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Abstract

Background/Aims: 1t is unknown whether cancer stem cells respond differentially to
treatment compared with progeny, potentially providing therapeutic vulnerabilities. Our
program pioneered use of ultra-high single dose radiotherapy, which cures diverse metastatic
diseases at a higher rate (90-95%) than conventional fractionation (~65%). Single dose
radiotherapy engages a distinct biology involving microvascular acid sphingomyelinase/
ceramide signaling, which, via NADPH oxidase-2-dependent perfusion defects, initiates an
adaptive tumor SUMO Stress Response that globally-inactivates homologous recombination
repair of double stand breaks, conferring cure. Accumulating data show diverse stem cells
display heightened-dependence on homologous recombination repair to repair resolve
double stand breaks. Methods: Here we use colorectal cancer patient-derived xenografts
containing logarithmically-increased Lgr5+ stem cells to explore whether optimizing
engagement of this acid sphingomyelinase dependent biology enhances stem cell dependent
tumor cure. Results: We show radioresistant colorectal cancer patient-derived xenograft
CLR27-2 contains radioresistant microvasculature and stem cells, whereas radiosensitive
colorectal cancer patient-derived xenograft CLR1-1 contains radiosensitive microvasculature
and stem cells. Pharmacologic or gene therapy enhancement of single dose radiotherapy-
induced acid sphingomyelinase/ceramide-mediated microvascular dysfunction dramatically
sensitizes CLR27-2 homologous recombination repair inactivation, converting Lgr5+ cells
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from the most resistant to most sensitive patient-derived xenograft population, yielding
tumor cure. Conclusion: We posit homologous recombination repair represents a vulnerability
determining colorectal cancer stem cell fate, approachable therapeutically using single dose
radiotherapy.
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Introduction

Our recent studies into the radiation response of validated normal and tumor tissue
stem cell populations indicate preferential use of homologous recombination repair (HRR) to
resolve potentially-lethal DNA double stand breaks (DSBs) [1-3]. In C. elegans, germline stem
cells repair radiation-induced DSBs exclusively by HRR despite abundant cellular availability
of the enzymes of the non-homologous end joining (NHE]) pathway [1]. Based on this
observation, it was suggested that activity of error-prone NHE] enzymes was being actively
suppressed in the C. elegans germline in order to maintain genomic integrity [1-3]. Further, a
temperature-sensitive NOTCH mutation that drives formation of a tumor comprised almost
entirely of C. elegans germline stem cells, engaged HRR exclusively in response to ionizing
radiation. A similar phenotype was observed in human T-cell lymphoblastic lymphoma
CUTLL-1 cells grown as a flank chloroma in nude mice [1-3]. As in C. elegans, the well-
established Lgr5+ stem cell population in the murine GI tract preferentially uses HRR to
repair radiation-induced DSBs compared with its differentiated progeny [4]. Accumulating
evidence indicates that radiosensitivity of the Lgr5+ stem cell population in both the large
and small intestines is determinant in survival of these organs with the Lgr5+ population
of the large intestine being significantly more resistant to radiation lethality than the Lgr5+
population of the radiosensitive small intestine [2-4].

Our program has pioneered the use of a new form of radiation treatment of extracranial
tumors, termed single dose radiotherapy (SDRT), which is significantly more effective in
human tumor cure than conventional fractionated radiotherapy (95% vs. 65%, respectively)
[5-9]. We recently published that this high success of SDRT results from engagement of a new
biology that targets HRR repair [10]. In this paradigm (Fig. 1), SDRT, at a threshold of 12Gy,
rapidly induces a dose-dependent load of DSBs in parenchymal tissue cells, concomitant
with injury to the exposed tumor neo-angiogenic microvascular endothelium. Exposed
endothelial cells respond, within seconds, by activating acid sphingomyelinase (ASMase),
which hydrolyzes sphingomyelin on the external leaflet of the plasma membrane to generate
ceramide, which coalesces, due to biophysical forces (hydrogen bonding, hydrophobic & van
der Waal forces), to form a structure we term a ceramide-rich platform (CRP) [11, 12]. CRPs
are signaling macrodomains that enable, amongst other functions, a rapid oligomerization
in endothelial plasma membranes of the NADPH oxidase-2 (NOX-2) complex [13]. NOX-2
generates superoxide radical redox signaling that depletes the principal microvascular
vasodilator nitric oxide (NO) via uncoupling dimeric NO synthase [13, 14], yielding a state
of unopposed endothelin vasoconstriction [15]. This acute vasoconstriction results in
marked perfusion defects in mouse xenografts and in human spinal metastases, as detected
by magnetic resonance imaging [10]. Ensuing tumor hypoxia, widespread throughout the
tumor interstitial space, renders oxidative proteotoxic stress within parenchymal tumor
clonogens, ultimately activating an adaptive SUMO Stress Response (SSR) that consumes
cellular reservoirs of SUMO, including that of SUMO3 at chromatin, which is required for
positioning and activation of multiple enzymes of the HRR apparatus [16, 17]. Consequent
global HRR inactivation occurring in tumors of all types accounts for the high clinical success
of SDRT in local cure of human cancer.

Whereas colorectal cancer (CRC) has as much as a log increase in Lgr5+ stem cell-
like cells [18], and whereas normal and tumor stem cells preferentially use HRR to repair
radiation-induced DSBs, we developed a radiosensitive and radioresistant patient-derived
CRC xenograft model in mice to address whether the high success rate of SDRT might
represent specific targeting of the tumor stem cell compartment.
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Fig. 1. Dual target mechanism of
SDRT-induced tumor cure. Ultra-
high dose ionizing radiation (XRT)
simultaneously injures tumor cell
DNA and endothelial cell plasma
membranes. Endothelial cells rap-
idly release large amounts of acid
sphingomyelinase (ASMase) that
hydrolyzes sphingomyelin prefer-
entially concentrated in the outer
endothelial plasma membrane to
generate ceramide. Ceramide, due
to unique biophysical properties,
rapidly self-associates into a large

macrodomain termed a ceramide-

rich platform (CRP). The 5 subunits of NADPH Oxidase 2 (NOX-2) integrate into CRPs, multimerizing there-
in, resulting in functionalization of enzymatic activity. Subsequent superoxide generation consumes the va-
sodilator nitric oxide (NO) leaving the vasoconstrictor endothelin 1 unopposed. Resultant vasoconstriction
leads to perfusion defects and hypoxia in adjacent tumor cells. An adaptive SUMO stress response ensues
to protect proteins acutely from oxidative damage, which depletes SUMO3 at chromatin required for the
SUMOylation-deSUMOylation process necessary for positioning and engagement of multiple enzymes of the
error free homologous repair (HR) apparatus. Ensuing unrepaired double strand breaks rapidly degenerate
into chromosomal aberrations incompatible with cell survival. As VEGF is the principal inhibitor of ASMase
in neo-angiogenic microvasculature, timed delivery of an anti-angiogenic drug such as the VEGFR2 inhibitor
DC101 to optimally de-repress ASMase or ASMase overexpression using a gene therapy vector can markedly
enhance this biology in tumors that exhibit tonic VEGF inhibition.

Materials and Methods

Xenograft Transplantation

CLR1-1 and CLR27-2 human CRC PDXs, obtained from the MSKCC Antitumor Assessment Core Facility,
were propagated in NOD/scid (ICR- Prkdc/scid; NSG) female mice (Taconic Stock# ICRSC). For experiments,
PDXs were cut into small fragments, individual cells and small clusters isolated using a molecular sieve were
resuspended in phosphate buffered saline and combined 1:1 (v/v) with Matrigel (BD Biosciences) on ice.
Two hundred pg of the tumor cell-Matrigel mixture was injected subcutaneously into the right flank of NSG
mice.

Single-Dose Radiotherapy

Animals harboring 100-150 mm? PDXs were sedated with ketamine, and immobilized in specialized
lead jigs that exposed only tumor and surrounding skin to the radiation source. Single dose radiotherapy
(SDRT) was administered via a Philips MG-320 X-ray unit at 118.3 cGy/min.

Tumor Response

Tumor volume, based on caliper measurements, was calculated according to the formula of Kim et al.
[19]. Tumor cure is defined as no detectable tumor confirmed at autopsy at 90-120 days, while complete
response is defined as tumor mass becoming unmeasurable.

DC101 formulation and administration

Rat anti-mouse VEGF receptor 2 IgG1 DC101 (Cat. # BE0060, BioCell) was provided at 8.56mg/ml in
phospho-buffered saline. For these studies, animals were treated intravenously with DC101 (1.6mg/25 gm
mouse) at 1h prior to irradiation.
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ASMase Gene Therapy

When CLR27-2 tumor xenograft host animals reached tumor sizes of 100-150 mm?, 1x10'° PFU of
H2E-PPE1(3x)-ASMase construct, which expresses human ASMase exclusively in tumor neo-angiogenic
microvasculature, was administered via tail-vein injection, as published by us [20]. SDRT was administered
to mice five days thereafter at the time of maximal ASMase expression.

In-Situ Hybridization (ISH) of LGR5 Expression

Paraffin-embedded tissue sections (5um width) were evaluated using the Affymetrix QuantiGene
ViewRNA ISH 1-Plex Assay Kit or ACD Biosciences RNAscope 2.5 HD Assay according to manufacturer’s
protocols. Tumor sections stained with Lgr5 ISH were scanned using the Panoramic Flash 250 scanner
(Perkin Elmer) and analyzed using Panoramic Viewer software. Images were taken at either 40x or 20x
magnification. Lgr5+ cells per field were manually counted in Image], with nuclei containing three or more
foci qualifying as “positive”.

TUNEL-MECA-32 Double Staining

Tumor specimens were obtained at the indicated times post SDRT, fixed in 10% buffered formalin
phosphate, embedded in paraffin, and 5um sections were evaluated for endothelial cell apoptosis by double
staining with MECA 32 and terminal deoxytransferase-mediated deoxyuridine triphosphate nick end
labeling (TUNEL), as published [21, 22].

Tumor Histology

Tumors were stained with H&E and analyzed for presence of residual tumor with the assistance of A.S,,
a trained mouse pathologist. Residual tumor was scanned using the Panoramic Flash 250 scanner, analyzed
with Panoramic Viewer software, and tumor area quantified using QuPath whole slide image analysis
software.

Organoid isolation from PDX tumors

After euthanizing PDX-bearing mice, tumors were extracted from the flank area and all connective
tissue and blood vessels were cleaned and washed vigorously. Tumor fragments were sliced into 1-3 mm
pieces and then suspended into 10 ml of DMEM high glucose containing 1% FBS, 500 U/mL collagenase IV.
The mixture was incubated for 30 min at 37 °C in a shaking water bath. Thereafter, tissue fragments were
vigorously shaken using a 10 ml pipette for further mechanical disruption, allowed to settle under gravity
for 1 min, and the supernatant was removed for inspection by inverted microscopy. The resuspension/
sedimentation procedure was repeated three times, liberated tumor tissues in suspension were combined,
passed through 100 um cell strainer to remove muscle material, and then centrifuged at 4 °C at 300 x g for
5 min. Isolated tumor clusters were pelleted, washed with cold 1% FBS/DMEM, and centrifuged three times
at 60 x g for 3 min to separate tumor clusters from dead single cells.

Tumor organoid culture

Isolated tumor clusters were resuspended in Matrigel and plated as droplets, covered with advanced
DMEM/F12 media containing 1 mmol/L HEPES, 1 mmol/L glutamax, and 100 U/mL antibiotics (ADF)
supplemented with B27, N2, and 1 mmol/L N-acetylcysteine (NAC), 50 ng/mL human recombinant EGF,
100 ng/mL mouse recombinant Noggin together with gastrin, nicotinamide, A83-01 and SB202190.

Organoid radiation experiments

Pelleted tumor organoids were dissociated in 2-3 ml of TryplE containing 200 U/mL DNAase, 0.5
mmol/L N-acetylcysteine (NAC), and 10 mmol/L Y-27632 for 3 min at 37 °C in a water bath, shaking every
minute to generate a single-cell suspension. Dissociated cells were washed with 1% FBS/DMEM. Cells
were counted and plated to form 100-150 tumor organoids per well. Cells were left to mature to a well-
formed organoid (3 days after plating). At least three wells were used for each radiation dose. Organoids
were exposed to single-fraction radiation (range, 0-10 Gy). Manual counting under an inverted brightfield
microscope of surviving organoids at day 7 post-radiation was used to generate classic radiation dose-
response curves.
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Immunohistochemical Studies of DNA Damage Repair Foci

3um paraffin-embedded tissue sections were softened on a heat block and deparaffinized (3 x 10’
in xyline, 2 x 3’ in 100% ethanol, 2 x 3’ in 95% ethanol, and 1 x 3’ in 70% ethanol followed by washing in
distilled water). Antigen retrieval was performed in boiled 0.1 citric acid buffer (pH 6.0) in a steamer at
125°Cfor 5’,and allowed to depressurize and cool to room temperature. Slides were then washed in distilled
water, incubated in 0.1% PBS-Triton for 30, and blocked in a solution of 10% natural goat serum and 2%
bovine serum albumin in PBS-Triton. Thereafter, slides, incubated overnight with primary Abs at 4 °C
to stain DNA repair foci (see below), were washed 5 x 5’ in PBS-Triton on a shaker, incubated in goat anti-
mouse or anti-rabbit IgG (H+L) cross-adsorbed secondary antibody conjugated to Alexa Fluor 488 (Thermo
Fisher Scientific, A-11070 and A-11017; 2 mg/ml, dilution 1:400) for 1 h at room temperature, and washed
with 1 x 5’ in PBS-Triton and 4 x 5’ in PBS on a shaker. Primary antibodies used to stain DNA repair proteins
are as follows: mouse monoclonal anti-yH2AX-phosphoSer139 (Milli-pore [clone JBW301] 05-636; dilution
1:1000), rabbit polyclonal anti-BRCA1 (Ser1387) (Novus Biologicals, NB100-225SS; dilution 1:250), and
mouse monoclonal anti-DNA-PKcs (phospho-Thr2609) (Abcam, ab18356; dilution 1:250). Slides were
mounted in ThermoFisher ProLong™ Diamond Antifade Mountant with DAPI and sealed with nail polish
before imaging.

Microscopy for Foci Imaging

Multi-channel fluorescence snapshots of slides were acquired with a Zeiss Axio2 Imaging Microscope
with AxioCam MRm Camera (1376 x 1105 pixel images) and the 40x Objective EC “Plan-Neofluar” 100x/1.3
0il Pol M27 objective. Exposure time for the 488 nm channel for foci wavelengths (marked by Alexa
Fluor 488) was calculated to obtain intermediate intensity and avoid oversaturation of foci, maintaining
consistency within experiments. Exposure time for 365 nm channel for nucleus wavelengths (marked by
DAPI) was calculated according to intermediate intensity without oversaturation. Images were taken from
6 regions from each tumor sample for focus analysis.

Quantification of Foci

Focus microscopic images were evaluated in Image]. Numbers of foci were determined by selecting
regions of interest corresponding to individual nuclei, calculating mean fluorescence area per nucleus and
dividing the area by 8.28 in accordance with published data from our lab on average focus size [10].

Statistical Analysis

Statistical analysis was performed using GraphPad Prism (version 8.4.2 for Windows; San Diego, USA).
Values represent mean and standard error of the mean (SEM) as indicated. P-values were calculated using
the unpaired two-tailed Student’s t-test with 95% confidence intervals.

Results

Initial studies determined whether the CRC CLR1-1 and CLR27-2 patient-derived
xenografts (PDXs) studied here maintained the logarithmic increase in Lgr5-expressing cells
routinely reported for CRC specimens obtained at surgery. Whereas normal human colon
displays 3-5% Lgr5+ stem cells at the crypt base [4, 23] both CLR1-1 and CLR27-2 display
40-50% Lgr5+ cells as determined by in situ hybridization (ISH) staining (Fig. 2A-B). In
prior studies of normal mouse small and large intestines in situ, in normal colonic organoids
cultured ex vivo, and in symmetrically-dividing stem cell colonies ex vivo, we previously
provided evidence that sensitivity of the Lgr5+ intestinal stem cell compartment determined
outcome of treatment with a single dose radiation exposure [3, 4]. Here we examine whether
Lgr5+-enriched PDXs display a similar phenotype.

Fig. 3A shows that despite similar percentages of tumor Lgr5+ stem cell-like cells in
CLR1-1 and CLR27-2 tumors, these tumors were found to be differentially sensitive to SDRT,
with CLR1-1 being sensitive to 40Gy, whereas CLR27-2 was radiation resistant. Furthermore,
Fig. 3B-C show that 7 days post 40Gy the radiosensitive CLR-1 PDXs display a marked loss of
Lgr5+ stem cells, whereas radioresistant CLR-27-2 tumors show increased Lgr5+ staining.
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Fig. 2. Human CRC xenografts demonstrate ex-
pansion of the Lgr5+ stem cell compartment. (A)
Representative fluorescent ISH stain for Lgr5 in
CLR1-1 and CLR27-2 CRC PDXs (40x magnifica-
tion). For these studies, NSG mice harboring 100-
150 mm?® human CRC PDXs were sacrificed via CO2
asphyxiation. 5 um tissue sections were evaluated
for Lgr5+ cell content by ISH as described in Meth-
ods. (B) Quantitation of baseline CRC xenograft
Lgr5 expression. Data (mean + SEM) were collated
from 15-30 representative microscopic fields (40x)
using 3-5 mice per xenograft line.

Fig. 3. CRC PDX tumor response to
ionizing radiation correlates with
the short- term response of their
Lgr5+ stem cells. (A) Time course
of CRC PDX responses to ioniz-
ing radiation. NSG mice harboring
100-150 mm?*® human CRC PDXs
were treated with 40Gy, and tumor
volumes were measured for up to
120 days post radiation. Lines rep-
resent the mean * SEM tumor vol-
umes of 9-10 animals collated from
two independent experiments. Tu-
mors undetectable at 120 days are
considered cured. Arrows indicate
day of SDRT n= number of mice/
group. (B, C) Mice were sacrificed
at the indicated times post SDRT as
in Fig. 1. and stained for Lgr5 by ISH
as described in Methods. Represen-
tative 40x brightfield ISH images
for CLR1-1 and CLR27-2 tumors at
0 and 7 days post 40 Gy SDRT (B).
Note, Lgr5 staining is less intense in
CLR1-1 PDXs for unknown reasons.
Incidence of ISH+ cells is quanti-
fied in (C). Data (mean + SEM) are
derived from 10-15 imaged fields
(40x) using 2-5 mice per group.

Whereas loss of Lgr5+ stem in CLR1-1 reaches a nadir by day 3 post irradiation, which is
maintained for at least 7 days, the radioresistant CLR27-1 shows progressive increase in
the Lgr5+ stem cell compartment that peaks at 5 days post radiation and returns to the pre-
radiation level by day 14 (Supplementary Fig. 1 - for all supplementary material see www.
cellphysiolbiochem.com). Note, CLR1-1 and CLR27-2 Lgr5 ISH show qualitative differences
in ISH staining. CLR1-1 tumor cells have large nuclei and display light-colored stippled Lgr5+
foci, while CLR27- 2 display small nuclei and dark dense foci, creating the misperception there
might be unequal numbers of positive cells between the two lines. Although the reason for
these differences is unknown, close inspection and quantitation reveals similar percentages
of positive nuclei in both lines at baseline. These studies indicate that a radiosensitive CRC
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preferentially deletes stem cells in the immediate post-SDRT period, while the radioresistant
variant preferentially deletes non-stem cells, resulting in a rapid increase in the relative
proportion of the Lgr5+ stem cell compartment.

A tenet of conventional radiobiology is that differences in tumor radiosensitivity reflect
differences in the inherent DSB repair capacity of tumor parenchymal clonogens [24-
27], while the radiation response of the tumor microenvironment plays an insignificant
role in treatment outcome [28]. To directly address this concept relative to the observed
radiosensitivities of the CLR1-1 and CLR27-2 CRC xenografts, we profiled the respective
radiosensitivity phenotypes when grown as organoids ex vivo, using a cutting edge
quantitative radiobiologic technique recently published by us for this purpose [3, 18, 29].
The experimental method uses the single hit multi-target (SHMT) algorithm to calculate the
radiosensitivity index, originally developed to transform radiation clonogenic cell survival
curves by dose into a single numerical value [30]. We adapted this technology to evaluate
organoid dose survival curves fitted by nonlinear regression, and transformed by the SHMT
algorithm to yield a single D value that serves as a numerical estimate of the efficiency of
DSB repair [3]. Notably, the higher the D value, the greater the radioresistance. Surprisingly,
Fig. 4 shows that the radiosensitive CLR1-1 tumor organoids and the radioresistant CLR27-2
tumor organoids show similar radiosensitive profiles, as indicated by identical D, values of
2.1 Gy. These studies defy an accepted dogma in the field, strongly implying that resistance
of CLR27-2 to SDRT is determined by an interaction between tumor parenchymal cells and
tumor microenvironment, as described below.

Our prior studies on the high curative impact of SDRT compared with conventional
fractionated radiotherapyindicatethat SDRT cureresults from couplingofacute microvascular
injury to parenchymal tumor cell DSB repair, rendering synthetic lethality of tumor
clonogens [10]. The data showed that SDRT injury to endothelia renders vasoconstriction
by 30 min followed by endothelial apoptosis at 4 h. We initially examined impact of SDRT
on the endothelial compartment of radiosensitive CLR1-1 and radioresistant CLR27-2 PDXs.
Fig. 5A shows representative images of the CLR1-1 and CLR27-2 PDXs, double-stained with
MECA32 and TUNEL to identify apoptotic endothelial cells at 4h post 40Gy, the time of
maximal apoptosis induction, quantified in Fig. 5B. At baseline, both tumors display 5-6%
apoptotic endothelium that increases to a maximum 58+2% in CLR1-1, but only to 28+2%
in CLR27-2. These studies correlate CRC microvascular radiosensitivity with Lgr5+ stem cell
content post radiation and tumor response.

Whereas we published that tumor VEGF inhibits SDRT-induced ASMase activation
thereby abrogating neoangiogenic tumor endothelial injury and SDRT lethality in diverse
mammalian solid tumors implanted in mice [21, 31, 32], but not in normal mouse tissue,
we examined impact of enhancing ASMase/ceramide signaling on CRC PDX responses. Our
previous studies showed that anti-angiogenic drugs, when provided at 1h preceding SDRT,
optimally de-repress ASMase and enhance SDRT-induced vascular injury [31, 32]. Fig. 5B
shows that the VEGFR2 inhibitor DC101 [the murine parental Ab for the clinically-approved

Fig. 4. Differences in CRC PDX radiation sensitivity are abolished in the ab-
sence of tumor microenvironment. Single cells from CLR1-1 and CLR27-2
CRC PDXs were isolated and grown into organoids as described in Methods.
Organoids were irradiated at various doses on day 3 post plating. Number
(mean + SEM) of surviving CLR1-1 and CLR27-2 organoids were counted on
day 7 post irradiation and analyzed by the SHMT algorithm, as published

(3]
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Fig. 5. Radioresistant LGR5+ tu-
mor stem cells can be sensitized
by ASMase-timed delivery of anti-
angiogenic drugs. Animals were
pre-treated with 1.6mg DC101
(1.6mg/25 gm mouse) via tail vein
injection at 1h before 40 Gy tumor
irradiation in order to derepress
ASMase as published (29; 28), and
then sacrificed at the indicated
times. (A) Representative bright
field images (40x) of tumor endo-
thelial cells undergoing apoptosis
at 4h post SDRT as determined by
MECA-32 (cyan blue) and TUNEL
(brown) double staining, respec-
tively (arrows). (B) Time course
of 40 Gy-induced endothelial cell
apoptosis in CLR1-1 and CLR27-
2 CRC PDXs determined as in (A).
(C) DC101 pre-treatment converts
Lgr5+ tumor stem cells from the
most resistant to the most sensi-
tive cell type in CLR27-2 CRC PDXs.
For these studies, mice harboring CLR27-2 radioresistant CRC PDXs were pre-treated with DC101 and after
1h treated with 40Gy SDRT. Mice were sacrificed after 7 days at the time of Lgr5+ stem cell peak incidence.
Data (mean * SEM) are derived from 10-15 imaged fields (40x) across 5-10 mice per group collated from 2
independent experiments in (B, C).

Cyramza (ramucirumab)] does not impact SDRT-induced endothelial apoptotic death in the
already radiosensitive CLR1-1 PDX, but markedly enhances endothelial cell apoptosis in
the radioresistant CLR27-2 PDX into the range associated with effective tumor response in
CLR1-1. Further, DC101 prevents the relative concentration of radioresistant Lgr5+ stem
cells at 7 days postradiation in CLR27-2, and in fact results, as in CLR1-1 PDXs, in preferential
loss of Lgr5+ stem cells (Fig. 5C). Consistent with these findings, DC101 applied at 1h before
40Gy SDRT yields a statistically significant reduction in tumor mass as compared with
40Gy alone (Fig. 6A). As human residual tumor masses often display scar tissue that takes
prolonged periods of time to resolve, we collaborated with A.M., a Board Certified Veterinary
Pathologist in the Comparative Animal Core Facility at MSKCC, to define residual tumor
cells contained within the tumor mass. Fig. 6B shows that there is a significantly larger
residual tumor mass in CLR27-2 PDXs treated with 40Gy alone at 130 days post radiation, as
compared with tumor residua in mice harboring CLR27-2 PDXs that were pre-treated with
DC101 at 1h preceding 40Gy SDRT. Quantitation of this residual tumor mass indicates 20-
fold reduction in CLR27-2 tumor cells with DC101 pre-treatment (p<0.001; Fig. 6C).

A complementary approach to increase ASMase/ceramide signaling was employed to
confirm that enhancing SDRT-induced ASMase signaling determines loss of Lgr5+CRC stem
cells. For these studies, we employed a strategy previously reported by us [19] to overexpress
human ASMase exclusively in tumor neo-angiogenic vasculature using adenoviral delivery of
a construct that contains a pre-pro endothelin promoter only active in dividing endothelial
cells. Notably, >99% of normal tissue endothelial cells in mice and humans are in GO, and
hence do not transcribe ASMase from our vector [20]. We show here that delivery of 1x101°
PFU of HZE-PPE1(3x)-ASMase at 5 days preceding 40Gy SDRT resulted, as with timed
delivery of DC101, in converting the SDRT-induced increase in Lgr5+ CRC stem cells at 7d
post radiation to a selective loss of the Lgr5+ population (Supplementary Fig. 2). Consistent
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Fig. 6. Pharmacologic and genetic
upregulation of endothelial cell
ASMase to enhance LGR5+ stem
cell loss sensitizes tumor response.
NSG mice harboring 100-150 mm?
CLR27-2 PDXs were either treated
with DC101 (1.6mg/25 gm mouse)
DC101 at 1h before 40 Gy SDRT
or administered 1x10 PFU of
H2E-PPE1(3x)-ASMase at 5 days
preceding 40Gy SDRT via tail vein
injection. Tumor volumes (A) were
monitored for up to 120 days at
which times mice were sacrificed,
and tumors were collected, fixed,
sectioned, and stained with hema-
toxylin and eosin. Tumor volume
data (mean * SEM) are collated
from n, the number of animals
listed on the graph. (B) Bright field
images of CLR27-2 tumors (10x),
including representative inset of
residual tumor tissue (25x) show-
ing residual stroma, vasculature,
and surviving tumor epithelium.
Tumor burden is highlighted in
red. (C) Tumor remnants were
quantified with the assistance of a board-certified mouse pathologist (AM). Data (mean + SEM) are derived
from 4 representative subsections of 7-10 tumors (n) per group in (C).

with Lgr5+ cells determining overall CLR27-2 PDX response, combination of ASMase gene
therapy with SDRT yielded statistically significant reduction in tumor mass that upon direct
pathological analysis revealed a 20-fold reduction in residual tumor cells (Fig. 6). Hence, two
distinct approaches to increase ASMase signaling of vascular dysfunction, timed delivery of
an anti-angiogenic drug to optimize ASMase activation and ASMase overexpression, similarly
increased SDRT-induced CRC stem cell loss and tumor response in radioresistant human CRC
PDX CLR27-2.

Whereas our prior studies identified murine adult Lgr5+ intestinal stem cells as
preferentially using HRR to repair DSBs compared with their progeny [4], and in view of
the evidence indicating that SDRT-induced vascular dysfunction inactivates, via the SSR,
multiple HRR enzymes as part of tumor cure [10], we examined impact of DC101 ASMase/
ceramide radiosensitization on the DNA damage response (DDR). For these studies, we
tested the hypothesis that anti-VEGF radiosensitization might specifically attenuate HRR
activation following SDRT in CLR27-2, as determined by DNA repair focus technology.
Initial investigations quantified kinetics of yH2AX repair foci, the biomarker of choice for
assessing global DSB repair in vivo [33], pretreating CRC PDX tumor-bearing mice with or
without DC101 (1.6mg DC101/25 gm mouse) at 1h before 40Gy SDRT. By consensus accrual
of YHZAX foci, which peaks 0.5-1.0h post irradiation in mammalian tissue, is considered
to reflect induction of DSBs, whereas resolution of yH2AX foci represents repair of DSBs.
Whereas minimal foci were detected prior to irradiation, Fig. 7A, B (left panel) show thats
at 0.5h CLR1-1 and CLR27-2 tumors display 100-120 yH2AX foci/nucleus, respectively, with
or without anti-angiogenic drug pre-treatment. Hence, DC101 does not impact accrual of
DSB damage consistent with the well-described effect of radiation injury as representing
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biophysical damage to DNA [34]. In contrast, resolution of DNA damage differs between
these tumors with DC101 having no impact on radiosensitive CLR1-1 DSB repair (Fig.
7B, left panel), consistent with its lack of effect on endothelial injury, while the CLR27-2
tumors showed delayed resolution of YH2AX foci, displaying 30-50% more unrepaired DSB
damage at all time points (Fig. 7B, right panel). To examine the mechanism of reduction of
DSB repair, subsequent studies examined accrual and resolution of BRCA1 and DNA-PKcs
foci, established measures of HRR and NHE], respectively. Fig. 7C, D shows that while DC101
pre-treatment had no impact on loading of BRCA1 onto damaged DNA, required for optimal
HRR, in radiosensitive CLR1-1 PDXs, DC101 pre-treatment specifically attenuated BRCA1
focus formation at 0.5-6 h in radioresistant CLR27-2 PDXs, reducing its contribution to HRR
management of DSB repair. Consistent with SDRT impacting HRR specifically, there was no
impact of DC101 on NHE] post SDRT, as measured by focus accrual and resolution of the
critical NHE] mediator of DSB repair, DNA-PKcs (Fig. 7E, F).

Fig. 7. Timed delivery of DC101 sensitizes radioresistant CRC PDXs via selective impairment of homologous
recombination. NSG mice harboring CLR27-2 PDXs were treated with 1.6g DC101 (1.6mg/25 gm mouse) at
1h before 40 Gy SDRT and sacrificed at the indicated times thereafter. (A, C, E) Representative fluorescent
images of DNA repair foci obtained from tumors stained for the DSB marker yH2AX, the HRR marker BRCA1,
and the NHE] marker DNA-PKcs at 2h post radiation (40x magnification). (B, D, F). Selective reduction in
HRR sensitizes radioresistant CLR27-2, but not radiosensitive CLR1-1 CRC PDXs. Data (mean + SEM) are
collated from 6 representative screenshots derived from 2-4 mice per group.
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Discussion

These studies address a lingering issue in radiation treatment of human solid tumors,
which is whether curative therapy is directed at tumor stem cells. To our knowledge only
one prior study attempted to address this question. Rich and co-workers [35] reported
that radiation treatment of human glioblastoma xenografts in mice resulted in relative
concentration of the Prominin-1 (CD133+) cell population, considered at one time to
delineate a normal and tumorigenic neural stem cell population [36]. Unfortunately, this
marker has not been validated as representing the glioblastoma stem cell compartment,
although it does track with aggressiveness of this tumor. Hence, the question of whether the
tumor stem cell is the determinant target of radiotherapy remains unanswered.

Here we take advantage of the well-established Lgr5+ stem cell population of the crypt,
which is highly qualified in the murine and human colon, markedly enriched in CRC, and
determinant in survival of the murine colon and of organoids derived thereof to radiation. By
using a therapy such as SDRT, which targets a potential HRR vulnerability in this population,
we show that cure, at least in human CRC xenografts, tracks with the response of the Lgr5+
population. Further, we show that pharmacologic manipulation of the principal vascular
biology of SDRT, an emerging therapeutic modality with a high success rate, can selectively
enhance tumor stem cell response and tumor cure. We are currently designing a set of clinical
trials aimed at leveraging these observations.

Whereas the organoid data indicate that the inherent DNA repair capabilities of CLR1-1
and CLR27-2 are identical, the in vivo data show unequivocally that Lgr5+ stem cell and
tumor responses differ. While we do not as of yet understand how interaction with the
tumor microenvironment alters radiation responsiveness, the observation that there is a
close association between radioresistance in microvasculature and in stem cells provides
an inkling of what might be involved. In this context, timed delivery of an anti-angiogenic
drug, as we previously published [21, 31, 32], to transiently de-repress ASMase and enhance
ceramide-mediated vascular dysfunction converts the Lgr5+ stem cell population from
being the most radioresistant population in CLR27-2 PDXs to being the most radiosensitive
population. As DC101 induces selective dysfunction of HRR, leaving NHE] intact, as
determined by focus technology, we interpret these data to be consistent with the notion
that SDRT targeting of tumor stem cell HRR, at least for CRC, mediates the highly curative
effect of this emerging clinical technology. Further we assert that these data are consistent
with the stem cell hypothesis of cancer therapy and that SDRT uncovers a vulnerability that
is pharmacologically tractable.
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