells
(Supplementary Fig. S3J-S3M).

To confirm the clinical relevance of our findings, we examined biopsies from glioblastoma
and oligodendroglioma patients and compared to non-neoplastic gliosis biopsies since

Clin Cancer Res. Author manuscript; available in PMC 2023 February 15.
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obtaining normal brain tissue is not feasible. As shown in Supplementary Fig. S4A—

S4B, TERT expression and telomerase activity were significantly higher in glioblastoma

and oligodendroglioma biopsies relative to gliosis. Importantly, FOXO1 activity was
significantly reduced while NAMPT activity, GAPDH activity and NADH were significantly
elevated in glioblastoma and oligodendroglioma biopsies relative to gliosis (Fig. 3A-3C and
Supplementary Fig. S4C). Collectively, our results suggest that FOXO1 negatively regulates
NAMPT and GAPDH. Inhibitory phosphorylation of FOXO1 by TERT upregulates NAMPT
and GAPDH and consequently elevates NAD+, NADH and the NADH/NAD+ ratio (see
schematic in Fig. 1D).

[U-2H]-pyruvate non-invasively monitors TERT expression in vivo

NADH is essential for the conversion of pyruvate to lactate by lactate dehydrogenase A
(LDHA). Previous studies have demonstrated that lactate production from pyruvate depends
on levels of NADH (40) and the NADH/NAD+ ratio (41). Since our data points to elevated
NADH and NADH/NAD-+ ratio in TERT+ cells, we questioned whether TERT expression is
linked to lactate production from pyruvate. To this end, we first examined [3-13C]-pyruvate
metabolism in TERT+ and TERT- cells using thermally polarized 13C-MRS, which is the
gold standard for measuring dynamic metabolic activity (18). As shown in Supplementary
Fig. S4D-S4E, [3-13C]-lactate production was significantly reduced in TERT- cells relative
to TERT+. In contrast, TERT silencing did not alter [4-13C]-glutamate production from
[3-13C]-pyruvate (Supplementary S4F). We also confirmed that TERT silencing did not alter
other factors that influence pyruvate conversion to lactate such as LDHA expression and the
steady-state lactate pool size (Supplementary Fig. S4G-S4H).

To determine whether NAMPT and GAPDH are linked to reduced lactate production
following TERT silencing, we examined the effect of overexpressing them in TERT—

cells. As shown in Supplementary Fig. SSA-S5D, NAMPT overexpression in TERT- cells
restored NAD+, NADH and [3-13C]-lactate production from [3-13C]-pyruvate to levels
observed in TERT+ cells. Similarly, overexpressing GAPDH in TERT- cells restored the
NADH/NAD+ ratio and [3-13C]-lactate production from [3-13C]-pyruvate to levels seen in
TERT+ cells (Supplementary Fig. SSE-S5G).

2H-MRS following administration of 2H-labeled substrates is a novel, clinically translatable
imaging modality. We, therefore, examined whether 2H-MRS-based assessment of [U-2H]-
pyruvate metabolism reports on TERT expression in live cells. Representative 2H-MR
spectra acquired from neat cell culture medium (prior to incubation with cells) showed
peaks for the natural abundance of semi-heavy water (HDO, 4.75 ppm) and [U-2H]-pyruvate
(2.4 ppm; Fig. 3D). 2H-MR spectra acquired following incubation of live BT88 cells with
media containing [U-2H]-pyruvate showed lactate (1.3 ppm) production with higher levels
in TERT+ cells relative to TERT- cells (Fig. 3D). Importantly, quantification of the results
indicated that silencing TERT significantly reduced lactate production from [U-2H]-pyruvate
(Fig. 3E).

Next, we examined the ability of [U-2H]-pyruvate to monitor TERT expression i
vivo by investigating HepG2 tumors in which TERT was silenced in a doxycycline-
inducible manner. We confirmed that TERT expression and telomerase activity were

Clin Cancer Res. Author manuscript; available in PMC 2023 February 15.
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significantly reduced by doxycycline in HepG24ox-TeRT Cells (Supplementary Fig. S6A—
S6B). Doxycycline-induced TERT silencing significantly increased FOXOL1 transcription
factor activity and decreased NADH and NAD+ in HepG2yox-TerT Cells (Supplementary
Fig. S6C-S6E). We then examined mice bearing subcutaneous HepG2yox-TeRT tUmors
treated with vehicle-control (saline) or doxycycline. TERT expression and telomerase
activity were significantly reduced at day 8 relative to day 0 in doxycycline-treated, but

not saline-treated tumors (Supplementary Fig. S6F-S6G). As shown in the representative

in vivo 2H-MR spectral array in Fig. 3F, dynamic lactate production from [U-2H]-pyruvate
was observed in HepG24ox.TERT tUmor-bearing mice. We detected a small peak for pyruvate
in the spectral array (42,43). There was no significant difference in lactate concentration

at day O between saline- and doxycycline-treated mice (Fig. 3G). Lactate production from
[U-2H]-pyruvate was significantly reduced at day 7 relative to day 0 in doxycycline-treated
mice, while, in contrast, lactate production was significantly higher at day 7 relative to day
0 in saline-treated animals (Fig. 3G). Importantly, there was no significant difference in
tumor volume between day 0 and day 7 in doxycycline-treated animals, consistent with prior
studies indicating that there is a lag period before cell death following loss of TERT (44)
(Fig. 3H and Supplementary Fig. S6H).

Since TERT is a hallmark of tumor proliferation (1,2), imaging TERT can enable assessment
of tumor burden /n vivo. We, therefore, examined the ability of [U-2H]-pyruvate to
differentiate between TERT+ tumor and TERT- normal brain in mice bearing orthotopic
glioblastoma (GBM6) and oligodendroglioma (SF10417, BT88) tumors. As shown in Fig.
4A-4B, lactate production from [U-2H]-pyruvate was significantly higher in mice bearing
orthotopic SF10417, BT88, or GBMG6 tumors relative to healthy controls. Since widespread
dissemination of 2H-MRS to the clinic depends on the feasibility of imaging metabolism

at the clinical field strength of 3T, we examined [U-2H]-pyruvate metabolism /n vivo at

3T. As shown in Fig. 4C-4D, lactate production from [U-2H]-pyruvate was significantly
higher in mice bearing orthotopic GBM6 tumors relative to tumor-free healthy controls at
3T. Furthermore, the lactate concentrations calculated at 3T were similar to the data acquired
at 14.1T (Fig. 4E).

To further confirm these results and examine the spatial distribution of [U-2H]-pyruvate
metabolism, we performed 2D CSI /n vivo. Representative 2H-MR spectra from voxels
placed over tumor or contralateral normal brain in a mouse bearing an orthotopic GBM1
tumor are shown in Fig. 5A. Quantification of the data confirmed significantly higher lactate
labeling in tumor vs. contralateral normal brain (Fig. 5B). Importantly, examination of
heatmaps in which the lactate signal was overlaid over the corresponding MRI indicated that
lactate production from [U-2H]-pyruvate delineated tumor from surrounding normal brain

in the BT88 and GBM1 models (Fig. 5C-5D). Collectively, our results indicate that lactate
production from [U-2H]-pyruvate is a biomarker of TERT expression and point to its utility
for imaging tumor burden /n vivo.
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Lactate production from [U-2H]-pyruvate is an early biomarker of response to therapy in

Vivo

Early assessment of response to therapy is a significant challenge in the clinic (10-12). We
examined the ability of [U-2H]-pyruvate to report on response to treatment with a TERT
inhibitor /n vivo. 6-thio-dG is an analog of the TERT substrate 6-thio-dGTP that induces
telomere uncapping in TERT+ cells and is in clinical trials for solid tumors (NCT05208944)
(7,8). We treated mice bearing orthotopic glioblastoma (GBM®6) or oligodendroglioma
(BT88) xenografts with 6-thio-dG and examined [U-2H]-pyruvate metabolism before (day
0) and after (day 6+1) treatment. T2-weighted MRI indicated that 6-thio-dG induced tumor
shrinkage, an effect that was significant starting day 14+1 for both models (Fig. 6A—6B).
Importantly, lactate production from [U-2H]-pyruvate was significantly reduced at an early
time-point (day 6x1) before a change in tumor volume could be detected (Fig. 6C-6D).

TERT is a biomarker of tumor proliferation and imaging biomarkers of TERT also have the
potential to report on response to cytocidal therapeutics. We, therefore, examined whether
[U-2H]-pyruvate reports on response to TMZ, which is an alkylating chemotherapeutic

that is standard of care for glioma patients (45). We examined the effect of TMZ on

tumor volume and [U-2H]-pyruvate metabolism in mice bearing orthotopic glioblastoma
(GBM®) or oligodendroglioma (BT88). TMZ induced tumor shrinkage /n vivo, an effect
that was visible at day 9+1 in the GBM6 model and day 16+2 in the BT88 model (Fig.
6E—6F). Importantly, [U-2H]-pyruvate metabolism to lactate was significantly reduced at
day 5+2 following TMZ treatment (Fig. 6G—6H), prior to tumor shrinkage. Furthermore, 2H-
lactate production was reduced despite higher vascular perfusion as measured by DCE-MRI
(Supplementary Fig. STA-S7C). Collectively, these results suggest that lactate production
from [U-2H]-pyruvate is an early biomarker of response to therapy in vivo.

DISCUSSION

TERT is essential for immortality in ~85% of all human cancers (1,2). In this study, we
show that TERT expression results in elevated levels of NADH and an elevated NADH/
NAD-+ ratio in multiple cancers, including glioblastoma, oligodendroglioma, melanoma,
neuroblastoma, and hepatocellular carcinoma. Importantly, we show that [U-2H]-pyruvate
can be used to non-invasively monitor TERT /n vivo.

Our study identifies a role for TERT in regulating glycolysis and redox via the transcription
factor FOXO1. TERT expression is associated with inhibitory phosphorylation and cytosolic
sequestration of FOXO1. FOXO1, in turn, negatively regulates NAMPT, which is the
rate-limiting enzyme in NAD+ biosynthesis (27). As a result, TERT upregulates NAMPT,
resulting in elevated steady-state pools of NAD+ and NADH. Concomitantly, FOXO1
negatively regulates the glycolytic enzyme GAPDH, which converts NAD+ to NADH. As
a result, TERT upregulates the NADH/NAD+ ratio (see schematic in Fig. 1D). Therefore,
although we cannot rule out the involvement of other molecular factors in glycolytic flux,
and the precise mechanism by which TERT mediates FOXO1 phosphorylation remains to
be delineated, our studies highlight a previously unrecognized TERT-FOXO1 axis in cancer
metabolic reprogramming.
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We have, for the first time, validated the utility of [U-2H]-pyruvate as a metabolic imaging
agent and, importantly, demonstrated that lactate production from [U-2H]-pyruvate is linked
to TERT expression. To be useful, a biomarker needs to be mechanistically linked to the
biological event under consideration, even if it is not exclusively linked only to that event.
Therefore, although decreased lactate production from [U-2H]-pyruvate may not be specific
to only TERT, nevertheless, it provides a non-invasive readout of this critical oncogenic
event /n vivo. Direct in vivo 'H-MRS-based detection of NAD(H) (representing the sum

of NAD+ and NADH since these cannot be spectrally resolved) is complicated by issues

of water suppression and the need for highly specialized acquisition schemes (46). Lactate
production from pyruvate is directly dependent on NADH and has long been used as a
surrogate for interrogating NADH and the NADH/NAD-+ ratio in cell extracts (40,41).

Our studies indicate that [U-2H]-pyruvate flux to lactate is mechanistically linked to the
TERT-mediated increase in NADH and the NADH/NAD+ ratio. 2H-MRS recently emerged
as a novel method of imaging metabolism /n vivo (21-26). Importantly, the feasibility of
monitoring tumor burden using 2H-glucose has been demonstrated /n7 vivo in glioblastoma
patients (21). Our studies extend the utility of 2H-MRS by leveraging a hitherto unexplored
probe, i.e. [U-2H]-pyruvate, for monitoring TERT expression, including at the clinical field
strength of 3T. Our studies are especially important in light of our observation that TERT
expression does not alter steady-state lactate levels, pointing to the value of dynamic 2H-
MRS-based metabolic imaging of TERT expression.

Previous studies indicate that lactate production from hyperpolarized [1-13C]-pyruvate can
be used for treatment response assessment in cancer (20,47). However, hyperpolarized 13C
imaging is limited by the short lifetime of hyperpolarization and the requirement for access
to expensive polarizers (20,47). In this context, it should be noted that 2H-MRS following
administration of [U-2H]-pyruvate provides a robust, lower-cost, easy-to-implement method
of interrogating pyruvate flux to lactate (48). Importantly, [U-2H]-pyruvate is a safe,
endogenous agent that has the properties needed for clinical application. First, while

the concentration of [U-2H]-pyruvate used in our experiments (450 mg/kg) is 2-4 times
higher than the concentration of hyperpolarized [1-13C]-pyruvate used in preclinical

models (20,47), it is similar to concentrations used in other preclinical studies showing a
neuroprotective effect of pyruvate following severe hypoglycemia (49). Notably, we did not
observe any toxicity with [U-2H]-pyruvate in our experiments. Studies with hyperpolarized
[1-13C]-pyruvate have also established the safety of intravenous pyruvate administration

in patients (47,50). Second, although most of our studies were conducted at 14.1T, we

have demonstrated the feasibility of detecting lactate production from [U-2H]-pyruvate with
adequate spectral resolution at the clinical field strength of 3T. Third, the ability to cross the
blood-brain barrier is important for imaging brain tumors, especially non-contrast enhancing
low-grade gliomas (20). Our studies indicate that [U-2H]-pyruvate is capable of imaging
tumor burden and treatment response in patient-derived low-grade oligodendrogliomas. In
essence, [U-2H]-pyruvate has the potential to become a versatile, broadly applicable tool for
metabolic imaging in oncology.

Our study highlights the ability of [U-2H]-pyruvate to provide an early readout of response
to therapy /n vivo. At present, response assessment in solid tumors is based on changes
in tumor volume, which can take considerable time to manifest (10,11). Using tumor
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models in which TERT is silenced in a doxycycline-inducible manner, we show that loss

of TERT leads to reduced lactate production from [U-2H]-pyruvate. We also demonstrate
that pharmacological inhibition of TERT using 6-thio-dG or chemotherapeutic inhibition of
tumor proliferation using TMZ is accompanied by reduced [U-2H]-pyruvate flux to lactate.
Importantly, reduced lactate production is observed at early timepoints at which volumetric
alterations cannot be observed by MRI. In essence, [U-2H]-pyruvate has the potential to
serve as a companion agent for imaging response to standard and emerging anti-cancer
therapies, thereby aiding in their clinical translation and deployment.

In summary, our studies integrate a mechanistic understanding of TERT biology with
innovative imaging that has the potential to improve assessment of tumor burden and
treatment response for cancer patients. Clinical translation of our results has the potential to
enable non-invasive annotation of TERT expression /n7 vivo and to aid in the assessment of
response to anti-cancer therapies.
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Refer to Web version on PubMed Central for supplementary material.
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TRANSLATIONAL RELEVANCE

There is an urgent need to translate our understanding of clinically relevant oncogenic
mutations into easy-to-implement imaging methods that guide diagnosis, treatment,

and response assessment for cancer patients. Here, we show that telomerase reverse
transcriptase (TERT), which is essential for uncontrolled tumor proliferation, elevates
levels of the redox metabolite NADH by regulating the activity of the transcription
factor FOXOL. Importantly, we show that deuterium metabolic imaging using a

hitherto unexplored probe, [U-2H]-pyruvate, allows non-invasive assessment of TERT-
associated NADH in clinically relevant patient-derived tumor models. By doing so,
[U-2H]-pyruvate provides an early readout of response to therapy /7 vivo that precedes
anatomical alterations as assessed by magnetic resonance imaging. Since deuterium
metabolic imaging is a technically simple, robust imaging modality, clinical translation of
deuterated pyruvate will provide physicians with a non-invasive, non-radioactive method
of longitudinally monitoring disease progression and evaluating the effectiveness of
therapy, including novel targeted inhibitors in clinical trials.
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Figure 1. TERT elevates NADH and the NADH/NAD+ ratio in cancer cellsvia upregulation of
NAMPT and GAPDH.

NADH (A), NAD* (B) and NADH/NAD® ratio (C) in TERT+ and TERT- glioblastoma
(GBM1, GBMS), oligodendroglioma (SF10417, BT88), melanoma (A375), hepatocellular
carcinoma (HepG2) and neuroblastoma (SK-N-SH) cells. (D) Schematic illustration of the
link between TERT, FOXO1, NAMPT, GAPDH, NADH and pyruvate flux to lactate in
TERT+ cancer cells. NAM refers to nicotinamide; NMN is nicotinamide mononucleotide.
NAMPT activity (E), GAPDH mRNA (F) and GAPDH activity (G) in TERT+ and TERT-
glioblastoma (GBM1, GBMG6), oligodendroglioma (SF10417, BT88), melanoma (A375),
hepatocellular carcinoma (HepG2) and neuroblastoma (SK-N-SH) cells. Bars depict mean
values and error bars represent standard deviation. ** represents p<0.01, *** represents
p<0.001 and **** represents p<0.0001.
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Figure 2. TERT actsviathe FOXO1 transcription factor to upregulate NAMPT and GAPDH.
(A) Western blots for phosphorylated and total FOXO1 protein in TERT+ and TERT—

glioblastoma (GBML1), oligodendroglioma (BT88), melanoma (A375), neuroblastoma (SK-
N-SH) and hepatocellular carcinoma (HepG2) cells. (B) FOXO1 transcription factor activity
in TERT+ and TERT- glioblastoma (GBM1, GBMS6), oligodendroglioma (SF10417, BT88),
melanoma (A375), hepatocellular carcinoma (HepG2) and neuroblastoma (SK-N-SH) cells.
Effect of expressing a constitutively active form of FOXO1 (CA-FOXO1) in TERT+ cells

on NAMPT activity (C), GAPDH activity (D), NADH (E) and the NADH/NAD+ ratio (F)
in glioblastoma (GBM1, GBM®6), oligodendroglioma (SF10417, BT88), melanoma (A375),
hepatocellular carcinoma (HepG2) and neuroblastoma (SK-N-SH) models. Bars depict mean
values and error bars represent standard deviation. * represents p<0.05, ** represents
p<0.01, *** represents p<0.001 and **** represents p<0.0001.
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Figure 3. [U-2H]-pyr uvate can non-invasively monitor TERT expression in vivo.
FOXO1 transcription factor activity (A), NAMPT activity (B) and GAPDH activity (C) in

glioblastoma, oligodendroglioma and gliosis biopsies. (D) Representative 2H-MR spectra
from TERT+ and TERT- BT88 cells cultured in medium containing 10mM [U-2H]-pyruvate
for 72h. A representative spectrum acquired from neat culture medium containing 10mM
[U-2H]-pyruvate is also shown. Peaks for semi-heavy water (HDO; 4.75ppm), pyruvate
(2.4ppm) and lactate (1.3ppm) are labeled. (E) Effect of TERT silencing on 2H-lactate
production from [U-2H]-pyruvate in glioblastoma (GBMZ1), oligodendroglioma (BT88),
melanoma (A375), hepatocellular carcinoma (HepG2) and neuroblastoma (SK-N-SH) cells.
(F) Representative 2H-MR spectral array acquired from a saline-treated mouse bearing a
subcutaneous HepG2q4ox-TeRT tumor following intravenous injection of [U-2H]-pyruvate.
The first spectrum is acquired prior to [U-2H]-pyruvate injection. Inset shows an expansion
of the spectrum with the highest lactate signal (2" spectrum following [U-2H]-pyruvate
injection). (G) Concentration of 2H-lactate produced from [U-2H]-pyruvate at day 0 and
day 7 in saline- and doxycycline (DOX)-treated mice bearing subcutaneous HepG24ox-TERT
tumors. (H) Tumor volume at day 0 and day 7 in saline- and doxycycline (DOX)-treated
mice bearing subcutaneous HepG2qox-TerT tumors. Bars depict mean values and error

bars represent standard deviation. ** represents p<0.01, *** represents p<0.001 and ****
represents p<0.0001.

Clin Cancer Res. Author manuscript; available in PMC 2023 February 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Batsios et al.

A HD
SF10417

Healthy control

Page 20

o) c HDO E s

s
S 0.8 _E_
o
Lactate E 0.6
GBM6 € E
O ~ 0.4
2
§ 0.2- °
@
Healthy - 00l 1 ’I | Al
control
SIS

ST\ C R
e&* S 00@‘ \“6
E N ©
1110 9 8 7 6 5 4 3 2 1 0 -1 -2 10 8 6 4 2 0o -2 R )
Chemical shift (ppm) Chemical shift (ppm)
B kkk D
skeokok 1.0 *kkk
c I

109 kkk o |
. 5 o8 T
S 0.8 . £ 4
£ $ o 067
=
g g 067 S E
£ © = 0.4
o E Py
o~ 0.4+ =
8 B
S 5] 0.2
S 029 ¢ s P
- 7] I 3L I

0.0 I_IC‘ T T T 0.0 ! \

Healthy GBM6
»§§\ QJ& 0«@, Q"""(\
Q@ [<) roq'\

Figure 4. [U-2H]-pyr uvate metabolism to lactate differentiates tumor from normal brain in
patient-derived glioma modelsin vivo.

(A) Representative 2H-MR spectra acquired at 14.1T after intravenous injection of [U-2H]-
pyruvate into a mouse bearing an orthotopic SF10417 oligodendroglioma tumor (top

row) or a tumor-free healthy control (bottom row). In each case, the spectrum with the
maximum lactate signal (2" spectrum following injection of [U-2H]-pyruvate) is shown.
(B) Quantification of 2H-lactate production from [U-2H]-pyruvate at 14.1T in mice carrying
orthotopic glioblastoma (GBM®6) tumors, orthotopic oligodendroglioma (BT88, SF10417)
tumors or tumor-free healthy mice. (C) Representative 2H-MR spectra acquired at 3T after
intravenous injection of [U-2H]-pyruvate into a mouse bearing an orthotopic glioblastoma
(GBMB6; top row) or a tumor-free healthy control (bottom row). In each case, the spectrum
with the maximum lactate signal (2" spectrum following injection of [U-2H]-pyruvate) is
shown. (D) Quantification of 2H-lactate production from [U-2H]-pyruvate in mice carrying
orthotopic glioblastoma (GBM®6) tumors or tumor-free healthy mice. (E) Comparison of
lactate concentration evaluated at 3T and 14.1T in mice carrying orthotopic glioblastoma
(GBM®6) tumors or tumor-free healthy mice. Bars depict mean values and error bars
represent standard deviation. *** represents p<0.001.
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Figure 5. [U-2H]-pyr uvate monitors tumor burden in vivo.
(A) Representative 2D CSI data showing the T2-weighted MRI and corresponding 2H-MR

spectra from voxels placed over the tumor and contralateral normal brain in a mouse
bearing an orthotopic GBM1 tumor. Tumor voxel and spectra are shown in blue and
contralateral normal brain voxel and spectra in green. The tumor region is contoured by
white dotted lines. (B) Quantification of 2H-lactate concentration in a 10.99mm3 region
of interest within the tumor or contralateral normal brain from 2D CSI studies in mice
bearing orthotopic GBM1 or BT88 tumors. Representative heatmaps of 2H-lactate SNR
or 2H-lactate concentration from 2D CSlI studies in mice bearing orthotopic BT88 (C)
or GBML1 (D) tumors. In each case, the left panel shows the T2-weighted MRI with the
tumor region contoured in white, the middle panel shows the corresponding heatmap of
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2H-lactate SNR while the right panel shows the heatmap of 2H-lactate concentration. The
same representative dataset was used in (A) and (D). * represents p<0.05.
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_Figt_Jre 6. Lactate production from [U-2H]-pyr uvateisan early biomarker of responseto therapy
1N vivo.

(A) Representative T2-weighted MRI of mice bearing orthotopic GBM®6 (top row) or
BT88 (bottom row) tumors before (day 0) and after (day 7) treatment with 6-thio-dG.

(B) Effect of 6-thio-dG on tumor volume over time in mice bearing orthotopic GBM®6 or
BT88 tumor xenografts. (C) Representative spectra of [U-2H]-pyruvate metabolism from a
mouse bearing an orthotopic GBM6 glioblastoma tumor before (day 0, top) and after (day
7, bottom) 6-thio-dG treatment. (D) Quantification of 2H-lactate production from [U-2H]-
pyruvate before (day 0) and after (day 6+1) treatment with 6-thio-dG in mice bearing
orthotopic GBM6 or BT88 tumors. (E) Representative T2-weighted MRI of mice bearing
orthotopic GBMG6 (top row) or BT88 (bottom row) tumors before (day 0) and after (day 4
or day 7 respectively) treatment with TMZ. (F) Effect of TMZ on tumor volume over time
in mice bearing orthotopic GBM6 or BT88 tumor xenografts. (G) Representative spectra
of [U-2H]-pyruvate metabolism from a mouse bearing an orthotopic GBM6 glioblastoma
tumor before (day 0, top) and after (day 3, bottom) TMZ treatment. (H) Quantification of
2H-lactate production from [U-2H]-pyruvate before (day 0) and after (day 5+2) treatment
with TMZ in mice bearing orthotopic GBM6 or BT88 tumors. Bars depict mean values
and error bars represent standard deviation. * represents p<0.05, ** represents p<0.01, ***
represents p<0.001 and **** represents p<0.0001.
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