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Abstract: AST-3424/0BI-3424 (denoted by 3424) is a novel prodrug bis-alkylating agent activated by AKR1C3.
AKR1C3 is overexpressed in many types of cancer, particularly in liver, non-small cell lung, gastric, renal and CRPC
cancer. Currently 3424 is being studied in phase 1/2 clinical trials for the treatment of solid and hematologic can-
cers, and it represents potentially a novel, selective anti-cancer agent for multiple indications. In this study, AKR1C3-
dependent activation of 3424 was investigated in vitro using recombinant human AKR1C3. AKR1C3-dependent
cytotoxicity of 3424 was determined in a wide range of human cancer cell lines with different AKR1C3 expression
levels. In addition, anti-tumor activity of 3424 was also investigated in a broad panel of CDX and PDX models.
AKR1C3-dependent activation of prodrug 3424 was evident by monitoring the decrease of 3424 and generation of
the active form, 2660. Kinetic analysis indicated that AKR1C3 exhibited higher catalytic efficiency towards 3424
compared to the physiological substrates. There was a strong correlation between 3424 cytotoxic potency and
AKR1C3 expression. The racemic mixture induced DNA cross-linking in a concentration dependent manner. Tumor
growth inhibition of 3424 was shown to be better than or comparable to the standard of care chemotherapy at
clinically achievable doses as a single agent in various CDX models with high expression of AKR1C3, including
liver HepG2, lung H460, castration-resistant prostate VCaP, gastric SNU-16, and kidney A498 cancer cell lines. The
excellent anti-tumor efficacy of 3424 was further demonstrated in PDX models which have high level of AKR1C3
expression, but not in a model with low level of AKR1C3 expression. In the combination therapy, we showed that
3424 could enhance the efficacy of the standard care of chemotherapy in the CDX models. The results described
here highlight that 3424 exhibits AKR1C3-dependent cytotoxicity in vitro and anti-tumor activity in vivo in a wide
range of human cancer types, which support further development of 3424 as an anti-cancer agent for treating dif-
ferent types of cancers and the use of AKR1C3 as a biomarker to profile cancer patients and further guide patient
selection for therapy with 3424.
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Introduction trogen, progesterone, and prostaglandin (PG)
metabolism and is subsequently involved in the
regulation of nuclear receptor activities [3, 4].

AKR1C3 is expressed in normal tissues includ-

Aldo-keto reductase 1C3 (AKR1C3) is also
known as type 5, 173-hydroxysteroid dehydro-

genase (17B-HSD) and prostaglandin F syn-
thase. AKR1C3 is one member of the 15 gene
families of aldo-keto reductases (AKRs). AKR-
1C3 was originally cloned from human prostate
[1] and placenta [2] cDNA libraries. AKR1C3 is
a monomeric, cytosolic, NAD(P) (H)-dependent
oxidoreductase with 323 amino acids and a
molecular weight of 37 kDa [1]. AKR1C3 shares
high sequence homology with the related hu-
man AKR1C family, including AKR1C1, AKR1C2,
and AKR1C4. AKR1C3 catalyzes androgen, es-

ing steroid hormone-dependent and steroid
hormone-independent cells with an average
low expression level except in liver, kidney, and
small intestine [5]. Many studies have demon-
strated that AKR1C3 is abnormally overex-
pressed in many malignant solid and hemato-
logic tumors. The data show that more than
50% of hepatoma, bladder, renal, and gastric
cancers were detected with high expression
of AKR1C3 with immunohistochemistry scores
(IHC score) >4 on a scale of O to 6 [6]. AKR1C3
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is highly expressed in non-small cell lung can-
cer (NSCLC) but not in small cell-lung cancer
[7].

AKR1C3 upregulation in cancer is reported to
be associated with metastasis of castrate-
resistant prostate cancer (CRPC, [8]) and
colorectal cancer (CRC, [9]), and is also linked
to poor prognosis and a low survival rate [10,
11]. In addition, many types of treatment resis-
tance are attributed to the overexpression of
AKR1C3. It has been reported that chemother-
apy resistance to doxorubicin [12, 13], enza-
lutamide [14], abiraterone [15] and methotrex-
ate [16] is directly related to high AKR1C3
expression in cells. Radiotherapy resistance in
esophageal cancer [17], prostate cancer [18]
and NSCL cancer cells [19] is associated with
AKR1C3 overexpression. The main mechanism
of action of AKR1C3 against ionizing radiation
is to reduce ROS (reactive oxygen species) in
cells, to increase PGF2a which subsequently
leads to MAP kinase activation and PPARYy in-
hibition resulting in a significant reduction in
DNA damage [18]. Immunotherapy resistance
is also attributed to AKR1C3 high expression.
One study has shown that high expression of
AKR1C3 is associated with the failure of PD-1-
targeted therapies in PD-L1 positive patients
with advanced renal cell carcinoma (RCC)
based on whole genome microarray and multi-
plex quantitative (q)RT-PCR gene expression
analysis [20]. Due to tumor-specific overexpr-
ession of AKR1C3, the design of AKR1C3-acti-
vated prodrugs becomes an attractive appro-
ach to specifically target cancer. One such
example is the AKR1C3-activated prodrug, PR-
104, which exhibited good anti-tumor activity
in vitro and in vivo [6, 21] although it was origi-
nally designed as a hypoxia-activated prodrug
[22-24].

Anti-cancer prodrug 3424 is a chemically syn-
thesized potent nitrogen mustard, which is
selectively cleaved to the cytotoxic aziridine
(2660) by AKR1C3 in the presence of NADPH.
The active molecule, 2660, released by 3424
is similar to the standard chemotherapeutic
drugs thiotepa and mitomycin C, which leads
to alkylation and cross-linking of DNA at the N7
(or OB) position of guanine. Prodrug 3424 is
currently under development by Ascentawits
Pharmaceuticals, LTD in Asian countries and
by OBl Pharma, Inc. in countries outside Asia
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(drug code OBI-3424) for the treatment of
malignant tumors. Prodrug 3424 is currently
being investigated in multiple Phase | clinical
trials in the US (NCT04315324 & NCTO035-
92264) and in China (CXHL1900137 & CXHL-
2000263) to treat more than 14 types of
human cancer, including solid tumors and he-
matologic malignancies. Due to the high expr-
ession of AKR1C3 in tumors, prodrug 3424 is
designed to be specifically activated in tumors
but spared in normal cells which express low
levels of AKR1C3 to achieve tumor-specific tar-
geting. Furthermore, tumor-selective activation
of 3424 is distinguishable from non-selective
traditional alkylating agents, such as cyclo-
phosphamide and ifosfamide, indicating that
3424 has the potential to become a broad-
spectrum, highly selective anti-tumor drug.
Prodrug 3424 was reported to exhibit potent
efficacy against preclinical models of T-ALL in
vitro and in vivo [25, 26].

Given AKR1C3 is overexpressed in many types
of cancer, we hypothesized that an AKR1C3-
activated prodrug can be used to specifically
target many types of tumor cells. To test this
hypothesis, we have developed the AKR1C3
prodrug 3424, and determined its AKR1C3-
dependent activation and anti-tumor activities
in vitro and in vivo. In this report, the AKR1C3-
dependent activation, in vitro 3424 cytotoxicity
in a wide range of human cancer cell lines, and
concentration-dependent DNA cross-linking of
3424 were investigated. Moreover, we also
studied the in vivo anti-tumor activity of 3424
in a broad panel of CDX and PDX models.

Materials & methods
Cell lines

All human cancer cell lines were obtained from
either the American Type Culture Collection
(ATCC, Manassas, VA), or Japanese Collection
of Research Biosources (JCRB, Osaka Japan) or
Cobioer Biosciences (Nanjing, China).

Reagents and chemicals

Anti-human AKR1C3 monoclonal antibody, ble-
omycin, NADPH, lyophilized bovine serum albu-
min (BSA), and positive control substrates for
AKR1C1/AKR1C3 (progesterone, androstenedi-
one, and dihydrotestosterone) were purchased
from Sigma (St. Louis, MO). Recombinant hu-
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man AKR1C3 was purchased from Abcam
(Cambridge, MA) and AKR1C1 and AKR1CA4.
were purchased from Sigma. Comet assay kit
was purchased from Trevigen (Gaithersburg,
MD). CellTiter Glo (CTG) assay kit was from
Promega (Madison, WI). Racemic 2870 was
synthesized by Threshold Pharmaceuticals
(South San Francisco, CA). Prodrugs 3423 and
3424 were synthesized by Ascentawits Phar-
maceuticals, LTD (Shenzhen, China). 3021 was
synthesized based on the reported method
[27]. Standard of care therapies were purch-
ased as following: abiraterone (Bos Science,
USA), prednisolone (Saen Chemical Technology,
China), 5-FU (Shanhai Xudong Haipu Pharma-
ceutical Co., China), gemcitabine (Vianex S.A.,
Greece), and sunitinib (Cayman, USA).

Enzymatic activity assays

The assay mixture consisted of 10-50 uM 3424
or positive control (androstenedione or dihy-
drotestosterone), 100 mM phosphate buffer,
pH 7.0, 300 uM NADPH, 4% ethanol and 8
UM recombinant human AKR1C3, AKR1C1 or
AKR1C4 to give a total volume of 200 L. The
reaction was incubated at 25°C and terminat-
ed at various time points by adding acetonitrile
and methanol (at a ratio of 9 to 1) and subject-
ed to LC-MS/MS analysis. For enzyme kinetic
analysis, the activity was determined with a
SpectraMax M2¢ spectrophotometer (Molecu-
lar Devices, LLC, San Jose, CA) by measuring
the decrease in absorbance of NADPH at 340
nm (¢ = 6270 M1cm™). After the initiation of the
reaction by addition of substrates, the reac-
tions were monitored at 30 s intervals at 25°C.
The non-substrate reaction rate was also moni-
tored as background and its slope was used to
determine the initial velocity of the reaction.
The kinetic data reported were the average of
triplicate measurements.

LC-MS/MS analyses

For AKR1C3-mediated 3424 metabolism, LC/
MS/MS was performed using a Sciex API-4000
Qtrap (ABSciex, LLC, Framingham, MA) mass
spectrometer coupled to an Agilent 1200 HPLC
system (Agilent Technologies, Santa Clara, CA).
For 3424 analysis, reverse phase liquid chro-
matographic separation was performed with a
Waters Xbridge C18 column (2.1 x 100 mm,
3.5 ym, Waters Corp., Milford, MA) in a total
run time of 12 min using a flow rate of 0.3 mL/
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min. The mobile phase A consisted of 0.1% for-
mic acid in water and mobile phase B consist-
ed of 0.1% formic acid in ACN. The gradient was
performed with an isocratic run at 15% B for
1.5 min and gradient to 50% B at 3 min, then to
95% B at 6 min and holding for 1 min, finally
back to 15% B in 0.1 min and equilibrated at
15% B for 4.9 min. The column oven tempera-
ture was 40°C and the sample injection volume
was 2 uL. The mass spectra were obtained in
positive MRM mode. In positive ion mode, the
ion spray voltage was set at 4500 V, decluster-
ing potential at 80 V, collision energy at 20 V,
source temperature at 350°C, curtain gas at
10 psi and the source gas 1 and 2 both at 60
psi. The MRM pairs for 3424 and 3424-IS were
m/z 461->313 and m/z 465->313, respective-
ly. For 2660 analysis, normal phase liquid chro-
matographic separation was performed with
Waters Atlantis HILIC Silica column (2.1 mm x
100 mm, 3 ym, Waters Corp., Milford, MA) in a
total run time of 9 min using a flow rate of 0.3
mL/min. The mobile phase A consisted of 1
mM ammonium formate in water and mobile
phase B using ACN. The gradient was per-
formed from isocratic run at 89% B for 1 min
and gradient to 60% B at 1.5 min, then to 40%
B at 2.5 min and holding for 2 min, finally back
to 89% B in 0.1 min and equilibrated at 15% B
for 4.4 min. The column oven temperature was
40°C and the sample injection volume was 2
pL. The mass spectra were obtained in nega-
tive MRM mode. In negative ion mode, the ion
spray voltage was set at -4500 V, declustering
potential at -60 V, collision energy at -30 V,
source temperature at 350°C, curtain gas at
10 psi and the source gas 1 and 2 both at 60
psi. The MRM pairs for 2660 and 2660-IS were
m/z 147->63 and m/z 151->63, respectively.
The peak area ratio for each MRM transition
(peak area of analyte/peak area of analyte-IS)
of calibration standards and samples were
used for quantitative analysis using Analyst 1.6
software (ABSciex, Framingham, MA).

In vitro proliferation assay

Exponentially growing cells were seeded 24
hours before the addition of test compounds.
After addition of test compounds, the plates
were incubated for the indicated hours at
37°C in a standard tissue culture incubator. At
the end of the experiment, the viable cells we-
re detected using either a CellTiter Glo (CTG)
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assay kit or AlamarBlue [28, 29]. Drug concen-
tration resulting in growth inhibition of 50%
(ICy,) relative to untreated control was calcu-
lated using either XLfit (IDBS, Boston, MA) or
Prism 6 (GraphPad, San Diego, CA). For 3021
experiments, cells were pretreated with 3 uM
of 3021 for 2 h prior to compound treatment
under air. IC,, was calculated as described
above.

Western blot

Human cell extracts were prepared and protein
concentrations were determined. Proteins were
detected using antibodies recognizing human
AKR1C3 and tubulin, or B-actin. The band den-
sities of AKR1C3 and tubulin or B-actin were
scanned and quantified using the Odyssey
laser imaging system and software (LI-COR
Biosciences, Lincoln, NE), or UVP ChemStu-
dio imaging system and VisionWorks software
(Analytik Jena AG), and the ratio of AKR1C3 to
tubulin or actin was calculated.

Comet assay

After seeding cells for 24 hours, the test arti-
cles were added at the indicated concentra-
tions and incubated for 2 hours. Cells were
washed twice to remove compound completely.
20 uM of bleomycin was added and incubat-
ed for 1 hour under air to induce DNA strand
breaks following 2 h cell resting. After washing
twice with PBS, comet assay was conducted
using a single-cell electrophoresis system fr-
om Trevigen (Gaithersburg, MD). The data were
analyzed using Comet Assay IV software from
Perceptive Instruments [29].

In vivo anti-tumor activity

All procedures related to animal handling, care,
and the treatment in this study were perform-
ed according to guidelines approved by the
Institutional Animal Care and Use Committee
(IACUC) of CrownBio (Beijing, China), WuXi App-
Tec (Shanghai, China), or Eurofins Pharmacology
Discovery Services Taiwan (Taipei, Taiwan) fol-
lowing the guidance of the Association for
Assessment and Accreditation of Laboratory
Animal Care (AAALAC). At the time of routine
monitoring, the animals were checked for any
effects of tumor growth on normal behavior
such as mobility, food and water consumption,
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body weight gain/loss, eye/hair matting and
any other abnormal effect. Death and observed
clinical signs were recorded on the basis of the
numbers of animals within each subset.

Anti-tumor activity of 3424 in GFP expressing
HepG2 and H460 CDX models was investigated
at AntiCancer, Inc (Beijing, China). Female athy-
mic nude mice (6 weeks; BALB/c-nu, Beijing
HFK Bioscience Co., Ltd., Beijing, China) were
used in the studies. Each mouse was implant-
ed with a HepG2-GFP tumor chunk (~1 mm?2 in
diameter) in the right lobe of the liver for tu-
mor development or inoculated subcutane-
ously with H460-GFP tumor chunk (~1 mm? in
diameter). About 3-10 days later, whole mouse
body scan was performed using FluorVivo Mo-
del-100 fluorescence imager (INDEC Biosys-
tems, Inc., Los Altos, CA). Mice with similar fluo-
rescent areas were selected and randomly
grouped. Prodrug 3424 was dosed intrave-
nously (IV) at 1.25, 2.5 mg/kg or 5 mg/kg Q7D
x 2 for the HepG2 orthotopic model or at 0.625,
1.25 or 2.5 mg/kg for the H460 xenograft
model with a regimen of Q7D x 2, 1 week off,
then Q7D x 2 again. Sorafenib was used as the
positive control in the HepG2 model and was
dosed orally at 30 mg/kg with a regimen of QD
x 5 x 7 cycles. Taxol was used as the positive
control in the H460 model and was adminis-
tered at 15 mg/kg IV with a regimen of BIW x 4.,
During the experiments, mice were observed
daily and body weight was measured twice a
week. Tumor burden was monitored twice a
week either by caliper measurement (H460) or
FluorVivo fluorescence imager (H460-GFP and
HepG2-GFP).

The anti-tumor activity of 3424 was evaluated
in castration-resistant prostate cancer (CRPC)
VCaP, gastric cancer SNU-16, and renal cell car-
cinoma (RCC) A498 xenograft models. Studies
were conducted at WuXi AppTec (VCaP and
SNU-16 models) and Eurofins Pharmacology
Discovery Services Taiwan (A498 model). Male
BALB/c nude, female BALB/c nude and female
SCID mice were used in the CDX models of
CRPC, gastric cancer, and RCC, respectively.
Human cancer cells at 5 x 10° or 1 x 107 with
1:1 matrigel were injected subcutaneously into
the right flank of mice. Vehicle and test articl-
es were administered when tumor volumes
reached 150-200 mm?3 (denoted as Day 1, or
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Day O in SNU-16 model). Vehicle or 3424 was
administered intravenously once weekly for a
total of 4 or 5 doses dependent on the model.
Standard of care therapies including abira-
terone/prednisolone (for CRPC), 5-fluorouracil
(for gastric cancer), and sunitinib and gem-
citabine (both for RCC) were administered as
recommended in the literature [15, 30-32]. On
days of co-administration, IV injection of 3424
was done first, followed by the combined agent
within 1 hour.

Anti-tumor activity of 3424 in PDX models was
assessed at CrownBio Bioscience (Beijing, Chi-
na) Inc. using female BALB/c nude mice (6-7
weeks old, Beijing Anikeeper Biotech Co., Ltd,
Beijing, China). Tumor fragments (PA1280, GA-
6201, LU2057 and LU2505) from stock mice
inoculated with selected primary human can-
cer tissues (pancreatic, gastric cancer, and
lung) were harvested and used for inoculation
into BALB/c nude mice. Each mouse was in-
oculated subcutaneously for tumor develop-
ment. Mice were allocated randomly into ex-
perimental groups when the average tumor size
reached ~100 mm?3) by using StudyDirector™
Ver 3.1.399.19 (Studylog Systems, Inc., S. San
Francisco, CA, USA). Prodrug 3424 was admin-
istered IV at the indicated doses with a regimen
of Q7D x 3. Each group consisted of 5-6 mice.
The grouping day was denoted as Day O. Pro-
drug 3424 was administrated to the tumor-
bearing mice from Day O through Days as indi-
cated for each study.

For all the animal studies, drug efficacy was
assessed by tumor growth inhibition. Tumor
volume (mm?) was measured twice weekly fol-
lowing the prolate ellipsoid formula: Length
(mm) x [Width (mm)]?> x 0.5. Percent Tumor
Growth Inhibition (%TGI) was determined twice
weekly during the dosing period by the formula:
%TGl = (1 - [(T - TO)/(C - CO)]) x 100 where T =
mean tumor volume of treated group, TO =
mean tumor volume of treated group at study
start, C = mean tumor volume of control group
and CO = mean tumor volume of control group
at study start. Two-way ANOVA and Bonferroni
test were used to assess the statistical signifi-
cance of groups compared to respective vehi-
cle control using SPSS Statistics 23 (IBM,
Armonk, NY) or R (version 3.3.1). P-values of
<0.05 were regarded as statistically signifi-
cant.
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Results
Structure and mechanism of 3424 activation

The structures of 3424, 3423 and 2870 are
presented in Figure 1A. Prodrug 3424 is the
S-enantiomer, 3423 is the R-enantiomer, and
2870 is a racemic mixture of 3424 and 3423 at
1:1 ratio. In the presence of NADPH, reduction
of 3424 is mediated by AKR1C3 to release the
cytotoxic moiety, 2660 (Figure 1B), which is an
aziridine bis-alkylating agent, leading to cross-
linking of DNA at the N7 (or O6) position of gua-
nine, and subsequent cell death.

AKR1C3-dependent activation of 3424

The activation of 3424 by AKR1C3 was moni-
tored by the reduction of 3424 and the gene-
ration of the active form, 2660, using LC/MS-
MS. As shown in Figure 2, recombinant human
AKR1C3 was able to activate 3424 into 2660 in
60 min (Figure 2A and 2B). In contrast, 3424
was not metabolized by AKR1C1 or AKR1CA4,
two members of the AKRAC family (Table 1).
AKR1C3 exhibited similar catalytic efficiency
towards 3424 (S-enantiomer) and its R-enan-
tiomer 3423 (Table 2). Compared to the phy-
siological substrates 4-androstenedione and
5-a dihydrotestosterone, 3424 was activated
by AKR1C3 at a higher rate.

AKR1C3-dependent 3424 cytotoxicity

Cytotoxicity of 3424 was evaluated in a panel
of liver cancer cell lines and non-small cell lung
cancer (NSCLC) cell lines. AKR1C3 protein ex-
pression in liver cancer cell lines was deter-
mined using Western blot and tubulin was used
as a loading control. A ratio of AKR1C3 to tubu-
lin was calculated and defined as normalized
AKR1C3 expression in Table 3. AKR1C3 RNA
expression data was obtained from the Cro-
wnBio (Beijing, China) database. As shown in
Table 3, after 96 h exposure to 3424, liver can-
cer cell lines with high AKR1C3 expression at
both the protein and RNA levels were more sen-
sitive to 3424 with IC,, values in the low nano-
molar range. On the other hand, cells express-
ing low AKR1C3 were less sensitive to 3424
with IC50 values higher than 12000 nM. Similarly,
NSCLC cells also exhibited an AKR1C3-de-
pendent cytotoxic profile after 72 h exposure
to 3424 (Table 4). There was a high correlation
between 3424 IC_, and the level of AKR1C3
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Figure 1. Structure and 3424 activation. A. Chemical structure of 3424 (S-enantiomer), 3423 (R-enantiomer) and
2870 (racemic mixture of 3424 and 3423 at 1:1 ratio). B. Schema of 3424 reductive activation pathway.

protein (R? = 0.71, Figure 3A, left) and RNA
expression (R? = 0.87, Figure 3A, middle) in
liver cancer cells and in NSCLC cells (R? =
0.80, Figure 3A, right), respectively. These re-
sults demonstrated that 3424-mediated cyto-
toxicity was highly correlated with the level of
AKR1C3 expression in both liver cancer and
NSCLC cell lines.
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AKR1C3-mediated specific activation of 3424
was confirmed using the AKR1C3 inhibitor
3021 in H460 cells. After 2 h pretreatment of
H460 cells with 3 uM 3021 followed by co-
treatment with 3424 for 2 h, the AKR1C3-
specific inhibitor, 3021, was able to effectively
inhibit 3424 cytotoxicity in H460 with an IC, of
6.3 UM as compared to an IC,, of 4 nM in the
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Figure 2. AKR1C3-dependent 3424 activation. A. 3424 reduction. B. 2660 production.

Table 1. Production of 2660 (active form) following incubation of 3424 (prodrug) with various AKR1C
enzymes

AKR1C1 AKR1C4 AKR1C3

3424 Concentration (M) 2660 Concentration (uM) 2660 Concentration (uM) 2660 Concentration (uM)
0 BQL BQL BQL

10 - - 10.71+0.53

20 - - 14.77+1.44

30 - - 33.96+1.90

40 - - 34.30+6.63

50 BQL BQL 34.59+7.44

Table 2. Kinetic analysis of AKR1C3 towards various substrates

Enzyme Substrate Vmax (um/min)  Km (um)  Kcat (min™) T1/2 (min) Kcat/Km (min*mM?)
AKR1C3 4-Androstenedione  0.49+0.04 1.98+0.43 0.07+0.01 165.97+14.69 35.35
5a-DHT 0.85+0.01  10.18+0.62 0.12+0.00 95.58+0.99 11.79
3424 (S-form) 4.45+0.07 12.554+0.28 0.64+0.01  18.17+0.29 50.99
3423 (R-form) 5.03+0.29  12.88+1.71 0.72+0.04 16.13+0.99 59.90

Table 3. In vitro cytotoxicity of 3424 against a panel of human liver cancer cell lines after 96 hours of
drug exposure

Normalized AKR1C3 AKR1C3 protein AKR1C3 RNA expression

Liver cancer cell line 3424 1C,, (nM)

expression expression level level (Log2 FPKM)
SNU-475 1.22 High 9.19 15+3.3
SNU-449 1.19 High 8.3 45+0.2
C3A 0.95 High 4.58 5+0.3
SNU-387 0.64 Medium 6.42 103+2.2
PLC/PRF/5 0.63 Medium 4.66 167+12.8
HLE 0.3 Medium 4.36 113+16.0
HuCCT1 0.21 Low 0.19 696+6.6
SNU-182 0.17 Low -0.05 >1000
HLF 0.15 Low -1.69 >1000
SK-HEP-1 0.13 Low -1.39 >1000
SNU-398 0.08 Low -1.33 >1000
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Table 4. In vitro cytotoxicity of 3424 against a
panel of human non-small cell lung cancer cell
lines (NSCLC) after 72 hours of drug exposure

NSCLC cancer AKR1C3 RNA expression 3424 IC_,

cell line level (Log2 FPKM) (nM)
NCI-H1944 11.06 2.3+0.07
NCI-H2228 9.25 0.21+0.01
NCIH1755 9 8.2+0.31
NCI-H1563 8.61 2.5+0.19
NCI-H2110 8.23 1.1+0.06
NCI-H1792 8.07 4.5+0.18
CAL12T 3.86 29.1+1.12
NCIH2106 2.68 >1000
NCI-H23 -1.98 >1000
NCI-H522 -1.88 >1000

absence of 3021 (Figure 3B, left), which was
also reported by Evans et al. [25]. Here we also
profiled the cytotoxicity of the R-enantiomer,
3423, and a racemic mixture of R- and S-en-
antiomers at 1:1 ratio, 2870, in the absence or
presence of 3021 in H460 cells. As shown in
Figure 3B, 3423 (middle) and 2870 (right)
exerted equally potent cytotoxicity to 3424 with
IC,, values of 5 nM and 4 nM, respectively.
Similar to 3424, the cytotoxicity of 3423 and
2870 was highly AKR1C3-dependent and 3021
inhibited their cytotoxicity at concentrations
over 1000-fold greater than in the absence of
the inhibitor with IC_, values of 6.3 uM and >5
UM, respectively. Inhibitor 3021 alone did not
exert any cytotoxicity up to 100 uM (data not
shown).

To evaluate whether 3424 cross-linked DNA, a
direct biochemical assay for DNA cross-linking,
the single-cell electrophoresis-based comet
assay was employed using H460 cells. In this
assay, the racemic mixture, 2870, was used.
As shown in Figure 3C, there was no detectable
double-strand breaks with tail moment 0.3 in
vehicle DMSO-treated H460 cells. Bleomycin
was used to induce DNA strand breaks which
was evident by increased tail moment to 35.
DNA cross-linking induced by 2870 was test-
ed using three concentrations under identical
conditions that were used for bleomycin. Com-
pound 2870-induced concentration-dependent
DNA-crosslinking was evident by a decreased
tail moment from 36 to 1.6.
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Anti-tumor efficacy of 3424 in various CDX
models

In vivo anti-tumor activity of 3424 was evaluat-
ed using GFP-expressing cancer cell lines in an
orthotopic liver cancer model (HepG2) and a
subcutaneous lung cancer model (H460). Both
cell lines expressed high levels of AKR1C3
(Table 5). AKR1C3 RNA expression data was
obtained from the CrownBio (Beijing, China)
database. Using the HepG2 orthotopic xeno-
graft model, we investigated the dose-depen-
dent anti-tumor activity of 3424 by whole body
fluorescence imaging. When 3424 was admin-
istered via IV injection at doses of 1.25, 2.5 or
5 mg/kg once a week for 2 weeks, the tumor
growth inhibition (TGI) at Day 34 was 52.4%,
91.5% and 101.2%, respectively (Table 5). The
anti-tumor efficacy of 3424 was observed in a
dose-dependent manner (Figure 4A and Table
5). Compared to the vehicle group, tumor in-
hibition induced by 3424 at 2.5 mg/kg and 5
mg/kg was statistically significant with a com-
plete regression rate of 80% and 100%, res-
pectively. At the end of the experiment, the
data from tumor fluorescent images (Figure
4B) and tumor weight (data not shown) were
consistent with the measurement of fluores-
cence area (Figure 4A). Sorafenib, a first-line
treatment of hepatocellular carcinoma (HCC),
was administered orally at 30 mg/kg and re-
duced tumor growth by 52.1% with no statisti-
cal significance (Figure 4A). With this dosing
regimen, sorafenib resulted in body weight loss
(-11%, data not shown). In contrast, no body
weight loss was observed in 3424-treated
groups at all tested doses in the current study
(Table 5).

In the H460 subcutaneous model, prodrug
3424 was given weekly for 2 cycles; with one
week off, and another 2 cycles of weekly dosing
at 0.625, 1.25, and 2.5 mg/kg. As shown in
Figure 4C and Table 5, prodrug 3424 exhibited
dose-dependent anti-tumor activity with TGl of
60.2%, 67.2% and 88%, respectively. The anti-
tumor efficacy of 3424 was comparable to
paclitaxel at 15 mg/kg showing a TGl of 64%.
At the end of the study (Day 35), the treatment
of 3424 resulted in minimal body weight loss
at low- and mid-doses, whereas a statistically
significant 14% loss at the high dose was ob-
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Figure 3. AKR1C3-dependent in vitro cytotoxicity of 3424. A. Correlation between AKR1C3 protein expression and
3424 1C, in liver cancer cells (left); Correlation between AKR1C3 RNA expression and 3424 IC, in liver cancer cells
(middle); Correlation between AKR1C3 RNA expression and 3424 IC_, in NSCLC cancer cells (right). B. AKR1C3-spe-
cific inhibitor, 3021, efficiently inhibited cytotoxicity of 3424 (left), 3423 (middle) and racemic mixture 2870 (right).
The data are the representative of three independent experiments. C. Compound 2870 induced concentration-
dependent DNA cross-linking. The data are the representative images of cell nuclei stained with SYBR Green after
electrophoresis of two independent experiments. Original magnification: 10 x, scale bar: 100 ym.

Table 5. Summary of 3424 in vivo efficacy in HepG2 and H460 CDX models

2?));6' nyr:)(;er Implantation  Route Regimen 3‘(1512/?(2?6 TG1% B;?;Inv;?i]t LO?;;R(I%EEM)
HepG2 Liver Orthotopic i.v. Q7D x 2 1.25 52.4 22.8 6.9
2.5 91.5 19.5
5 101.2 171
H460 Lung  Subcutaneous i.v. Q7D x 2; 1 week off; Q7D x 2 0.625 60.2 -1 8.6
1.25 67.2 -1
2.5 88.0 -14

served (Table 5). Paclitaxel treatment caused
a statistically significant 11% body weight loss
(Data not shown).

In vivo anti-tumor efficacy of 3424, as mono-
therapy or in combination with standard of care
therapy, was evaluated in castration-resistant
prostate cancer (CRPC) VCaP, gastric cancer
SNU-16, and renal cell carcinoma A498 xeno-
graft models. These three human cancer cell
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lines expressed high levels of AKR1C3 at both
levels of protein and RNA. AKR1C3 protein
expression in VCap, SNU-16 and A498 was
determined by Western Blot with a ratio of
AKR1C3 to 3 actin at 1.6, 1.3, and 8.9, respec-
tively. AKR1C3 RNA expression (LOG2 (FPKM)
in VCap, SNU-16 and A498 was 5.2, 8.0 and
10.0, respectively (CrownBio database). In the
CRPC model, castrated male BALB/c nude mice
were treated with 3424 (weekly IV injection for
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Figure 4. In vivo anti-tumor activity of 3424 in HepG2 and H460 CDX models. A. Fluorescence area of 3424 and
sorafenib in GFP-HepG2 orthotopic CDX model. B. GFP-HepG2 tumor fluorescent images at the end of the experi-
ment by using FluorVivo Model-100 fluorescence imager. Scale bar: 10 mm. C. Fluorescence area of 3424 and Taxol
in GFP-H460 subcutaneous CDX model. Animals were monitored daily and tumor growth was quantified twice a
week. Data are expressed as Mean + SEM of 10 or 8 animals per group in HepG2 and H460, respectively.
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Figure 5. In vivo anti-tumor efficacy of 3424 as monotherapy or in combination with standard of care therapy in
VCap, SNU-16 and A498 CDX models. A. Tumor growth of 3424 and abiraterone plus prednisolone as a mono-
therapy or in combination in VCaP. B. Measurement of serum prostate specific antigen (PSA) after treatment at the
times indicated in VCap. C. Tumor growth of 3424 and 5-flurouracie as a monotherapy or in combination in SNU-16.
D. Tumor growth of 3424 and sunitinib as monotherapy or in combination in A498. E. Tumor growth of 3424 and
gemcitabine as a monotherapy or in combination in A498. Data are expressed as Mean + SEM of 8 animals per

group. AA, abiraterone acetate; P, prednisolone; 5-FU, 5-flurouracie; S, sunitinib; G, Gemcitabine.

5 doses), abiraterone plus prednisolone (daily
oral gavage), or the combination (Figure 5A).
At 5 mg/kg, 3424 showed significant TGl of
148%, which was further enhanced to 158%
when combined with abiraterone/prednisolone.
At terminal sacrifice on Day 32, animals receiv-
ing the combination showed a corresponding
reduction in serum prostate specific antigen
(PSA) (Figure 5B). In the gastric cancer SNU-16
model, female BALB/c mice were treated with
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3424 (weekly IV injection for 4 doses), 5-fluro-
uracie (5-FU) (IP injection, twice a week), or
3424 combined with 5-FU (Figure 5C). Animals
treated with 3424 at 2.5 or 5 mg/kg showed
remarkable TGl of 87.8% or 96.2%, respective-
ly, whereas 5-FU had no anti-tumor activity at
the level of 30 mg/kg. Synergistic effect was
noted when 3424 was combined with 5-FU. In
the renal cell carcinoma A498 model, female
SCID mice were administered 3424 (weekly IV

Am J Cancer Res 2021;11(7):3645-3659
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Table 6. PDX patient information

Patient information

HuPrime Model ID

Cancer type Subtype Race Gender Age Pathology diagnosis
PA1280 Pancreatic cancer ADC Asian F 82 Pancreatic cancer
GA6201 Gastric cancer ADC Asian M 60 Gastric cancer
LU2505 Lung cancer NSCLC, ADC Asian F 69 Lung cancer
LU2057 Lung cancer SCLC Western M NA Lung cancer
Table 7. PDX model validation
HuPrime Model ID affy snp6 data RNA Seq Exome Seq Growth curve Soc data
PA1280 Yes Yes Yes Yes Yes
GA6201 NA Yes Yes Yes Yes
LU2505 Yes Yes NA Yes Yes
LU2057 Yes Yes Yes Yes NA
A 6007 -s Vehice B 20007 -e Vehicle 2.5 mg/kg 3424, the TGl was
"é - 24,25 moy "é sood 3424, makg increased to 87% (Figure 5E).
T 4001 H In all three models, 3424 was
§ g 1000 well tolerated in mice and
g " £ 5o there was no significant body
2 = weight loss during the treat-
o I - - s 2 - iy ment (data not shown).
Days Post-Treatment Initiation Days Post-Treatment Initiation
C 3000+ o Vehicle D 1000+ -e Veie In vivo anti-tumor efficacy of
T o g:ﬁ:;;ﬁmﬂg'izs T a0 = 3424,25mglkg 3424 in PDX models
£ so00] -+ 3024, 5mgkg £
g E 800 In vivo anti-tumor activity of
2 000 S o0 3424 was further evaluated in
E § 200- a panel of patient-derived xe-
By 0 i , nograft (PDX) models, includ-

0
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Days Post-Treatment Initiation

20 30 40

Figure 6. In vivo anti-tumor activity of 3424 against a panel of PDXs. A. Tu-

mor growth of 3424 in pancreatic cancer PA1280. B. Tu
in gastric cancer GA6201. C. Tumor growth of 3424 in |
with higher AKR1C3 expression. D. Tumor growth of 3
LU2057 with low AKR1C3 expression. Animals were mo

mor growth was quantified twice a week. Data are expressed as Mean + SEM

of 5-6 animals per group.

injection for 4 doses), sunitinib (25 mg/kg, dai-
ly oral gavage), or the combination (Figure 5D).
At 2.5 mg/kg, 3424 showed a significant TGI of
73%, compared to a modest 52% TGI by suni-
tinib. When animals were treated with a combi-
nation of 3424 and sunitinib, the TGl was fur-
ther increased to 88%. The efficacy of 3424
combined with gemcitabine was also tested in
A498 xenograft model, where gemcitabine at
80 mg/kg (weekly IP injection for 4 doses)
offered 19% TGI only but in combination with
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Days Post-Treatment Initiation

10 20 ing pancreatic cancer PA12-

80, gastric cancer GA6201,
and two lung cancers, LU25-
05 with high AKR1C3 expr-
ession and LU2057 with low
AKR1C3 expression. AKR1C3
RNA expression data was ob-
tained from the CrownBio
(Beijing, China) database. Pr-
odrug 3424 was administer-
ed weekly for 3 cycles via IV injection. Patient
information for the four PDX models is shown
in Table 6. The validation data of each PDX
model are presented in Table 7. In the pancre-
atic PDX model (Figure 6A and Table 8), 3424
at 2.5 mg/kg exhibited statistically significant
anti-tumor activity of 77.4% TGI. In the gastric
PDX model, 5 mg/kg 3424 displayed a remark-
able anti-tumor inhibition of 110% TGI (Figure
6B and Table 8). Tumor volume continued to
decrease and remained low or unmeasurable

mor growth of 3424
ung cancer LU2505
424 in lung cancer
nitored daily and tu-

Am J Cancer Res 2021;11(7):3645-3659



AKR1C3-activated prodrug AST-3424/0BI-3424

Table 8. Summary of 3424 in vivo efficacy in PDX models

PDX Cancer

model type Implantation ~ Route Regimen

PA1280 Pancreas Subcutaneous iv. Q7D x3
GA6201 Gastric  Subcutaneous iv. Q7Dx3
LU2057 Lung Subcutaneous i.v. Q7D x3
LU2505 Lung Subcutaneous i.v. Q7D x3

3424 Body AKR1C3 P Value
Dose TGI% weight LOG2 (Compared to
(mg/kg) change % (FPKM) Vehicle)
2.5 774 4.72 9.04 0.004
5 110 4 6.78 0.00000265
2.5 -20.9 7.69 2.08 0.023
1.25 105 -0.54 6.03 0.001
2.5 105.2 3.37 0.001
5 105.2 1.1 0.001

even 1 month after discontinuation of therapy.
At the end of the study, 60% of mice remained
tumor free. Two lung cancer PDX models with
differential levels of AKR1C3 expression were
chosen to study if the in vivo anti-tumor activity
of 3424 is AKR1C3-dependent. LU2505 PDX
model expressed higher AKR1C3 RNA (log2 =
6.03) whereas LU2057 model expressed low
AKR1C3 RNA (log2 = 2.08). As shown in Figure
6C and 6D and Table 8, at the same dose of
2.5 mg/kg, 3424 exerted excellent tumor gr-
owth inhibition in LU2505 with high AKR1C3
expression (TGl 105.2%) but no inhibition was
observed in LU2057 PDX tumor (TGI-20.9%)
with low AKR1C3 expression, indicating an
AKR1C3-dependent in vivo anti-tumor activity
of 3424. Even at a lower dose of 1.25 mg/kg,
3424 still exhibited statistically significant in-
hibition of LU2505 tumor growth (TGl 105.0%).
In all PDX models, prodrug 3424 was well-toler-
ated with no body weight loss observed at all
tested doses (Table 8).

Discussion

Selective overexpression of AKR1C3 in tumors
provides a unique opportunity for the develop-
ment of novel anti-cancer therapies. Prodrug
3424 is an AKR1C3-activated aziridine bis-
alkylating agent that aims to achieve tumor-
specific targeting and to improve therapeutic
index.

We first confirmed that 3424 reduction is
AKR1C3 dependent. Recombinant human AK-
R1C3, but not AKR1C1 or AKR1C4, reduced
3424 to its active aziridine nitrogen mustard
moiety 2660. Moreover, we demonstrated that
3424-mediated cytotoxicity is highly AKR1C3-
dependent. By using more than 20 cell lines
from either liver cancer or NSCLC, we found
that 3424 in all cell lines with high expression
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of AKR1C3 exhibited enhanced cytotoxicity
compared to cells expressing low or no detect-
able AKR1C3. The IC_  values of 3424 in cell
lines expressing high AKR1C3 were in the low
nanomolar range, indicating a high potency
that is characteristic of a potent nitrogen mus-
tard. Of particular note was the finding of an
enhanced cytotoxicity up to 5000-fold in NCI-
H2228 NSCLC line expressing high AKR1C3.
This result is consistent with targeting tumors
with high expression of AKR1C3 while sparing
low AKR1C3 expressing regions found in nor-
mal tissues.

The AKR1C3-dependent cytotoxicity was fur-
ther confirmed in animal anti-tumor efficacy
studies. We tested 3424 anti-tumor activity in a
broad panel of different tumor type CDX and
PDX xenograft models. Prodrug 3424 exhibits
excellent anti-tumor activity as a single agent
in all models expressing AKR1C3 at high levels
of protein and RNA, including CRPC, gastric,
renal, liver, pancreatic, and lung cancers. At
clinically achievable doses, 3424 showed dose-
dependent anti-tumor activities and significant
TGI. A key finding described here is the corre-
lation between 3424 anti-tumor activity and
AKR1C3 expression present in lung PDX xeno-
graft models (Figure 6C and 6D; Table 8). At
equal dose, prodrug 3424 exhibited superior
anti-tumor activity in LU2505 with high AKR1C3
expression whereas no activity was observed
in LU2057 with relatively low expression of
AKR1C3, confirming that 3424 in vivo activity is
AKR1C3-dependent. In combination therapy,
we have demonstrated that 3424 could en-
hance the efficacy of the standard of care in
the CDX models of CRPC, gastric cancer, and
renal cell carcinoma.

Prodrugs designed to target cancer cells have
emerged as an attractive strategy for cancer
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therapy in recent years; however, many pro-
drugs failed in Phase 3 clinical trials due to a
lack of valid biomarkers to select patients [33].
Given that the AKR1C3 expression can be as-
sessed using RT-PCR or immunohistochemis-
try, 3424 can be developed in a clinically effi-
cient manner by selecting patients who have
high AKR1C3 expression and are most likely
to respond to the prodrug. AKR1C3 has been
demonstrated to be overexpressed upon ac-
quisition of chemoresistance [13, 14], radiore-
sistance [19] and immunoresistance [20], indi-
cating that 3424 may act as an effective thera-
py for cancers resistant to conventional chemo-
and radio-treatment. In addition, cancers with
homologous recombination deficiency (HRD)
such as ovarian, breast, and pancreatic can-
cers, are known to be sensitive to DNA damag-
ing agents [34]. As a DNA alkylator, 3424 may
also be a good candidate drug to treat HRD
cancers that have AKR1C3 expression.

In conclusion, the results described here high-
light that 3424 exhibits AKR1C3-dependent cy-
totoxicity in vitro and anti-tumor activity in vivo
in a wide range of human cancer types, which
support further development of 3424 as a sin-
gle anti-cancer agent or in combination with
chemotherapeutic agents for treating different
types of cancer and the use of AKR1C3 as a
biomarker to profile cancer patients and further
guide patient selection for therapy with 3424,
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