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Tumor hypoxia reduces the effectiveness of radiation therapy by
limiting the biologically effective dose. An acute increase in tumor
oxygenation before radiation treatment should therefore signifi-
cantly improve the tumor cell kill after radiation. Efforts to
increase oxygen delivery to the tumor have not shown positive
clinical results. Here we show that targeting mitochondrial respi-
ration results in a significant reduction of the tumor cells' demand
for oxygen, leading to increased tumor oxygenation and radiation
response. We identified an activity of the FDA-approved drug pa-
paverine as an inhibitor of mitochondrial complex I. We also pro-
vide genetic evidence that papaverine’s complex | inhibition is
directly responsible for increased oxygenation and enhanced radi-
ation response. Furthermore, we describe derivatives of papaver-
ine that have the potential to become clinical radiosensitizers with
potentially fewer side effects. Importantly, this radiosensitizing
strategy will not sensitize well-oxygenated normal tissue, thereby
increasing the therapeutic index of radiotherapy.

hypoxia | metabolism | mitochondria | radiosensitization

ypoxia is a common microenvironmental feature of solid

tumors (1) that exists because the supply of oxygen is in-
sufficient to meet the metabolic demand of the tumor (2, 3). The
poorly formed tumor blood vessels make it difficult to thera-
peutically increase oxygen delivery to reduce hypoxia (4). It was
recognized more than six decades ago that hypoxia is a barrier to
effective radiation therapy (5). This represents a serious clinical
problem, as more than 50% of tumors receive radiation therapy
as a part of their treatment (6).

Molecular oxygen is an electrophile that fixes radiation-
induced DNA damage (7, 8), enhancing toxicity by 2.5-fold (9).
Reducing tumor hypoxia before radiotherapy should therefore
enhance radiation efficacy without increasing toxicity in well-
oxygenated normal tissue. Previous strategies to alleviate tu-
mor hypoxia have been primarily aimed at increasing the oxygen
delivery into the tumor (10, 11). However, the restricted func-
tionality of tumor vasculature has proven to be a major limitation
for translation into the clinics.

An alternative strategy to increase tumor oxygenation is by
decreasing tumor demand for oxygen through inhibition of mi-
tochondrial respiration (12). Computational models have pre-
dicted that reducing the rate of oxygen consumption (OCR) will
decrease the hypoxic fraction more effectively than increasing
the rate of delivery (13). Although several drugs have been re-
cently proposed for this purpose (14), their translational poten-
tial is limited by the requirements for uptake, the biological half-
life of the compound, the toxicity due to side effects, or by the
requirements for driver mutations that limit applicability to
specific subgroups of cancers. An optimal drug would have
universal OCR inhibition, rapid uptake without need for carrier
proteins, short half-life, good safety profile, and quick clearance
from the patient.
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We present data here showing that the FDA-approved drug pa-
paverine is an ideal agent for the metabolic radiosensitization of
hypoxic tumors (15). Papaverine is an ergot alkaloid first isolated in
1848 (16) from Papaver somniferum. Papaverine does not have nar-
cotic properties, but was used as a smooth muscle relaxant for the
treatment of vasospasm and erectile dysfunction (17, 18). Its vascular
effects were thought to be due to its activity as a phosphodiesterase
10A inhibitor (19). The most common adverse effects associated with
long-term use include injection site fibrosis. We found that papav-
erine has an “off-target effect” that reversibly inhibits mitochondrial
complex I in all cell lines tested. In vivo, at FDA-approved doses,
papaverine increases model tumor oxygenation within 30 min and
significantly enhances tumor response to RT. Genetic analysis shows
that papaverine radiosensitizes through inhibition of mitochondrial
function. Medicinal chemistry also shows that it is possible to mo-
lecularly separate papaverine’s classical activity as a phosphodies-
terase 10A (PDE10A) inhibitor from the newly recognized activity as
a mitochondrial C1 inhibitor. Papaverine (PPV) derivatives that in-
hibit complex I without inhibiting PDEI0A are a potential class of
radiosensitizing drugs with fewer side effects.

Results

Papaverine Reduces OCR by Inhibiting Mitochondrial Complex I. Pa-
paverine (PPV) was recently found to slow the growth of cells in
media containing only galactose as a carbon source (20), which
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indicates inhibition of mitochondrial function. We tested PPV
in vitro in a panel of 28 cancer and normal cell lines and found
it could decrease mitochondrial function in all cells tested
in minutes at low micromolar concentrations (Fig. 14 and SI
Appendix, Table S1). To determine its mechanism of action, we
tested PPV in combination with established mitochondrial poi-
sons and found it could dose-dependently block the activity of
the classical complex I inhibitor rotenone (Fig. 1B), suggesting
some competition of the two drugs. In a similar assay with other
complex I inhibitors piericidin A, or capsaicin, there was no in-
teraction (SI Appendix, Fig. S1 A and B). This suggests that PPV
may bind to the rotenone site or possibly that its binding blocks
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Fig. 1. Papaverine reduces OCR by inhibition of mitochondrial complex I.
(A) Representative Seahorse data showing decreased OCR in EO771 cells.
(B) Competition assay between papaverine and rotenone injected as indicated
in EO771 cells. (C) Succinate rescue assay in permeabilized EO771 cells. PPV or
rotenone were injected alone or in combination with complex Il inhibitor
antimycin A (AntA) at time A; succinate (Succ) was injected at time B.
(D) Dose-response analysis in A549 cell line. (E) Drug washout experiment in
A549 cells, the OCR reduction at 3 h of 10 uM PPV or 1 pM rotenone (magenta),
and after removal at T-2 h (blue) or 1 h (black). Error bars represent SD.
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this site, in agreement with published data (21). To confirm that
PPV inhibits complex I, we treated permeabilized EO771 cells
with either PPV or rotenone followed by complex II substrate
succinate that can bypass complex I inhibition. Fig. 1C shows that
succinate rescued the OCR of both rotenone and PPV-treated
cells, but not that of cells treated with the complex 3 inhibitor
antimycin A, confirming that PPV action is upstream of complex
2 (Fig. 1C).

To evaluate PPV’s efficiency as a complex I inhibitor, we
treated A549 cells with increasing doses of PPV and rotenone.
Dose-response analysis shows that that PPV’s IC50 for OCR is
~100x higher than rotenone’s (Fig. 1D). We also compared the
effect of PPV to other drugs suggested for use as metabolic
radiosensitizers, metformin and atovaquone (SI Appendix, Fig.
S1C). In vitro Seahorse analysis showed that while PPV and
atovaquone took 30 min (Fig. 14), metformin required 24 h
(in mM concentrations) to reach full mitochondrial inhibition.
Ideal metabolic radiosensitizers should have reversible activity so
that potential for toxicity will be limited. Interestingly, PPV’s
mitochondrial effect is reversible in vitro, in comparison with the
potentially more toxic irreversible effects of rotenone (22) and
atovaquone. In drug washout experiments, PPV-treated cells
returned to baseline OCR in less than 1 h, while rotenone- and
atovaquone-treated cells showed no restoration in mitochondrial
function after 3 h. This property may explain papaverine’s ex-
cellent safety profile (15) (Fig. 1E and SI Appendix, Fig. S1D). In
support of its safety, we observed no cellular toxicity in cells
treated with PPV in either normoxia or hypoxia (SI Appendix,
Fig. S1 E and F).

Papaverine Reduces Tumor Hypoxia and Enhances Response to
Radiation Therapy. Our model predicts that decreasing oxygen
consumption within a tumor will increase overall oxygenation.
Therefore, we examined the effect of PPV on partial oxygen
pressure (pO,) in transplanted tumors in mice in real time, using
frequency domain near-infrared optical spectroscopy (FD-
NIRS), which calculates the pO, of the tissue in its light path,
using the oxy versus deoxyyhemoglobin ratio and the hemoglobin
dissociation curve (23). In heterotopic flank tumors, FD-NIRS
shows the baseline pO, levels were significantly lower than the
same animal’s normal thigh muscle (Fig. 24). After establishing
a stable baseline pO,, we delivered either saline or PPV 2 mg/kg
in saline to the mouse by tail vein. Five pO, traces averaged
together show that PPV treatment significantly increased the
pO, of both the breast and lung tumor models within the first
30-45 min, while saline-treated tumors and PPV-treated thigh
muscle showed no significant change (Fig. 2 B and C). In addi-
tion, the duration of the effect was consistent with the expected
half-life of PPV, between 90-120 min (24). FD-NIRS data calculate
blood pO, as an estimate of tissue pO,, so we further confirmed
these findings with the classical hypoxic marker drug pimonidazole
to show actual levels of hypoxia in the tumor cells (25). PPV given
to tumor-bearing mice 30 min before pimonidazole caused a sig-
nificant 72% decrease in the hypoxic fraction (pimonidazole posi-
tive) of heterotopic EO771 tumors (Fig. 2 D and E).

Before testing PPV for radiosensitization of tumors, we tested
it for inherent radiosensitizing activity. In vitro experiments
showed no effect of PPV on the surviving fraction of cells irra-
diated in either normoxia or hypoxia (SI Appendix, Fig. S2 A and
B). Therefore, if we detect potentiation of radiation in vivo, it
must be through some secondary effect, like changing the level of
tumor oxygenation.

With this in mind, we evaluated the effect of local radiation
therapy and/or PPV treatment on model tumor growth (Fig. 2F).
In orthotopic EO771 mammary tumors in mice, a single dose
of PPV had no significant effect, but PPV treatment followed
30 min later by radiation therapy (XRT) produced a significant
two- to fourfold enhancement of tumor growth delay over XRT
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Fig. 2. Papaverine reduces tumor hypoxia and enhances response to radiation therapy. (A) FD-NIRS analysis of baseline partial oxygen pressure (pO,) levels in
immune-deficient mice with A549 or EO771 flank xenografts (n = 3-5). P values were calculated against thigh muscle. (B and C) Normalized tissue pO, in
EO771 (B) or A549 (C) tumor-bearing mice (n = 5) after injection of 2 mg/kg PPV or saline (readings taken every minute, and curve is average of five traces). P
value was analyzed by a linear mixed model with autoregressive correlation structure at T = 30-40 min. (D) Representative immunofluorescence image
showing pimonidazole (green) and Hoechst nuclear counterstain (b/ue) in tumor cryosections from EO771 tumors treated with saline or 2 mg/kg PPV. (E)
Quantification of hypoxic fractions in D (n = 4). Values are mean pimonidazole positive area evaluated from 20 images per animal + SEM. P value was
calculated with two-tailed two-sample t test. (F) Schematic of the PPV+XRT experimental design. (G) Quantification of tumor growth delay of orthotopic
EO771 tumors grown in nude mice receiving either 2 mg/kg PPV (magenta), 5 Gy XRT (blue) or 2 mg/kg PPV 35 min before 5 Gy XRT (red) (n = 9-10). Curves
represent mean tumor volumes + SEM. P values were calculated against XRT by t test. (H) Tumor growth of heterotopic A549 flank xenografts in nude mice
receiving either 8 Gy XRT (magenta), 2 mg/kg PPV 35 min after (blue) or before (red) 8 Gy XRT (n = 6). Error bars are +SEM. P values were calculated against

XRT by t test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

alone (Fig. 2G and SI Appendix, Fig. S2C). Interestingly, in
heterotopic A549 lung tumors, PPV treatment before XRT
showed a similar effect, but treatment with PPV after XRT did
not have any effect compared with radiation alone (Fig. 2H and
SI Appendix, Fig. S2D). We interpret these findings to indicate
that PPV must affect the tumor metabolism before XRT to
achieve radiosensitization.

The therapeutic index in radiation oncology is defined by the
ability to achieve tumor control versus the production of normal
tissue toxicity. Therefore, we next investigated whether PPV in-
creases radiation-induced cell death in normal tissue using the
GI crypt assay. Wild-type mice received vehicle, PPV alone,
7.5 Gy total abdominal radiation or PPV followed 30 min later
by whole-abdomen irradiation. Groups of animals were killed 1 or
3 d later and the jejunum analyzed for intestinal crypt number and
proliferation (Fig. 34). Consistent with our model, PPV did not
exacerbate radiation-induced death of normal crypt cells at 24 h
or prevent regeneration at 72 h. Surprisingly, there may even be
a modest radioprotective effect (Fig. 3 B and C). Reversal of
hypoxia could potentially radiosensitize normal tissue with low
oxygen tension. Several normal tissues are reported to contain
low-oxygen regions, so we checked to see if murine small in-
testine was hypoxic. Consistent with the literature (26), we found
that normal mouse intestinal epithelia stains with pimonidazole,
and there appears a modest reduction in this staining after

10758 | www.pnas.org/cgi/doi/10.1073/pnas.1808945115

treatment with papaverine (Fig. 3D). We interpret these results to
show normal GI tissue has modest physiological hypoxia, but it is
not radiosensitized by papaverine, perhaps because this level of
hypoxia is not severe enough to radioprotect.

Papaverine Radiosensitizes Through Complex I Inhibition. To mech-
anistically establish that PPV is radiosensitizing through in-
hibition of mitochondrial complex I, we engineered cells with
PPV-resistant mitochondria. We used CRISPR/Cas9 to remove
the essential complex I subunit NDUFV1 (27) and then in-
troduced the rotenone-resistant yeast complex 1 paralog NDI1
into A549 cells (Fig. 44 and SI Appendix, Fig. S3 A and B).
Previous reports have shown that NDI1 can restore partial
mammalian complex I function (28) (SI Appendix, Fig. S3C). We
confirmed that NDI1 rescued mitochondrial function in the
NDUFV1 KO cells by showing it could support cell survival in
media with only galactose as an energy source (Fig. 4B). Further
analysis by Seahorse revealed that NDUFV1 KO, NDII1-
expressing cells had mitochondria that were resistant to both
PPV and rotenone (Fig. 4C). Cells with papaverine-resistant
mitochondria were then used to grow tumors in mice to test
for PPV-dependent effects in vivo. Tumor-bearing mice were
treated with PPV, followed by pimonidazole. Staining of sections
showed no decrease of the hypoxic fraction (Fig. 4D). A second
set of tumor-bearing animals were treated with either radiation
or PPV followed by radiation. Fig. 4E shows these tumors are
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Fig. 3. Papaverine does not increase radiation-induced normal tissue toxic-
ity. (A) Representative H&E- and Ki67-stained sections of jejunum harvested
24 or 72 h after treatment with papaverine and/or radiation as indi-
cated. (Scale bar, 100 pm.) (B) Quantification of proliferating cells/crypt by
Ki67 staining. Data represent mean of at least 30 counted crypts per group
(n = 3) +SEM. (C) The number of regenerating crypts/field of view (FOV).
Values represent the mean number of crypts with >10 Ki67-positive cells per
FOV +SEM. P values were calculated with t test. ***P < 0.001; n.s., not sig-
nificant. (D) Immunofluorescence showing hypoxic marker pimonidazole
(green) and Hoechst nuclear counterstain (blue) in jejunum cryosections from
MiaPaca-2 tumor-bearing mice treated with saline or 2 mg/kg PPV (n = 4).
(Scale bar, 50 pm.)

resistant to PPV-dependent increase in radiation growth delay,
confirming that PPV radiosensitizes tumors through inhibition of
complex I (Fig. 4E and SI Appendix, Fig. S3E).

Papaverine Can Be Reengineered to Remove PDE-Inhibiting Activity.
PPV has a long history of clinical use as a treatment of cerebral
and peripheral arterial spasm due to its activity as a phospho-
diesterase 10A (PDE10A) inhibitor (29). However, in vitro
treatment of cells with other PDE inhibitors or 8-Br-cAMP
showed no decrease in OCR, indicating that elevated cAMP
was not responsible for its mitochondrial effects (SI Appendix,
Fig. S4 A and B). Therefore, we reengineered the PPV molecule
to separate the PDE activity from the mitochondrial activity.
These derivatives could support the model of PPV radio-
sensitization and remove unwanted activity that might result in
potential side effects. Analysis of 41 lead derivatives of PPV
identified two lead compounds, SMV-23 and SMV-32, that have
separated the OCR and PDE inhibition activity by over 10-fold
in vitro (Fig. 5 A-C and SI Appendix, Fig. S4C and Table S2). By
Seahorse analysis and PDE10A enzymatic assay, we determined
that SMV-23 has a mitochondrial IC50 of 94 pM and PDE IC20
of 0.5 pM, while SMV-32 has a mitochondrial IC50 of 7.2 pM

Benej et al.

and PDE IC20 of 13.42 pM (Fig. 5 B and C). Next, we determined
that SMV-32 dose-dependently blocks the effect of rotenone,
suggesting that SMV-32 is capable of binding to complex I similar
to the parent molecule (SI Appendix, Fig. S4D). Neither of these
compounds shows cellular toxicity at 10 uM in vitro (SI Appendix,
Fig. S4E), but we needed to determine if either of these com-
pounds was any safer than the parent molecule. PPV has a high
rodent LD50 when delivered slowly, but it can be toxic when
delivered quickly because it acutely decreases vascular com-
pliance, leading to cardiovascular collapse. We find that in
isoflurane-anesthetized mice a rapid dose of 6 mg/kg PPV is toxic.
However, neither of the two lead derivatives showed toxicity at
this dose and infusion rate, suggesting that the combination of
PDE and mitochondrial activities resulted in PPV toxicity (Fig.
5D). In vivo, SMV-32 decreased tumor hypoxia by pimonidazole
staining, while SMV-23 had no effect on the hypoxic fraction (Fig.
SE). Finally, these molecules were compared with the parent
molecule for radiosensitization of tumors. In heterotopic EO771
and A549 tumors, SMV-23 shows no increase in growth delay
compared with radiation alone, while SMV-32 shows activity that
is comparable to papaverine (Fig. 5 F and G).

Discussion

“Metabolic radiosensitization” is a therapeutic concept that
targets the metabolic demand for oxygen by downregulating
mitochondrial oxidative metabolism. Previous work has shown
that decreasing oxygen consumption in the cores of 3D tumor
spheroids decreases the level of hypoxia that displays radiation
resistance (12). Our data now show that a single dose of a safe,
FDA-approved drug papaverine (PPV) inhibits mitochondrial
electron transport chain complex I and transiently reduces tumor

NDUFVIKO - - + + 12 g 0
NDIT -+ -+ 100 R 13-
. . T 80 Lo
BV 58 : e S 2 150
NDI1 - 260 E3
£ 40 o > 100
NDUFV1 [—= == > o=
® 20 Qg 50
PDH Ela [ wutt wits g & 5 0
= Parent EV 0 .
C,__MG A 8 Parent NDI1 ° .ggl\'n}rol
E 120 sNDUFV1 KO EV
@100 7 “&1%— E aNDUFV1 KO NDI1
S i
&g e n.s.
@ 40 3
S
0 2

0 25 50 75 100
Time (min)

-+ Control - Parent PPV
-+ Parent Rot
- NDUFV1 KO EV PPV
-~ NDUFV1 KO EV Rot
——NDUFV1 KO NDI1 PPV
——NDUFV1 KO NDI1 Rot

o
o 4

8 16 24 32 40 48
Days post treatment
—— Control = XRT —-=PPV+XRT

Relative volume fold change

Fig. 4. Papaverine radiosensitizes through complex | inhibition. (A) Western
blot of NDI1 expression in mitochondrial fractions of parent A549 and
NDUFV1 KO cells. (B) Representative trypan blue viability (n = 3) of cells
grown in galactose-only media (T = 96 h). Values represent mean viable
cells + SD. (C) Seahorse analysis of the response of parent A549 and NDUFV1
KO + NDI1 cells to 10 uM papaverine or 1 uM rotenone. Values are mean +
SD. (D) Quantification of pimonidazole staining in NDUFV1 KO NDI1 flank
tumors treated with 2 mg/kg PPV or vehicle (n = 3). Value is mean
pimonidazole-positive cells from 20 images per tumor + SEM. P value was
calculated with t test. (£) Quantification of tumor growth delay of hetero-
topic NDUFV1 KO NDI1 flank xenografts receiving either 8 Gy XRT (magenta)
or 2 mg/kg PPV 35 min before 8 Gy XRT (blue) (n = 4). Curves represent mean
tumor volumes + SEM. P values were calculated against XRT with t test. n.s.,
not significant.

PNAS | October 16,2018 | vol. 115 | no.42 | 10759

g
=
H
[
H
=
o
v}
[
o
wv

MEDICAL SCIENCES


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1808945115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1808945115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1808945115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1808945115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1808945115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1808945115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1808945115/-/DCSupplemental

g120 - PPV g 33 - PPV
< 100{ - SMV-23 € 35] T SMv-23
S — 3 S —- SMV-32 .
£ 60 £ % 74
£ 40 15
© 20 w10 /o«
B ICs0; 2 51£—, 7ICxp
N 0 0
= 1 10 100 g 001 01 1 10
g Dose (uM) 8 Dose (uM)
Z PPV 154pM  E PPV 0.65 uM
ICs0[smv-23 94um S 1C20(smv-23 0.5 M
SMV-32 7.2uM SMV-32 13.42 uM
PPV SMV-23 SMV-32
Dose 6 mg/kg (2%iso) 6 mg/kg (2%iso) 6 mg/kg (2%iso)
Result Gasping, convulsions Moderate panting None
Survivors 0/3 33 3/3
2 14 24 o4
N2 g &
© @ ©
=] 1 £3 £ 3
=] ] ;
2508 32 32
5006 s gy
8204 £1 =
[7] * = =}
@502 * 5 S
g’ a g > 04 >+
& = Control o0 4 8 0 8 16 24 32 40
= sSMV-23  F Days post treatment B Days post treatment
BFPEV & - Control - SMV-23+XRT & - Control - SMV-23+XRT
a SMV-32

- XRT - SMV-32+4XRT
~PPV+XRT

- XRT -+ SMV-32+XRT
~PPV+XRT

Fig. 5. Papaverine can be reengineered to remove PDE activity. (A) Struc-
tures of papaverine and the lead derivatives SMV-23 and SMV-32. (B) Cal-
culation of OCR IC50 in A549 cells by Seahorse, n =5 replicates per group. (C)
Calculation of PDE10A 1C20 by PDE10A enzymatic assay; n = 3 replicates per
group. (D) Acute toxicity in wild-type C57BL/6 mice (n = 3). (E) Quantification
of hypoxic fractions in orthotopic EO771 tumors treated with 2 mg/kg PPV,
SMV-23, SMV-32, or vehicle (n = 3). Bar graphs represent the mean area of
pimonidazole-positive cells from 20 images per animal + SEM. P value was
calculated against control by t test. (F) Tumor growth delay of heterotopic
EO771 flank tumors in nude mice receiving either 5 Gy XRT (red) or 2 mg/kg
SMV-23 (blue), or SMV-32 (magenta) or PPV (gray) 35 min before 5 Gy XRT
(n = 8). (G) Tumor growth delay of heterotopic A549 flank tumors in nude
mice receiving either 8 Gy XRT (red) or 2 mg/kg SMV-23 (blue), or SMV-32
(magenta) or PPV (gray) 35 min before 8 Gy XRT (n = 5-6). Mean volumes +
SEM. P values were calculated against XRT with t test. *P < 0.05; **P < 0.01;
***p < 0.001.

hypoxia, providing a clinically manageable therapeutic window to
deliver more effective radiation therapy.

We identified that PPV is a dual-activity drug independently
inhibiting mitochondrial OCR and phosphodiesterase 10 (PDE10A)
activity that mediates vasodilation. This raises a question whether
both activities contribute to the radiosensitization effect. Previous
reports have suggested using vasodilators to enhance radio-
therapeutic response (30, 31). However, it has been shown that
vasodilator-mediated increase in normal-tissue blood flow reduces
tumor perfusion in a process known as vascular steal (32). Due to
this and partially because of limited functionality and lack of
muscular tone of the tumor vessels, vasodilation has not proven to
be effective clinically (33). By generating cancer models with
papaverine-resistant mitochondria and PPV derivatives with sep-
arated inhibitory activities, we confirmed that PPV achieves
radiosensitization exclusively by its effect on mitochondrial func-
tion in the tumor cell.

In radiation oncology, clinical doses are determined by the
tolerance of the adjacent normal tissue. Therefore, for clinical
utility, radiosensitizers must have some specificity for the tumor.
Hypoxia is limited to the tumor, so it represents an ideal target
for tumor specific radiosensitization. However, the oxygen en-
hancement effect is not a linear function. Most tissue is at near-
maximal radiation sensitivity at ~2% oxygen. Therefore, normal
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tissue is already at maximal radiosensitivity, and any increase in
oxygenation will not result in added radiation toxicity, as we
determined in the normal GI tract. These results also indicate
that papaverine is not an inherent radiosensitizer and must
function through secondary effects.

Preclinical strategies to radiosensitize tumors have failed to
translate into clinical practice for a number of reasons. Other
molecules currently proposed for metabolic radiosensitization have
their caveats, such as a requirement for a week-long pretreatment
to achieve OCR reductions (34), transporter-dependent drug up-
take that limits the application only to cancer types with high ex-
pression of the organic cation transports (35), or a mitochondrial
inhibitory effect that is not reversible, leading to safety concerns
and overdose potential (36). We show that PPV, on the other
hand, is cell-permeable, reversible, and quickly cleared from the
patient. In addition, all 28 tested cell lines were sensitive to PPV
regardless of their oncogenic landscape, suggesting possible ap-
plication for a broad spectrum of cancers that depends primarily
on their level of hypoxia. It is possible that some oncogenic changes
that influence metabolism and mitochondrial function, such as loss
of p53 (37) or myc activation (38), can influence the tumor OCR
and the potential utility of papaverine as a radiosensitizer.

PPV’s dosing has been refined over 100 y of use with a well-
established safety profile. Importantly, for radiosensitization,
PPV only requires a single dose 45 min before radiation therapy.
The drug is cleared rapidly, so that dosing can be repeated daily
during conventional fractionation or hypofractionated radiation
protocols.

To conclude, PPV or one of its derivatives appear to be ideal
candidates for clinical radiosensitization. We believe the added
benefit of papaverine in combination with stereotactic beam
radiation therapy (SBRT) would be applicable in cancers where
local control increases the overall survival. Larger dose per
fraction protocols would theoretically see the biggest impact of a
reduction in the resistant hypoxic cell fraction because the nor-
moxic and hypoxic radiation survival curves diverge widely at
higher doses. The key to the use of such a radiosensitizer will be
identifying those tumors with significant hypoxia that would be
predicted to benefit from this targeted therapy.

Methods

Cell Lines. All cell lines were purchased from the American Type Culture
Collection (ATCC) and grown in DMEM (Corning) supplemented with 10% FBS
(Seradigm) and 1% Pen/Strep (Fisher Bioreagents). Cells were treated with
inhibitors papaverine hydrochloride (Sigma-Aldrich), rotenone (Sigma-
Aldrich), piericidin A (Santa Cruz), capsaicin (Sigma-Aldrich), antimycin A
(Sigma-Aldrich), and succinic acid disodium salt (Sigma-Aldrich). Cell viability
was assessed by trypan blue exclusion.

CRISPR/Cas9 Genetic Knockout of NDUFV1. Three separate human NDUFV1
guide RNAs (gRNAs) were obtained from GenScript (catalog no. SC1678, item
no. U5053CH250_1-3). Lentiviruses were produced by cotransfection of
HEK293T cell line with envelope and packaging vectors (delta 8.2 and VSV
G2). Virus-containing media were collected after 48 h, and A549 cells were
infected in the presence of 8 pg/mL Polybrene (Millipore). After 72 h of se-
lection in 1 pg/mL Puromycin (Sigma-Aldrich) the cells were diluted into
single-cell suspensions, and individual clones were screened for compro-
mised OCR by Seahorse. NDUFV1 knockout was confirmed by immunoblot-
ting of mitochondrial fraction of candidate A549 clones.

Seahorse Analysis of the OCR. Oxygen consumption rate (OCR) was measured
using Seahorse XF96 (Agilent Technologies). The cells were seeded overnight,
washed with prewarmed XF Calibrant, and replaced with unbuffered Assay
Medium (pH 7.4, 5 mM glucose, 1 mM L-glutamine) and incubated 2 h. For
succinate rescue assay, cells were permeabilized using XF Plasma Membrane
Permeabilizer Reagent according to the manufacturer’s instructions. The
OCR rate was measured in 1x Mitochondrial Assay Solution (MAS) [70 mM
sucrose, 220 mM mannitol, 10 mM KH,PO,4, 5 mM MgCl,, 2 mM Hepes, 0.6%
(wt/vol) fatty acid-free BSA, and 1 mM EGTA; pH 7.4]. After baseline oxy-
genation was established, 1 uM rotenone or 10 pM PPV was injected at time
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A, followed by 5 mM succinate at time B. For the washout experiment,
EO771 cells were treated with 10 pM PPV or 1 pM rotenone 3 h before OCR
measurement. Media was replaced 1 and 2 h before measurement, and OCR
was reported.

In Vivo Partial Oxygen Pressure Measurements. All animal experiments were
performed according to protocols approved by institutional IACUC review,
with daily veterinarian observation. The 2 x 10® EO771 or 5 x 10° A549 cells
were injected s.c. into the flanks of 6-wk-old female immunocompromised
nu/nu mice. Caliper measurements of opposing diameters were used to
calculate the tumor volumes. Upon reaching 500 mm?, the animals were
anesthetized by inhalation of 1.5% isoflurane, and tumor and thigh muscle
partial oxygen pressure (pO,) was measured with NIRS optical probe for
30 min. pO2 was established using custom-built frequency-domain photon
migration (FDPM) instrument, described in detail in ref. 23. Briefly, we used
a six-wavelength (654, 683, 779, 805, 847, and 905 nm) FDPM instrument
with a side-firing optical probe consisting of two side-firing source fibers and
a single side-firing detection fiber attached to a thin Delrin plate to gen-
erate a flat surface probe that can be placed on top of a rodent model tu-
mor. Two source detector separations were used to reduce skin absorption
effects as well as to eliminate instrumentation drifts or artifacts. The con-
centrations of oxy- and deoxy-hemoglobin (HbO and HbR, respectively) were
determined by analyzing the reflectance spectra using custom LabVIEW
program integrated with Matlab scripts. pO, was calculated as follows:
pO, = HbO/THC (total hemoglobin concentration), where THC = HbO + HbR.
The penetration depth, and thus the sample volume, was estimated to be 5-
15 mm in model tumors. Once the baseline oxygenation was established, the
animals were injected with either 2 mg per kg of body weight of papaverine
hydrochloride or saline by tail vein. Tissue oxygenation was measured for
120 min. Obtained oxygenation values were normalized to time of injection
and represent the average of three to five traces per treatment.
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Pimonidazole Staining. Pimonidazole adducts were visualized in hypoxic re-
gions within histological sections of tumor tissues (39). Mice bearing EO771
and A549 flank xenografts were treated with 2 mg/kg PPV or saline and,
30 min later, 60 mg/kg pimonidazole i.p., and tumors were harvested at
90 min. Frozen sections were stained with anti-pimonidazole rabbit anti-
body and anti-rabbit Alexa Fluor 488. The hypoxic fraction of each tumor
was quantified by thresholding signal at 50% of the maximum signal on
control sections. The area covered by pimonidazole-positive cells was eval-
uated from 20 images per animal and averaged.

Tumor Growth Kinetics. The 2 x 106 EO771 or 5 x 10° A549 cells were injected
s.c. into the flanks of 6-wk-old female immunocompetent C57/B6 (EO771) or
immunocompromised nu/nu (A549) mice. Caliper measurements of opposing
diameter were used to calculate the tumor volumes. Upon reaching
150 mm?, the tumors were visualized by cone beam CT, and treatment plans
were calculated using SARRP software. X-rays were delivered with a single
beam delivering 5 Gy using the Small Animal Research Radiation Platform
(SARRP; Xstrahl). Tumor volumes were measured until the posttreatment
volume increased threefold.

Intestinal Crypt Assay. Wild-type C57/B6 mice received abdominal 7.5 Gy dose
of XRT delivered using the SARRP. Dissected small intestines were fixed with
10% natural-buffered formalin (NBF) before being embedded in paraffin.
Anti-Ki67 antibody (Thermo Scientific RM-9106-S) was detected by Vector
Laboratories goat anti-rabbit (DAB chromagen).
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