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Abstract

Hypoxia is a prevalent feature of many tumors contributing
to disease progression and treatment resistance, and therefore
constitutes an attractive therapeutic target. Several hypoxia-
activated prodrugs (HAP) have been developed, including
the phase III candidate TH-302 (evofosfamide) and the pre-
clinical agent SN30000, which is an optimized analogue of the
well-studied HAP tirapazamine. Experience with this therapeu-
tic class highlights an urgent need to identify biomarkers of
HAP sensitivity, including enzymes responsible for prodrug
activation during hypoxia. Using genome-scale shRNA screens
and a high-representation library enriched for oxidoreductases,
we identified the flavoprotein P450 (cytochrome) oxidoreduc-
tase (POR) as the predominant determinant of sensitivity to

SN30000 in three different genetic backgrounds. No other
genes consistently modified SN30000 sensitivity, even within
a POR-negative background. Knockdown or genetic knockout
of POR reduced SN30000 reductive metabolism and clono-
genic cell death and similarly reduced sensitivity to TH-302
under hypoxia. A retrospective evaluation of head and neck
squamous cell carcinomas showed heterogeneous POR expres-
sion and suggested a possible relationship between human
papillomavirus status and HAP sensitivity. Taken together, our
study identifies POR as a potential predictive biomarker of
HAP sensitivity that should be explored during the clinical
development of SN30000, TH-302, and other hypoxia-directed
agents. Cancer Res; 75(19); 4211–23. �2015 AACR.

Introduction
Hypoxia is a prevalent feature of the tumor microenvironment

that has been implicated in neoplastic progression (1), dissem-

ination (2) and resistance to ionizing radiation (3). Reflecting
these effects, hypoxia has been compellingly linked to adverse
outcome in malignancies for which radiotherapy is administered
with curative intent (4), and agents that target tumor hypoxia
promise to improve outcomes in radiation oncology.

Hypoxia-activated prodrugs (HAP) have been developed to
target hypoxic tissue (5). HAPs are metabolized, typically by
flavoenzyme-catalyzed one-electron reduction, to a prodrug rad-
ical fromwhich an active cytotoxin is subsequently derived (6). In
the presence of oxygen, the radical is back-oxidized to the initial
prodrug, and in this manner HAPs exploit hypoxia to achieve
selectivity (6). Themost advanced clinical agent in this class is the
nitroimidazole mustard evofosfamide (TH-302; refs. 7, 8), which
is in phase III trials for pancreatic adenocarcinoma and soft tissue
sarcoma (NCT01746979 and NCT01440088).

The benzotriazine di-N-oxide tirapazamine (TPZ) is the most
thoroughly studied HAP (9). Metabolic activation of TPZ releases
free radicals that damage DNA (10) and selectively kill hypoxic
cells (11). TPZ showed promising activity in early clinical studies
(12, 13). However, the addition of TPZ to chemoradiotherapy
for head and neck squamous cell carcinoma (HNSCC) failed to
extend survival in a pivotal trial (14). This disappointing out-
come has been attributed to poor compliance with radiotherapy
protocols at some centers (15), differential impact of TPZ in
HPV-positive and -negative tumors (16) and failure to select pati-
ents for presence of tumor hypoxia (17, 18).Moreover, TPZ shows
poor tumor penetration (19–21), a liability that is corrected in the
second-generation TPZ analogue SN30000 (Fig. 1A), which was
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Figure 1.
High-throughput SN30000 reductase shRNA screens in carcinoma cell lines. A, chemical structure of the benzotriazine di-N-oxide HAP SN30000 and its
reductive metabolism to the cytotoxic benzodiazinyl (BDZ) radical, as based on (27). B, schematic overview of the SN30000 screening workflow used in this study.
C and D, waterfall plots of Z-scores for shRNA enrichment factors, arrayed by ascending magnitude of effect, for HT-29 and PANC-1. The colored fields indicate
Z > 1.96. Data points corresponding to POR-targeted hairpins are highlighted in red with specific shRNAs labeled. E, scatter plot of Z-scores for all unique
shRNAs in the HT-29 and PANC-1 reductase screens. Gray fields indicate Z > 1.96 for either line, with the red field indicating Z > 1.96 in both genetic backgrounds.
As for B, POR hairpins are colored red with the three shRNA significantly selected in both cell lines labeled. F, waterfall plot of Z-scores for shRNA enrichment
factors, arrayed by ascending magnitude of effect, for the HKO2 (POR�/�) reductase screen.

Hunter et al.

Cancer Res; 75(19) October 1, 2015 Cancer Research4212

on April 19, 2017. © 2015 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst August 21, 2015; DOI: 10.1158/0008-5472.CAN-15-1107 

http://cancerres.aacrjournals.org/


developed using a lead selection algorithm that explicitly con-
sidered extravascular transport (21, 22). These agents are equiv-
alent inmechanism of action (22–24) and nonclinical toxicology
(22); however, SN30000 provides superior plasma pharmacoki-
netics in rodents, shows faster diffusion through three-dimen-
sional cell cultures and is more active inmultiple xenografts (22).

Experience with this therapeutic class suggests that selecting
tumors that express the intended target is essential for optimizing
their clinical use. However, biomarkers of sensitivity to HAPs are
poorly defined and this remains a major challenge in patient
stratification. Prior studies have focused on known aspects ofHAP
pharmacology, such as hypoxia (17), and the role of DNA-
damage responses (10, 23, 25, 26). Reductive activation is also
a requirement for HAP effect; however, the identity of enzymes
that activate HAPs, their potential as sensitivity biomarkers, and
variation of their expression in tumors has not been resolved.

Here, we use functional genetic screens to identify genes that
are required for sensitivity to the HAP SN30000 under hypoxia
in three genetically diverse cancer cell lines. This HAP confers a
technical advantage, as the active cytotoxin is an oxidizing free
radical (27) that is likely to be cell-entrapped. This lack of a
bystander effect ensures that sensitivity is cell-autonomous—a
requirement for pooled shRNA screens that is met by SN30000
under the conditions used. Barcoded lentiviral shRNA libraries
were deployed to detect shRNAs that confer HAP resistance under
hypoxia (i.e., sensitivity genes). Surprisingly, only one gene is
consistently identified, namely the flavoprotein P450 oxidore-
ductase (POR). Immunohistochemistry for POR in HNSCC
showed a wide range of staining intensities. A subset of cases
showed evidence of both hypoxia and extensive POR expression.
This study identifies POR as the principal determinant of sensi-
tivity to SN30000 that should be explored as a predictive marker
in the clinical development of this and other HAPs.

Materials and Methods
Compounds

SN30000 (22), TH-302 (28) andF-MISO(29)were synthesized
at the Auckland Cancer Society Research Centre as reported. Octa-
deuterated SN30000 and its 1-oxide and nor-oxide metabolites
were prepared as previously (24). DPIwas purchased from Sigma-
Aldrich.

Cell lines
HCT116, HT-29, PANC-1, and HEK293T cells were obtained

from suppliers and cultured in media per Supplementary Table
S1. Establishment of HCT116 clones with heterozygous or homo-
zygous deletion of POR, designated HKO1 and HKO2, respec-
tively, is reported elsewhere (30).HCT116 cellswith varying levels
of forced expression of POR were cloned from a previously
reported pool (31). We isolated 11 clones and screened for
one-electron reductase activity using the fluorogenic probe FSL-
61 (EnSpire 2300 plate reader; Perkin Elmer; excitation/emission
wavelengths 355/460 nm; ref. 32), using sulforhodamine B
colorimetry to normalize for cell density. Eight clones spanning
the greatest range of normalized FSL-61 activation were carried
forward. Expression of POR mRNA in these clones was charac-
terized by quantitative real-time PCR as described in Supplemen-
tary Methods. HCT116 cells carrying a neomycin resistancemark-
er were obtained from Dr. A. Patterson (University of Auckland,
Auckland, New Zealand). All cell lines were propagated for <2

months cumulative passage from frozen stocks confirmed to be
Mycoplasma-free by PCR-ELISA (Roche Diagnostics). Cell lines
were authenticated by commercial suppliers (HCT116, PANC-1,
HEK293T) or by short tandem repeat (STR) profiling (HT-29).

High-throughput shRNA screens
As a screening library, we used the Sigma MISSION TRC1

lentiviral shRNA pool, which encompasses 82,017 barcoded
shRNAs targeting 16,019 genes (33). Generation of a custom
"reductase" library of 1,821 shRNAs covering 359 genes, includ-
ing the majority of annotated human flavoproteins, is described
in Supplementary Methods. We designed pharmacologically rel-
evant shRNA screens using SN30000 exposures consistent with
plasma pharmacokinetics achieved below murine MTD (22).
Screens were calibrated to robustly detect (Z-scores > 1.96) hair-
pins that conferred resistance to SN30000 with dose-modifying
factors greater than approximately 1.2. Cell lines were transduced
using a nominal multiplicity of infection (MOI) of 0.3 and mean
clonal representation of >2,000 (whole-genome) or >11,000
transduced cells/shRNA (reductase screens). Transduced cultures
were selected in puromycin (3 mmol/L for HT-29, HKO1, and
HKO2; 8 mmol/L for PANC-1) 24 hours after infection for 2 to 3
days. After recovering stably transduced cells, pretreatment sam-
ples (3�107 cells)were banked at�80�C for barcode sequencing.
Single-cell suspensions (106/mL in MEMa þ 10% FCS equili-
brated to anoxic conditions for >3 days) containing 7.5 � 107

(reductase screens) or 2 � 108 (whole-genome screens) cells in
polystyrene spinner flasks (Corning) were depleted of oxygen for
30 minutes inside a Whitley A85 Workstation (Don Whitley
Scientific; <10 ppm O2) and then exposed to SN30000
(30 mmol/L, HKO1; 25 mmol/L, HKO2; 14 mmol/L, PANC-1 and
HT-29) for 1 hour under anoxia. The cells were then reoxygenated,
SN30000 removed by centrifugation and the cultures maintained
under conventional adherent conditions until regrown to the
original population size with no further cell death apparent by
phase-contrast microscopy (typically �2 weeks), at which time
posttreatment samples (3 � 107 cells) were banked at �80�C for
analysis. Single cells were plated out immediately prior to and
following drug treatment, and at endpoint, to measure plating
efficiency and surviving fraction.

Biologic sampleswere split into two to three technical replicates
and genomic DNA was extracted using a QIAamp DNA Blood
Maxi Kit (Qiagen) with an additional ethanol precipitation step.
Barcode-containing cassettes were PCR amplified, using Ex Taq
DNA polymerase (Takara Bio), for 33 reaction cycles using one
universal primer and a pool of unique barcoded primers (one per
DNA sample to enable multiplexed sequencing; Supplementary
Table S2). The ampliconswere resolvedusingNovex TBE gels (Life
Technologies) and extracted using a digestion and purification kit
(Qiagen). The isolated product was then deep sequenced using an
IlluminaHiSeq2000, with thefirst read being a single-end 50 base
pair read from theTRC1/TRC2 sequencingprimers and the second
read a 6-base pair read from the barcode sequencing primer
(Supplementary Table S2). FASTQ files were decompressed, the
sequences trimmed, and aligned to an index using Bowtie (v.1).
Sequencing depth was >1,500 mean mapped reads per shRNA.
Read countswere normalized against the total number ofmapped
sample reads. The mean number of normalized reads between
two and three technical replicates was calculated for each sample.
Any shRNAs with unacceptably low representation (<5 normal-
ized reads) were excluded from subsequent analysis. The
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enrichment factor for shRNAs was defined as (mean posttreat-
ment normalized reads/mean pretreatment normalized reads).
We computed the log2 of these quotients then performed Z-
transformation. Hairpins enriched above a Z-score of 1.96 were
considered to be statistically significant.

Cytotoxicity assays
The sensitivity of cell lines toHAPswas evaluated by clonogenic

survival. Shaking single-cell suspensions (106 cells in 1mL anoxic
MEMaþ 10% FCS; Eppendorf Thermomixer) were preincubated
under anoxic conditions for 30 minutes before exposing to
prodrugs (concentrations specified in figure legends) for 1 hour,
thus recapitulating the conditions used for shRNA screens. For
DPI treatment, cells were exposed to 100 mmol/L DPI throughout
preincubation and drug treatment. Colonies were scored after 10
days (HCT116, HKO1, and HKO2), 14 days (HT-29), or 21 days
(PANC-1), with two to three replicates per condition per
experiment.

Western blotting
Protocols for Western immunoblotting are described in Sup-

plementary Methods.

RNA interference
Plasmids encoding four POR-targeting shRNAs represented on

the TRC1 library: TRCN0000046523, TRCN0000046524,
TRCN0000046526, and TRCN0000046527, in addition to empty
pLKO.1 vector, were purchased fromSigma-Aldrich. The plasmids
were packaged into lentiviruses and HCT116, HKO1, HT-29, and
PANC-1 cells infected at anMOI of 0.3, with puromycin selection
(4–8 mg/mL) administered for 72 hours. Transduced pools were
maintained in 4 mg/mL puromycin. Knockdown efficacy was
evaluatedbyWestern immunoblotting and relative quantification
of PORmRNA, using ACTB as a reference, by real-time PCR using
primer sequences listed in Supplementary Table S3.

Targeted proteomics
Quantitation of POR protein by targeted proteomics was

performed as described in Supplementary Methods.

SN30000 metabolism assays
Metabolic reduction of SN30000 to the corresponding 1-oxide

and nor-oxide in anoxic cells was measured using a validated
liquid chromatography–tandem mass spectrometry assay as
described previously (24). Prodrug exposure conditions were as
before, except that a single SN30000 concentration of 30 mmol/L
was used.

Immunohistochemistry
Details of ethical approval of tissue banking and analysis are

provided in Supplementary Methods. FFPE whole-tissue sections
or TMAs were incubated at 60�C for 30 minutes then dewaxed
through xylenes and alcohols to water. Slides were then placed in
Dako Target Retrieval Solution into a pressure cooker at 125�C
and 17 PSA for 3minutes before cooling to 90�C. Slides were then
rinsed with H2O and loaded onto an autostainer (Dako) that
performed the following steps: 10 minutes in H2O2, 1 hour in
primary antibody (1:500 dilution; mouse monoclonal sc25263,
Santa Cruz Biotechnology, which has been validated for POR
IHC; ref. 31), 1 hour in secondary antibody/detection with

EnVisionþ anti-mouse (Dako) and color development with dia-
minobenzidine chromogen (Dako). Slides were then counter-
stained with hematoxylin and mounted. Three tumors from each
isogenic xenograft model (HKO1, HCT116 wild-type, and
HCT116-POR) were used as controls as they showed nil, weak,
and strong staining. CA-IX IHC used the mouse monoclonal
antibody M75 (Dr. A. Harris, University of Oxford, Oxford,
United Kingdom) as described previously (34). Intensity of
staining for POR or CA-IX within the cell membrane and cyto-
plasmwas scoredby a single investigator (R.J. Young) as follows: 0
(none), 1 (weak), 2 (moderate), 3 (strong), and the proportion of
cells with each level of intensity scored as a percentage. Histology
scores (H scores) were defined as: (percentage of cells with
intensity 1 staining � 1) þ (percentage of cells with intensity 2
staining� 2)þ (percentage of cells with intensity 3 staining� 3),
giving a possible range of 0 to 300.

F-MISO metabolism assay
Reductive metabolism of F-MISO in hypoxic cells was assayed

as described in Supplementary Methods.

Statistical analysis
Mean values are represented as bars in graphs; error bars signify

SEM. Statistical tests are specified in figure legends and were
performed using SigmaPlot v12.5 (Systat Software). �, P < 0.05;
��, P < 0.01; ���, P < 0.001.

Results
Reductase-focused shRNA screens

Expression of prodrug-activating reductases is necessary for the
antitumor activity of HAPs. To identify enzymes that activate
HAPs, we constructed a custom "reductase" library of 1,821
shRNAs against 359 flavoproteins, oxidoreductases, and other
genes of interest (see Supplementary Table S4 for a complete list).
We designed high-throughput shRNA screens based on positive
selection of HT-29 and PANC-1 cells exposed to SN30000 under
severely hypoxic conditions (<10 ppm gas-phase O2; Fig. 1B). We
used a single cycle of short-term (1 hour) SN30000 treatment in
stirred single-cell suspensions (106 permL)—conditions found to
minimize bystander cell killing (Supplementary Fig. S1). The
dimensions of these screens were calibrated to allow for maximal
analytic resolution while minimizing stochastic dropout of hair-
pins as a result of excessive cell killing. To determine optimal
prodrug exposures, cells were treated with SN30000 and assayed
for clonogenic survival (Supplementary Fig. S2). Prodrug treat-
ments in the shRNA screens produced surviving fractions of 0.1
and 0.002 in these cell lines (Supplementary Table S5), with
plating efficiency fully restored in cultures sampled at endpoint
(Supplementary Fig. S3). Analysis of read count densities and
unsupervised hierarchical clustering of Pearson correlations indi-
cated that barcode sequencing was highly reproducible (Supple-
mentary Fig. S4). Comparison of shRNA representation in pre-
and posttreatment samples by deep sequencing of barcodes
identified 25 hairpins that were significantly enriched in HT-29
cellswhile 16 shRNAswere enriched inPANC-1 (Table 1). A single
shRNA against the flavoreductase POR was the most highly
enriched construct in both cell lines, with four hairpins against
POR enriched above 1.96 standard deviations in HT-29 and three
hairpins in PANC-1 (Fig. 1C and D). Strikingly, the rank of POR
shRNAs according to magnitude of effect was identical in HT-29
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and PANC-1 (Fig. 1E; TCRN0000046524 > TCRN0000046526 >
TCRN0000046527; henceforth shRNA 24, 26, 27 for brevity). To
confirm that enrichment of hairpins against PORwas an on-target
effect, we screened an HCT116 clone (HKO2, HCT116-POR�/�)
in which both POR alleles were knocked out by frameshifting
indels using custom-designed zinc finger nucleases (30). As
expected, representation of POR shRNAs was unaffected by
SN30000 treatment in HKO2 (Fig. 1F). Interestingly, no gene
other than POR showed enrichment of >1 discrete hairpin in any
cell line, including HKO2 (Supplementary Fig. S5), in which 16
hairpins against different targets were enriched (Table 1).

Validation of POR as a determinant of HAP sensitivity
Individual hairpins against POR were validated by transducing

HT-29 and PANC-1 with pure lentiviruses carrying the two most
strongly selected shRNAs, 24 or 26, in addition to the empty
pLKO.1 vector. Expression of shRNA 24 or 26 suppressed POR
protein in both cell lines whereas pLKO.1 had no effect (Fig. 2A
and Supplementary Fig. S6). POR knockdown significantly
increased clonogenic survival of HT-29 and PANC-1 cells exposed
to SN30000under hypoxia (Fig. 2B and Supplementary Fig. S7). A
concomitant 75% loss of metabolic reduction of SN30000 to the
corresponding 1-oxide and nor-oxide metabolites (Fig. 1A) was
observed in transduced PANC-1 cells, with 43% loss of SN30000
activation seen in HT-29 (Fig. 2C). The single construct evaluated
in this context, shRNA 24, also conferred resistance to the clinical
prodrug TH-302 in PANC-1 cells, with 15-fold greater clonogenic
survival at the highest prodrug concentration tested (Fig. 2D). We
found expression of PORmRNA to correlate strongly with reduc-
tive metabolism of SN30000 and the closely related prodrug TPZ
in a panel of 14 diverse carcinoma lines under hypoxia (Fig. 2E),
suggesting this reductase to be generically central to enzymatic
activation of these HAPs. Indeed, expression of POR showed the
strongest correlation with activation of both SN30000 and TPZ

among a survey of mRNAs corresponding to the entire annotated
human flavoproteome (Supplementary Tables S6 and S7). The
correlations were parsimonious with a linear dependence of HAP
activation on POR abundance and predicted residual, POR-inde-
pendent activation when the latter was extrapolated to zero
expression.

Genome-wide shRNA screens
To identify determinants of sensitivity to SN30000 not solely

related to reductive activation, we used the TRC1 whole-genome
shRNA library to screen HCT116 clones in which single (HKO1,
HCT116þ/�) or both (HKO2,HCT116-POR�/�) POR alleles were
inactivated (30). HKO1 and HKO2 cells were stably transduced
with lentiviruses at an empirical MOI of 0.38 and 0.25, respec-
tively and exposed to SN30000, after which surviving fractions
were 0.008 and 0.1 (Supplementary Table S5). The treated cell
populations were maintained until plating efficiency had
returned to baseline levels (Supplementary Fig. S8). Barcode
analysis in posttreatment cultures revealed 528 shRNAs signifi-
cantly overrepresented (Z > 1.96) in HKO1 (Fig. 3A) and 1,967 in
HKO2 (Fig. 3B and Supplementary Tables S8 and S9 for complete
gene lists). A hairpin specific to POR, shRNA 24, was the most
highly selected construct in HKO1 (35-fold increased represen-
tation; Z ¼ 4.2; Fig. 3A). Two additional shRNAs specific to POR,
shRNAs 26 and 27, also caused resistance to SN30000 in HKO1
(10- and 5-fold enrichment, respectively). This ranking of POR
shRNAs was identical to that seen in HT-29 and PANC-1. In
contrast, representation POR shRNAswas unaffected by SN30000
treatment inHKO2 (Fig. 3B). Strikingly, no targets other thanPOR
were consistently selected in either HKO1 or HKO2; single
shRNAs to six genes (XAB2, AGAP3, FAM3A, ATP2A3, ITGB5,
and SNTA1) were enriched in both cell lines but none of the other
three to four shRNAs to any of these targets conferred SN30000
resistance, suggesting these to be false positives of the type

Table 1. All shRNA clones significantly enriched (Z > 1.96) in HT-29, PANC-1, and HKO2 reductase screens

HT-29 PANC-1 HKO2
Gene shRNA Enrichment Z-score Gene shRNA Enrichment Z-score Gene shRNA Enrichment Z-score

POR 046524 9.43 3.34 POR 046524 55.06 3.50 KDSR 064864 9.73 3.21
UQCRQ 064272 8.21 3.17 POR 046526 30.79 3.10 EHHADH 365079 6.99 2.80
POR 046526 8.14 3.15 ZNF618 437785 9.68 2.29 FNDC3B 229811 6.44 2.70
CYB5R3 236409 6.54 2.88 IQCF3 257512 9.36 2.26 PTGIS 442248 6.18 2.65
PIP5K1A 199304 5.76 2.71 POR 046527 8.80 2.22 PLOD3 294012 4.96 2.37
CD160 417480 5.49 2.65 SLC34A2 427282 8.35 2.18 TECRL 158841 4.76 2.32
NDUFV3 220913 5.38 2.63 TGM2 000243 8.06 2.16 HNRNPA0 017236 4.51 2.25
POR 046527 5.34 2.61 GRID2 429619 7.49 2.11 PYCR1 038982 4.22 2.17
POR 046525 4.90 2.51 TLL2 432474 7.16 2.08 GRID2 063071 4.17 2.16
ELF4 013871 4.71 2.45 DHCR24 046508 7.01 2.06 PRDX2 064907 4.07 2.12
TXNRD3 246173 4.64 2.44 ELAVL3 063728 6.79 2.04 UQCRH 437224 3.94 2.08
RER1 157448 4.55 2.41 LCE1E 427812 6.77 2.04 FAM76A 128470 3.72 2.01
NDUFS2 307301 4.45 2.38 SDR42E1 432328 6.69 2.03 ACOXL 046150 3.69 2.00
DHRS1 219058 3.98 2.24 CPA2 371827 6.68 2.03 PECR 046540 3.62 1.98
CYP3A43 435039 3.96 2.23 MIOX 418687 6.41 2.00 MTRR 433695 3.58 1.96
TOR1AIP1 167883 3.94 2.23 UQCRH 437224 6.33 1.99 PYCRL 000340 3.57 1.96
FA2H 148962 3.71 2.15
SRXN1 415883 3.57 2.10
TECRL 159663 3.54 2.09
CYP7A1 064258 3.51 2.08
P4HA2 061995 3.48 2.07
PRDX4 064819 3.37 2.03
DUS4L 064856 3.37 2.03
NDOR1 414256 3.34 2.02
COL11A1 083375 3.32 2.01

NOTE: For brevity, the common prefix "TCRN0000" has been removed from shRNA clone identifiers.
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frequently observed in RNAi screens (35). No targets other than
POR were significantly selected in any two of the three POR-
proficient genetic backgrounds (Supplementary Fig. S9). There
was also no overlap in the sets of hairpins enriched in the
reductase-focused and genome-scale screens in HKO2.

We characterized POR knockdown in HKO1 cells stably trans-
duced with four POR hairpins represented on the TRC1 library.
Three constructs significantly antagonized POR expression, while
pLKO.1 and the fourth POR hairpin, shRNA 23, had no effect
(Supplementary Fig. S10A). There was an inverse monotonic
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Figure 3.
Whole-genome lentiviral shRNA screens in POR hetero- and homozygous knockout cell lines. A and B, waterfall plots of Z-scores for shRNA enrichment factors
(mean posttreatment normalized reads/mean pretreatment normalized reads), arrayed on the basis of magnitude of effect, for HKO1 (PORþ/�; A) and HKO2
(POR�/�; B) whole-genome screens. The colored fields indicate significant enrichment (Z > 1.96). Data points corresponding to POR-targeted hairpins that are
represented in the TRC1 library are colored in red. C, POR expression, relative to nontransduced cells, in HKO1 stably transduced with shRNAs against POR as a
function of the enrichment factors for the same hairpins in the HKO1 whole-genome screen. D, clonogenic survival of HCT116, HKO1, and HKO2 cells treated
with 25 mmol/L SN30000, for 1 hour under hypoxic conditions, in the presence or absence of the pan-flavoprotein inhibitor DPI (100 mmol/L, added 30 minutes
before SN30000). The values are means and range of two cultures within a single experiment. Statistical significance of difference from HCT116 was
evaluated using two-way ANOVA, with cell line and drug treatment as factors. The figure is representative of three separate experiments performed; these
replicates are provided in Supplementary Fig. S10C. Two-way ANOVA using cell line and experiment number as factors similarly confirmed significant loss of
SN30000 cytotoxicity in HKO2 across the three replicates. A representative photograph of methylene blue-stained colonies is shown. These HCT116 and HKO2
cells were exposed to SN30000 in the absence of DPI and 103 cells seeded in each well.

Figure 2.
Validation of POR shRNAs and effects on HAP metabolism and cytotoxicity. A, confirmation of POR knockdown by Western blotting in HT-29 and PANC-1 cells
stably transduced with the two most strongly selected shRNAs against POR—shRNA 24 and 26. The blot shown is representative of three generated; these
replicates and quantification thereof are provided in Supplementary Fig. S6. B, clonogenic survival of HT-29 and PANC-1 cells stably transduced with empty
pLKO.1 or shRNAs 24 or 26 and exposed to SN30000, at 14 mmol/L, for 1 hour under hypoxic conditions. The values are means and SEM of three cultures within
a single experiment that is representative of three assays performed. These replicates are provided in Supplementary Fig. S7. C, metabolic activation of SN30000
under hypoxic conditions in HT-29 and PANC-1 cells stably transduced with empty pLKO.1 or shRNAs 24 or 26. The values are interexperiment means and SEM
of net metabolite production (i.e., 1-oxide plus nor-oxide) from three assays performed. Statistical significance in B and C was evaluated using one-way ANOVA.
D, Spearman correlations of POR mRNA abundance, measured using Affymetrix Human Genome U133 Plus 2.0 arrays (44), with reductive metabolism of
SN30000 and TPZ in a panel of 14 human carcinoma cell lines under hypoxia. Generation of the latter data sets has been described previously (24). E, clonogenic
survival curves of PANC-1 cells stably transduced with empty pLKO.1 or shRNA 24 and exposed to TH-302 for 1 hour under hypoxic conditions. The values
are interexperiment means and SEM from three assays performed. Statistical significance in differences in dose–response was evaluated by linear regression
of the log10 of plating efficiency.
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relationship between remaining PORmRNA in transducedHKO1
cells anddegree of shRNA enrichment in the corresponding screen
(Fig. 3C). The two most potent of these hairpins, shRNAs 24 and
26,were confirmed to deplete PORprotein by immunoblotting of
parental HCT116 cells (Supplementary Fig. S10B).

We next compared clonogenic survival of HKO2, HKO1 and
wild-type cells treated with SN30000 under hypoxia (Fig. 3D and
Supplementary Fig. S10C). HKO1 cells were equivalently sensi-
tive to SN30000 as wild-type, whereas homozygous deletion of
POR resulted in marked (two-way ANOVA, HKO2 vs. wild-type;
P<0.001)but incomplete (HKO2 treated vs. untreated;P<0.001)
suppression of cytotoxicity. Treatment with the pan-flavoprotein
inhibitor diphenyliodonium (DPI) fully abolished SN30000
cytotoxicity in all three of these lines, suggesting that the POR-
independent component of SN30000 cytotoxicity is flavoreduc-
tase-mediated.

Correlative analysis of POR expression and SN30000 activation
To characterize further the relationship between SN30000

activation and POR expression, we evaluated an isogenic panel
of 11HCT116 derivatives including wild-type, HKO1, HKO2 and
nine clones isolated from a pool stably transfected for expression
of POR. POR mRNA abundance spanned a range extending to
approximately 38-fold higher thanwild-type (Fig. 4A), whichwas
significantly greater than variability observed in a mixed panel of
23 human carcinoma lines (Fig. 2D). There was a strong corre-

lation between abundance of POR protein (determined by a
quantitative targeted proteomic assay) and POR mRNA expres-
sion, though the gradient of this regression was approximately
2.6 (i.e., 35% increase in POR protein per 100% increase in
mRNA; Fig. 4A). There was a strong linear association between
POR protein and reductive metabolism of SN30000 under hyp-
oxia (Pearson correlation, r2 ¼ 0.92; P > 0.00001), with a 77%
increase in prodrug activation per unit increase in PORexpression,
and no evidence for saturation at the highest levels of POR
examined (Fig. 4B). This correlation predicted residual activation
of SN30000, at approximately 50% of wild-type when extrapo-
lated to zero POR. This estimate was consistent with the cor-
responding modeling in genetically diverse carcinoma cells
(Fig. 2D). These data supported a central role for POR as the
enzyme predominantly responsible for activation of SN30000,
but also implied the existence of additional DPI-sensitive flavor-
eductases that collectively contribute to a residual component of
SN30000 reduction (flavoreductase "leak"; Fig. 4C).

Clinical analyses
Radiotherapy for locally advanced HNSCC is the setting in

which hypoxia has been most compellingly linked to treatment
failure (4). Therefore, to evaluate POR expression in HNSCC, we
performed IHC on three clinically annotated cohorts. The first
cohort consisted of a tissue microarray (TMA) of 340 paired
0.6-mmcores from170 cases of lingual SCC treated at the Princess
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Figure 4.
Metabolic activation of SN30000 as a function of POR protein expression in an isogenic background. A, Pearson correlation of POR mRNA expression, measured
by qPCR, and POR protein expression, measured by proteotypic peptide mass spectrometry in a panel of HCT116 clones with stable forced expression or
knockout of POR. B, Pearson correlation of POR protein expression with metabolic activation of SN30000 under hypoxia in the same cell line panel. Inset,
enlargement of the y-intercept illustrating the predicted residual SN30000 activation at extrapolation to zero POR expression; black, HCT116 wild-type;
green, HKO1; yellow, HKO2. Values in A and B are intraexperiment means and SEM of three determinations. All three metrics are expressed as fold change
relative to HCT116 wild-type. C, proposed "two component" model of SN30000 activation based on this study.

Table 2. Quantitation of POR IHC staining intensity in three HNSCC cohorts

H score: n (%)
Cohort Anatomic site Format N 0–49 50–149 150–300

Princess Margaret Lingus TMA 202a 4 (2%) 157 (78%) 39 (19%)
Peter MacCallum #1 Larynx TMA 113 85 (75%) 21 (19%) 7 (6%)
Peter MacCallum #2 Oropharynx Whole sections 22 7 (32%) 9 (41%) 6 (27%)

Larynx Whole sections 3 — 3 (100%) —

Hypopharynx Whole sections 2 — 1 (50%) 1 (50%)
Oral cavity Whole sections 1 — 1 (100%) —

Total 28 7 (25%) 14 (50%) 7 (25%)
a202 cores corresponding to 122 cases.
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Margaret Cancer Centre (Toronto, ON, Canada). Of these, 202
cores corresponding to 122 cases were evaluable for IHC, with
adjacent nonmalignant tissue available from78 cases (116 cores).
POR expression was detectable in 200 of 202 cores (99%), with
significant variation in intensity (H score range 20–290; Table 2)

that was markedly more heterogeneous than in normal tissue
(Fig. 5A). The endogenous hypoxiamarker carbonic anhydrase IX
(CA-IX) was expressed in 53%of serial sections from tumor cores,
with coexpression of POR and CA-IX observed in 60% (113 of
188) and significant spatial overlap apparent in the subset
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Figure 5.
Analysis of POR expression by IHC and
hypoxia in HNSCC. A, comparison of
POR H scores in lingual SCC cores and
adjacent nonmalignant epithelia. B,
coexpression of POR and the
endogenous hypoxia marker CA-IX in
lingual SCC cores. C, micrographs
(�20 objective lens) showing CA-IX
staining in representative lingual SCC
cases from cohort 1. D, micrographs
(�10 objective lens) showing POR
staining in representative HNSCC
cases from cohort 3. E, POR H scores
according to tumor [18F]-MISO PET
status. F, HPV/p16 status in cohort 3.
Statistical significanceof differences in
staining intensity between p16-
positive/negative tumors was
evaluated using unpaired t-tests.
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evaluable for both antigens (Fig. 5B and Supplementary Fig. S11).
Representative CA-IX staining in tumor tissue is shown in Fig. 5C.
Minimal expression ofCA-IXwas detected in nonmalignant tissue
(Supplementary Fig. S12A). POR staining was generally concor-
dant between paired cores from individual tumors (linear regres-
sion r2 ¼ 0.72; Supplementary Fig. S12B), whereas poor agree-
ment was seen in CA-IX staining (linear regression r2 ¼ 0.39;
Supplementary Fig. S12C), emphasizing the challenge of core
biopsy sampling of regionally heterogeneous hypoxia.

The second cohort consisted of 113 cases of laryngeal SCC
treated at the Peter MacCallum Cancer Centre (Victoria, Austra-
lia). These were represented as single 1-mm cores on a TMA, with
matched whole sections for 13 tumors. We observed a wide range
of POR expression across the cohort (Table 2), which was lower
than lingual SCC (Supplementary Fig. S12D). Of the 113 laryn-
geal SCC cores, 47 (42%) showeddetectable POR,with anH score
range of 10 to 270. There was poor concordance between POR
staining intensity in TMA cores and matched whole sections
(linear regression r2 ¼ 0.49; Supplementary Fig. S12E), presum-
ably reflecting higher inter-core variability in POR H score than
seen in the lingual SCC cohort (Supplementary Fig. S12D).

The third cohort comprised whole sections from 28 HNSCCs
(22 oropharyngeal, 3 laryngeal, 2 hypopharyngeal, and 1 oral)
from prior phase I and II trials of TPZ with chemoradiotherapy at
the Peter MacCallum Cancer Centre (17, 36). These were anno-
tatedwithHPV/p16 status and functional hypoxia imaging ([18F]-
MISO PET). We again observed a wide range of POR H scores
(range 0–260; Table 2; Fig. 5D); 26 cases (93%) showed detect-
able expression, with intermediate (50–150) and intense expres-
sion (>150) observed in 50% and 25% of tumors, respectively.
Notably, several tumors with intense POR staining were also
classified as hypoxic by [18F]-MISO PET (Fig. 5E and Supplemen-
tary Fig. S12F), confirming that a subset of patients present with
disease expected to be highly sensitive to HAPs. Of interest,
we observed significantly higher POR expression in HPV/p16-
negative HNSCC (H score mean � SEM: 136 � 27) compared
with HPV/p16-positive tumors (H score 65 � 12; unpaired t test
P < 0.05; Fig. 5F). Although this cohort was too small to robustly
relate clinical outcome to the relevant variables (treatment, POR,
hypoxia andHPV/p16), it was of interest that two of the four low-
POR, hypoxic, HPV-negative tumors that received TPZ had locor-
egional recurrence, whereas the twohigh-POR tumors of the same
type were 7 years disease-free and 3.3 years disease-free then
distant relapse without recurrence within the radiation field.
Notably, we showed that F-MISO is also a reductive substrate for
POR (Supplementary Fig. S12G), suggesting that high-POR
malignancies may produce greater hypoxia PET avidity as a result
of facile tracer activation.

Within all three HNSCC cohorts the range in POR expression
recapitulated that observed in preclinical models used in the
discovery screens, including tumors cultivated from the HCT116
wild-type and POR-knockout lines (Supplementary Fig. S13).
Indeed, three HCT116 xenografts scored for POR IHC showed H
scores of 70, 90, and 100, suggesting that POR is likely to be a
significant determinant of HAP activity at levels of expression
comparable that observed in primary HNSCC. Our IHC data were
also consistent with a comprehensive genomic analysis of 279
HNSCC recently published by The Cancer Genome Network, in
which POR was mutated, with the majority of such alterations
representing gene amplification, or transcriptionally upregulated
(Z-score>1.96) in30of243HPV-negative tumors (Supplementary

Fig. S14), whereas no mutations and only one instance of mRNA
upregulation was found among 36 HPV-positive cases (37).

Discussion
Variation in clinical responses to antineoplastic therapies is a

long-standing challenge in the management of cancer. Despite a
growing appreciation for the importance of this field (38, 39),
genetic determinants of sensitivity to HAPs remain poorly under-
stood. In addition to tumor hypoxia, which is the fundamental
target of HAPs, expression of prodrug-activating reductases is
reasoned to be a key determinant of response to bioreductive
agents (5). Candidate-based approaches have identified a collec-
tion offlavoreductases capable of activatingHAPs by one-electron
(oxygen-sensitive) reduction, including POR (40–42), NDOR1
(31, 42, 43), MTRR (31, 42, 44), thioredoxin reductase (45),
FOXRED2 (44), NOS2A (31, 42), and CYB5R3 (46). However,
classification of these enzymes as HAP reductases has largely
relied on studies with purified enzymes or forcing expression to
supraphysiologic levels. Thus, the enzymology of HAP activation
at endogenous levels of expression in human malignancy has
been an ongoing area of uncertainty and is a barrier to optimizing
the clinical use of these agents.

This study conclusively demonstrates POR to make the largest
modifiable contribution to the activity of the benzotriazine di-N-
oxide SN30000, whichwe used as amodel HAP, in three different
cancer cell lines under hypoxia. The functional genomic data and
hairpin validation are strikingly consistent, with complete con-
cordance between POR knockdown efficiency and enrichment of
constructs in the screens. Importantly, POR was found to be a
major determinant of SN30000 activity inHKO1 cells despite low
levels of expression in this line (POR protein abundance 26% of
HCT116wild-type). This finding challenges previous assessments
that modest expression of POR in human tumor cores (31) and
xenografts (47) may limit its utility as a predictive biomarker.
Indeed a significant fraction of cases within our three HNSCC
cohorts showed markedly more intense POR staining than
HCT116 xenografts (Fig. 5 and Supplementary Fig. S11–S13),
which are sensitive to SN30000 (24), suggesting that POR will
contribute significantly to HAP activity in a defined subset of
patients.

Our data are also consistent with a second, POR-independent
component to SN30000 activity that is sensitive to DPI inhibi-
tion (thus flavoenzyme-mediated; Fig. 3D). Linear regression of
PORmRNA abundance with SN30000 metabolism in a panel of
cancer cell lines (Fig. 2D) suggests this component to be ubiq-
uitous across diverse genetic backgrounds. A surprising finding
of this study is that the genes responsible for this secondary
component of prodrug activity were refractory to identification
by shRNA screening. No shRNA targets consistently conferred
resistance to SN30000 in POR-null HKO2 cells nor were any
genes other than POR robustly enriched in PANC-1, HT-29, or
HKO1. There are several plausible explanations for this finding.
Genes essential for cell survival are inaccessible to positive-
selection drug treatment screens. However, of the entire anno-
tated human flavoproteome, only one gene (succinate dehydro-
genase complex subunit A; SDHA) was found to be essential in a
significant subset cancer cell lines screened with the TRC1
shRNA library, with dropout of this gene in 29 of 72 cell lines
screened in the same laboratory (33). Furthermore, no flavo-
proteins were essential in HCT116 cells specifically, with only
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two (sarcosine dehydrogenase; SARDH and mitochondrial
tRNA translation optimization 1;MTO1) necessary for the viabi-
lity of PANC-1 cells (33). Thus, we consider essentiality to be an
unlikely explanation in this instance. A second possibility is an
absence of efficient shRNA reagents against important non-POR
targets in the TRC1 library. Although impossible to definitively
reject, invoking false-negatives is unconvincing in light of the
multiple, sequence-verified constructs against each target repre-
sented on the shRNA library. Moreover, our custom reductase
library was deliberately composed to include hairpins for which
prior characterization of knockdown efficacy was available. A
more likely explanation is that the POR-independent compo-
nent of SN30000 activation is highly promiscuous, with mul-
tiple flavoreductases contributing below the detection limit of
our screens. Strategies to improve the analytic power of these
experiments may, therefore, facilitate identification of the next
layer of genetic determinants. Potential solutions include
extending SN30000 selection over multiple cycles of prodrug
treatment or using CRISPR/Cas9 screening platforms, which
provide definitive genetic knockout phenotypes (50).

As a single gene apparently responsible for amajor component
of HAP activity, tumor expression of PORmay be highly tractable
as a predictive biomarker. At the time of our study, expression of
POR in human tumors was notwell described. Themost extensive
analysis presently reported in the literature found 21% of 685
cases represented on mixed and disease-specific TMAs to express
detectable POR (31). However, low representation of malignan-
cies considered to be priority indications in the context of HAP
development, particularly HNSCC, arguably limited the transla-
tional utility of these data. Our more focused expression analysis
described a wide range of POR staining intensities in HNSCC,
with a significant fraction of cases found to express POR at
levels consistent with a major contribution to SN30000 activity
(Table 2). Importantly, a subset of these carcinomas were also
classified as hypoxic by [18F]-MISO imaging or CA-IX staining,
confirming coincidence of these two targets (hypoxia and POR)
in a defined population of patients. The observation that POR
immunostaining shows much less intratumor heterogeneity
compared with that of CA-IX is a major advantage for evaluating
the expression of the former in tissue from core biopsy or surgical
resection. Such an approach could complement imaging-based
measures of tumor hypoxia, which may overcome the challenge
of tissue sampling variability presented by the spatial hetero-
geneity of hypoxia. The trend toward higher POR expression in
HPV-negative tumors requires confirmation in larger cohorts but
is of interest as these malignancies are associated with poor
prognosis and show the greatest response to HAPs (16).

With ongoing development of gene expression signatures and
imaging modalities as biomarkers of tumor hypoxia in HNSCC
(48, 49) POR could conceivably be integrated with these tests and
routine HNSCC histopathology assays to support patient strati-
fication in HAP development. Whether POR expression is pre-

dictive of HAP sensitivity in hypoxic tumors, and whether pro-
miscuous "flavoreductase leak" affords sufficient prodrug activa-
tion for antineoplastic activity in the absence of POR, are priority
questions that should be addressed in clinical evaluation of
SN30000, TH-302 and other HAPs.
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