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PR-104 is a clinical stage bioreductive prodrug that is converted in vivo to its cognate alcohol, PR-104A. This
dinitrobenzamide mustard is reduced to activated DNA cross-linking metabolites (hydroxylamine PR-104H and amine
PR-104M) under hypoxia by one-electron reductases and independently of hypoxia by the 2-electron reductase aldo-
keto reductase 1C3 (AKR1C3). High expression of AKR1C3, along with extensive hypoxia, suggested the potential of PR-
104 for treatment of hepatocellular carcinoma (HCC). However, a phase IB trial with sorafenib demonstrated significant
toxicity that was ascribed in part to reduced PR-104A clearance, likely reflecting compromised glucuronidation in
patients with advanced HCC. Here, we evaluate the activity of PR-104 in HCC xenografts (HepG2, PLC/PRF/5, SNU-398,
Hep3B) in mice, which do not significantly glucuronidate PR-104A. Cell line differences in sensitivity to PR-104A in vitro
under aerobic conditions could be accounted for by differences in both expression of AKR1C3 (high in HepG2 and PLC/
PRF/5) and sensitivity to the major active metabolite PR-104H, to which PLC/PRF/5 was relatively resistant, while
hypoxic selectivity of PR-104A cytotoxicity and reductive metabolism was greatest in the low-AKR1C3 SNU-398 and
Hep3B lines. Expression of AKR1C3 in HepG2 and PLC/PRF/5 xenografts was in the range seen in 21 human HCC
specimens. PR-104 monotherapy elicited significant reductions in growth of Hep3B and HepG2 xenografts, and the
combination with sorafenib was significantly active in all 4 xenograft models. The results suggest that better-tolerated
analogs of PR-104, without a glucuronidation liability, may have the potential to exploit AKR1C3 and/or hypoxia in HCC
in humans.

Introduction

Tumor hypoxia has been shown to play an important role in
cancer progression and resistance to treatment.1-5 However, the
severe hypoxia observed in solid tumors also represents an attrac-
tive opportunity for the development of selective anti-cancer ther-
apies. A number of hypoxia-activated prodrugs have been
developed in an attempt to exploit tumor hypoxia.5 One such
compound is PR-104, a water soluble 3,5-dinitrobenzamide mus-
tard phosphate ester pre-prodrug that undergoes systemic hydro-
lysis in vivo to the corresponding alcohol prodrug PR-104A.6-8

PR-104A is a bioreductive prodrug reduced under conditions of
pathological hypoxia (pO2 < 1 mmHg)9 to the cytotoxic hydrox-
ylamine (PR-104H) and amine (PR-104M) derivatives, which are
reactive nitrogen mustards that cause cell death through the for-
mation of DNA inter-strand crosslinks.6,10,11

The reduction of PR-104A under hypoxic conditions is cata-
lyzed by members of the diflavin reductase family of proteins,

especially NADPH:cytochrome P450 oxidoreductase (POR).12,13

However, PR-104A is also activated in an oxygen-insensitive man-
ner by human aldo-keto reductase 1C3 (AKR1C3).14 This repre-
sents an off-target mechanism of activation in relation to the
original drug design concept but may be exploitable in cancers
with high AKR1C3 activity. We have previously analyzed
AKR1C3 expression in 2700 tumors of 19 different types and a
wide range of normal tissues, demonstrating that strong AKR1C3
expression was most prevalent in hepatocellular carcinoma
(HCC) tumors.14 The increased sensitivity of AKR1C3 staining
in HCC relative to most normal tissues, coupled with the high
expression of POR inmanyHCC biopsies12 and evidence for hyp-
oxia15 suggested that PR-104 may have therapeutic utility in this
clinical setting.

The multi-kinase inhibitor sorafenib has proven activity
against advanced HCC,16,17 although improvements in overall
survival are modest which has generated much interest in combi-
nation of sorafenib with other agents.18 Notably, sorafenib
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treatment has been shown to increase tumor hypoxia in renal cell
carcinoma xenograft models.19,20 In addition, Liang et al. have
provided evidence that sustained sorafenib treatment leads to
increased intratumoural hypoxia in HCC in patients and mice,
and that this treatment-induced hypoxia contributes to sorafenib
resistance,21 suggestive of potential for synergy between PR-104
and sorafenib.

These considerations led to the clinical evaluation of PR-104
in combination with sorafenib in a phase IB trial in advanced
HCC.22 However, the trial was discontinued because of severe
haematological toxicity, likely reflecting the observed low clear-
ance of PR-104A in these patients (either with or without sorafe-
nib) relative to previous studies in non-HCC patients.22 This, in
turn, may reflect compromised hepatic metabolism of PR-104A
in patients with advanced HCC given that glucuronidation of its
alcohol side-chain by UDP-glucuronosyltransferase-2B7 (UGT-
2B7) is a major mechanism of PR-104A clearance in humans.23

In contrast, O-glucuronidation of PR-104A is not a significant
pathway in mice.23,24 Here, we evaluate activity of PR-104, with
and without sorafenib, against human HCC xenografts in mice,
in effect modeling a PR-104 analog that is not a glucuronidation
substrate. We also explore the contribution of aerobic (AKR1C3-
dependent) and hypoxia-selective activation of PR-104A in the
same HCC cell lines.

Results

HCC cell lines show varying levels of aerobic sensitivity to
PR-104A and its cytotoxic metabolites in vitro

The sensitivity of 4 HCC cell lines to PR-104A or its cyto-
toxic metabolites, PR-104H and PR-104M, was examined under
aerobic conditions using an antiproliferative assay. HepG2 cells
were significantly more sensitive to PR-104A with IC50 values
that were 17, 25 or 42-fold lower than that for SNU-398, PLC/
PRF/5 or Hep3B cells, respectively (Fig. 1A). When the same
cell lines were exposed to the active metabolites PR-104H or PR-
104M some differences in sensitivity were also observed; there
was a trend toward lower sensitivity of PLC/PRF/5 to PR-104H
(Fig. 1B) and both PLC/PRF/5 and Hep3B cells were signifi-
cantly more resistant (»fold4- and »fold10- respectively) to PR-
104M (Fig. 1C). To determine whether differences in sensitivity
to PR-104H and PR-104M between the HCC cell lines reflect
differences in intrinsic sensitivity to DNA crosslinking nitrogen
mustards, we also exposed cells to the nitrogen mustard melpha-
lan. Sensitivity to melphalan showed a similar pattern to PR-
104M, with significantly higher IC50 values for PLC/PRF/5 and
Hep3B than HepG2 and SNU-398 (Fig. 1D).

The hypoxic selectivity of PR-104A differs between HCC
cell lines in vitro

The sensitivity of the cell lines to PR-104A and PR-104H
under both aerobic and hypoxic conditions was also examined
using a clonogenic end point. Hep3B cells did not form distinct
colonies using this assay so were excluded from this study. Consis-
tent with the antiproliferative assays, PR-104A aerobic sensitivity

was greatest for HepG2 cells, with a C10 (concentration for 10%
survival) which was 4.1 and 7.1-fold lower than for SNU-398 or
PLC/PRF/5 cells respectively (Fig. 2A). All three cell lines showed
increased sensitivity to PR-104A under anoxic conditions, with
the highest hypoxic cytotoxicity ratio (HCR, determined as aero-
bic C10/hypoxic C10) for PLC-PRF-5 (51-fold) and lowest for
HepG2 (15-fold; Fig. 2A). In contrast, anoxia had little or no
effect on sensitivity to PR-104H (HCR values 1–2; Fig. 2B). Con-
sistent with the antiproliferative results, PLC/PRF/5 cells were the
most resistant to PR-104H in the clonogenic assays, with an aero-
bic C10 value of 54 mM as compared to 12.6 mM and 9.2 mM for
HepG2 and SNU-398 cells respectively (Fig. 2B).

Aerobic and anoxic PR-104A metabolism in HCC cell lines
is consistent with expression levels of known PR-104A
reductases

Levels of PR-104A metabolites were evaluated by LC-MS/MS
following 1 h exposure of cell monolayers to PR-104A under
anoxic or aerobic conditions. All cell lines showed higher levels
of the reduced metabolites PR-104H and PR-104M under
anoxic conditions (Fig. 3A) than under aerobic conditions
(Fig. 3B). The sum of these 2 active metabolites was 9-fold
higher under anoxia for HepG2 cells, 27-fold for PLC/PRF/5,
34-fold for SNU-398 and 250-fold for Hep3B; the difference
between aerobic and anoxic PR-104A metabolism were highly
statistically significant (P < 0.001) in all cases by t-test. The O-
glucuronide of PR-104A (PR-104G) was also detected in
HepG2 and Hep3B cells and was present at similar levels under
both anoxic and aerobic conditions, but not in the other 2 cell
lines (Fig. 3A and B). We did not detect the O-glucuronide of
PR-104H, previously reported to give an MS/MS transition of
661 > 48523 in any of the HCC cell lines (data not shown).

Under either anoxic or aerobic conditions, the sum of PR-
104H and PR-104M showed the same trend between cell lines
(HepG2 > PLC/PRF/5/ > SNU-398 > Hep3B), although cell
line differences were more marked for aerobic metabolism. The
rank order of anoxic metabolism was consistent with that of
POR expression in the 4 cell lines by Western blotting (Fig. 3C).
Similarly, the much higher aerobic metabolism of PR-104A in
HepG2 and PLC/PRF/5 was consistent with much higher levels
of AKR1C3 in these 2 cell lines (Fig. 3C). AKR1C3 enzyme
activity was also examined using a coumberone-based assay;
coumberone is reduced to the fluorescent product coumberol by
all 4 human AKR1C enzymes.14 The proportion of coumberol
formation attributable to AKR1C3 was elucidated using the spe-
cific AKR1C3 inhibitor SN3403728 (Fig. 3D). AKR1C3 activity
was 3.7-fold higher in HepG2 cells (1.7 § 0.1 nmol/106 cells/
hr) than in PLC/PRF/5 cells (0.46 § 0.02 nmol/106 cells/hr)
and was not detectable in the other lines, consistent with the
Western blots.

Hypoxia and AKR1C3 expression in HCC xenografts
Activation of PR-104 in vivo is expected to be dependent on

both the extent of tumor hypoxia and the presence of intracellu-
lar reductases capable of reducing PR-104A. The extent of tumor
hypoxia in each xenograft model was assessed using
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immunostaining of covalently bound
metabolites of the hypoxia marker pimo-
nidazole (Fig. 4A). The hypoxic fraction
for each tumor was calculated from the
ratio of pimonidazole stained area to the
total viable area. SNU-398 xenografts
showed the largest hypoxic fraction with
(20.4 § 6.8)% of the tumor staining
positive for pimonidazole; this was »10-
fold higher than PLC/PRF/5, the least
hypoxic xenograft with a HF of just
(1.7 § 0.9)% (Fig. 4B).

Expression of AKR1C3 was also
assessed in HCC xenograft sections by
immunohistochemistry. The intensity
of AKR1C3 expression in the HCC
xenografts was consistent with analysis
of in vitro samples, with strong
AKR1C3 expression only observed in
HepG2 and PLC/PRF/5 xenografts
(Fig. 4C). The intensity of AKR1C3
expression was quantified using a 4
point scoring system, confirming
stronger expression in HepG2 and
PLC/PRF/5 than SNU-398 or Hep3B
xenografts (Table 1).

We also compared AKR1C3
expression levels in cell lines and
tumor lysates by Western blot
(Fig. 4D). Lysates from H1299 cells
stably transfected to over-express
AKR1C3, and mouse liver, were used
as positive and negative controls
respectively. Strong AKR1C3 expres-
sion was observed in HepG2 and
PLC/PRF/5 tumor lysates. Band den-
sitometry and normalization to actin
loading control showed AKR1C3
expression in HepG2 tumor lysates
was similar to in vitro cell lines. How-
ever, expression of AKR1C3 in lysates
of PLC/PRF/5 xenografts was approxi-
mately 6-fold higher than the
AKR1C3 levels observed in the tissue
culture cell line. Weak AKR1C3 bands were also observed in
lysates of SNU-398 and Hep3B xenografts, but not in the
corresponding cell lines in vitro. To test whether increases in
AKR1C3 expression in tumors might reflect upregulation of
the NF-E2-related factor-2 (Nrf2) transcription factor, which
is known to transcribe AKR1C3 in some lines,14,25 we looked
at levels of NQO1 which is well-characterized as a transcrip-
tional target of Nrf226,27 (Fig. 4D). Consistent with
AKR1C3 levels, NQO1 expression was not dramatically
altered in lysates of HepG2 xenografts but was upregulated
in PLC/PRF/5 and Hep3B xenografts relative to the same
lines in tissue culture.

AKR1C3 is highly expressed in HCC surgical samples
Analysis of AKR1C3 expression in 21 human HCC speci-

mens by immunohistochemistry demonstrated a high fre-
quency of strong AKR1C3 expression (Table 1). AKR1C3
was expressed in � 90% of tumor cells for 19 out of the 21
samples, with 8 of these 19 specimens showing strong (3C)
AKR1C3 intensity in � 80% of cancer cells. These data indi-
cate that the intensity of AKR1C3 expression in the HepG2
and PLC/PRF/5 xenografts (Fig. 4C and Table 1) lies within
the range of most HCC surgical samples (Table 1). Only 2
out of 21 specimens showed low levels of AKR1C3 expres-
sion with a similar intensity to SNU-398 and Hep3B

Figure 1. Antiproliferative activity of the prodrug PR-104A (A), its DNA crosslinking metabolites PR-
104H (B) and PR-104M (C), and the reference DNA crosslinking agent melphalan (D) against HCC cell
lines. Cells were exposed to the drugs for 4 hr under aerobic conditions and grown for a further 5 d
before staining with sulphorhodamine B. IC50 values are the mean of 3 or 4 independent experiments
and error bars are SEM. Significance of pairwise differences are shown as * for P< 0.05, ** for P< 0.01
and *** for P < 0.001. One way ANOVA demonstrated significant differences between cell lines in
panel B (P D 0.043) but none of the pairwise differences reached significance (P > 0.05).
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xenografts, with � 25% of cells scoring positive for AKR1C3
and the majority of those exhibiting weak (1C) staining
intensity (Table 1).

Activity of PR-104 and sorafenib against HCC xenografts
We hypothesized that high AKR1C3 expression and aero-

bic sensitivity of HepG2 to PR-104A in vitro would translate
into monotherapy activity of PR-104 in xenografts, and that
sorafenib-induced increases in hypoxia might enhance the
effectiveness of PR-104 even in HCC xenografts lacking
AKR1C3. Mice were stratified to treatment (Fig. 5A) when
tumors reached a mean diameter of 6 mm. Each HCC tumor
model was associated with cachexia as evidenced by the mean
body weight loss at nadir ranging from 6.7 § 1.9 % relative
to pretreatment weights (SNU-398) to 10.8 § 0.5% loss
(HepG2) in mice treated with vehicle only (Table 2). Unsur-
prisingly, body weight loss and mortality was exacerbated by
drug treatment, resulting in 4/29 deaths (including culls
because of body weight loss) with sorafenib only, 3/28 deaths

with PR-104 only across the 4 tumor xenograft models, but
this toxicity was no more severe (4/33 deaths) for the
combination

Tumor growth inhibition in drug-treated mice was evalu-
ated using the time for a 4-fold increase in tumor volume
(RTV4) as endpoint. Considering monotherapy responses to
PR-104, the strongly AKR1C3-expressing HepG2 xenografts
showed highly significant tumor growth inhibition (P <

0.001), consistent with widespread activation of PR-104 by
AKR1C3 in both aerobic and hypoxic regions of the tumor
(Fig. 5B). The low AKR1C3 tumors showed a non-signifi-
cant trend to growth delay by PR-104 in the case of SNU-
398 (Fig. 5C) and highly significant activity in Hep3B
(Fig. 5E). However, PR-104 had no activity in the high
AKR1C3-expressing tumor with low hypoxic fraction, PLC/
PRF/5 (Fig. 5D). Sorafenib alone showed significant activity
only against Hep3B (Fig. 5E). The combination of PR-104
with sorafenib provided highly significant activity in all 4
tumor models, most strikingly in PLC/PRF/5 in which the

Figure 2. Clonogenic survival of HCC cell lines following a 2 hr exposure to PR-104A (A) or PR-104H (B) under aerobic or anoxic conditions. Values show
the mean § range of duplicate experiments.

www.tandfonline.com 613Cancer Biology & Therapy



combination was clearly synergistic
given that neither agent alone showed
activity (Fig. 5D).

The synergy between sorafenib
and PR-104 in the PLC/PRF/5
xenograft model is not due to increases
in tumor hypoxia or pERK inhibition

Given that synergy between PR-104
and sorafenib was observed in PLC/
PRF/5 xenografts, we asked whether sor-
afenib increases tumor hypoxia in this
model. Mice with PLC/PRF/5 xeno-
grafts were administered daily sorafenib
(80 mg/kg) for 5 d and treated with the
hypoxia marker EF5 on day 6. The
extent of tumor hypoxia in each model
was assessed using immunostaining of
EF5 (Fig. 6A). The EF5 positive viable
fraction was not significantly different in
sorafenib treated mice, and H&E stain-
ing did not show evidence of increased
necrosis (Fig. 6B). Consistent with the
unchanged EF5 binding, sorafenib also
did not modify the levels of PR-104,
PR-104A or its reduced metabolites in
PLC/PRF/5 tumors (Fig. 6C).

We also examined whether sorafe-
nib at this dose and schedule inhibits
phosphorylation of ERK in the PLC/
PRF/5 xenograft model. Lysates of
tumor samples were analyzed by West-
ern blot to detect phosphorylated ERK
(pERK), total ERK and b-actin. Band
densitometry of pERK relative to total
ERK or b-actin did not show any evi-
dence of pERK inhibition in sorafenib
treated tumors versus vehicle or PR-
104-treated tumors (Fig. 6D). We
also examined whether sorafenib could
inhibit ERK phosphorylation in PLC/
PRF/5 cells in vitro. Consistent with
previous reports,28,29 we found a
»50% inhibition of pERK/ERK ratios
by band densitometry after a 2 h incu-
bation with 10 mM sorafenib
(Fig. 6E). We next examined whether
sorafenib could synergize with PR-104A in PLC/PRF/5 cells
in vitro using a clonogenic assay. To mimic the prolonged
exposure in vivo, cells were grown for 3 d without or with
sorafenib (8 mM) which caused 53% reduction in cell num-
ber relative to controls by day 3. When cells were then
exposed to PR-104A § sorafenib under anoxic or aerobic
conditions, sorafenib appeared to increase sensitivity to PR-
104A under anoxic conditions, but it reduced sensitivity
under aerobic conditions (Fig. 6F).

Discussion

The original rationale in evaluating PR-104 in HCC
patients22 was that this prodrug has the potential to exploit high
expression of AKR1C3 as well as hypoxia in these tumors. The
present study confirms high and uniform expression of AKR1C3
in most HCC surgical biopsies (Table 1) and in 2 of the 4 HCC
lines we investigated (HepG2 and PLC/PRF/5). The latter lines
show correspondingly high levels of the reduced (activated)

Figure 3. Metabolism of PR-104A under anoxic or aerobic conditions and expression of known
PR-104A metabolizing enzymes in HCC cell lines. (A) Metabolism of PR-104A (100 mM, 1 hr)
under anoxia, determined by LC-MS/MS quantitation of metabolites. Values are the mean §
SEM for 6 biological replicates in 2 independent experiments. All pairwise differences in the
sum of the active metabolites (PR-104H & PR-104M) between cell lines were statistically signifi-
cant (P < 0.05; ANOVA with Holm-Sidak). (B) Aerobic metabolism of PR-104A, as for A. All pair-
wise differences of the sum of PR-104H & PR-104M between cell lines were statistically
significant except SNU-398 vs Hep3B. (C) Lysates from the same pretreatment cell populations
were analyzed by Western blot to detect POR and AKR1C3. The numerical values shown are
the mean § range for the POR/ b-actin or AKR1C3/b-actin ratio for the 2 experiments. (D)
Analysis of AKR1C3 enzymatic activity in aerobic HCC cells using the fluorogenic AKR1C probe
coumberone (10 mM). Formation of coumberol in the presence of a specific AKR1C3 inhibitor,
SN34037, was used to identify the activity attributable to AKR1C3. Values are mean and errors
are SEM for 3 biological replicates. AKR1C3 activity in HepG2 was significantly higher than PLC/
PRF/5 (2-tailed P D 0.0004, t-test) and was not detectable in the other lines.
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metabolites of PR-104A, hydroxylamine PR-104H and amine
PR-104M (Fig. 3A, B). In addition, we show that PR-104A
metabolism and cytotoxicity is enhanced by hypoxia, even in the
high AKR1C3 cell lines with extensive metabolic activation
under aerobic conditions. It is also notable that the combination
of PR-104 with sorafenib is well tolerated in mice, with no
increase in toxicity relative to the single agents, and that the com-
bination provides significant activity in all 4 xenograft models
(Fig. 5). In these respects the present results validate the assump-
tions behind the previous clinical study. However, our study also
points to a number of challenges that would need to be addressed
for PR-104 or a related dinitrobenzamide mustard to find utility
in the treatment of HCC.

The first of these challenges is that high AKR1C3 expression
in HCC is not universal, with 2 surgical biopsies (Table 1) and 2
of 4 cell lines (SNU-398, Hep3B) showing very low expression.
Thus it would be essential to evaluate AKR1C3 expression in any
such clinical study. Secondly, high AKR1C3 expression does not
guarantee PR-104A sensitivity; PLC/PRF/5 cells in culture show

AKR1C3 protein expression and enzymatic activity approaching
that of HepG2 (Fig. 3), but are intrinsically resistant to the acti-
vated metabolites PR-104H and PR-104M and to the related
DNA crosslinking agent melphalan (Fig. 1). We have not investi-
gated the mechanism of this resistance, beyond demonstrating
that it is not due to glucuronidation of PR-104A or its reduced
metabolites (Fig. 3A, B). However, the implication is that
AKR1C3 expression alone is unlikely to be a reliable predictive
biomarker, and that a more complete understanding of the
molecular correlates of sensitivity would be needed. The present
finding that expression of AKR1C3 (and the classic Nrf2 target
gene NQO1) are upregulated in some HCC xenografts (PLC/
PRF/5 and Hep3B) relative to monolayer cell cultures (Fig. 4),
which likely reflects hypoxic generation of ROS and activation of
Nrf2 signaling through multiple mechanisms,30,31 emphasizes
the importance of evaluating predictive biomarkers in the
autochthonous human tumors rather than in patient-derived cell
lines, even though the latter can inform selection of drug combi-
nations in some settings.32

Figure 4. Levels of tumor hypoxia and AKR1C3 expression in HCC xenografts. (A) Representative images of pimonidazole binding in HCC xenograft sec-
tions. (B) Hypoxic fractions of HCC xenograft sections (mean § SEM) calculated from imaging of pimonidazole binding (green). Only the difference
between SNU-398 and PLC/PRF/5 reached statistical significance (P < 0.05). (C) Determination of AKR1C3 expression in HCC xenografts by immunohis-
tochemistry of xenograft sections and bright-field microscopy (40x). (D) Western blot of AKR1C3, NQO1 and b-actin expression in lysates derived from in
vitro cell culture or in vivo tumor xenografts. Murine liver lysate was used as a negative control. Values are the AKR1C3/actin and NQO1/actin ratios by
densitometry, and errors are the range for duplicate samples.
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An additional challenge is that the mechanism of synergy
between PR-104 and sorafenib (as seen with PLC/PRF/5 xeno-
grafts, but not in the other xenograft lines) is not yet understood.
The hypoxic fraction in PLC/PRF/5 xenografts following sorafe-
nib treatment was not significantly different to untreated tumors
(Fig. 6B) and we did not detect a reduction in pERK in PLC/
PRF/5 xenografts following sorafenib treatment (Fig. 6D), even
though that finding has been reported in other studies.28,29 Sora-
fenib did inhibit ERK phosphorylation in PLC/PRF/5 cells in
vitro (Fig. 6E), as previously reported.28,29 Sorafenib has been
shown to inhibit a wide range of receptor tyrosine kinases and
activate aspects of the unfolded protein response in other cell line
models,33 any of these phenomena might contribute to the
observed synergy between PR-104 and sorafenib. Indeed, sorafe-
nib treatment resulted in increased sensitivity of PLC/PRF/5 cells
in vitro to PR-104A under anoxic conditions and reduced sensi-
tivity under aerobic conditions (Fig. 6F); we have not investi-
gated the underlying mechanism given that it is not clear what
impact this in vitro phenomenon would have in PLC/PRF/5 xen-
ografts given their low hypoxic fraction.

Finally, although the present study demonstrates activity of
the PR-104/sorafenib combination in all 4 HCC xenograft lines,
the doses of PR-104 (250 mg/day for 6 days) provide PR-104A
exposure in mice well above that achievable in HCC patients.
The 6 day schedule used here (Fig. 5A) has not been evaluated in
humans, but the cumulative PR-104 dose of 1.5 g/kg body

weight would represent a dose of 6.6 g/m2 in humans if allomet-
rically scaled based on plasma pharmacokinetics of PR-104A.34

While such cumulative doses are achievable over 2 cycles in hae-
matological oncology patients,35 they are not achievable in the
HCC population for which a cumulative dose of 1.54 g/m2 over
2 cycles elicted severe dose-limiting thrombocytopaenia and neu-
tropenia.22 The development of dinitrobenzamide mustards that
are insensitive to glucuronidation might help minimize changes
in PR-104A clearance in HCC patients with compromised liver
function, and might also avoid the dose-limiting gastrointestinal
seen at high dose (4 g/m2) in leukemia patients.35 However, it
remains to be determined whether activation by AKR1C3 con-
tributes to the apparent difference in PR-104 toxicity between
mice (which lack AKR1C3) and humans, and whether prodrug
activation by AKR1C3 is a valid therapeutic strategy in humans.
In part to address this question, we are currently exploring PR-
104 analogs that are activated by either AKR1C3 or hypoxia
rather than by both.

Materials and Methods

Compounds
PR-104A, PR-104H, PR-104M, the O-glucuronide of PR-

104A (PR-104G) and tetradeuterated derivatives of PR-104A
and PR-104H were synthesized and purified as described

Table 1. Pathology review of AKR1C3 immunohistochemical staining in HCC xenografts and HCC surgical specimens

% tumor cells staining at each intensity

Sample 3C SCL 2C SCL 1C SCL 0 Percent Positive MAX SI

Xenografts
SNU-398 1 CN 2 CN 10 C 87 13 3C
PLC/PRF/5 60 CN 15 CN 10 C 15 85 3C
Hep3B 2 CN 1 CN 7 C 90 10 3C
HepG2 50 CN 40 CN 10 C 0 100 3C

Surgical sample ID
MPB00797 40 NC 30 NC 30 CN 0 100 3C
MPB00798 10 NC 20 NC 60 CN 10 90 3C
MPB00799 30 NC 30 NC 40 CN 0 100 3C
MPB00800 10 NC 30 NC 50 CN 10 90 3C
MPB00865 60 CN 20 CN 20 C 0 100 3C
MPB00866 40 NC 30 NC 30 NC 0 100 3C
MPB00867 50 NC 20 NC 25 CN 5 95 3C
MPB00868 90 NC 10 NC 0 0 100 3C
MPB00869 0 0 20 CN 80 20 1C
ML0610001B 90 NC 5 NC 5 CN 0 100 3C
ML0612049 85 NC 5 NC 5 CN 5 95 3C
ML0703044 95 NC 4 NC 1 CN 0 100 3C
ML0703089 80 NC 10 NC 10 CN 0 100 3C
ML0704022B 50 NC 40 NC 10 CN 0 100 3C
ML0704095 2 NC 3 NC 20 CN 75 25 3C
ML0705009 95 NC 5 NC 0 0 100 3C
ML0707017 40 NC 50 NC 10 CN 0 100 3C
ML0710069 80 NC 10 NC 10 CN 0 100 3C
ML0711035 95 NC 5 NC 0 0 100 3C
ML0804175 50 NC 50 CN 0 0 100 3C
ML0805050 10 NC 60 NC 30 CN 0 100 3C

Abbreviations: SCL, subcellular location; N, nuclear; C, cytoplasmic; NC, nuclear< cytosolic; CN, cytosolic < nuclear; Max SI, maximum staining intensity.
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previously.8,23,36,37 Stocks of PR-104A were prepared in DMSO
and stored at ¡20�C or ¡80�C. Stocks of PR-104H, PR-104M
and PR-104G were prepared in acetonitrile and stored at
¡80�C. Coumberone and coumberol38 and the AKR1C3 inhibi-
tor SN3403739,40 were synthesized in this laboratory and stored

as DMSO stocks at ¡20�C prior to use. Clinical formulations of
PR-104 were supplied by Proacta, Inc. (Lot No 309–01–001);
each vial contained 200 mg PR-104 ((2-bromoethyl)-2-{[(2-
hydroxyethyl)amino]carbonyl}-4,6-dinitroanilino)ethyl metha-
nesulfonate phosphate ester, 8.5% (w/w) sodium carbonate and

Figure 5. Effect of PR-104, sorafenib and the combination of both drugs on HCC tumor growth. (A) Dosing schema. (B–E) Survival curves of the time
taken for tumors to reach RTV4 after treatment with vehicle, sorafenib (80 mg/kg p.o., qdx5), PR-104 (250 mg/kg i.p., qd £ 6) or both drugs in combina-
tion. Significance of difference from vehicle-only controls was determined by log-rank test with Holm-Sidak multiple comparison post-test analysis.
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0.8% (w/w) D-mannitol. The added solvent was 2 ml of water
for injection and PBS diluent. Sorafenib was purchased from
American Custom Chemicals Corporation (San Diego, CA) and
formulated as a suspension in Cremophor EL/ethanol (50:50)
and diluted 4x with sterile endotoxin-free water, as previously
described.28,33

Cell lines
PLC/PRF/5, HepG2, Hep3B and SNU-398 human HCC

tumor cells and H1299 human non-small cell lung cancer cells
were obtained from American Type Culture Collection (Rock-
ville, MD) and cultured in aMEM (Hep3B in DMEM) contain-
ing 10% fetal bovine serum (FBS) in a 5% CO2 incubator at
37�C. All cell lines were grown in the absence of antibiotics for
< 3 months from frozen stocks confirmed to be mycoplasma free
by PCR-ELISA (Roche). H1299 cells were genetically engineered
to over-express AKR1C3 as described previously.14

Antiproliferative (IC50) assays
Cells were harvested, counted and seeded at a density of 2000

(HepG2, SNU-398 and PLC/PRF/5) or 3000 (Hep3B) cells/
well in 96 well plates (Nunc). Cells were incubated for 2 h to
allow attachment, then exposed to drugs using 3-fold serial dilu-
tions in duplicate, and incubated for a further 4 hr. For PR-
104H, which has a half-life of » 10 min in medium at 37�C,41

the dilutions from acetonitrile stock solutions were made imme-
diately before use. Subsequently cells were washed 2x with
medium and allowed to regrow for 5 d Cultures were then
stained with sulphorhodamine B to measure total cells.42 The
absorbance-concentration plots were fitted using 4-parameter
logistic regression, and IC50 was determined by interpolation as
the drug concentration that reduced staining to 50% of controls
on the same plate.

Clonogenic assays
Cell killing was assessed by clonogenic assay (loss of colony

forming potential) using a 96-well format for drug exposure as
described previously.13 Briefly, cells were harvested, counted and
5 £ 106 cells pelleted (220 g, 5 min). Pellets were overlayed with
100 ml media, transferred into a standard culture hood or a 5%
H2/palladium catalyst Bactron anaerobic chamber (Sheldon
Manufacturing, Cornelius, OR) and resuspended in 2.4 mL of

culture medium. Cells (3 £ 105 /well in 150 mL) were plated
into 96-well plates and incubated at 37�C for 2 hr. PR-104A or
PR-104H stock solutions were diluted in media to 2x final con-
centration. 150 mL of these drug dilutions were transferred to
the cultures and the plate incubated at 37�C for 2 hr. Anoxic
plates were removed from the anaerobic chamber, cells were tryp-
sinised, transferred to microtubes and centrifuged (220 g,
5 min). Media was aspirated and cells resuspended in 500 ml
fresh medium (nominally 6 £ 105 cells/ml), and dilutions were
prepared to transfer 105, 104, 103 and 102 cells in 450 ml into
triplicate 60mm cell culture dishes containing 4.5 ml culture
medium (aMEM with 5% FBS). For HepG2, 6-well plates were
used for the clonogenic assay, with addition of 104 lethally irradi-
ated (40 Gy, cobalt-60 gamma irradiation) HepG2 cells as
feeders. The plates were incubated at 37�C for 13 days, stained
with methylene blue and colonies with >50 cells were counted.
Surviving fraction was calculated as the ratio of colonies from
treated/control wells.

Determination of PR-104A metabolism by LC/MS/MS
Cells (5 £ 105 cells per well in 24-well plate) were pre-incu-

bated at 37�C for 2 hr under oxic or anoxic conditions as above,
followed by addition of PR-104A to 100 mM. Plates were incu-
bated for a further 1 hr, samples extracted with 2 volumes of ice-
cold methanol containing tetra-deuterated stable isotope internal
standards, and stored at -80�C prior to analysis by LC–MS/MS
as previously described.8 Briefly, samples were analyzed with an
Agilent 1200 HPLC coupled with a triple quadrupole mass spec-
trometer (Model 6410, Agilent Technologies). Separation was
achieved using an acetonitrile/water gradient on an Agilent
Eclipse XDB-C18 Rapid Resolution HT (50 mm £ 2.1 mm,
1.8 mm) column with 6 min run time. The m/z transitions mon-
itored were 499 > 403 (PR-104A), 505 > 409 (PR-104A-d4),
485 > 389 (PR-104H), 491 > 395 (PR-104H-d4), 469 > 373
(PR-104M), 475 > 379 (PR-104M-d4) and 675 > 499 (PR-
104G).

Measurement of AKR1C3 activity in cells
AKR1C3 enzyme activity was quantified using a recently vali-

dated assay43 in which the AKR1C3 inhibitor SN34037 is used
to identify AKR1C3-specific reduction of the pan AKR1C fluo-
rogenic substrate coumberone to fluorescent coumberol.44

Table 2. Toxicity profile of HCC xenograft data. Body weight loss at nadir is the maximum body weight loss as a percentage of the pretreatment value
(mean § SEM). Exclusions indicate the number of animals excluded from analysis as a result of death from drug toxicity or culling due to excessive body
weight loss

Treatment Parameter HepG2 PLC/PRF/5 Hep3B SNU-398

Control Body weight loss at nadir 10.8 § 0.5 % 9.1 § 1.1 % 10.6 § 1.6 % 6.7 § 1.9 %
Sample size (exclusions) 8 (0) 8 (0) 7 (0) 6 (0)

Sorafenib Body weight loss at nadir 15.1 § 0.8 % 12.0 § 2.7 % 11.4 § 0.7 % 6.2 § 0.8 %
Sample size (exclusions) 7 (1) 9 (2) 7 (0) 6 (1)

PR-104 Body weight loss at nadir 13.9 § 0.3 % 12.4 § 0.9 % 15.4 § 0.9 % 14.2 § 1.7 %
Sample size (exclusions) 7 (0) 9 (2) 7 (1) 5 (0)

SorafenibC PR-104 Body weight loss at nadir 17.5 § 0.4 % 10.5 § 3.8 % 12.9 § 0.5 % 14.7 § 1.0 %
Sample size (exclusions) 8 (0) 11 (3) 8 (0) 6 (1)
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Briefly, white 96 well plates (Falcon 35–3296, Becton Dickin-
son) containing 2 £ 104 cells/well in 100 ml phenol red-free
media were equilibrated at 37�C in a 5% CO2 incubator for 24
hr. After addition of 20 ml media only or media containing
SN34037 (final concentration 1 mM), the plate was incubated
for 1 hr. An additional 20 ml of media containing coumberone
(final concentration 10 mM) was added to each well and the

plates incubated for a further 3 h (HepG2) or 24 hr (other lines).
Fluorescence intensity was measured at an excitation of 385 nm
and an emission of 510 nm (cutoff 495 nm) on a SpectraMax
M2 plate reader (Molecular Devices). The signal was quantitated
against a coumberol calibration curve (0.1–10 mM) on the same
plate. AKR1C3 activity was calculated as SN34037-sensitive
coumberol formation.

Figure 6. Effects of sorafenib on hypoxia, PR-104 metabolites and ERK phosphorylation in PLC/PRF/5 xenografts, and ERK phosphorylation and PR-104A
sensitivity in PLC/PRF/5 cells in culture. (A) EF5 and H&E staining of vehicle or sorafenib-treated (80 mg/kg p.o., qdx5) PLC/PRF/5 tumors. Hypoxia probe
EF5 (60 mg/kg, i.p.) was administered 24 hr after the final sorafenib dose, and tumors recovered 4.5 hr later. Representative EF5 and H&E images are
shown. (B) Quantitation of area of hypoxia and necrosis from tumors treated with vehicle or sorafenib as in A. (C) Concentrations of PR-104 and its
metabolites in tumors 30 min after dosing with PR-104 (250 mg/kg, IV), following pre-treatment with vehicle or sorafenib for 5 d as in A. (D) Western
blot of pERK, ERK and b-actin from lysates of tumors from vehicle, PR-104 or PR-104Csorafenib-treated mice, using the same doses and schedules as in
Figure 5. Tumors were excised 30 min after the final PR-104 dose. Each lane is for a single tumor. Ratios of pERK/ERK (N D 4) are shown below the West-
erns. (E) Western blot of pERK, ERK and b-actin from lysates of PLC/PRF/5 cells following a 2 h treatment with a range of sorafenib concentrations in vitro.
(D) Clonogenic survival of PLC/PRF/5 cells under aerobic or anoxic conditions following a 2 hr exposure to PR-104A either in media only (circles) or fol-
lowing 3 day incubation with 8 mM sorafenib (squares).
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Western immunoblotting
Cell lysates were prepared in radioimmunoprecipitation assay

buffer and 20 mg of protein was loaded on SDS-PAGE gels
(NuPAGE 4–12% gradient gels; Life Technologies, Carlsbad,
CA) before transfer to nitrocellulose. Blots were probed with the
following primary antibodies: b-actin (MAB1501R; Chemicon,
Temecula, CA), AKR1C3 (A6229, Sigma-Aldrich, Australia) or
POR (sc25263, Santa Cruz Biotech, Dallas, TX) followed by a
HRP-conjugated secondary antibody (sc2055, Santa Cruz Bio-
tech) and detected using chemiluminescent ECL (Supersignal,
Thermoscientific) and visualization using an ImageReader LAS-
3000 (Fujifilm, Tokyo, Japan). Band densitometry was carried
out using ImageJ software (v1.37; National Institutes of Health,
Bethseda, MD).

Xenograft models and treatment
All animal studies were approved by the University of Auck-

land Animal Ethics Committee. Tumors for the growth delay
experiments were grown subcutaneously after inoculation of 5 £
106 (HepG2, Hep3B, PLC/PRF/5) or 7.5£ 106 (SNU-398) cells
in the flanks of female mice; NOD/SCID mice were used for
HepG2 and Hep3B cells, NIH-III nude mice (NIH-Lystbg-
JFoxn1nuBtkxid) were used for PLC/PRF/5 cells and Rag-1¡/-

Balb/c mice were used for SNU-398 cells. Animals were stratified
to experimental groups after tumors had achieved a mean diameter
of 6 mm. Sorafenib (80 mg/kg) was given daily (days 1–5) by oral
gavage. PR-104 (250 mg/kg) in PBS was administered i.p. daily
(days 1–6). Control animals received either Cremophor EL/etha-
nol (50:50) diluted 4x with sterile endotoxin-free water or PBS
alone. The median time for tumors to increase in volume 4-fold
relative to start of treatment (RTV4) was used to evaluate antitu-
mour efficacy. Animal body weight was measured daily during the
treatment period and 3 times weekly thereafter with any animals
losing >20% of their initial body weight being culled and
recorded as unscheduled deaths for the purpose of Kaplan Meier
analysis.

Tumors for the modulation of hypoxia study were grown sub-
cutaneously in both flanks by inoculating 5 £ 106 PLC/PRF/5
cells. Treatment started when xenografts reached 150 mm3 and
sorafenib (80 mg/kg) was administered daily, p.o., for 5 d On day
6 animals were treated with EF5 at 60 mg/kg, i.p., and 4 h later
mice were dosed with PR-104 (250 mg/kg), i.v., and culled after
30 minutes. Half of each tumor was immediately frozen in liquid
nitrogen and stored at ¡80�C for western blotting and for deter-
mination of PR-104 and its metabolites by LC/MS/MS as previ-
ously.8 The second half was formalin-fixed and paraffin-embedded
(FFPE) for H&E and EF5 immunofluorescence staining.

Immunohistochemistry
Single sections 5 mm thick were cut from each tumor and

mounted on glass slides. Hypoxic regions were identified by

staining of EF5 or pimonidazole protein adducts. Briefly, after
de-paraffinization, antigen retrieval (10 mM sodium citrate
buffer pH 6.0, 25 min, >100�C) and blocking (10% goat
serum, 1 hr, RT), sections were stained with a Cy5-conjugated
mouse anti-EF5 (100 mg/ml) antibody (kindly provided by Dr
C.J. Koch, Philadelphia, PA) or a fluorescein-conjugated mouse
IgG1 monoclonal anti-pimonidazole antibody (dil 1:25, Hypo-
xyprobeTM-1 Plus kit, Hypoxyprobe, Burlington, MA). Whole-
section montage images were acquired using a Zeiss LSM710
inverted laser scanning confocal microscope with a 10x objective
and a motorized X-Y stage. Tissue sections were subsequently
stained with haematoxylin to delineate regions of necrosis.

Immunohistochemistry for AKR1C3 was performed in accor-
dance with protocols validated at Mosaic Laboratories (Lake For-
est, CA) as described previously.14 Briefly, following mounting
onto slides, deparaffinization and antigen retrieval steps, slides
were incubated with anti-AKR1C3 antibody (Sigma) for 30
minutes. Detection was by the EnvisionC Mouse HRP Detec-
tion Kit (DakoCytomation) and counterstaining with haematox-
ylin (DakoCytomation). Photomicrographs were acquired with a
Spot Insight QE Model 4.2 cooled CCD camera (Diagnostic
Instruments) attached to a Nikon Eclipse 50i microscope using a
40x objective magnification. Staining was evaluated by a certified
pathologist using a 4 point score: 0 indicates no staining, 1C
indicates weak staining, 2C indicates moderate staining, and 3C
indicates strong staining.

Statistical analysis
Unless otherwise indicated, values are means and errors are

SEM for multiple independent experiments, and significance of
differences between groups was tested by 2-tailed Student’s t-test
(two groups) or one way ANOVA (multiple groups) with evalua-
tion of pairwise differences using the Holm-Sidak method. Sig-
nificance of activity against xenografts were tested with RTV4 as
endpoint, using the Log-Rank test with Holm-Sidak multiple
comparison post-test analysis.
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