1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2024 March 15.

-, HHS Public Access
«

Published in final edited form as:
Int J Radiat Oncol Biol Phys. 2023 March 15; 115(4): 933-944. doi:10.1016/j.ijrobp.2022.10.012.

Manipulation of Redox Metabolism Using Pharmacologic
Ascorbate Opens a Therapeutic Window for Radio-Sensitization
by ATM Inhibitors in Colorectal Cancer

Cameron M. Callaghan, MD, Ibrahim M. Abukhiran, MDT, Amr Masaadeh, MD', Richard

V. Van Rheeden, MS*, Amanda L. Kalen, MS™8, Samuel N. Rodman Ill, BS™8, Michael S.
Petronek, MS™8, Kranti A. Mapuskar, PhD"8, Benjamin N. George, BS", Mitchell C. Coleman,
PhD"$, Prabhat C. Goswami, PhD"8, Bryan G. Allen, MD, PhD"8, Douglas R. Spitz, PhD"$,
Joseph M. Caster, MD, PhD"8

"Department of Radiation Oncology, University of lowa Hospital and Clinics, lowa City, lowa

TDepartment of Pathology, University of lowa Hospitals and Clinics and Carver College of
Medicine, lowa City, lowa

*Department of Pediatrics, The University of lowa, lowa City, lowa

$Free Radical and Radiation Biology Program, Department of Radiation Oncology, Holden
Comprehensive Cancer Center, University of lowa, lowa City, lowa

Abstract

Purpose: Ataxia telangiectasia mutated kinase (ATM) inhibitors are potent radiosensitizers

that regulate DNA damage responses and redox metabolism, but they have not been translated
clinically because of the potential for excess normal tissue toxicity. Pharmacologic ascorbate
(P-AscH™; intravenous administration achieving mM plasma concentrations) selectively enhances
H,0,-induced oxidative stress and radiosensitization in tumors while acting as an antioxidant and
mitigating radiation damage in normal tissues including the bowel. We hypothesized that P-AscH™
could enhance the therapeutic index of ATM inhibitor-based chemoradiation by simultaneously
enhancing the intended effects of ATM inhibitors in tumors and mitigating off-target effects in
adjacent normal tissues.

Methods and Materials: Clonogenic survival was assessed in human (human colon tumor
[HCT]116, SW480, HT29) and murine (CT26, MC38) colorectal tumor lines and normal cells
(human umbilical vein endothelial cell, FHs74) after radiation £ DNA repair inhibitors +
P-AscH™. Tumor growth delay was assessed in mice with HCT116 or MC38 tumors after
fractionated radiation (5 Gy x 3) + the ATM inhibitor KU60019 + P-AscH™. Intestinal injury,
oxidative damage, and transforming growth factor g immunoreactivity were quantified using
immunohistochemistry after whole abdominal radiation (10 Gy) + KU60019 + P-AscH™. Cell
cycle distribution and ATM subcellular localization were assessed using flow cytometry and

Corresponding author: Joseph Caster, MD/PhD; josephcaster@uiowa.edu.
Disclosures: none.
Supplementary material associated with this article can be found in the online version at doi:10.1016/j.ijrobp.2022.10.012.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Callaghan et al. Page 2

immunohistochemistry. The role of intracellular H,O, fluxes was assessed using a stably
expressed doxycycline-inducible catalase transgene.

Results: KU60019 with P-AscH™ enhanced radiosensitization in colorectal cancer models

in vitro and in vivo by H,O,-dependent oxidative damage to proteins and enhanced DNA
damage, abrogation of the postradiation G2 cell cycle checkpoint, and inhibition of ATM nuclear
localization. In contrast, concurrent P-AscH™ markedly reduced intestinal toxicity and oxidative
damage with KU60019.

Conclusions: We provide evidence that redox modulating drugs, such as P-AscH™, may
facilitate the clinical translation of ATM inhibitors by enhancing tumor radiosensitization while
simultaneously protecting normal tissues.

Introduction

The generation of DNA double strand breaks (DSBs) is a key mechanism by which ionizing
radiation (RT) induces cell death.! Ataxia telangiectasia mutated kinase (ATM) is a kinase
that plays a key role in coordinating the DNA damage response.3 In addition to its
established roles in DNA repair, ATM is also involved in maintaining redox homeostasis and
mounting antioxidant responses to oxidative stressors.*8 ATM-deficient cells demonstrate
high levels of basal oxidative stress markers and reduced tolerance to oxidants, including
hydrogen peroxide (H,05).%-11 ATM inhibitors are potent radiosensitizers in preclinical
tumor models.12-14 However, radiosensitization with ATM inhibitors is not specific to
tumors, and their clinical translation has been limited because of potentially increased
normal tissue toxicity.1216 ATM inhibitors significantly increase RT toxicity in rapidly
dividing normal tissues, including skin and bowel in preclinical studies.1’-18 Novel strategies
that selectively mitigate unintended radiosensitization in normal tissues without blunting

the desired effects in tumors could facilitate the clinical application of ATM inhibitors as
radiosensitizers for extracranial malignancies.

Ascorbate (AscH™; vitamin C) acts as a reducing agent and donor antioxidant by undergoing
consecutive oxidations under normal physiological conditions.1® However, the kinetics of
these reactions are context dependent; hence, AscH™ can function as a pro- or antioxidant
depending on cellular conditions. Pharmacologic ascorbate (P-AscH™) specifically refers
to high dose (75-100 g) intravenous administration, which produces much higher peak
plasma concentrations (15-20 mM) than can be achieved with oral administration.20-22
Numerous studies have shown that P-AscH™ selectively functions as a prooxidant in
tumors while exerting neutral or even protective effects in nonmalignant tissues.?1-25 The
mechanism of selective toxicity in tumors is thought to be dependent on perturbations in
tumor oxidative metabolism, which results in an excess of unpaired electrons and increased
steady-state reactive oxygen species (ROS).19:2627 |n the oxidizing environment in tumors,
AscH™ is oxidized to the ascorbate radical, which interacts with redox reactive metals

and oxygen to form highly reactive intermediates (including superoxide), which ultimately
result in the feedforward production of supraphysiological H,05 fluxes.19:23.24 |n addition
to these immediate effects, P-AscH™ may also induce expression of nicotinamide adenine
dinucleotide phosphate oxidase family members dual oxidase 1 and 2, which mediate
sustained increases in oxygen consumption and H,O, production.28 H,05 is a reactive
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intermediate that induces oxidative stress after RT, but it is less reactive than oxygen radical
species (superoxide and hydroxide radicals) and not a major source of lethal DNA double
strand lesions after RT under physiological conditions. However, the supraphysiologic
H,0, fluxes generated by concurrent P-AscH™ readily sensitize many tumors to DNA
damaging oxidative stressors, including RT and chemotherapeutics.21:2324.29 Because ATM
is a key redox sensor and post-RT DNA damage is influenced by intracellular redox

status, we hypothesized that P-AscH™ may be ideally suited to enhance tissue selectivity

of ATM inhibitors as radiosensitizers. Here, we provide evidence that P-AscH™ enhances
radiosensitization with the ATM inhibitor KU60019 in human and syngeneic murine
colorectal cancer (CRC) tumor models while simultaneously reducing excess radiation
damage, oxidative stress markers, and expression of the profibrotic cytokine transforming
growth factor (TGF)-g in the bowel. We further provide evidence that intracellular ROS
fluxes enhanced by P-AscH™ in tumors inhibit nuclear ATM localization and perturb cell
cycle checkpoints after RT.

Methods and Materials

Cell culture

Human colon tumor (HCT)116, SW480, HT29, human umbilical vein endothelial cell
(HUVEC), and FHs74-int cell lines were purchased from ATCC. B1 chinese hamster

cells and the HCTIIt doxycyline inducible cells were from Drs Douglas Spitz and Melissa
Fath.24 Murine CT26 and MC38 cells lines were from Drs Paloma Giangrande and Ralph
Weichselbaum. HCT116, HCT Cat+, and SW480 were grown in Roswell Park Memorial
Institute + 10% fetal bovine serum (FBS), and MC38 and B1 cells were grown in DMEM +
10% FBS. FHs74-int cells were grown in Hybri-Care Medium 46-X supplemented with 30
ng/mL human epidermal growth factor and 10% FBS. HUVEC cells were grown using the
EGM Bullet kit (Lonza Walkersville).

P-AscH™ treatments were performed in media + 10% FBS equilibrated in 5% CO,, 4% O,,
37°C for at least 1 hour. P-AscH™ stock solutions (0.95-1.05 M [pH 7]) were made under
argon and stored at 4°C. In vitro RT was delivered using a Cesium irradiator with dose

rate of 0.596 Gy/min. DNA repair inhibitors (DRIs) were purchased from SelleckChem,
dissolved in dimethylsulfoxide at a stock concentration of 1 mM, and stored at —20°F. For

in vitro drug treatments, DRIs were diluted to final concentrations in growth media for

24 hours; 1 uM for KU-60019 and VE-821 and 5 M for Veliparib (ABT-888). Control

cells were treated with an equal volume of dimethylsulfoxide vehicle. P-AscH™ pretreatment
started 2 hours after the start of DRI treatment and RT was delivered 1 hour after P-AscH™
administration.

Clonogenic survival

Cells were plated and maintained at 37°C and 4% O, for 24 to 48 hours before treatment.
Cells were washed, trypsinized, and plated immediately after RT. Each biological replicate
was plated in triplicate and represents the average number of colonies from the triplicates.
All conditions were repeated for a minimum of 3 independent biological replicates. Cloning
dishes were incubated for 7 to 14 days to allow for colony formation. FHs74-Int cells were
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plated on top of Chinese hamster fibroblast (B1 designation) feeder cells (1 x 10° per well)
that had been irradiated to 30 Gy. Colonies were fixed in 70% ethanol and stained with
Coomassie blue. Colonies containing =30 cells were counted.

Neutral COMET assay

Samples were resuspended in phosphate buffered saline (PBS), mixed 1:10 in agarose, and
plated onto slides. Slides were placed in prechilled lysis solution and incubated overnight
at 4°C. Electrophoresis was performed in neutral buffer solution at 1 VV/cm for 45 minutes
at 4°C. Slides were incubated sequentially in DNA precipitation solution, 70% ethanol,

and finally 100 uL of SYBR gold (Thermo Fisher) 1:30,000 in TE buffer per slide for 30
minutes in the dark at room temperature. Slides were then washed and imaged using an
Olympus CKX41 (Evident Corp, Olympus Scientific Solutions Americas DBA, Waltham,
MA) Inverted Phase Contrast Microscope and a Prior Lumen L200US (Prior Scientific,
Rockland, MA) light source. COMETS were then quantified using OpenComet (v1.3.1) and
ImageJ (version 1.53) software.

Cell cycle distribution and flow cytometry

Asynchronous exponentially growing cells were harvested 5 hours posttreatment and
analyzed for cell cycle phase distributions using flow cytometry measurements of DNA
content as previously described.30 Ethanol-fixed cells were resuspended in PBS and treated
with RNase A (1 mg~™k; Thermo Fisher) and propidium iodide (PI) (35 ng™™b). Cell
cycle phase distributions for the extended timepoints were analyzed by bromodeoxyuridine
(BrdU) pulse labeling followed by flow cytometry analysis of DNA content. Cells

were incubated with BrdU (1 mM) for 30 min before ethanol fixation. Cells were
resuspended in 0.2 mg~™L pepsin (Sigma) in 2 N HCL, neutralized (0.1 M Borax, pH

8.5), and incubated with anti-BrdU primary antibody (BD Biosciences) and fluorescein
isothiocyanate-conjugated secondary antibody (BD Biosciences) followed by incubation
with RNAase A and PI. At least 10,000 events were recorded for each sample. LSR 11 flow
cytometer (Becton Dickinson), ModFit (version 4.1.7), and FlowJo (version 10.7.2) software
were used to identify and analyze cell cycle phase distributions.

Immunofluorescence

Cells were plated on glass slides with wells and incubated at 37°C and 4% O, for 24

to 48 hours before treatment. Immediately after treatment, cells were washed in PBS and
fixed in 4% paraformaldehyde for 10 min, permeabilized in 0.1% Triton X-100 for 10
minutes, blocked with 3% bovine serum albumin in PBS for 1 hour at room temperature,
and incubated with primary antibody (pATM Ser1981 [Invitrogen]; ATM [Cell Signaling]
1:500 in 3% bovine serum albumin) overnight at 4°C. Secondary antibodies were applied
for 1 hour at room temperature (1:500 in PBS, Alexa Fluor 488 goat antimouse [Thermo
Fischer]) and stained with rhodamine phalloidin (Thermo Fischer) and 4’-6-diamidino-2-
phenylindole (DAPI) slowfade mountant (Thermo Fischer) for 10 minutes. Images were
captured using Olympus FVV1000 Laser Scanning Confocal based on an Olympus BX61WI
microscope at 40X magnification. Images were quantified using ImageJ software (version
1.53). At least 100 cells per condition in each of 3 biological replicates were used for
quantification by blinded reviewers.
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Subcellular localization of total ATM was assessed using Image J Software (version 1.53).
Nuclear and cytoplasmic fractions were quantified as the proportion of ATM that colocalized
with DAPI and cytokeratin, respectively. High intensity pATM foci were also quantified
using image J Software. For each cell line and biologic replicate, the contrast on the pATM
images in the control cells was adjusted to exclude background signal, and this setting was
applied to all additional samples in that biologic replicate. Nuclear (DAPI-colocalized) foci
were then automatically counted and divided by the total number of cells per image. All
images were analyzed by a reviewer who was blinded to the treatment conditions.

Murine models

All animal studies and procedures were approved by the institutional animal care and

use committee at the University of lowa. Eight-week-old male and female C57BL/6J and
Athymic-nude FOXnI1™/™ mice were purchased from Jackson Laboratories and Envigo,
respectively. KU60019 was administered at 0.5 mg/kg via tail vein injection and P-AscH™
at 4 g/kg via intraperitoneal injection dosed 3 hours before radiation (when drug and RT
were administered on the same days). Controls were given the same volume of 0.9% normal
saline. Doxycycline was administered via the water supply at 2 mg/mL in 1% sucrose. RT
was delivered using a Small Animal Radiation Research Platform at dose rate of 2.5 Gy/min
using a 220 kVp x-ray beam with a quality of 0.66 mm Cu. Calibration of this beam was
performed in accordance with the AAPM TG-61 protocol for x-rays. Mice were anesthetized
for RT using ketamine/xylazine (100/10 mg/kg) and positioned on their left sides in the
restraints so that tumors were enface with respect to the radiation beam. Tumors were left
exposed for radiation and mice were shielded using 2 layers of 3-mm lead shielding affixed
to the restraints. Adequate tumor exposure and animal shielding was verified by visual
inspection on the treatment platform before each treatment.

C57bl/6j mice were inoculated with 1.0 x 108 MC38 cells in PBS and Matrigel (1:1) and
subcutaneously injected with 100 uL total volume into unilateral (right) flanks. Xenograft
models used Athymic-nude FOXn1™ mice inoculated with 5.5 x 108 HCT116 Cat+ cells 1:1
with Matrigel of 100 L final volume. Mice were randomly assigned to experimental groups
(5-15 mice per group) when tumors reached approximately 5 mm in greatest dimension.
Tumor volumes were assessed every 2 to 3 days after completion of treatment by measuring
the tumor length and width and using the formula Tv = 0.5 x L x W2, Animals were
euthanized when tumors reached 20 mm in largest diameter.

Immunohistochemistry

For acute bowel toxicity studies, mice were euthanized3.5 days after RT. Jejunal and

rectal tissue samples were fixed in formalin and sectioned for hematoxylin and eosin

stain (H&E) and immunohistochemistry staining for 4-hydroxynoneal (4HNE) (Abeam),
3-nitrotyrosine (3NT) (Millipore), and TGF-p; (Santa Cruz Biotechnology). Samples were
scored by a blinded pathologist for H&E acute toxicity, jejunal crypt density (crypts/mm
entire circumference), 4HNE, 3NT, and TGF-g; for jejunal samples and rectal injury score
for rectal samples.
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Catalase activity assay

Catalase activity was determined on both cell samples and whole mouse tumor homogenized
in 50 mM potassium phosphate buffer (pH 7.8, with 1.34 mM diethylenetriaminepentaacetic
acid). Activity (expressed as mk units/mg of protein) was determined by measuring the
disappearance of 10 mM hydrogen peroxide (240 nm) as previously described.3! In vitro
samples were prepared after 48 hours incubation + 4 uL of 1 mg/mL of doxycycline in 4 mL
media. In vivo samples of Cat+ tumors were inoculated as previously discussed, and mice
were administered water with 1% sucrose + 2 mg/mL doxycycline for 48 hours.

Statistical analysis

Results

Beta regression models were used for cell cycle experiments and clonogenic survival assays
with Bonferroni testing for multiple comparisons. Wilcoxon rank sum tests were used

for H&E acute toxicity score, rectal injury scores, and immunohistochemistry staining
scores. Linear regression was used to assess clonogenic survival and jejunal crypt density.
Linear and nonlinear mixed effects regression models were used to estimate and compare
tumor growth and weight changes. The Kaplan-Meier method was used to estimate survival
curves, and treatment group comparisons were made using the log rank test using SAS v9.4
(SASQPCR). Experiments with linear scale continuous variables, including tail moment for
COMET assays, pATM and total ATM integrated densities, and pATM high intensity foci,
were assessed using analysis of variance and, when indicated by significant main effects,
post hoc group comparisons were made using Tukey test for multiple comparisons (Prism
Software). All statistical analyses were 2-sided and assessed at the 5% significance level.

P-AscH™ enhances radiosensitization and DNA damage with ATM inhibition in CRC tumor

models

We hypothesized that P-AscH™ would enhance the combined effects of RT and ATM
inhibitors. Because prior studies have demonstrated that P-AscH™ induces DNA damage
(with or without radiation) in tumors,21:27 we further predicted that P-AscH™ would also
enhance the sensitizing effects of other classes of DRIs that are also in clinical development,
including inhibitors ATR and PARP. CT26 and MC38 cells were treated with RT (0-8 Gy)
and varying doses of VE821 (ATR, 0.5-5 4M), KU60019 (ATM, 0.5-5 zM), and veliparib
(PARP, 1-25 1M), and we found that doses =1 pM VEB821 and KU60019 and 5 ¢M veliparib
enhanced radiosensitization in both lines (Fig. E1A). To test for enhanced radiosensitization
with P-AscH™ and DRIs, human (HCT116, HT29, SW480) and murine (CT26, MC38) CRC
cells were treated with radiation (5 Gy) £ DRIs + P-AscH™ (5 pmol/cell). All 3 of the

tested DRIs enhanced radiosensitivity in all tumor lines tested compared with radiation alone
(Figs. 1A and E1B). P-AscH™ further enhanced cell killing with RT and DRIs in most of

the lines tested, as analysis of variance indicated a main effect of ascorbate in all lines
except for HT29 (Figs. 1A and E1B). P-AscH™ enhances radiosensitivity by inducing H,O,
fluxes in tumors,2324 and we predicted that the interactions between P-AscH™ and DRIs was
also H,0O, dependent. We tested this hypothesis using HCT116 tumors stably expressing

a doxycycline-inducible catalase transgene.24 As predicted, catalase induction completely
abrogated the added toxicity of P-AscH™ with RT + DRIs but had no significant effect
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on clonogenic survival in the absence of ascorbate (Fig. 1B). Additional studies focused
on ATM inhibition because ATM is a key sensor of both DSBs and ROS, and KU60019
induced more radiosensitization than other DRIs in most cell lines tested.

Because ATM inhibitors and P-AscH™ both enhance DNA damage after RT, we
hypothesized that the combination would induce more DNA damage than either drug alone.
DNA damage was quantified using neutral COMET assays 0 and 24 hours after treatment
with RT (5 Gy) + KU60019 + P-AscH™ in HCT116 cells (Fig. 1C,D). As expected, P-AscH™
directly induced DNA damage as indicated by a significant increase in tail moment with
P-AscH™ compared with control. KU60019 markedly increased post-RT DNA damage and
the addition of P-AscH™ to KU60019 and RT significantly increased tail moment compared
with all other treatments, suggesting that combination therapy with P-AscH™ and KU60019
induces more DNA damage immediately after RT than either agent alone (Fig. 1D).

We then assessed the in vivo radiosensitizing potential of P-AscH™ and KU60019 using

a fractionated course of RT (5 Gy x 3) in mice bearing MC38 or HCT116 Cat+ tumors
(Fig. 2). In MC38 tumors, the combination of RT+ P-AscH™ + KU60019 induced longer
tumor growth delay and survival than all other combinations (Fig. 2A). In HCT116 tumors,
KU60019 and KU60019 + P-AscH™ induced longer tumor growth delay than RT alone, but
only combination therapy with RT + P-AscH™ + KU60019 significantly improved survival
compared with RT alone (Fig. 2B). Induction of catalase in HCT Cat+ tumors with oral
doxycycline attenuated the effects of combination therapy with P-AscFP and KU60019 on
both tumor growth delay and survival (Fig. 2C).

P-AscH™ reduces oxidative damage and intestinal injury after RT and ATM inhibition

A key aspect of P-AscH™ is that sensitization to RT should be specific to tumors

and not normal tissues.?123 Clonogenic survival was assessed after RT + KU60019 +
P-AscH™ in cultured FHS-74 intestinal epithelial cells and HUVECs. RT dose-dependently
decreased survival in both cell lines, and KU60019 significantly enhanced radiosensitization
in FHS-74 enterocytes (Fig. 3A). P-AscH™ did not induce radiosensitization in either
nonmalignant cell line. Instead, there was a trend toward improved survival with P-AscH™.
Similarly, in contrast to tumor cells, P-AscH™ did not enhance DNA damage in FHS

74-int cells as a monotherapy or in combination with RT (Fig. 3B). Because the bowel

is comprised of numerous cell populations that respond differently to RT and mediate
whole-organ responses to RT, we next assessed protective effects of P-AscH™ in the bowel
using tumor-free mice treated with a single fraction of whole abdominal RT (WART) (10
Gy) = KU60019 (0.5 mg/kg intravenous x 5 days) = P-AscH (4 g/kg intraperitoneal x 5
days) (Figs. 4 and E3). Gastrointestinal toxicity was functionally assessed posttreatment
measuring weight loss (Fig. E3A). Mice treated with WART and KU60019 had significantly
more acute weight loss than all other treatment groups, whereas mice treated with
concurrent P-AscH™ had no weight loss compared with control mice. We quantified markers
of acute RT toxicity and oxidative damage in jejunal and rectal tissues harvested 3 days
after treatment (Fig. 4). RT + KU60019 significantly increased H&E score in the rectum
and jejunum and significantly decreased jejunal crypt density compared with RT alone.
P-AscH™ completely abrogated the excess architectural changes seen with RT + KU60019.
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Intestinal 4AHNE was increased with RT £ KU60019 but not with P-AscH™ coadministration.
A similar trend was observed with 3NT though this did not reach significance (P=.063).
Redox-mediated activation of the fibrogenic cytokine TGF-g has been strongly implicated
in post-RT fibrosis.32:33 We next determined the effects of P-AscH™ on intestinal TGF-
Bimmunoreactivity after RT £ KU60019 (Fig. 4B). Intestinal TGF-8 was significantly
increased after RT + KU60019, and concurrent P-AscH™ reduced TGF-g immunoreactivity
to control levels for both conditions.

P-AscH™ perturbs G, checkpoint and early G, accumulation in CRC with RT £ KU60019

Next, we determined whether the enhanced toxicity observed in the combination treatments
could result from changes in cell cycle checkpoint activation. Experimental designs used

for the clonogenic assays were used to analyze cell cycle phase distributions 5 hours
posttreatment (Figs. 5A,B and E4A). Although there were minimal changes in other cell
cycle phases, P-AscH™ significantly decreased the proportion of cells in G,/M-phase after
RT + KU60019 in all lines except for HT29 (the only line tested that is not sensitized

by P-AscH™) (Fig. 5B). As with radiosensitization and DNA damage, cell cycle phase
rearrangements were abrogated by catalase overexpression (Fig. 5B). These results suggest
that radiosensitization by P-AscH™ may at least in part be due to H,O,-mediated suppression
or override of the G, checkpoint pathway.

Previous studies reported 2 distinct radiation-induced G, checkpoints: an early checkpoint
that is ATM dependent and a late G, accumulation that is ATM independent.34-36 To
determine whether RT-induced G, accumulation is perturbed by the combination treatments,
experiments were expanded to include additional posttreatment times. Cell cycle phase
distributions were analyzed by flow cytometry analysis of BrdU pulse-labeled cells (Fig.
5C,D). As anticipated, RT increased accumulation of cells in G, phase beginning 5

hours posttreatment that peaked 24 hours posttreatment (Fig. 5C,D; remaining cell cycle
phases are shown in Fig. E4B). P-AscH™ further enhanced RT-induced G, accumulation

at 24 hours posttreatment. Interestingly, inhibition of ATM suppressed (or overrode) this
accumulation, probably by forcing cells into unscheduled entry into the M phase, resulting
in enhanced toxicity. The effect of combination therapy on induced Gy-accumulation was
suppressed in cells overexpressing catalase (Fig. 5D). Overall, these results suggest that
P-AscH™ initially inhibits RT-induced G5 cell cycle checkpoint activation (5-12 hours)

and facilitates RT-induced Gy-accumulation at later timepoints (24-48 hours). Furthermore,
inhibition of ATM significantly suppressed (or overrode) P-AscH™-induced enhancement of
RT G, accumulation. H,O, appears to regulate both pathways, the G, checkpoint and G,
accumulation of CRC cells.

P-AscH™-induced H,0- fluxes reduce nuclear ATM localization after RT

Previous studies have found that exogenous treatment with H,O, can fix ATM in an active
homodimer that is preferentially localized in the cytoplasm.? Because P-AscH™ induces
H,0, fluxes in tumor cells, we predicted that it would also affect post-RT ATM subcellular
localization. We first assessed nuclear versus cytoplasmic localization of total ATM after
RT and P-AscH™ (Fig. 6A). As expected, RT (5 Gy) induced prominent nuclear localization
of ATM. However, pretreatment with P-AscH™ significantly reduced the fraction of ATM
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localized to the nucleus and increased the cytoplasmic fraction after RT (but not with
catalase overexpression). This suggests that P-AscH™ decreases nuclear ATM localization
after RT even though it also increases DNA damage. We next determined whether changes
in subcellular ATM localization with P-AscH™ post-RT also affected localization of pATM
to sites of DNA damage by quantifying high-intensity nuclear foci 0, 2, and 24 hours after
treatment (Figs. 6B and E5). RT significantly increased the number of foci per nucleus in

all tested cell lines within 2 hours. This effect was reduced with concurrent P-AscH™, except
when catalase expression was induced by doxycycline. We also quantified total nuclear
pATM intensity (integrated density) and observed similar results (Fig. E5).

Discussion

ATM inhibitors are among the most potent radiosensitizers identified, but they have not

been clinically translated for this purpose in part due to concerns of the potential for
excessive normal tissue toxicity. Several trials combining novel ATM inhibitors with
palliative RT are open to accrual (NCT05002140, NCT03423628), but to our knowledge,

no trials using definitive or preoperative RT have been initiated. Here, we provide preclinical
evidence that tissue selective redox modulating drugs like P-AscH™ may provide a promising
opportunity to facilitate the clinical translation of ATM inhibitors for extracranial diseases
by simultaneously enhancing their antitumor efficacy and mitigating unintended toxicity

in adjacent normal tissues including the bowel and rectum. This line of research may be
particularly relevant for diseases like locally advanced rectal cancer, for which there is

a growing interest in nonoperative management for patients with complete responses to
neoadjuvant therapy to reduce long-term complications.37:38 By simultaneously enhancing
tumor responses and decreasing post-RT bowel injury, combination therapy with P-AscH™
and ATM inhibitors may represent a novel approach to addressing the antagonistic objectives
of increasing desired responses in tumors while minimizing normal tissue effects. Our in
vitro studies further suggest that P-AscH™ may effectively enhance the radiosensitizing
effects of other classes of DRIs, including inhibitors of ATR and PARP. Even though our
current study focused on colorectal cancer, this novel approach may be directly applicable to
other common abdominopelvic malignancies.

Our study provides evidence that redox modulating drugs like P-AscH™ may be ideally
suited to improve the tissue selectivity of ATM inhibitors that also modulate redox
homeostasis.?11 DNA DSBs and ROS can independently activate ATM by distinct
mechanisms. DSBs stimulate auto-phosphorylation of ser1981 and activation of monomeric
ATM in the nucleus.3 ROS can directly activate ATM via oxidation of the cys2991 residue
located in the c-terminal domain.# In contrast to DSBs, oxidation of ATM by ROS fixes it
in an active homodimer, which is translocated into the cytoplasm. RT can activate ATM via
both pathways as it generates DSBs and intracellular ROS. Numerous studies have shown
that ATM inhibition increases DNA DSBs post-RT. Here, we show that acute inhibition of
ATM with KU60019 also significantly increases RT-mediated intestinal oxidative damage,
as evidenced by increased immunoreactivity with 4HNE and 3NT. P-AscH™ reverses this
effect in the normal bowel, presumably by functioning as a donor antioxidant and reducing
the effects of resultant ROS in the bowel. In contrast, in tumors we found that P-AscH™
decreases post-RT nuclear ATM localization in a peroxide-dependent manner even though it
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also increased DNA damage. This raises the possibility that in addition to directly inducing
oxidative damage to DNA bases, P-AscH™ may also enhance the efficacy of ATM inhibitors
in tumors by inducing ATM homodimer formation and cytoplasmic localization and thereby
reducing the ability of ATM to efficiently coordinate DSB repair post-RT.

We also provide preclinical evidence that P-AscH™ may inhibit RT-mediated redox
activation of profibrotic signaling pathways in the bowel. Numerous lines of evidence
suggest that redox-mediated activation of the fibrogenic cytokine TGF-gis a key event in the
induction and maintenance of post-RT fibrosis.33:39-41 |mportantly, fibrogenic signaling by
TGF-pis at least partially self-propagating, and acute activation contributes to maintained
fibrotic processes.*2:43 One of the key targets of canonical TGF-g signaling is the SMAD
family of transcription factors, which mediate transcription of inflammatory and fibrogenic
cytokines including platelet-derived growth factor, connective tissue grwoth factor, and
TGF-B. TGF-B-SMAD2/3 signaling can also increase basal ROS production, which can
further promote feedforward signaling between ROS and fibrotic pathways.444> Our
observation that P-AscH™ inhibits increased intestinal TGF-4 post-RT suggests that it may
potently inhibit redox-mediated activation of profibrotic signaling. Additional mechanistic
studies are needed to directly test our hypothesis, but our observations here provide
preliminary evidence that P-AscH™ may effectively inhibit redox-mediated activation of key
fibrogenic signaling, which could potentially translate into a reduced risk of chronic bowel
fibrosis post-RT.

A major strength of our study is that we propose a novel therapeutic approach that

could be readily assessed in prospective clinical trials. Compared with other cancer
therapies, P-AscH™ is relatively inexpensive and readily available, and the feasibility of

its administration with concurrent chemoradiation has been demonstrated in prospective
clinical trials.21:22 Additionally, unlike most other classes of radiosensitizers/radioprotectors,
the tissue selectivity of P-AscH™ affords an opportunity to simultaneously enhance the
intended effects of radiation and ATM inhibitors in tumors while minimizing treatment
toxicity. Other classes of tissue-selective redox- modulating drugs, including superoxide
dismutase mimetics, have shown similar potential in preclinical and clinical studies.*6:47
Given their mechanistic similarities, it is possible these drugs could also enhance the tissue
specificity of ATM inhibitors. Despite these strengths, our study has several important
limitations. Consistent with previous studies,?1:25 we found that P-AscH™ increased DNA
damage with or without RT and DRIs. However, COMET assays provide little information
regarding the specific types of DNA lesions induced by different treatments or combinations.
P-AscH™ alone significantly increased tail moment compared with control but had minimal
effect on cell survival as a monotherapy, suggesting many of the DNA lesions stimulated

by H,0, fluxes are not inherently lethal. We also provide evidence of in vivo intestinal
radioprotection with P-AscH™ using high-dose single fraction (10 Gy) WART. Although this
fractionation scheme closely approximates doses used in stereotactic body RT, most patients
with abdominal and pelvic malignancies are treated with more fractionated radiation (1.8-2.0
Gy per day) over 5 to 6 weeks. Additionally, our pathologic endpoints focused on acute
toxicity endpoints. Although acute and chronic enteropathy share some mechanistic overlap,
acute enteropathy is generally reversable, and only a subset of patients with acute symptoms
develop chronic enteropathy.32 We hypothesize that a reduction in acute intestinal pathology

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2024 March 15.
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with P-AscH™ will translate into reduced risk of irreversible chronic complications, but this
was not directly tested in our current studies. Despite these limitations, our present results
provide evidence of a novel, mechanism-based approach to improve the therapeutic index of
ATM inhibitor-based chemoRT, which could be readily tested in patients.

In conclusion, we provide evidence that P-AscH™ can enhance the antitumor efficacy of
ATM inhibition and RT in several colorectal tumor models while simultaneously mitigating
unintended toxicity in the bowel by selectively enhancing oxidative stress in tumors and
reducing it refers to oxidative stress in the bowel. Collectively, our preclinical studies
suggest tissue-selective redox modulating drugs like P-AscH™ may be ideally suited to
improve the efficacy and tolerability of ATM inhibitors as radiosensitizers. Successful
demonstration of effective radioprotection with P-AscH™ and ATM inhibitors in patients
could offer a much-needed pathway for the broader adoption of these potent radiosensitizers
for clinical use.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Pharmacologic ascorbate (P-AscH™) enhances radiosensitization and DNA damage with

ataxia telangiectasia mutated kinase (ATM) inhibitors in colorectal cancer (CRC) models
by enhancing H,0, fluxes. (A) CRC cells were treated with radiation therapy (RT) (5
Gy) + VEB821, KU60019, or veliparib + P-AscH™ (5 pmol/cell) and clonogenic survival
was assessed. (B) Clonogenic survival assays were repeated in HCT116cat+ tumors
doxycycline (doxy) pretreatment. (C,D) Quantification of DNA strand breaks in HCT116
tumor cells after RT (5 Gy), P-AscH™ (5 pM/cell), and KU60019 (1 1M) was performed
using neutral COMET assays. Representative images for each RT treatment condition at 0
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hour are shown (C) along with graphical comparisons at 0 and 24 hours (D). Bars represent
mean + SEM. n = 3-5 per treatment condition. *P < .05 between indicated groups. **£< .05
compared with all other groups. Abbreviations. HCT = human colon tumor; SEM = standard
error of the mean.
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Fig. 2.
Pharmacologic ascorbate (P-AscH™) improves tumor growth delay and survival in

combination with radiation therapy (RT) and ataxia telangiectasia mutated kinase (ATM)
inhibition. (A) In vivo tumor growth delay curves and survival estimates for mice with
MC38 (A) and HCT116cat+ (B) tumors treated with RT (5 Gy x 3) + KU60019 + P-AscH™.
(C) Tumoral catalase expression was induced by adding doxycycline to the drinking water
(quantification is shown in the inset). Fig E2 shows individual growth curves. n = 5-10 for
non-RT treatment groups and 8 to 14 for RT treatment groups. *~ < .05 between indicated
groups. **P < .05 compared with RT only. Abbreviation. HCT = human colon tumor.
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Fig. 3.
Pharmacologic ascorbate (P-AscH™) does not enhance radiosensitization or DNA damage

in cultured normal (non-malignant) cells. (A) Clonogenic survival assays in nonmalignant
FHs74 and HUVEC cells after treatment with radiation therapy (RT) + P-AscH = +
KU60019. (B) Neutral COMET assays 0 and 24 hours after treatment in FHs74 cells. Bars
represent mean = SEM. n = 3-5 per treatment condition. Abbreviations. HUVEC = human
umbilical vein endothelial cells; SEM = standard error of the mean.
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Fig. 4.

Pharmacologic ascorbate (P-AscH™) reduces small and large bowel injury, oxidative
damage, and transforming growth factor (TGF)-g immunoreactivity after radiation therapy
(RT) and KU60019. (A) Representative photos of jejunal H&E, rectal H&E, and jejunal
4-hydroxynoneal (4HNE) samples 72 hours after treatment with quantitative comparisons.
(B) Representative photos of jejunal TGF-gimmunofluorescence 72 hours post-RT with
quantitative comparisons. Bars shown mean =h SEM. n =5 for all non-RT conditions

and 10 for all RT conditions. *P < .05 between indicated groups. 3NT = 3-nitrtyrosine.
Abbreviations. H&E = hematoxylin and eosin stain; SEM = standard error of the mean.
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Fig. 5.

Pharmacologic ascorbate (P-AscH™) perturbs G,+ M-phase cell cycle progression after

radiation therapy (RT) + KU60019. (A) Representative graphs of propidium iodide (PI) cell

cycle flow cytometry of the entire cell cycle 5 hours post-RT in HCT116 cells. (B) The

proportion of cells in Go/M 5 hours posttreatment in indicated cell lines is shown for each

treatment. (C) Representative images of bromodeoxyuridine (BrdU) + PI flow cytometry

dot plots for HCT116 Cat+ cells 12 hours post-RT. (D) Summary data of G, phase at 0,

5, 12, 24, and 48 hours post-RT (5 Gy) £ KU60019 + P-AscH™ in HCT116 Cat+ cells +

doxycycline. Results of all cell cycle phases are shown in Fig E4. Bars shown mean + SEM.

n = 3 for all treatments. *P < .05 between indicated groups. Abbreviations. HCT = human

colon tumor; SEM = standard error of the mean.

Int J Radliat Oncol Biol Phys. Author manuscript; available in PMC 2024 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Callaghan et al. Page 21

A B pATM High Intensity
Cytokeratin DAPI Total ATM Merge DAPI (uncorrected)  PATM Foci Merge

RY (5 Gy)
RT ¢ P-AscH
HCT116 Cat+ HCT116 Cat+
HCT116 SW4s80 - Doxy + Doxy HCT116 SW480 - Doxy + Doxy
-
e hd . . PAscH = 10+ = . PAscH
g% ‘ —t |5 o PAscH 3 . E 3 E E 5%+ PAscH
= ' ' '
- .‘ o .
z 5 © ; ' : 3 ' T =
- ' ' ' 6 ] ' '
<3 ' ' ' 2 ' ' '
2% 404 ' ' ' [ : M : -
s = - '
53 ‘ ' ' g % ) ‘ '
= 3 204 ' ' ' £ ' B '
3 ' ' ' = 29 ' Q ' '
€ ' ' ' -] ' ' '
* od Y . X o4 : ; 1‘ Y
S S S S SN
&8 SF L E SE £E
FE FE FE FL &
Fig. 6.

Pharmacologic ascorbate (P-AscH™) induces H,0, dependent inhibition of nuclear ataxia
telangiectasia mutated kinase (ATM) localization after radiation therapy (RT). (A)
Representative images of HCT116 tumor cells stained for cytokeratin (blue), DAPI (red),
total ATM (green), and merged images. Nuclear and cytoplasmic localization are indicated
by yellow and white arrows, respectively. (B) Representative images showing HCT116 cells
2 hours post-RT for DAPI, uncorrected primary antibody (pATM), high intensity pATM
foci (after background subtraction), and overlay of pATM foci (red) and DAPI. Nuclear
pATM was quantified 0, 2, and 24 hours post-RT in colorectal cancer (CRC) cells as a
function of HIF and integrated density (2 hour timepoints for HIF shown here; remaining
data are in Fig. E5). Bars indicate mean + SEM. n = 3-5 per treatment condition. *P<

.05 between indicated groups. Abbreviations. DAPI = 4’,6’-diamidino-2-phenylindole stain;
HCT = human colon tumor; HIF = high intensity foci; SEM = standard error of the mean.
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