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ABSTRACT
◥

Purpose: DNA-dependent protein kinase catalytic subunit
(DNA-PKcs, herein referred as DNA-PK) is a multifunctional
kinase of high cancer relevance. DNA-PK is deregulated inmultiple
tumor types, including prostate cancer, and is associated with poor
outcomes. DNA-PK was previously nominated as a therapeutic
target and DNA-PK inhibitors are currently undergoing clinical
investigation. AlthoughDNA-PK is well studied in DNA repair and
transcriptional regulation, much remains to be understood about
the way by which DNA-PK drives aggressive disease phenotypes.

Experimental Design: Here, unbiased proteomic and metabo-
lomic approaches in clinically relevant tumor models uncovered a
novel role of DNA-PK in metabolic regulation of cancer progres-
sion. DNA-PK regulation of metabolism was interrogated using
pharmacologic and genetic perturbation using in vitro cell models,
in vivo xenografts, and ex vivo in patient-derived explants (PDE).

Results: Key findings reveal: (i) the first-in-field DNA-PK
protein interactome; (ii) numerous DNA-PK novel partners
involved in glycolysis; (iii) DNA-PK interacts with, phosphorylates
(in vitro), and increases the enzymatic activity of glycolytic enzymes
ALDOA and PKM2; (iv) DNA-PK drives synthesis of glucose-
derived pyruvate and lactate; (v) DNA-PK regulates glycolysis
in vitro, in vivo, and ex vivo; and (vi) combination of DNA-PK
inhibitor with glycolytic inhibitor 2-deoxyglucose leads to additive
anti-proliferative effects in aggressive disease.

Conclusions: Findings herein unveil novel DNA-PK partners,
substrates, and function in prostate cancer. DNA-PK impacts
glycolysis through direct interaction with glycolytic enzymes and
modulation of enzymatic activity. These events support energy
production that may contribute to generation and/or maintenance
of DNA-PK–mediated aggressive disease phenotypes.

Introduction
DNA-dependent protein kinase catalytic subunit (DNA-PKcs,

herein referred as DNA-PK) is a pleiotropic kinase of high cancer
relevance (1). DNA-PK is dysregulated in multiple hematologic (2)
and solid tumors including chronic lymphomas (3), colon (4), cervi-
cal (5), breast (6), lung (7), brain (8), and prostate cancer (9). DNA-PK

levels increase as a function of disease progression where both high
DNA-PK expression and activity are associated with aggressive dis-
ease (10, 11). Furthermore, high DNA-PK expression and activity in
tumors are linked to poor response and resistance to therapy leading to
decreased survival (12). Consequently, DNA-PK has been nominated
as a therapeutic target in a subset of malignancies, including prostate
cancer (1, 10, 11). In prostate cancer, DNA-PK was identified as the
most deregulated kinase in tumors from patients that develop met-
astatic castration-resistant prostate cancer (CRPC; ref. 9), a stage of
the disease that remains fatal. Moreover, in another cohort of patients
with advanced prostate cancer, high levels of DNA-PK indepen-
dently predicted for recurrence, metastasis, and overall survival (13).
Downregulation of DNA-PK via pharmacologic and genetic per-
turbation in prostate cancer results in sensitization of tumors to
therapy, decreased tumor size, decreased metastasis, and increased
survival (9, 13–15). Current mechanistic understanding of DNA-PK
protumorigenic functions have led to clinical trials in various
cancers where DNA-PK inhibitors are being assessed as mono-
therapy and/or in combination with standard of care (10, 11),
including metastatic prostate cancer (15).

Although the antitumorigenic effects of targeting DNA-PK are
thought to be due to downregulation of canonical DNA-PK functions
in (i) DNA damage repair through regulation of nonhomologous end
joining (NHEJ; ref. 14) and (ii) transcriptional regulation of protu-
morigenic processes such as androgen receptor (AR) signaling, met-
astatic networks, Wnt signaling, epithelial–mesenchymal transition
(EMT), and inflammatory response (9, 13, 15), much remains to be
understood about DNA-PK functions in cancer. DNA-PK is a highly
abundant protein (16) that localizes mainly to the nucleus. Impor-
tantly, DNA-PK is also found in various other compartments
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including the cytoplasm (17), lipid rafts (18), cytoskeleton (19), and
plasmamembrane (20), where it plays key roles throughmodulation of
various substrates and signaling cascades of cancer relevance to
promote tumor growth/progression. For instance, in the cytoplasm,
DNA-PK is involved in the regulation of innate and adaptive immu-
nity, inflammation, stress response, and cell death (1). DNA-PK exerts
these functions through interaction with and/or phosphorylation of
key proteins mediating critical oncogenic signaling pathways. These
pathways have been shown to aid in tumor progression and resistance
to therapy. Thus, identifying and further understanding the molecular
mechanisms that DNA-PK utilizes to promote tumorigenesis, in the
nucleus and beyond, is of utmost importance.

To uncover novel DNA-PK functions, partners, and substrates
contributing to aggressive disease, various molecular approaches were
employed using clinically relevant CRPC models. First, through
unbiased proteomics, the first-in-field DNA-PK protein–protein
interactome was identified in CRPC. Intriguingly, numerous novel
DNA-PK partners engaged in various metabolic processes, including
glycolysis. These findings are important because cancer cells are
known to undergo metabolic adaptations, including upregulation of
glycolysis, known as the Warburg effect, to meet higher energetic
demands needed for proliferation and metastasis (21). Metabolomic
studies performed in CRPC in the presence of DNA-PK inhibitor
(DNA-PKi) demonstrated that DNA-PK modulates a multitude of
cancer relevant metabolic pathways. Mechanistic studies showed that
DNA-PK interacts with glycolytic enzymes aldolase A (ALDOA),
previously described but not explored in metabolic regulation (22),
and a novel partner pyruvate kinase M2 (PKM2) both in the nucleus
and the cytoplasm. DNA-PK also phosphorylates these enzymes
in vitro and promotes their activity in CRPC cells, xenograft, and
patient with prostate cancer tissue models. Functional assays showed
that pharmacologic inhibition and genetic perturbation of DNA-PK
reduces glycolysis and TCA cycle activity, with DNA-PK downregula-
tion decreasing synthesis of glucose-derived pyruvate and lactate
production. The studies herein are the first to show that DNA-PK
regulates glycolysis in vitro, in vivo, and ex vivo in patient-derived
explant (PDE)models. Thus, these data have uncovered a novel role of
DNA-PK as a metabolic regulator, through direct interaction and
phosphorylation of key glycolytic enzymes that promotes glycolysis, a

key pathway used to generate energy and intermediates needed for
macromolecular synthesis to support cancer cell growth and metas-
tasis. Collectively, these data expand the current knowledge of DNA-
PK functions and inform new avenues for potential therapeutic
targeting of DNA-PK in concert with glycolytic inhibitors in cancer.

Materials and Methods
Cell lines

CRPC cell lines, C4–2 and 22Rv1 were obtained from and authen-
ticated by ATCC. C4–2 cells were grown in IMEM media supple-
mented with 5% FBS, and 22Rv1 cells were grown in DMEM media
supplemented with 10% FBS, both supplemented with 1% L-glutamine
(2 mmol/L) and 1% penicillin–streptomycin (100 units/mL). Cells
were checked for mycoplasma (ATCC, 30–1012K) upon thawing.

Rapid immunoprecipitation mass spectrometry of endogenous
proteins (RIME)

RIME was performed as described previously (23). Briefly, immu-
noprecipitation was performed using G magnetic beads (Dynabeads)
linked to DNA-PK (Thermo Fisher Scientific, #MS-423-P) or IgG
(Santa Cruz Biotechnology, sc-2025) antibodies, after cells were cross-
linked with 1% formaldehyde for 8 minutes and neutralized with
glycine for 5 minutes. Mass spectrometry (MS) was used to identify
endogenous DNA-PK protein partners. Proteins (≥3 peptides) were
considered interactors if theywere identified in theDNA-PKpulldown
but not the IgG control.

Steady-state metabolomics
Steady-state metabolomics were performed byMetabolon, Inc., and

data visualizationwas performed usingMetabolon’s built in Cytoscape
plugin. Briefly, C4–2 cells were plated in completemedia overnight and
treated with DNA-PK inhibitor, NU7441 (1 mmol/L), or DMSO for
24 hours in quadruplicate. Cell pellets were collected, flash frozen, and
stored at �80�C, according to Metabolon sample guidelines. Metab-
olite identification was performed through ultra-high-performance
liquid-phase chromatography and gas-chromatography separation,
coupled with MS. Compounds were identified by comparison to
libraries maintained by Metabolon.

Seahorse assay
Cellular oxygen consumption rate (OCR) and extracellular acidi-

fication rate (ECAR) were measured with a Seahorse XFe bioanalyzer
(Seahorse Bioscience) using a Seahorse XF Cell Mito Stress Test Kit
(Agilent Seahorse Bioscience, #103020–100) and Seahorse XF Glycol-
ysis Stress Test Kit (Agilent Seahorse Bioscience, #103015–100),
respectively, according to manufacturer’s instructions. Briefly, cells
were transfected with siDNAPK/siCtrl (C4–2, 1 � 104/well; 22Rv-1,
2 � 104/well) or pretreated with NU7441/DMSO (1 mmol/L; C4–2,
0.5� 104/well; 22Rv-1, 1� 104/well) and then seeded in a Seahorse XF
96-well assay plate. For the Mito Stress Test mitochondrial inhibitors
oligomycin, FCCP, and rotenone/antimycin A were used at a final
concentration of 1, 1, and 0.5 mmol/L, respectively. For the glycolysis
stress test, glucose, oligomycin, and 2-deoxy-glucose (2-DG)were used
at a final concentration of 10 mmol/L, 1 mmol/L, and 50 mmol/L,
respectively.

In vitro [U-13C6]-D-glucose tracing
C4–2 cells were plated in complete media with dialyzed FBS

overnight and treated with NU7441 (1 mmol/L) or DMSO for 24 hours
prior to a 2-hour pulse with [U-13C6]-D-glucose (Sigma, 389374) as

Translational Relevance

DNA-dependent protein kinase catalytic subunit (DNA-PKcs,
herein referred as DNA-PK) is a pleiotropic kinase, which is
frequently overexpressed and hyperactivated in multiple cancer
types. DNA-PK is associated with disease progression and metas-
tasis, thus making DNA-PK an attractive therapeutic target. Tar-
geting DNA-PK leads to anticancerous effects and DNA-PK
inhibitors are currently being investigated in clinical trials with
promising potential. However, further investigation into the
mechanisms that drive DNA-PK protumorigenic functions is
needed to aid in development of actionable, effective, and durable
therapies for cancer treatment. This study, using unbiased prote-
omics and metabolomics, identified novel DNA-PK partners,
substrates, and function in metabolic regulation of glycolysis, an
energy-generating pathway that is also frequently deregulated in
cancer. Findings herein identify a novel role forDNA-PK in driving
metabolism and suggest new potential therapeutic strategies by co-
targeting DNA-PK and glycolytic players in prostate cancer.
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described previously (24). Metabolites were extracted with ice-cold
buffer (methanol: acetonitrile:MilliQwater at 50:30:20, v/v), separated
on a SeQuant ZIC-pHILIC column (Merck, 150460) and identified
using aQ Exactive HFmass spectrometer. Compounds were identified
using an in-house library, with isotopologues corrected against nat-
urally occurring stable carbons.

Xenografts
C4–2 cells (5 � 106 cells per injection) were resuspended in a 1:1

mixture of 1X PBS andMatrigel (BD Biosciences 354234) and injected
subcutaneously into the flank of 5- to 6-week-old SCID male mice
following protocol approved by IACUC at Thomas Jefferson Univer-
sity. Upon tumor reaching 150 mm3, mice were treated with the
DNA-PKi NU7441 (Selleck Chemicals, 25 mg/kg) or vehicle daily
for 4 days via intraperitoneal injection. After 4 days, tumors were
harvested and processed for pyruvate kinase activity and pyruvate
levels as described in Supplemental Experimental Methods.
Tissue was used for hematoxylin and eosin (H&E) staining, and
immunohistochemistry staining for pDNA-PK (Abcam ab18192),
DNA-PK (Abcam, ab168854), PKM2 (Cell Signaling, #4053S),
GLUT-1 (Abcam, ab115730) and MCT1 (Proteintech, 20139–1-AP)
performed by Thomas Jefferson Pathology Core.

PDE
PDE experiments were conducted as described previously (25).

Briefly, tissues samples were treated with NU7441 (1 mmol/L) or
DMSO for 6 days. PDEs were used for H&E staining and IHC staining
for pDNA-PK (Abcam, ab18192) and DNA-PK (Cell Signaling Tech-
nology, #12311) performed by Thomas Jefferson Pathology Core, and
to measure pyruvate kinase activity and pyruvate levels. The Thomas
Jefferson University Institutional Review Board has reviewed this
protocol and deemed this research in compliance with federal regula-
tions [45 CFR 46.102(f)]. Prostate tissues were also collected with
written informed consent from previously-untreated patients under-
going radical prostatectomy at St Andrew’s Hospital, Adelaide,
Australia, through the Australian Prostate Cancer BioResource. A
longitudinal section of each tissuewas removed prior to ex vivo culture,
fixed in formalin, and paraffin embedded for assessment for histology
and IHC. Ethical approval for tissue collection and experimentation
was obtained from St Andrew’s and the University of AdelaideHuman
Research Ethics committees and all experiments with patient material
were performed in accordance with the National Health and Medical
Research Council of Australia guidelines. Prostate specimens were
dissected and cultured ex vivo as PDEs in RPMI medium containing
10% FCS on gelatin sponges for 24 hours in the presence of
DMSO (vehicle) or NU7441 (1 or 2 mmol/L). After culture, explants
were transferred into a new well containing treatment medium with
U-13C-D-glucose (including DMSO, 1 or 2 mmol/L NU7441) for a
further 2 hours. PDEs were then harvested and snap frozen for
metabolomics analysis.

Statistical analysis
All experiments were performed in technical triplicate with at least

three biological replicates per condition. In vitro, in vivo, and ex vivo
data are displayed as mean � SEM. Statistical significance was deter-
mined using Student t test and two-way ANOVA on GraphPad Prism
Software (version 9.0.2).

Data availability
The data generated and/or analyzed during this study are available

upon reasonable request from the corresponding author.

Results
DNA-PK interacts and promotes activity of glycolytic enzymes

Abundant expression of DNA-PK in tumors is strongly associated
with poor outcome, and far exceeds the levels required for its estab-
lished roles including DNA repair, transcriptional regulation, and
genome stability (26). To address the significant gaps in understanding
the pleiotropic functions of DNA-PK in human malignancies, an
unbiased proteomic approach was utilized. Given the role of DNA-PK
in promoting prostate cancer aggressive features and metastatic
potential (13), DNA-PK function was examined in CRPC models.
RIME (ref. 23; Fig. 1A, left) was performed to map the DNA-PK
protein–protein interactome. As shown, these studies identified 144
unique proteins, consisting of 17% known and 83% novel partners,
with every distinct peptide found specifically in DNA-PK immuno-
precipitation, but not in IgG control, given designation of a protein
(Supplementary Fig. S1A). Using an increased stringency filter of three
or more distinct peptides per protein, 35 DNA-PK–interacting pro-
teins were identified, of which 54% were novel DNA-PK partners
(Fig. 1A, right; Supplementary Table S1).Gene set enrichment analysis
(GSEA) Hallmark and KEGG analyses (FDR <0.25; Fig. 1A, right)
were performed, and as expected known DNA-PK modulated path-
ways includingDNA repair pathways (NHEJ and base excision repair),
androgen response, hypoxia, and G2M checkpoint. Specifically, DNA-
PK interacted with peptides derived from known partners in NHEJ,
Ku70, and Ku80, as well as PARP1, HSP90, and TRIM28 (KAP1;
refs. 27–30), which lends further confidence in the protein–protein
interactome mapping as these proteins and associated pathways have
been previously identified as regulated by DNA-PK (1, 10, 31). Strik-
ingly, novel DNA-PK partners were highly enriched for proteins
involved in metabolic pathways including the pentose phosphate
pathway, fatty acid metabolism, and glycolysis/gluconeogenesis
(Fig. 1A; Supplementary Fig. S1A). These findings suggest a potential
role for DNA-PK in cancermetabolism. Increasedmetabolic activity is
an important characteristics of cancer cells and has been to linked
advanced disease and resistance to therapy (32). Thus, understanding
the potential role of DNA-PK inmetabolism, through interaction with
metabolic enzymes, could uncover novel mechanisms by which DNA-
PK promotes aggressive disease phenotypes in CRPC.

Although DNA-PK functions have predominantly been studied in
the nucleus, the kinase also localizes to the cytoplasm (33, 34), where
several metabolic processes primarily take place. Consistent with
previous reports, DNA-PK localized to both compartments with
78% of DNA-PK identified as nuclear and 22% as cytoplasmic in
CRPC cells (Fig. 1B; Supplementary Fig. S1B), indicating that DNA-
PK has the potential to interact with cytoplasmic metabolic factors. To
further explore the link between DNA-PK and metabolic regulation,
glycolysis was prioritized as the most enriched pathway identified in
the interactome studies through RIME (Fig. 1A). Specifically, glycol-
ysis is an energy generating pathway, often upregulated in cancer cells
due to high energetic demands for establishing and maintaining
aggressive phenotypes (35). DNA-PK was found to interact with
multiplemembers of the glycolysis/gluconeogenesis pathway by RIME
(Fig. 1C, left): ALDOA, GAPDH, phosphoglycerate kinase 1 (PGK1),
enolase alpha (ENO1), and pyruvate kinase M2 (PKM2). To interro-
gate the regulation of glycolysis by DNA-PK in a systematic manner,
ALDOA andPKM2were prioritized for further investigation. ALDOA
was previously reported to interact with DNA-PK (22), although
functionally not investigated in metabolism, and thus identification
of this interaction with DNA-PK in CRPC cells supports the validity of
the novel DNA-PK RIME analyses performed. In addition, PKM2 is
the downstream glycolytic factor that catalyzes the last and irreversible
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step in glycolysis generating pyruvate and energy, thus, potentially
linking DNA-PK to regulation of energy production through glycol-
ysis. To validate RIME-nominated partners, co-immunoprecipitation
(Co-IP) analyses were performed in CRPC cells in whole cell lysates,

with Ku70 serving as a positive control (Fig. 1C, left). The interactions
were confirmed using reverse Co-IPs, further validating these partners
(Supplementary Fig. S1C). Co-IPs on nuclear and cytoplasmic frac-
tionated lysates revealed that DNA-PK interacts with ALDOA and
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Figure 1.

DNA-PK interacts with glycolytic enzymes and promotes enzymatic activity.A, Schematic of RIME proteins in C4–2 cell line. Donut plot of known and novel DNA-PK
partners, GSEA hallmark and KEGG gene set analysis. B, DNA-PK localization in C4–2 cells: DAPI (blue), DNA-PK (green). DNA-PK levels are quantified (right). C,
Simplified schematic of glycolysis pathway highlighting known (green) and novel (magenta) DNA-PK partners identified by RIME. ALDOAand PKM2 interactionwith
DNA-PK in CRPCwhole cell lysates.D, Cytoplasmic and nuclear Interaction of DNA-PKwith ALDOA and PKM2 in CRPC cell lines (C4–2 top, 22Rv1 bottom). E, In vitro
DNA-PK kinase assay usingALDOAand PKM2 as substrates, DNA-PKpeptide (positive control), and BSA (negative control). Aldolase activity assay (F) and pyruvate
kinase activity assay (G) after DNA-PK inhibition (NU7441, 1 mmol/L, 3 hours) and DNA-PK knockdown (96 hours posttransfection). Data collected in at least three
biological replicates, represented as mean � SEM (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001).
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PKM2 in both cellular compartments (Fig. 1D), supporting the
potential role of DNA-PK in the regulation of ALDOA and PKM2
functions in glycolysis. Combined, these data are the first to identify
DNA-PK as a putative effector of glycolytic regulation.

Despite the wealth of knowledge surrounding DNA-PK function in
DNA repair (36), substrates outside of DNA repair remain
largely understudied. Therefore, a putative functional interaction was
explored next, to uncover whether ALDOA and PKM2 are DNA-PK
substrates for phosphorylation. DNA-PK has been shown to phos-
phorylate the majority of its substrates utilizing a consensus sequence
previously delineated as either a serine or threonine followed by a
glutamine (S/T[Q]; ref. 37), or sometimes a leucine or tyrosine residue
(non-S/T[Q]; ref. 37). However, DNA-PK also has been shown to
phosphorylate substrates that do not adhere to these sequences (38),
therefore making substrate identification complex. On the basis of the
S/T[Q] andnon-S/T[Q] preferred sequences, seven potential siteswere
predicted on ALDOA and PKM2 (Supplementary Fig. S1D). Here,
in vitroDNA-PK kinase assays were utilized to capture all the possible
phosphorylation events despite adherence or not to the consensus
sequences. These analyses used recombinant human ALDOA and
PKM2 as substrates, DNA-PK peptide substrate as a positive control,
and BSA as a negative control. Resulting data shows that DNA-PK
phosphorylates both ALDOA and PKM2 in a dose-dependent manner
as compared with BSA (Fig. 1E). Thus, this investigation identified
ALDOA and PKM2 as novel DNA-PK substrates in vitro.

This functional interaction suggests that DNA-PK may affect
downstream pathway activities, which was further assessed by
DNA-PK activity suppression or depletion. Suppressing DNA-PK
activity using a specific DNA-PKi (1 mmol/L NU7441) reduced
aldolase activity by 29% and 27% after 3 hours in C4–2 and 22Rv1
cells, respectively (Fig. 1F; Supplementary Fig. S1E). Similarly, pyru-
vate kinase activity was assessed upon DNA-PKi and was reduced by
19% and 4% in C4–2 and 22Rv1 cells, respectively (Fig. 1G; Supple-
mentary Fig. S1F). To account for any off-target effects, siRNA-
mediated DNA-PK knockdown (siPRKDC, referred herein as
siDNA-PK) was utilized to validate results in C4–2 cells, resulting in
a 28% reduction in aldolase activity (Fig. 1F) and an 11% decrease in
pyruvate kinase activity (Fig. 1G). Thus, these results indicate that
DNA-PK promotes ALDOA and PKM2 enzymatic activity to a degree
that could impact downstream metabolism. Importantly, the modu-
lation of ALDOA and PKM2 activity was not due to changes in protein
levels of glycolytic enzymes upon DNA-PKi and siDNA-PK, or off-
target effect on mTOR/PI3K or AMPK pathways (Supplementary
Figs. S2A–S2C). In summary, these data show for the first time that
DNA-PK interacts, phosphorylates, and induces activity of key gly-
colytic enzymes in CRPC, revealing a potential role of DNA-PK in
metabolic regulation.

DNA-PK activity modulates metabolic pathways and results in
significant changes in carbohydrate metabolism

Cancer cells alter their metabolism to support the acquisition and
maintenance of malignant phenotypes, including by increase of gly-
colysis and lactic acid production in aerobic conditions, also known as
the Warburg effect (32, 39). Because DNA-PK interacts and affects
enzymatic activity of glycolytic enzymes, it is important to discern the
role of DNA-PK in metabolism and assess biological outcome in
CRPC. To this end, untargeted metabolic profiling using steady-state
metabolomics was performed in CRPC cells treated with DNA-PKi
(NU7441, 1 mmol/L, 24 hours). This analysis captured the DNA-PK–
dependent alterations that occur at this particular time in CRPC cells

and identified 113 decreased and 57 increased metabolites after DNA-
PKi as compared with control (P < 0.05; Fig. 2A, left). Metabolite hits
significantly changed comparedwith totalmetabolites detected in each
pathway were enriched for carbohydrate and energy metabolism
(43%), peptide (19%), nucleotide (12%), and lipid pathways (10%)
(Fig. 2B; Supplementary Fig. S3A). Within the carbohydrate and
energy super-pathway, glycolysis/gluconeogenesis/pyruvate was the
top altered subpathway after DNA-PKi with seven decreased meta-
bolites. Dihydroxyacetone phosphate (DHAP), 3-phosphoglycerate,
2-phosphoglycerate, glycerate, PEP, pyruvate, and lactate were signif-
icantly reduced after DNA-PKi, suggesting a potential role for DNA-
PK in catabolism in cancer cells (Fig. 2C, blue ¼ significantly
decreased, red ¼ significantly increased). Strikingly, four of the
decreased metabolites (DHAP, 3-phosphoglycerate, PEP, and pyru-
vate) are downstream of the RIME-identified DNA-PK partners
(ALDOA, PGK1, ENO1, and PKM2, respectively; Supplementary
Fig. S3B). Considering that DNA-PK inhibition decreased the enzy-
matic activity of ALDOA and PKM2, identification of downregulated
DHAP and pyruvate metabolites provide additional evidence that
DNA-PK directly alters glycolysis. Together, these data demonstrate
that DNA-PK activity modulates cancer metabolism, specifically
glycolysis via interaction with glycolytic enzymes, which was postu-
lated to support the high energetic demands of advanced cancer,
including CRPC.

DNA-PK impacts glycolytic activity in CRPC
To assess whether changes in glucose availability led to decreased

levels of downstream glycolysis metabolites, glucose uptake was
interrogated. Although often upregulated in cancer (32), glucose
uptake was unchanged in CRPC cells after suppression of DNA-PK
activity (DNA-PKi) and DNA-PK depletion (siDNA-PK; Fig. 3A).
These data indicate that DNA-PK does not alter glucose availability
for glycolysis and alteration in glucose uptake is not responsible for
the observed decrease in downstream metabolites. Therefore, to
understand the potential reasons for the observed downregulation
of glycolytic intermediates, glycolytic activity was investigated by
monitoring the extracellular acidification rate (ECAR). ECAR was
measured after stimulation with glucose to evaluate the rate of
glycolysis under basal conditions (labeled as Glycolysis in the graph)
and was decreased by 22% and 19% in C4–2 and 22Rv1 cells after
inhibition of DNA-PK activity with DNA-PKi, respectively (Fig. 3B).
Similarly, upon DNA-PK depletion (siDNA-PK), glycolytic rate was
decreased by 23% and 26% for C4–2 and 22Rv1, respectively
(Fig. 3C). These data suggest that DNA-PK promotes glycolysis in
CRPC. However, under stress cells have the ability to adapt and may
utilize glycolysis at maximum capacity (labeled as Glycolytic Capac-
ity in the graph) to meet energetic demands without help from the
TCA cycle. This can be modeled by using an inhibitor of oxidative
phosphorylation (oligomycin) that halts mitochondrial ATP gener-
ation, forcing cancer cells to increase glycolytic flux to reach max-
imum capacity as shown by an increase in ECAR. After treatment
with DNA-PKi, glycolytic capacity was reduced by 17% in C4–2 cells,
whereas there was no significant difference in 22Rv1 cells (Fig. 3B).
Upon DNA-PK knockdown, glycolytic capacity was reduced by 20%
and 15% for C4–2 and 22Rv1 cells, respectively (Fig. 3C). These
findings show that under stress, DNA-PK downregulation reduces
the ability of CRPC cells to perform at maximum glycolytic capacity,
likely resulting in decreased energy production. Together these data
suggest that DNA-PK sustains glycolysis through regulation of
glycolytic activity in CRPC.
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DNA-PK regulates synthesis of pyruvate and lactate in CRPC
To further confirm the role of DNA-PK in impacting aerobic

glycolysis, pyruvate and lactate were assessed as the end products of
glycolysis. As expected from steady-state metabolomics (Fig. 2C) and
reduced glycolytic activity (Fig. 3B andC), a 42% decrease in pyruvate
levels and 10% decrease in lactate production were observed in C4–2

cells after DNA-PKi (Fig. 4A; Supplementary Fig. S4A). Similarly,
DNA-PK knockdown resulted in a 20% and 23% decrease in pyruvate
levels and lactate production, respectively (Fig. 4B; Supplementary
Fig. S4B). Furthermore, ectopic overexpression of ALDOA and PKM2
rescue the reduced levels of pyruvate after DNA-PK inhibition
(Fig. 4C; Supplementary Fig. S4C). These findings further confirm
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Figure 2.

DNA-PK activity modulates metabolic pathways and results in significant changes in carbohydrate metabolism. A, Steady-state metabolomics performed in C4–2
cells in DMSO vs. NU7441 (1 mmol/L, 24 hours). Increased and decreased metabolites shown in the scatter plot for each super-pathway. B, Relative percent of
metabolites changed (up and down) compared with total number of metabolites identified in each super-pathway. C, Metabolites changed in each carbohydrate
subpathway with glycolysis having the most changed metabolites shown by box and whisker plots.
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that DNA-PK modulates glycolysis in CRPC through ALDOA and
PKM2.

In addition to being converted to lactate through aerobic glyco-
lysis, pyruvate can serve as a link between glycolysis and other
metabolic processes such as TCA cycle (40). The impact of DNA-PK
on the TCA cycle was investigated via oxygen consumption rate
(OCR), as a measure of mitochondrial function. In line with
decreased levels of pyruvate observed, thus potentially less glycolytic
intermediates entering the TCA cycle, the basal OCR levels (the
ability to meet energetic demands under baseline conditions) were
significantly decreased after DNA-PKi (Supplementary Fig. S4D)
and DNA-PK depletion (Supplementary Fig. S4E). Furthermore,

maximal OCR (the maximum electron chain capacity) was also
significantly decreased (Supplementary Figs. S4C and S4D). Togeth-
er, these findings show that DNA-PK downregulation reduces TCA
cycle activity.

Nevertheless, the lower pyruvate/lactate levels and TCA activity
may be due to changes in utilization and/or synthesis of glucose-
derivedmetabolites. To explore these possibilities, [U-13C6]-D-glucose
tracing metabolomics using a stable isotope to label all six carbons in
glucose, was performed to follow glucose carbons through glycolysis
after DNA-PKi treatment (Fig. 4C, left). As depicted in the schematic
(Fig. 4C) uniformly labeled glucose going through glycolysis would
generate fully labeled pyruvate and lactate represented as mþ3 (all
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DNA-PK impacts overall glycolytic activity. A, Glucose uptake was measured upon DNA-PK inhibition (NU7441, 1 mmol/L, 24 hours) and DNA-PK knockdown
(96 hours posttransfection) using a fluorescence glucose analog, 2NBDG. B and C, Glycolysis stress test seahorse performed upon DNA-PK inhibition (B; NU7441,
1 mmol/L, 24 hours) and DNA-PK knockdown (C; 96 hours posttransfection). ECAR was quantified and shown (right). Glycolysis was measured after glucose
stimulation and prior to oligomycin treatment. Glycolytic capacity was measured after oligomycin stimulation and prior to 2-DG. Data collected in at least three
biological replicates, represented as mean � SEM (ns, nonsignificant; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001).

Dylgjeri et al.

Clin Cancer Res; 28(7) April 1, 2022 CLINICAL CANCER RESEARCH1452



A 
Pyruvate

levels

DNAPK
Vinculin

siC
trl

siP
RKDC

Lactate 
production

DNAPK

C4-2

siC
trl

siP
RK

DC

Vinculin

Pyruvate 
levels

Lactate 
production

D 

C4-2 C4-2

B 

C4-2 C4-2

Con
tro

l

Con
tro

l

NU74
41

(1
 μm

ol/
L)

NU74
41

(1
 μm

ol/
L)

NU74
41

(1
 μm

ol/
L)

NU74
41

(1
 μm

ol/
L)

NU74
41

(1
 μm

ol/
L)

NU74
41

(1
 μm

ol/
L)

NU74
41

(1
 μm

ol/
L)

NU74
41

(1
 μm

ol/
L)

NU74
41

(1
 μm

ol/
L)

NU74
41

(1
 μm

ol/
L)

0

2 ×105

4 ×105

6 ×105

8 ×105

1 ×106

Glucose

T
ot

al
 p

ea
k 

ar
ea

(n
or

m
al

iz
ed

 to
 µ

g 
pr

ot
ei

n)

M + 0 M + 6

ns

C

DYK Tag PKM2

EV PKM2 OE

ALD
OA

OE

C4-2

DYK Tag ALDOA

Vinculin

(siDNA-PK)(DNA-PKi)

Pyruvate levelsC4-2 C4-2

Pyruvate

Lactate

M + 3

M + 3

[U-13C6]-D-glucose

ALDOA

PKM2

DHAP GADP

3PG

M + 3M + 3

M + 3

NU7441
(1 mmol/L)

Control NU7441
(1 mmol/L)

Ctrl

Figure 4.

DNA-PK regulates glycolysis.A, Pyruvate levels and lactate productionwasmeasured upon DNA-PK inhibition (NU7441, 1 mmol/L, 24 hours).B,DNA-PK knockdown
(96 hours posttransfection). C, Pyruvate levels upon overexpression of ALDOA and PKM2 as validated via protein levels (left). D, Glucose tracing through glycolysis
pathway toGADP, 3PG, pyruvate, and lactate generation throughmetabolic flux analysis. C4–2 cellswere treatedwith NU7441 (1mmol/L, 24 hours) or vehicle control,
followed by 2 hours pulse with [U-13C6]-D-glucose. Data collected in at least three biological replicates, represented as mean� SEM (ns, nonsignificant; �, P < 0.05;
�� , P < 0.01; ��� , P < 0.001).

DNA-PK Regulates Glycolysis

AACRJournals.org Clin Cancer Res; 28(7) April 1, 2022 1453



carbons labeled). After 2 hours of [U-13C6]-D-glucose labeling, intra-
cellular glucose (mþ6) was unaffected by DNA-PK inhibition, where-
as mþ3 glucose-derived metabolites downstream of ALDOA were
significantly reduced including GADP, glycerate 3-phosphate (3PG),
pyruvate, and lactate (Fig. 4D). Because no changes were observed in
glucose uptake and both pyruvate and lactate levels were also decreased

in steady state metabolomics, these data show decreased synthesis of
these glucose-derivedmetabolites downstreamofALDOA, rather than
increased utilization. Combined, findings herein suggest thatDNA-PK
is a critical player in cancer metabolism as a positive regulator of
aerobic glycolysis by promoting synthesis of glucose-derived pyruvate
and lactate.
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Dylgjeri et al.

Clin Cancer Res; 28(7) April 1, 2022 CLINICAL CANCER RESEARCH1454



DNA-PK regulates glycolysis in vivo and in human prostate
cancer tissues

Considering the ability of DNA-PK to interact with ALDOA and
PKM2, as well as promote glycolysis in vitro, these findings were
further investigated in vivo via a xenograft model of CRPC. Impor-
tantly, DNA-PK interacts with ALDOA and PKM2 in vivo as shown
by Co-IPs (Fig. 5A), supporting the in vitro data (Fig. 1C; Sup-
plementary S1C). Mice were also treated with DNA-PKi for 4 days
and tissue was used for histology analysis to assess histoarchitecture
via H&E, pDNA-PK, and total DNA-PK levels (Fig. 5B). Further-
more, glycolytic markers GLUT-1, PKM2, and MCT1 levels were
interrogated (Fig. 5C; Supplementary Fig. S5). Similar to the in vitro
studies, glycolytic marker levels, including PKM2, were unaffected
by DNA-PKi (Fig. 5C, left), however in vivo pyruvate kinase activity
was significantly reduced (22.6%). Thus, regulation of pyruvate
kinase activity by DNA-PK is maintained in vivo. Because pyruvate
levels were decreased in vitro after DNA-PKi and siDNA-PK
(Fig. 4A and B), this endpoint was assessed as a measure of
glycolytic activity. After treatment with DNA-PKi in vivo, pyruvate
levels were also significantly decreased by 34.3% (Fig. 5D). These
findings show that DNA-PK activity drives the enzymatic activity of
glycolytic enzyme PKM2 and the generation of glycolytic pathway
product, pyruvate, in vivo.

To challenge this concept in human prostate cancer tissues, PDEs
were interrogated, utilizing human tumor samples obtained from high
volume disease post-radical prostatectomy, as previously described
and summarized in Fig. 5E, left (25, 41). Notably, these tumor tissues
retain histoarchitecture, AR expression, proliferation rate, and tumor
microenvironment features of the original tumor (25, 41). Upon
resection, these tissues were treated with DNA-PKi or vehicle control
before undergoing IHC (Supplementary Fig. S6A) andmetabolic assay
interrogation. Treatment of five PDEs with DNA-PKi led to a slight
decrease in pDNA-PK staining intensity compared with control
(Fig. 5E, bottom). Pyruvate kinase activity and pyruvate levels served
as endpoints for the effect of DNA-PK downregulation on PKM2 and
glycolysis in PDEs. A 13.5% decrease of pyruvate kinase activity was
observed upon treatment with DNA-PKi (Fig. 5F), which shows that
DNA-PK directly affects the activity of PKM2 in PDEs, the last and
irreversible step in glycolysis to generate energy and pyruvate. As
expected, downstream pyruvate levels were also decreased by 20.7%
upon DNA-PKi, further highlighting the effect of DNA-PK on
glycolysis, this energy producing pathway to support cancer cell
growth and metastasis (Fig. 5G). Furthermore, [U-13C6]-D-glucose
tracing metabolomics performed in additional nine PDEs (Supple-
mentary Fig. S6B; Supplementary Table S2) showed heterogeneity
in response to DNA-PKi, measured by the flux of glucose-derived
carbons to lactate (mþ3 labeling was 51% � 9% of total lactate
levels across all nine explants). Flux analysis also showed a decrease
in lactate synthesis (mþ3) after DNA-PKi (NU7441, 1 mmol/L;
Fig. 5H), which is further pronounced at a higher dose (NU7441, 2
mmol/L; Supplementary Fig. S6C). Only highly abundant lactate
showed efficient 13C-labelling, with other metabolites such as
pyruvate not shown as they were below detection limits in approx-
imately two thirds of explant samples, similar to our C4–2 labeling.
In summary, these data show for the first time that DNA-PK
regulates glycolysis in vitro, in vivo, and ex vivo via interaction,
regulation of glycolytic enzyme activity, and glycolytic pathway
activity as observed by pyruvate and lactate production levels.
Together, these data show that DNA-PK–dependent regulation of
glycolysis can contribute to proliferation and promoting aggressive
disease which can be leveraged for therapeutic targeting.

Combination of DNA-PK and glycolysis inhibitor decreases
proliferation in CRPC

Next, knowing the impact of otherDNA-PK functions in promoting
proliferation and metastasis, the potential contribution of the role of
DNA-PK in glycolysis through regulation of ALDOA and PKM2 in
CRPC proliferation was investigated. As expected, CRPC cells expres-
sing empty vector (EV) treated with DNA-PKi (NU7441, 1 mmol/L)
showed significantly reduced proliferation compared with EV alone
(Fig. 6A). Importantly, cells expressing ectopic ALDOA and PKM2,
showed a significant increase in proliferation when compared with EV
and EVþNU7441 cells (Fig. 6A). However, treatment withDNA-PKi
led to significant decrease of proliferation despite ALDOA and PKM2
overexpression on Day 5, potentially due to inhibition of other
DNA-PK functions that modulate proliferation. These data suggest
that upregulation of glycolytic metabolite pyruvate via ALDOA and
PKM2 overexpression alone is not enough to rescue proliferation.
Nevertheless, the findings herein show that DNA-PK plays a novel role
in regulation of glycolysis through ALDOA and PKM2. Regulation of
glycolysis by DNA-PK is important for the production of glucose-
derived metabolites and glycolytic activity that may contribute to
energy generation, biosynthesis, and various other functions that
promote aggressive disease.

Considering that glycolysis is upregulated in most cancers and
DNA-PK’s regulation of glycolytic activity, co-targeting DNA-PK and
glycolysis was investigated. CRPC cells were treated with glycolysis
inhibitor 2-deoxyglucose (2-DG), DNA-PKi (NU7441), and 2-DG þ
NU7441 combination (Fig. 6B; Supplementary Fig. S7A). 2-DG
showed limited activity as a single agent but in combination with
DNA-PK inhibition showed a more potent anti-proliferative effect
(Fig. 6B, top). To calculate combination indices (CI) CompuSyn
softwarewas used, whereCI< 1, CI¼ 0, andCI> 1 indicate synergistic,
additive, and antagonistic effects of the two drugs in combination,
respectively. These data revealed that co-targeting DNA-PK and
glycolysis together leads to combinatorial anti-proliferative effects in
CRPC (additive effect at higher doses of 2-DG; Fig. 6B, bottom;
Supplementary S7B). Together, these data show that DNA-PK con-
tributes to aggressive disease by modulating glycolysis and this can be
targeted via a combination of DNA-PK and glycolysis inhibition
(Fig. 6C).

Discussion
DNA-PK expression and activity are elevated in multiple cancers

including prostate cancer and have been associated with aggressive
disease and poor outcome (9, 10, 13). DNA-PK is a multifunctional
protein, but mechanisms by which DNA-PK promotes aggressive
cancer phenotypes beyond DNA damage repair remain understudied.
Therefore, understanding the mechanisms by which DNA-PK drives
aggressive disease is critical for development of effective therapeutic
strategies in advanced cancers. This study identifies a novel role for
DNA-PK as a key contributor to CRPC by regulating cancer metab-
olism via glycolysis. Findings herein uncovered the first DNA-PK
protein–protein interactome in CRPC, where novel DNA-PK partners
are involved in various cancer relevant pathways, including glycolysis.
This study revealed that DNA-PK interacts and phosphorylates
(in vitro) glycolytic proteins ALDOA and PKM2. However, the exact
phosphorylation sites and whether these events occur in vivo remains
to be elucidated. Furthermore, DNA-PK was found to promote the
enzymatic activity of glycolytic proteinsALDOAandPKM2.DNA-PK
also increases synthesis of glycolytic products pyruvate and lactate,
and regulates glycolysis in in vitro, in vivo, and ex vivo CRPC models.
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Moreover, regulation glycolysis byDNA-PKmay contribute to aggres-
sive disease, beyond proliferation, and combination of DNA-PK and
glycolysis inhibitors such as 2-DG leads to larger anti-proliferative
effects than 2-DG alone. In sum, this study identified novel partners,
substrates, and function of DNA-PK as a regulator of cancer metab-
olism through glycolysis, potentially impacting energy and macro-
molecule generation needed for proliferation and metastasis.

RIME analyses identified the first-in-field DNA-PK interactome
with multiple novel DNA-PK partners involved in regulation of
glycolysis. In addition to ALDOA and PKM2, RIME-identified
DNA-PK partners included GAPDH, PGK1, and ENO1 (Fig. 1A).
GAPDH, PGK1, and ENO1 catalyze the 6th, 7th, and 9th steps in
glycolysis, respectively. GAPDH, largely known as a housekeeping
gene, is upregulated in various cancer types and often correlates with

Figure 6.

DNA-PK regulationof glycolysis contributes to aggressive disease and canbemitigatedby co-targetingDNA-PK andglycolysis.A,ALDOAandPKM2overexpression
rescue blunted proliferation by DNA-PK inhibition. B, Co-targeting DNA-PK and glycolysis has additive anti-proliferative effect when using titrating DNA-PKi and
2-DG concentration (0–25 mmol/L). C, Summary schematic of the role of DNA-PK in glycolysis (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001).
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reduced survival (42). Although much remains to be understood
about the role of GAPDH in cancer beyond glycolysis, GAPDH has
been shown to modulate DNA repair, replication, cell death, and
cytoskeletal organization (42, 43). Therefore, further analysis of the
DNA-PK/GAPDH interaction will provide insights into the mechan-
isms and biological outcomes on glycolysis and other cancer relevant
pathways. Further, PGK1 is the glycolytic enzyme that catalyzes the
first ATP producing step in glycolysis and plays a key role in coor-
dinating energy production from glycolysis with one carbon metab-
olism, redox homeostasis, and serine synthesis (42, 44). Interrogation
of theDNA-PK/PGK1 interactionwill help further delineate the role of
DNA-PK in metabolic modulation through potential regulation of
biosynthesis and redox metabolism in cancer. High levels of PGK1
expression correlate with poor prognosis and therapy response, how-
ever PGK1 can also play a tumor suppressor role in cancers such as
lung, colon, hepatocellular, and prostate cancer (44). Moreover, PGK1
is a kinase involved in oncogenic signaling, thus understanding the
processes driven by DNA-PK/PGK1 interaction may identify novel
mechanisms that drive proliferation andmetastasis. Finally, ENO1 is a
glycolytic enzyme that has been shown to contribute to proliferation,
metastasis, and therapy resistance through its role in glycolysis (45).
ENO1 is overexpressed and promotes tumor growth in head and neck,
hepatocellular, and gastric cancers (45). Further interrogation of the
DNA-PK/ENO1 interaction could expand our understanding of the
role of DNA-PK in glycolysis and how these proteins together may
impact response to therapy. It is also important to not only understand
the impact of the DNA-PK interactions with these glycolytic partners,
but also determine whether DNA-PK regulates these proteins via
phosphorylation, changes in enzymatic activity, and/or via allosteric
regulation. Furthermore, althoughALDOAandPKM2overexpression
alone did not significantly rescue proliferation after DNA-PKi, further
interrogation should focus on identifying which protein (GAPDH,
PGK1, and ENO1 alone; combination of 2 or more; or all DNA-PK
glycolysis partner proteins together) may drive DNA-PK–dependent
proliferation via regulation of glycolysis. Together, the potential
interaction of DNA-PK with glycolytic proteins could impact their
role in glycolysis, overall energy metabolism, and potentially other
oncogenic pathways.

As seen with GAPDH, PGK1, and ENO1, glycolytic proteins have
functions beyond glycolysis both in the cytoplasm and the nucleus.
Also observed herein (Fig. 1D), DNA-PK interacts with ALDOA
and PKM2 in both cellular compartments. Although the functional
consequences of these DNA-PK interactions were studied in the
cytoplasm herein, these interactions may affect various nuclear pro-
cesses. Both ALDOA and PKM2 are known to play roles in cell
proliferation, motility, epithelial–mesenchymal transition, p53, Wnt
signaling, andDNA repair (46, 47). ALDOAhas been shown to induce
DNA-PK activity after dietary restriction (30% decrease in caloric
intake) in liver and ovarian cancer (22), thus suggesting a potential
function for the DNA-PK–ALDOA interaction in regulation of DNA
repair in the nucleus. Furthermore, the regulation of DNA-PK activity
by ALDOA and vice versa, supports the possibility of a feedback loop
leading to crosstalk between regulation of DNA repair and metabo-
lism, which merits further investigation. Importantly, various meta-
bolic factors including fumarase, glutamine synthase, ATP-citrate
lyase, and PKM2 have been shown to play a critical role in DNA
repair pathways including NHEJ and homologous recombination
(HR; ref. 48). Specifically, PKM2 has been shown to colocalize and
phosphorylate H2AX (48), a DNA-PK substrate during NHEJ, at sites
of DNA damage. These findings suggest that DNA-PK/ALDOA and
DNA-PK/PKM2 interactions may play a role in nuclear functions,

including DNA repair. The DNA damage repair process and the
phosphorylation of DNA repair proteins require high energy phos-
phate such as ATP which is generated during glycolysis or oxidative
phosphorylation (49). Therefore, DNA-PK interaction with metabolic
partners and promotion of glycolysis/TCA activity may be important
in supporting the energy demands of cells undergoing DNA repair. In
addition, these interactions may generate intermediates that serve as
building blocks for macromolecule synthesis or generation of acetyl
and methyl moieties to modify chromatin and drive protumorigenic
transcriptional networks, which would support cancer cell prolifera-
tion, metastasis, and resistance to therapies (42). Although these
functions are studied separately, there may be coordinated crosstalk
between the DNA-PK–mediated pathways in the nucleus and cyto-
plasm. Studying these functions in tandem, in the presence and
absence of genotoxic or metabolic stress, may provide additional
insights into how DNA-PK regulates and coordinates between its
protumorigenic functions in cancer. This may lead to identification of
novel approaches to target these pathways alone or in various combi-
nations maximize antitumorigenic benefit.

Considering the ability of DNA-PK to promote multiple protu-
morigenic pathways, DNA-PK has been nominated as therapeutic
target and DNA-PK inhibitors are currently being investigated in
clinical trials as monotherapy or in combination with standard of care
in various cancers (11, 31). The data herein and overexpression of
various glycolytic proteins including ALDOA and PKM2 in cancer,
suggest that patients with tumors overexpressing DNA-PK and/or
ALDOA/PKM2 may benefit from combination of DNA-PK and
ALDOA/PKM2 inhibitors. In that prostate cancer targeting PKM2
via siRNA leads to decrease proliferation and metastasis in prostate
cancer (50, 51), thus combination with DNA-PKi may show greater
anticancerous activity. Moreover, because upregulated glycolysis is a
hallmark of cancer (32), patients may benefit from combination
therapy of DNA-PKi and glycolytic inhibitors to target different nodes
of the pathway, as suggested by data in Fig. 6B. Various glycolytic
inhibitors have been identified and are being investigated in clinical
trials including glucose transporter inhibitors, PFKFB3 inhibitors,
2-DG, and lonidamine (LND; ref. 52). 2-DG has been shown to
possess single-agent activity in vitro but its interrogation was halted
in phase I/II clinical trials for treatment of solid tumors, including
hormone refractory prostate cancer, due to limited efficacy on inhibit-
ing tumor growth and high toxicities (52). Similarly, LND showed
promise but clinical investigation was terminated due to liver toxicities
and modest effects in suppressing tumor growth (52). Combination of
these drugs with DNA-PKi at lower doses may mitigate the observed
high toxicities and have greater anti-proliferative effects on prostate
cancer tumors. Data herein (Fig. 6B), shows that using DNA-PK
inhibitor at IC25 and IC50 and combining it with titrating doses of
2-DG leads to combinatorial anti-proliferative effects, supporting the
use of this combination for future studies. Although NU7441 is not
clinically actionable, investigation of the new generation of DNA-PK
inhibitors in combination with low doses of 2-DG is of high clinical
relevance in CRPC. Furthermore, the genetic tumor landscape should
be considered when using DNA-PK inhibitors to enhance response.
Tumors with alterations in drivers of disease such as AR amplification/
mutations, amplification of c-Myc, PI3K mutations, loss/mutation in
tumor suppressor p53andPTENare associatedwithmetabolic rewiring
that augment energy producing pathways (53, 54), including glycolysis.
These oncogenic events positively regulate glycolytic enzyme expres-
sion and activity, thus targeting these tumors with DNA-PK inhibitors
alone or in combination with glycolytic inhibitors could lead to more
robust anti-proliferative effects in aggressive disease.
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In addition, targeting other metabolic pathways regulated by
DNA-PK could provide therapeutic benefit. DNA-PK was found to
interact with de novo lipid synthesis protein FASN through RIME.
FASN is overexpressed and considered a hallmark of prostate cancer
progression (55). Recent studies have suggested FASN is a therapeutic
target in CRPC, therefore presenting an opportunity for co-targeting
FASN and DNA-PK in CRPC. Interrogation of the DNA-PK/FASN
complex and its consequences in lipid synthesis and beyond are
essential to better understand the impact of this interaction in cancer
proliferation and metastasis. Lipid metabolism is important in cancer
because it provides lipid species needed for structural components of
cellular membranes and is involved in redox homeostasis and energy
generation (56). Lipids can also act as signaling molecules for cancer
relevant pathways promoting proliferation and metastasis (56).
Because lipid metabolism is upregulated in many cancers, targeting
lipogenic enzymes (FASN, ACLY, ACC) and intracellular cellular lipid
homeostasis (CPT1a, PPARg , lipin2) are being investigated preclini-
cally and in clinical trials (56, 57). Clinical trials focusing on lipid
metabolism include ABT510 targeting CD36 in melanoma (phase I),
GPR119 agonist targeting AMPK in various cancers (phase I/II), and
perhexiline targeting CPT1, which is approved in Australia and New
Zealand (57). In addition, multiple FASN inhibitors (C93, IPI-9119,
TVB-2640) have shown promising results in preclinical models and
TVB-2640 has entered phase I and II trials in colon cancer and breast
cancer, respectively. Combined, targeting lipidmetabolism in cancer is
a promising area and combination with DNA-PK could enhance
anticancerous benefits.

In summary, DNA-PK is a frequently overexpressed and hyperac-
tive multifunctional protein that drives aggressive phenotypes in
prostate cancer (10, 13). Although the role of DNA-PK is well studied
inDNA repair,much remains to be uncovered about the underpinning
mechanisms of DNA-PK protumorigenic functions. The study herein
utilized unbiased proteomic and metabolomic approaches to identify
novel DNA-PK partners, substrates and function that promote energy
producing pathway, glycolysis to contribute in generation of aggressive
disease. Furthermore, data herein nominate a combinatorial treatment
of DNA-PK and glycolysis inhibitors for further investigation in
CRPC. Findings presented here expand the knowledge of the field,
encourage further interrogation of DNA-PK function in metabolic
rewiring and inform potential novel combinatorial strategies that can
result in more effective, durable therapies for management and
treatment of CRPC.
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