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Abstract

Tumor sensitivity to radiation therapy has been known to be dependent on O, concentrations.
However, radiosensitivity of naturally occurring hypoxic tumor cells remains to be well fully
investigated in direct comparison to that of their adjacent non-hypoxic tumor cells within the same
tumor. We developed a hypoxia-sensing xenograft model using the hypoxia-response element
(HRE)-driven enhanced green fluorescence protein (EGFP) as a hypoxia reporter to identify
hypoxic tumor cells /n situ. Here, we have found that naturally hypoxic tumor cells are moderately
radioresistant compared to their neighboring non-hypoxic tumor cells in the same tumor. These
naturally hypoxic tumor cells are proficient at repairing DNA damages and resist apoptosis
induced by genotoxic stresses, which involves activation of the ATM/CHK1/CHK2 DNA damage-
sensing pathway. Inhibition of the checkpoint kinases sensitizes the ex vivo hypoxic tumor cells to
ionizing irradiation. Second, the new functional phenotypes acquired by the hypoxic tumor cells /in
vivo are stable even after they are maintained under non-hypoxic conditions. These new results
strongly suggest that the hypoxic tumor microenvironment is capable of selecting stable tumor cell
populations with increased resistance to genotoxic stresses and enhanced survival.
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1. Introduction

Tumor hypoxia, a hallmark of tumor microenvironment (TME), is an independent
prognostic factor for advanced disease progression and poor patient survival [1-5]. Hypoxia
negatively impact many modalities of cancer treatment, especially radiotherapy [2, 6, 7].
Molecular oxygen as a critical determinant of cellular response to ionizing irradiation was
first reported by Crabtree and Cramer [8]. Subsequently, Gray and his colleagues
quantitatively defined the oxygen effects on cellular response to irradiation [9-11]. The first
study demonstrating a correlation between hypoxia and radiosensitivity of human tumors
was reported by Gatenby et al. who examined 31 fixed lymph node metastases from
squamous cell carcinoma of the head and neck and found that tumors containing >26%
tumor volume with pO, < 8 mmHg responded poorly to radiotherapy [12]. However, oxygen
effects on ionizing irradiation has so far been extensively studied in cultured cells under
defined /n vitro hypoxic conditions. The survival of naturally hypoxic tumor cells against
ionizing irradiation has only been estimated using the clonogenic survival assay or using
clamped tumor models [6]. The radiosensitivity of hypoxic tumor cells that emerge naturally
in TME in direct comparison to that of their adjacent non-hypoxic tumor cells within the
same tumor remains to be investigated.

In this study, we have developed a hypoxia-sensing xenograft model using human breast
cancer cell line and have made several new discoveries with regard to the differential
radiosensitivities of the hypoxic and non-hypoxic tumor cells /7 vivo. First, we have found
that the naturally hypoxic tumor cells are only moderately resistant to ionizing irradiation
compared to the non-hypoxic tumor cells within the same tumor. Nonetheless, the in vivo
irradiated hypoxic tumor cells exhibit enhanced potentials of DNA damage repair. Very
interestingly, the therapy-resistant phenotype of the ex vivo hypoxic tumor cells remains
stable even after they are maintained under the ambient culture condition. Mechanistically,
the canonical DNA damage sensing pathway mediated by ATM/CHK1/CHK2 is
preferentially potentiated in ex vivo hypoxic tumor cells. These observations strongly
suggest that the hypoxic TME may induce clonal evolution and/or phenotypic changes that
leads to the selection of tumor cells with increased DNA damage repair potentials and
resistance to genotoxic stresses.

2. Materials and methods

2.1 Chemicals

Etoposide (E1383, Sigma-Aldrich) was dissolved in dimethyl sulfoxide (DMSQ) at 50 mM.
Bleomycin sulfate (BML-AP302-0010, Enzo Life Science) was dissolved in H,O at 10
mg/ml. AZD7762 (51532, Selleckchem) was dissolved in DMSO at 10 mM. Stock solutions
were diluted in tissue culture media immediately before use to different working
concentrations.

2.2 Generation of the hypoxia-sensing tumor cell line

MDA-MB-231 cells were transfected with SHRE/GFP plasmid [13] and then selected with
500 pg/ml G418. Three rounds of positive (1% O,) and negative selections (normoxia) were
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done to generate a pool of cells with high hypoxia sensitivity and minimum background
EGFP expression.

2.3 Xenografts and detection of tumor hypoxia in situ

MDA-MB-231/HRE-GFP cells were injected either orthotopically in the fourth mammary
fat pads or subcutaneously in lower backs of female athymic nude mice (6-8 weeks) at a
concentration of 1 x 108 cells per injection. When the tumor sizes reached ~500 mms3,
tumor-bearing mice received an intraperitoneal injection of pimonidazole HCI, (60 mg/kg
body weight, Hypoxyprobe™-1, Hypoxyprobe, Inc.) at 2 hours before tumor harvest,
Tumors were fixed in formalin and cryopreserved in OCT. Tumor cryosections (7 pm) were
immunostained with rabbit polyclonal anti-pimonidazole antibody (PAB2627AP,
Hypoxyprobe, Inc) followed by Cy5-conjugated goat anti-rabbit 1gG antibody
(ThermoScientific, A10524). Nuclei were stained with Hoechst 33342 (2 ug/mL).

2.4 lonizing irradiation

Tumor-bearing mice were irradiated using XRAD 320 (Precision X-RAY) for whole body
irradiation or Siemens Stabilipan 250 for tumor-specific irradiation. Tumor cells (60-70%
confluency) were irradiated in 6-cm or 10-cm dishes using XRAD 320.

2.5 Tumor cell isolation and cell sorting

A two-step digestion protocol was used to improve dissociation and isolation of tumor cells.
First, excised xenograft tumors were minced and dissociated in the 37°C shaker for 2 hours
with medium containing 10% Fetal Calf Serum, 0.5 U/ml dispase (#07913, STEMCELL
Tech.), 5mg/ml Collagenase Type IV (CLS-4, Worthington Biochem.), and 100 U/ml
Penicillin Streptomycin (15-140-122, Gibco) in DMEM (11965-084, ThermoScientific). The
digested tumor tissues were pelleted and washed once in PBS before they were resuspended
in 0.25% trypsin and briefly digested at room temperature for <5 minutes by repeated gentle
pipetting. The dissociated cells were then collected by filtering the digested tissues through a
70-um cell strainer. Red blood cells were removed using an NH,4CI Solution (07800,
STEMCELL Tech.). Host mouse cells were depleted using the Mouse Cell Depletion Kit
(130-104-694, Miltenyi Biotec.) EGFP* (hypoxic) and EGFP~ (non-hypoxic) tumor cells
were sorted using BD FACSAria™ 1.

2.6 Clonogenic assay

Tumor cells were plated at a density of 1,000 and 2,000 cells/well (non-irradiated group),
2,000 and 5,000 cells/well (2Gy group), 5,000 and 10,000 cells/well (7.5 Gy group), 50,000
and 100,000 cells/well (15Gy group) in 6-well plates and incubated for 10 to 14 days.
Colonies were stained with Crystal Violet. Plating efficiency = number of colonies (=50
cells/colony) divided by number of input cells x 100%.

2.7 Immunofluorescence for yH2AX and 53BP1

Cells were seeded in 48-well plates and incubated for 24 hours before treatment with
etoposide (6 pM) for another 24 hours. After treatment, cells were washed twice with ice-
cold PBS, fixed in a solution containing 2% paraformaldehyde and 1% sucrose for 15
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minutes at room temperature, and permeabilized with ice-cold methanol and acetic acid
(1:1) for 20 minutes at —20°C. Cells were washed in PBS and then incubated in a blocking
buffer (10% horse serum) for 60 minutes. For ionizing irradiation, cells were fixed and
processed at different time points after X-irradiation.

Incubation with rabbit polyclonal anti-53BP1 antibody (1:200, Santa Cruz, sc22760) or anti-
phospho-Histone H2AX-S139 (1:200, Cell Signaling, 9718) was carried out at 4°C
overnight, followed by incubation with Alexa 555-conjugated anti-rabbit 1gG (1:500;
Invitrogen) for 1 hour at room temperature in the dark. Nuclei were counterstained with
DAPI (0.2 pg/mL, Sigma-Aldrich). Immunofluorescence was examined and pictures taken
using the EVOS-FL fluorescence microscope (ThermoScientific). Nuclei with >5 foci were
counted. Percentage of foci* cells = number of foci* cells divided by total number of cells
counted x 100%.

2.8 Comet assay

Comet assays were done with CometAssay® Kit (4250-050-K, Trevigen) according to the
manufacturer’s instruction. Comet scores were obtained using the Open Comet software.

2.9 Western blots

Western blot analysis were done with the following antibodies: p-CHK1 S345 (#2348,
1:2,000, Cell Signaling), total CHK1 (#04-207, 1:1,000, Millipore), p-CHK2 T68 (#2197,
1:2,000, Cell Signaling), total CHK2 (#6334, 1:1,000, Cell Signaling), p-ATM S1981
(#5883, 1:1,000, Cell Signaling), total ATM (#2873, 1:1,000, Cell Signaling), p-ATR S428
(#2853, 1:1,000, Cell Signaling), total ATR (#2790, 1:1,000, Cell Signaling), p-p53 S15
(#9286, 1:2,000, Cell Signaling), total p53 (#OP03, AB-1, 1:5,000, Oncogene), cleaved
Caspase3 (#9661, 1:2,000, Cell Signaling), PARP (#9542, 1:10,000, Cell Signaling), p-actin
(#A5316, 1:10,000, Sigma Aldrich), Vinculin (3AB73412, 1:5,000, Abcam). Protein bands
were visualized using chemiluminescence substrates (#170-5061, BioRad) and imaged on
Kodak X-OMAT 2000A.

2.10 Statistical analysis

3. Results

Two-group comparison was analyzed by unpaired 2-tailed Student’s #test (GraphPad Prizm
7). Significant difference was declared if p < 0.05.

3.1 Hypoxic tumor cells in vivo are moderately radioresistant compared to non-hypoxic
tumor cells in the same tumor

In order to directly examine the radiosensitivity of hypoxic and non-hypoxic tumor cells in
the same tumor, we established a hypoxia-sensing tumor model by stably expressing a
hypoxia-responsive transcription enhancer element (five tandem repeats of HRE or
5XHRE)-driven destabilized d2EGFP construct [13] in MDA-MB-231 human breast cancer
cells. The d2EGFP reporter gene is transcriptionally activated by hypoxia-inducible
transcription factor HIF-1 and/or HIF-2, both of which are stabilized by hypoxia [14-16].
Xenografts were generated either orthotopically in mammary fat pads or ectopically in
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subcutaneous space of lower backs of female athymic nu/nu mice. The hypoxic tumor
regions were independently identified using the bioreductive compound pimonidazole HCI
(Hypoxyprobe-1) [17, 18]. As shown in Figure 1A, the EGFP* MDA-MB-231 cells were
primarily localized in areas that were positively labeled by pimonidazole. Majority of the
EGFP* tumor cells were located at a distance from the CD31* blood vessels (right side,
Figure 1B). Nonetheless, overlap between EGFP* tumor cells and blood vessels was also
observed (upper left, Figure 1B). Furthermore, EGFP* tumor cells are found next to necrotic
regions (Supplementary Figure 1A) and strongly express the cell surface protein carbonic
anhydrase 9 (CA9), another commonly used hypoxia marker (Supplementary Figure 1B).
Similar patterns of hypoxia were observed in both orthotopic and subcutaneous xenografts.
In addition, we have also confirmed using cDNA microarray analysis that a set of commonly
observed hypoxia-inducible genes are significantly upregulated in the EGFP* cells [19].
These results indicate that chronic or diffusion-limited hypoxia is likely more prevalent than
fluctuating hypoxia in these xenografts.

We performed the clonogenic assay to examine the relative radiosensitivity of hypoxic tumor
cells and their non-hypoxic counterparts after ionizing irradiation /n situ. Xenografts were
harvested following irradiation at three representative doses of 2, 7.5 and 15 Gy X-rays,
respectively. After digestion and depletion of the host mouse cells, individual EGFP*
hypoxic tumor cells and EGFP™ non-hypoxic tumor cells were sorted and collected by
FACS. As shown in Figure 1C, D, and E, the hypoxic tumor cells showed moderately higher
clonogenic survival (approximately 1.7-fold higher) than the non-hypoxic tumor cells at 2
and 7.5 Gy. When irradiated at the high dose of 15 Gy, the classical clonogenic survival of
the hypoxic tumor cells was not significantly different from that of the non-hypoxic tumor
cells based on the formation of dense colonies. Nevertheless, there were significantly more
surviving cells from the /n vivo hypoxic tumor cell population than those from the non-
hypoxic population (Supplementary Figure 2A). The surviving hypoxic tumor cells after 15-
Gy irradiation grew in a scattering pattern and did not form typical densely populated
colonies (Supplementary Figure 2A).

3.2 The hypoxic tumor cells repair DNA damages more efficiently than the non-hypoxic

tumor cells

To assess the extent of DNA double-strand breaks and repair following ionizing irradiation
in vivo, we examined the formation of 53BP1* and yH2AX* nuclear foci, as well as neutral
comet. Tumor cells were isolated and sorted by FACS immediately after irradiation to
tumors. The freshly sorted tumor cells were plated and cultured under the ambient condition.
This strategy would allow direct assessment of the DNA damage and repair specifically in
individual cells without further complication from the host stromal reactions after
irradiation. At 24 hr after irradiation, there were no significant differences in the formation
of 53BP1* (Figure 2A) or yH2AX™* (Figure 2B) nuclear foci in either EGFP* hypoxic tumor
cells or EGFP™ non-hypoxic tumor cells, suggesting that both hypoxic and non-hypoxic
tumor cells received comparable amounts of DNA damages. At 48 hr after irradiation, the
EGFP* hypoxic tumor cells showed significantly fewer cells with 53BP1* (Figure 2A) or
yH2AX* (Figure 2B) nuclear foci, suggesting more efficient DNA damage repair potentials
of the hypoxic tumor cells. The same observations were made in both orthotopic and ectopic
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xenograft tumors, suggesting the differential DNA damage repair capacities are primarily
determined by tumor hypoxia. Consistent with the foci data, the neutral comet formation
was also significantly reduced in the EGFP* hypoxic tumor cells at 48 hr after isolation from
irradiated tumors (Figure 2C).

3.3 The ex vivo hypoxic tumor cells have acquired an intrinsically radioresistant phenotype
that is independent of the hypoxic TME

One of the unresolved questions regarding hypoxic tumor cells in vivo is whether their
radioresistance is contingent upon hypoxia in their niche microenvironment. To address this
question, we isolated by flow cytometry the EGFP* hypoxic and EGFP~ non-hypoxic tumor
cells from the same tumor and cultured them /n vitro for 3-5 passages for complete re-
acclimation (Figure 3A). When irradiated under the same ambient condition, the ex vivo
hypoxic tumor cells still showed moderately higher clonogenic survival than their non-
hypoxic counterparts at 2 and 7.5 Gy (Figure 3B). Similar to the /n7 vivo y-irradiated tumor
cells, the percentage of the conventional colony-forming cells were similar between these
two ex vivotumor cell populations at the high dose of 15 Gy. Nonetheless, as with the /n
vivo irradiated cells, there were significantly more surviving cells from the ex vivo hypoxic
tumor cell population than those from the non-hypoxic population and the surviving cells
grew as a monolayer instead of forming typical colonies (Supplementary Figure 2B).

We examined the differential responses to ionizing irradiation-induced DNA damages and
potential rate of repair between the ex vivo EGFP* and EGFP~ tumor cells in a time-
dependent manner. When -y-irradiated at 2.5 Gy under the ambient condition, 53BP1 nuclear
foci were formed rapidly in nearly every cell and there were no significant differences
between the EGFP* and EGFP~ tumor cell populations within 6 hr post-irradiation (Figure
3C), suggesting that both populations are equally sensitive to -y-irradiation-induced DNA
damages. However, at and after 10 hr post-irradiation, significantly fewer 53BP1* cells were
observed in the EGFP* population than in the EGFP~ population (Figure 3C). Similar
observations were made when yH2AX nuclear foci were examined (Figure 3D). Even when
y-irradiated at a high dose of 7 Gy, the percentages of 53BP1* or yH2AX™ cells remained
significantly lower in the ex vivo hypoxic tumor cells when examined between 24 and 48 hr
(Supplementary Figure 3). Consistent with these observations, the neutral comet assay
revealed that the amount of DNA double-strand breaks was significantly lower in the ex vivo
hypoxic tumor cells either under the ambient culture condition or after ionizing irradiation
(Figure 3D). These findings suggest that the ex vivo EGFP* tumor cells can more efficiently
repair y-irradiation-induced DNA damages than their EGFP~ counterparts do.

To further determine their sensitivity to genotoxic stresses, we treated the ex vivotumor cells
with two commonly used DNA damaging agents: bleomycin and etoposide. Upon
bleomycin treatment (middle, Figure 4A), the plating efficiency of the ex vivo hypoxic
EGFP* tumor cells remained significantly higher than that of the EGFP~ tumor cells over a
dose range of 0.2 to 20 pg/ml although both cell populations appeared to be equally sensitive
to bleomycin. Similarly, the ex vivo EGFP* tumor cells were also more resistant than the
EGFP~ tumor cells to the clonogenic toxicity of etoposide (0.12 to 12 pg/ml) albeit the
EGFP* cells became highly sensitive to etoposide at =1.2 pg/ml (right, Figure 4A).
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In response to etoposide, although 53BP1* nuclear foci were induced in both tumor cell
populations, the percentage of the ex vivo hypoxic tumor cells with 53BP1* nuclear foci
remained significantly lower than that of the ex vivo non-hypoxic tumor cells (left, Figure
4B). Furthermore, etoposide strongly induced proteolytic cleavage of caspase 3 (Casp3) and
poly-(ADP-ribose) polymerase (PARP) in the ex vivo non-hypoxic tumor cells (Figure 4B),
suggesting that the non-hypoxic tumor cells are more sensitive to DNA damage-induced
apoptosis than the ex vivo hypoxic tumor cells. Collectively, these results suggest that the
hypoxic tumor cells /7 vivo may undergo clonal evolution in their hypoxic TME to acquire a
relatively stable phenotype with enhanced survival against genotoxic stresses.

3.4 The DNA damage-sensing pathway is preferentially potentiated in the ex vivo hypoxic

tumor cells

To further understand the mechanisms underlying the observed resistance to genotoxic
stresses of the ex vivo hypoxic tumor cells, we examined the key DNA damage-sensing
pathway mediated by ATM and ATR following genotoxic stresses [20—-22]. In response to
bleomycin treatment /n vitro (Figure 5A), ATM became quickly phosphorylated at S1981
after 2 hr treatment in the ex vivo hypoxic tumor cells (Figure 5A, lane 3) with much lower
ATM-S1981 phosphorylation in the ex vivo non-hypoxic tumor cells (Figure 5A, lane 4). In
contrast, phosphorylation of ATR increased moderately in the ex vivo hypoxic tumor cells
after 4 hr treatment (Figure 5A, lanes 5 and 6). Phosphorylation of checkpoint kinases
CHK1 and CHKZ2, two direct targets of ATM and ATR, strongly occurred in the ex vivo non-
hypoxic tumor cells after 2 hr treatment (Figure 5A, lanes 3 and 4). Further downstream, the
tumor suppressor p53, a key target of the ATM/ATR/CHK1/CHK?2 pathway, became
significantly phosphorylated at S15 in the ex vivo hypoxic tumor cells after 2 hr bleomycin
treatment (Figure 5A). Similarly, robust phosphorylation of ATM, CHK1, CHK2, and p53
was observed in ex vivo hypoxic tumor cells after ionizing irradiation (Figure 5B). It is
worth noting that the total amounts of these key DNA damage-sensing proteins were by and
large equivalent in both EGFP* and EGFP~ tumor cell populations and did not change
significantly under the above described experimental conditions.

Preferential activation of the ATM/CHK1/CHK2 pathway in the ex vivo hypoxic (EGFP™)
tumor cells suggests that the /77 vivo hypoxia-selected cells might rely on this pathway to
deal with genetic stresses. Consistent with this notion, phosphorylation of p53-S15 was
strongly reduced by the potent checkpoint kinase inhibitor AZD7762 in the ex vivo hypoxic
(EGFP*) tumor cells but not in the non-hypoxic (EGFP~) tumor cells in response to the
DNA damaging agent bleomycin (Supplementary Figure 4). Importantly, AZD7762,
although it alone did not affect clonogenic survival (Figure 6A), significantly reduced the
clonogenic survival of the ex vivo hypoxic (EGFP*) tumor cells after 5 Gy X-irradiation
(Figure 6B). In contrast, AZD7762 had only minor effects on the survival of the in the non-
hypoxic (EGFP™) tumor cells under the same conditions (Figure 6B). On the other hand,
AZD7762 had no significant effects in the parental tumor cells strictly under /n vitro
conditions including /n vitro hypoxia (Supplementary Figure 5), suggesting that the
differential sensitivity of the ex vivo hypoxic EGFP* tumor cells to CHK inhibition results
from evolution in the hypoxic tumor microenvironment /n vivo.
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Collectively, these results suggest that potentiated ATM/CHK1/CHK2-mediated DNA
damage-sensing pathways in the ex vivo hypoxic tumor cells are likely to be a major
mechanism underlying their enhanced clonogenic survival against genotoxic stresses.
Checkpoint kinase inhibitors have the potential to sensitized hypoxic tumor cells /n vivoto
ionizing irradiation or other genotoxic stresses.

4. Discussion

The paradigm for oxygen effects on cellular response to ionizing irradiation is largely based
on /n vitro studies under well-defined oxygen conditions. It has become widely known that
mammalian cells irradiated by X-rays in the absence of oxygen or anoxia are 2.5 to 3 times
more resistant to irradiation-induced clonal cell death than those irradiated at or above
physiological pO, [6, 23]. Radiosensitivity of mammalian cells increases sharply from 0 to
10 mmHg with the half-maximum radiosensitivity at approximately pO, = 3 mmHg [24,
25]. At or above the physiological range of pO, (>30 mmHg), mammalian cells are close to
being fully sensitized by molecular oxygen to ionizing radiation [6, 23]. Therefore, the
radiobiological hypoxia where mammalian cells are the most radioresistant occurs primarily
in the range of pO, <3 mmHg or 0.4% O, [7].

In experimental tumor models, the fractions of radioresistant tumor cells are commonly
estimated using the clonogenic survival assay with clamped tumors to mimic maximum
radiological hypoxia [6, 17, 26]. Previously, the radiosensitivity of naturally hypoxic tumor
cells had been investigated using flow cytometry based on the perfusion and differential
uptake of Hoechst 33342 as a marker of tumor hypoxia [27, 28]. However, the potentially
deleterious effects on DNA synthesis and genome stability [29], Hoechst 33342 might
interfere with cellular response to ionizing radiation and would compromise subsequent
culture and growth of tumor cells. In this study, we have developed a hypoxia-sensing tumor
model using destabilized d2EGFP (half-life = 2 hrs) as a reporter under the transcriptional
control by five tandem HRE repeats [13]. The EGFP* cells are predominantly located in
areas that are also positive for the independent hypoxia marker pimonidazole. However, it
should be noted that, despite positive association, the HIF-1a-positive regions do not show
complete agreement with other hypoxia markers including carbonic anhydrase 1X and
nitroimidazoles [30, 31], which is likely due to different mechanisms of activation.
Nonetheless, our model has the potential to label majority, if not all, tumor cells in a state of
biological hypoxia, either chronically or transiently at the time of irradiation. The advantage
of this approach is two-fold. First, both hypoxic (EGFP*) and non-hypoxic (EGFP™) tumor
cells are irradiated simultaneously in their native microenvironment within the same tumor.
EGFP is non-toxic to cells and will not likely to interfere with cellular response to ionizing
irradiation. Second, the hypoxic (EGFP*) and non-hypoxic (EGFP~) tumor cells can be
isolated from irradiated tumors and purified by FACS for immediate analysis or for /n vitro
culture.

Here, we have found that the differences in clonogenic survival after irradiation between
hypoxic (EGFP*) and non-hypoxic (EGFP~) tumor cells are quite small, which stands in
stark contrast to the textbook example of large differential of radioresistance between anoxic
and fully oxic tumor cells [6]. One possible explanation to reconcile these discrepancies is
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that majority of the hypoxic tumor cells are likely localized in areas of moderate hypoxia.
Nitroimidazole molecules are activated and bind to macromolecules at <10 mmHg [17, 32,
33] at which HIF-1a and HIF-2a also become stabilized [34]. It is therefore possible that
most of the EGFP* hypoxic tumor cells reside in regions with pO, close to 10 mmHg or
above the range of radiological hypoxia of pO, = 0-3 mmHg. It is also worth noting that
EGFP requires O, to fluoresce. Although maturation of EGFP can occur at near anoxic
conditions [13, 35, 36], it is still possible that some of the extremely hypoxic or anoxic
tumor cells might not be effectively identified by this hypoxia reporter and end up in the
EGFP~ population, which may reduce the differences of radiosensitivity between EGFP*
and EGFP~ tumor cells.

Our data also suggest that the truly radiologically hypoxic tumor cells are likely to be a
rather small fraction among the entire hypoxic tumor cell population. Nordsmark et al.
analyzed a multi-center study of 120 patients with primary cervical cancer but found no
significant correlation between pO, and response to radiotherapy [37]. Although reasons for
the lack of correlation are unclear, it is possible that, in light of this study, hypoxic cervical
cancer cells in these patients are most likely localized in areas within moderate hypoxia.
Consistent with this idea, analysis of an international cohort of 397 patients with head-and-
neck cancers found that only deep hypoxia (pO2 < 2.5 mmHg), but not moderate hypoxia
(pO, < 5 mmHg), was significantly associated with poor overall survival [38].

It is worth noting that there are no significant differences in the typical clonogenic survival
between hypoxic (EGFP*) and non-hypoxic (EGFP~) tumor cells when they are irradiated /n
situwith 15 Gy, a high dose at which majority of the non-hypoxic tumor cells are likely to
be eliminated [6]. Nonetheless, there are still significantly more surviving cells from the
irradiated hypoxic (EGFP*) population than those from their non-hypoxic (EGFP)
counterparts. The hypoxic tumor cells that have survived the 15-Gy irradiation /n vivo grow
in a scattered pattern rather than as densely populated colonies. Consistent with increased
radioresistance, we have found that the /n vivo irradiated hypoxic tumor cells are more
proficient than their non-hypoxic counterparts in the same tumor at repairing ionizing
irradiation-induced DNA damages.

Surprisingly, after the sorted cells are maintained under the ambient culture conditions, the
ex vivo hypoxic tumor cells continue to show higher clonogenic survival and resistance to
apoptosis against genotoxic stresses that the ex vivo non-hypoxic tumor cells from the same
tumors. These ex vivo hypoxic tumor cells also maintain their proficient DNA damage repair
abilities. The canonical DNA damage-signaling pathway [20-22], especially the ATM/
CHK1/CHKZ2 pathway, is preferentially activated in the hypoxic tumor cells in response to
ionizing irradiation or DNA damage agents. We have recently found that cancer stem cell-
like populations are significantly enriched in the /n vivo hypoxic tumor cells [19]. Our
results are consistent with the recent view that cancer stem cells exhibit increased activation
of the DNA damage checkpoint [39].
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5. Conclusions

This study strongly suggests that the hypoxic TME may induce adaptive responses, either by

clonal evolution or selection, such that hypoxic tumor cells /n vivo acquire new functional
traits that confer resistance to genotoxic stresses and enhance survival. The relatively stable
phenotype exhibited by the ex vivo hypoxic tumor cells implies that the tumor hypoxia /n
vivo has the potential to exert long range ectopic effects after the hypoxic tumor cells have
migrated into non-hypoxic microenvironment or after a hypoxic niche restores normoxia.
These observations further underscore the importance of targeting hypoxic tumor cells to
improve tumor control and patient survival. Our data also suggest a combination between
checkpoint kinase inhibitors and ionizing irradiation or other DNA-damaging agents have
the potential to effectively eliminate the clonogenic tumor cells selected by the hypoxic
tumor microenvironment.

Supplementary Material
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Highlights
. Radiosensitivity of naturally hypoxic tumor cells remains to be fully
understood.
. We developed a hypoxia-sensing tumor model to identify hypoxic tumor cells
in situ.
. Tumor hypoxia /n vivo selects a stable population of radioresistant tumor
cells.

. ATM/CHK1/CHK2 DNA damage-sensing pathway is preferentially activated
in hypoxic cells.
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Fig. 1. The naturally occurring hypoxic tumor cells have increased clonogenic survival after
ionizing irradiation in vivo

Xenograft tumors were generated in female nu/nu mice from MDA-MB-231 cells stably
expressing the HRE-EGFP reporter gene. (A) Hypoxic regions were independently labeled
with Hypoxyprobe-1. Tumor cells expressing the endogenous hypoxia reporter gene EGFP
were primarily localized in regions labeled with the independent hypoxia marker
Hypoxyprobe-1. (B) Localization of the hypoxic (EGFP*) tumor cells relative to blood
vessels stained with a-CD31 antibody. (C, D, E) Clonogenic survival of /n vivo irradiated
hypoxic and non-hypoxic tumor cells. Tumor cells from 3-4 individual tumors were sorted
by FACS into hypoxic (EGFP*) and non-hypoxic (EGFP~) populations immediately after y-
irradiation and plated for clonogenic assay in sextuplets using two seeding densities.
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Fig. 2. The naturally occurring hypoxic tumor cells have proficient DNA damage repair ability in

response to ionizing irradiation in vivo

Xenograft tumors were irradiated with 7 Gy y-irradiation. Tumor cells were isolated and
sorted into hypoxic (EGFP™*) and non-hypoxic (EGFP™) populations as described in Figure
1. The freshly isolated tumor cells were plated and cultured under the ambient condition for
24 or 48 hrs before they were fixed for immunofluorescence staining with anti-53BP1 (A)
and anti-yH2AX antibodies (B). Cells with >5 nuclear foci were scored in randomly
selected microscopic fields (n=16 for the 24 hr samples, n=19 for the 48 hr samples). Double
strand DNA damages were assessed by the neutral Comet Assay (C). DNA Tail Moment was

calculated using the CometScore software (n=62-123).
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Fig. 3. The ex vivo hypoxic tumor cells maintain enhanced clonogenic survival and DNA damage
repair potential in response to y-irradiation under the conventional culture conditions

The hypoxic (EGFP*) and non-hypoxic (EGFP™) tumor cells were sorted from xenograft
tumors and cultured under the ambient condition for <5 passages (approximately 14 days)
before -y-irradiation (A). (B) The ex vivo cells were irradiated at indicated doses of y-
irradiation and plated for clonogenic assays in sextuplets using two seeding densities. (C, D)
The ex vivotumor cells were y-irradiated at 2.5 Gy and then were fixed at the indicated time
points for detection of nuclear foci by immunofluorescence with anti-53BP1 (C) or anti-
YH2AX antibodies (D). Cells with >5 nuclear foci were scored in three randomly selected
microscopic fields with >230 cells counted in each field. **p<0.002, ***p<0.001. (E)
Double strand DNA damages were assessed by the neutral Comet Assay. For the control at 0
Gy, n=142 (EGFP") and n=167 (EGFP*); for the 3 Gy/3hr treatment, n=110 (EGFP~) and
n=111 (EGFP™); for the 3 Gy/24hr treatment, n=162 (EGFP™) and n=169 (EGFP™).
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Fig. 4. The ex vivo hypoxic tumor cells maintain increased survival against DNA damaging
agents under the conventional culture conditions

The sorted hypoxic (EGFP*) and non-hypoxic (EGFP™) tumor cells were maintained under
the ambient condition as described in Figure 3. (A) The sorted ex vivo cells were treated
with Bleomycin or Etoposide at the indicated doses for 24 hours and then plated for
clonogenic assay (n= 6, ****p<0.0001, ***p=0.0003). (B, C, D) The sorted tumor cells
were treated with 6 UM Etoposide for 5 hours. 53BP1* nuclear foci were stained and scored
in five (n=5) random microscopic fields (B). Enzymatic cleavage of caspase 3 (C) and PARP
(D) were analyzed by Western Blot using specific antibodies.
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Fig. 5. The DNA damage-sensing pathway is preferentially activated in the ex vivo hypoxic tumor
cells

The hypoxic (EGFP*) and non-hypoxic (EGFP~) tumor cells were sorted from xenograft
tumors and cultured under the ambient condition for <5 passages. (A) Tumor cells were
treated with 20 ug/ml Bleomycin for 2 and 4 hrs, respectively. (B) Tumor cells were -y-
irradiated at 3 Gy and whole cell lysates were prepared at 1 and 4 hr post-irradiation.
Antibodies specific for the phosphor-proteins or the total protein were used for Western blot
analysis. Expected protein bands are indicated by an asterisk (*).
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Fig. 6. CHK inhibitors sensitize ex vivo hypoxic tumor cells to ionizing irradiation
The hypoxic (EGFP*) and non-hypoxic (EGFP~) tumor cells sorted from xenograft tumors

and cultured /n vitro as described in Figure 5. (A) Tumor cells were treated with the CHK
inhibitor AZD7762 at 20 nM for 24 hrs and then plated at 1,000 cells/well (n=6) in 6-well
plates for clonogenic assay with vehicle-treated cells as control. (B) Tumor cells were
treated with or without AZD7762 at 20 nM for 24 hrs and then irradiated at 5 Gy X-ray. The
irradiated cells were then plated at 5,000 cells/well (n=6) in 6-well plates for clonogenic
survival assay.
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