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Coumarin-Based Aldo-Keto Reductase Family 1C (AKR1C) 2
and 3 Inhibitors
Sravan K. Jonnalagadda,[a] Ling Duan,[b] Louise F. Dow,[a] Geetha P Boligala,[c]

Elizabeth Kosmacek,[d] Kristyn McCoy,[c] Rebecca Oberley-Deegan,[d, e]

Yashpal Singh Chhonker,[f] Darryl J. Murry,[e, f, g] C. Patrick Reynolds,[c] Barry J. Maurer,[c]

Trevor M. Penning,[b] and Paul C. Trippier*[a, e, g]

A series of 7-substituted coumarin derivatives have been
characterized as pan-aldo-keto reductase family 1C (AKR1C)
inhibitors. The AKR1C family of enzymes are overexpressed in
numerous cancers where they are involved in drug resistance
development. 7-hydroxy coumarin ethyl esters and their
corresponding amides have high potency for AKR1C3 and
AKR1C2 inhibition. Coumarin amide 3a possessed IC50 values of
50 nM and 90 nM for AKR1C3 and AKR1C2, respectively, and
exhibits ‘drug-like’ metabolic stability and half-life in human
and mouse liver microsomes and plasma. Compound 3a was
employed as a chemical tool to determine pan-AKR1C2/3
inhibition effects both as a radiation sensitizer and as a

potentiator of chemotherapy cytotoxicity. In contrast to
previously reported pan-AKR1C inhibitors, 3a demonstrated no
radiation sensitization effect in a radiation-resistant prostate
cancer cell line model. Pan-AKR1C inhibition also did not
potentiate the in vitro cytotoxicity of ABT-737, daunorubicin or
dexamethasone, in two patient-derived T-cell ALL and pre-B-cell
ALL cell lines. In contrast, a highly selective AKR1C3 inhibitor,
compound K90, enhanced the cytotoxicity of both ABT-737 and
daunorubicin in the T-cell ALL cell line model. Thus, the
inhibitory profile required to enhance chemotherapeutic cyto-
toxicity in leukemia may be AKR1C isoform and drug specific.

Introduction

Aldo-Keto Reductases (AKRs) are a superfamily of NAD(P)(H)-
linked oxidoreductases that reduce various endogenous
carbonyl containing substrates such as sugars, steroids, prosta-
glandins, and lipids. Many AKRs are overexpressed in a broad
range of cancers. The AKRs predominately exist in the cytosol as
monomers of ~37 kDa.[1] Isoform expression is tissue specific.
For example, non-small cell lung cancer (NSCLC) predominantly
express AKR1C1, AKR1C2, AKR1C3 and AKR1B10, colon cancers
mainly express AKR1B10, and breast and prostate cancers
predominantly express AKR1C3 isoforms.[3–4] Owing to the
overexpression of AKRs in various cancers, AKR may be a
biomarker for tumor prognosis while selective AKR inhibitors
offer the potential to be developed as chemotherapeutic
agents.

Equally important, the ability of AKRs to metabolize a
variety of chemotherapeutic agents has implicated their role in
chemotherapeutic drug resistance.[3] We, and others, have
reported that highly selective and potent AKR1C3 inhibitors
potentiate chemotherapy in a variety of cancer cell line models,
including prostate cancer, breast cancer, and acute myeloid
leukemia, among others.[5] Non-specific, pan-AKR1C inhibitors
have also been reported to reverse chemotherapeutic drug
resistance. Medroxyprogesterone acetate, a pan-AKR1C inhib-
itor, enhanced the activity of bezafibrate[18] and vincristine[19]

against primary patient leukemia cell lines. The pan-AKR1C1,
� 1C2, and � 1C3 inhibitor, NCI-PI, has shown similar activities.[18]

Increased expression of AKR1C3 enhanced resistance to ionizing
radiation in models of NSCLC, prostate and esophageal
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cancers,[20] whereas the pan-AKR1C inhibitor, methyl jasmonate,
increased radiosensitivity in an in vitro model of esophageal
squamous cell carcinoma.[23] Thus, pan-AKR1C inhibitors repre-
sent potential novel strategies to both counter clinical chemo-
therapy and radiation resistance mechanisms and to serve as
chemical probes to further credential selective versus pan-
AKR1C inhibition.

Coumarins have been extensively investigated as anti-
cancer, anti-microbial, and anti-inflammatory agents and exhibit
antioxidant and neuroprotective properties.[24] Drug-resistant
cancer cell lines and tumor samples generally overexpress AKR
proteins due to the stress response induced via the NRF2-Keap1
pathway.[3, 28] Coumarin analogs are known to modestly increase
NRF-mediated AKR protein expression. AKR1C1, AKR1C2,
AKR1C3 were reported to increase 1.6-, 1.4- and 1.3-fold,
respectively, when treated with NRF2 activator, 2-hydroximino-

2-phenylethoxy coumarin (Figure 1), in a tongue squamous cell
carcinoma cell line containing an antioxidant response element
(ARE)-driven luciferase reporter (HSC3-ARE9). An N-oxime
coumarin increased AKR1C1 expression in HSC-3 cells.[29] In
another study, 7-hydroxy coumarin induced the expression of
AKR1C3 in human 1321 N1 astrocytoma cancer cells,[30] while 7-
hydroxyimino coumarin carboxamides (Figure 1) were identified
as potent AKR1B10 inhibitors.[31] HT-29 human colon cancer
cells pretreated with this compound showed increased sensi-
tivity to mitomycin-C.[33] Peucedanum japonicum flower extracts
that contain coumarins inhibited AKR1C1 activity when tested
in the A549 human NSCLC cell line.[34] Recently, Endo et al.
reported a series of 8-hydroxy-2-imino-N-(p-substituted)-2H-
chromene-3-carboxamides as potent and selective AKR1C3
inhibitors with IC50’s of 25–56 nM and >220-fold selectivity
compared to AKR1C1 and AKR1C2. These compounds inhibited

Figure 1. Structures of known coumarin-based AKR inducers/inhibitors.
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cell proliferation in human prostate cancer cell lines, in vitro and
suppressed tumor growth in a human prostate cancer mouse
xenograft model.[12] Here, we report the synthesis of highly
potent, nanomolar coumarin-based inhibitors of AKR1C2 and
AKR1C3 and demonstrate that they provide no radio-sensitiza-
tion effects in 22Rv1 human prostate cancer cells nor potentiate
drug effects in human leukemia cell lines, compared to a highly
selective AKR1C3 inhibitor.

Results and Discussion

Chemistry

We first synthesized various substituted coumarin carboxylic
acid ethyl esters 1a-1g via Knoevenagel condensation of
substituted salicylaldehydes with diethyl malonate in the
presence of piperidine (Scheme 1). Ethyl esters 1c and 1g were
further hydrolyzed using sodium hydroxide in ethanol-water to
obtain 7-methoxy and 7-N,N-diethyl coumarin carboxylic acids
1h and 1 i. To probe the importance of the 7-hydroxy position,
we also synthesized 7-amino coumarin carboxylic acid ethyl
ester 1 j, derived from 7-bromo coumarin carboxylic acid ethyl
ester 1e through treatment with sodium azide and subsequent
Pd/C-mediated reduction.

Ethyl ester 1f was hydrolyzed with NaOH to obtain
carboxylic acid 1k, followed by acetylation with acetic anhy-
dride to afford 1 l. Acetyl coumarin acid 1 l was then subjected
to amide bond formation with the corresponding benzyl amine
in the presence of EDC, HOBt and DIPEA. The resulting 7-acetyl
coumarin benzyl amides were then reacted with NaOH to
obtain 7-hydroxy coumarin amides 2a–2e (Scheme 2). Addi-

tionally, the reaction with 2-phenylethyl amine was undertaken
to obtain 2f to observe the effect of one carbon homologation.

In addition to benzyl amines, we also explored the aliphatic
amines: N,N-diethyl amine (3a), piperidine (3b) and N,N-
diethylpyrrolidine-2-carboxamide (3c), which were obtained as
depicted (Scheme 3). We also synthesized simple coumarin
phenyl amides 3d and 3e to explore the requirement of the
methylene group to AKR1C inhibition (Scheme 3).

Previously, we identified several prenyl containing cinnamic
acids that showed potent and selective AKR1C3 inhibition.[5] To
determine whether selective AKR1C3 inhibitory activity is
retained, we synthesized coumarin derivatives with O-prenyl
and cinnamic acid substitutions at the 7- and 6-positions,
respectively (Scheme 4). The 7-hydroxy group of 1f was
prenylated using a mild base to obtain O-prenyl coumarin
carboxylic acid ethyl ester 4a. Upon hydrolysis, O-prenyl
coumarin carboxylic acid 4b was obtained. Cinnamic acid
derivative 4c was prepared from Heck coupling of 6-bromo
coumarin carboxylic acid ethyl ester and tert-butyl acrylate in
the presence of catalytic Pd(OAc)2 and P(p-OCH3Ph)3. Silica gel
treatment resulting in the hydrolysis of the tert-butyl group to
form cinnamic acid coumarin carboxylic acid ethyl ester 4c.

Phenyl sulfonyl coumarin derivative 5 was obtained by
alkylation of thiophenol with ethyl 2-bromoacetate in the
presence of K2CO3 to obtain ethyl 2-(phenylthio)acetate, which
was oxidized using oxone to afford ethyl 2-
(phenylsulfonyl)acetate. 2,4-dihydroxybenzaldehyde and ethyl
2-(phenylsulfonyl)acetate were condensed in the presence of
piperidine to provide phenyl sulfonyl coumarin 5 (Scheme 5).

Scheme 1. Synthesis of substituted coumarin carboxylic acid derivatives 1a–j.
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Structure-Activity Relationship

The synthesized coumarin carboxylic acid ethyl esters 1a–1g
were tested for AKR1C3 inhibition by measuring the NADP+

dependent oxidation of S-tetralol catalyzed by the enzyme as
previously reported (Table 1).[5] The most active compounds
were selected for further inhibition studies against AKR1C1,
AKR1C2 and AKR1C4. Unsubstituted coumarin ethyl ester 1a
possessed an IC50 of 6.4 μM versus AKR1C3. Methyl substitution
at the 7-position (1b) increased potency with an IC50 of 2.3 μM
while 7-methoxy substitution (1c) significantly enhanced
potency with an IC50 of 180 nM. Screening of electron-with-
drawing substituents at this position, using 7-bromo (1e) and
7-fluoro (1d), reduced potency and yielded IC50 values of 2.6
and 7.8 μM respectively, where decreased potency was seen
with an increased electron-withdrawing effect. Further explora-
tion of electron-donating groups afforded 7-hydroxy analogue
1f which gave an IC50 of 93 nM and the N,N-diethyl derivative
1g gave an IC50 of 480 nM. Thus, suggesting a hydrogen bond
acceptor at this position of the coumarin scaffold is essential for
potency, an observation further supported by the activity of
amine 1 j (IC50 of 105 nM).

To evaluate whether the ethyl ester is required for AKR1C3
inhibition, 7-methoxy and 7-N,N-diethyl coumarin carboxylic
acids 1h and 1 i were tested, which showed AKR1C3 IC50 values
of 1.22 and 2.73 μM, respectively, compared to IC50 values of
180 and 480 nM for their corresponding ethyl esters 1c and 1g,
indicating that the ethyl ester enhances activity. Given the use
of an isolated enzyme assay, the potential for the carboxylic
acid to impair cell penetration is not a relevant consideration.

Based on these results the most potent compound 1f (IC50 of
93 nM) was evaluated for its inhibitory activity against the other
highly homogeneous AKR isoforms 1C1, 1C2 and 1C4, which
gave IC50 values of 67, 100 and 606 nM, respectively. Thus, the
compound is a pan inhibitor of AKR1C1, AKR1C2 and AKR1C3
with approximately six-fold selectivity over AKR1C4 (Table 1).

Having identified the 7-hydroxy substituent as a require-
ment for inhibition potency on the Western fragment of the
coumarin scaffold we next turned our attention to the Eastern
fragment and a series of benzyl amides. The benzyl amide
functionalized coumarins generally possessed excellent AKR1C3
inhibition activity (Table 2). Unsubstituted benzyl amide (2a)
possessed an IC50 of 160 nM. A substituent scan of the terminal
phenyl moiety revealed that both 4-fluoro benzyl amide 2d and
2-phenyl ethyl amide 2f gave IC50 values of 60 nM, with 4-
methyl benzyl amide 2b being almost equipotent yielding an
IC50 value of 70 nM. Addition of a 4-methoxy substituent (2c)
afforded an IC50 of 170 nM which was equipotent with the
unsubstituted parent compound. Similarly, 4-trifluoromethyl
benzyl amide (2e) possessed an IC50 of 90 nM, revealing no
difference between electronic effects of the substituent. These
results show that one carbon homologation does not affect
AKR1C3 inhibition, suggesting these compounds occupy an
area of the enzyme with a deep pocket. Indeed, coumarin
phenyl amide 3d, with no substitution at the 7-position,
resulted in attenuation of AKR1C3 inhibition (IC50=47.8 μM).
Substitution of the 7-hydroxy moiety with a N,N-diethyl group
on coumarin benzyl amide 3e (an analogue of 1 i also resulted
in attenuation of AKR1C3 activity (IC50=19.1 μM). O-Prenyl
coumarin carboxylic acid ethyl ester 4a possessed AKR1C3 IC50

Scheme 2. Synthesis of 7-hydroxy coumarin benzyl amides 2a–2 f.
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Scheme 3. Synthesis of 7-hydroxy coumarin aliphatic amides 3a–3e.

Scheme 4. Synthesis of prenyl coumarin (4a–b) and cinnamic acid coumarin (4c) derivatives.
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of 5.37 μM, whereas the hydrolyzed product 4b exhibited an
improved AKR1C3 IC50 of 1.09 μM. Cinnamic acid coumarin ester
4c showed attenuated activity with an IC50 of 2.78 μM.

Amides 3a–3c exhibited slightly more potent AKR1C3
inhibition compared to substituted benzyl amides (Table 2).
N,N-diethyl amide 3a and piperidine amide 3b both possessed
an AKR1C3 IC50 of 50nM, while proline N,N-diethyl amide 3c
possessed an AKR1C3 IC50 of 40 nM. Protection of the 7-hydroxy
group in 3a as its acetate eliminated the inhibitory potency of
the compound. Overall, these data clearly indicate the impor-
tance of the 7-hydroxy group and the methylene spacer within
the amide group but illustrate no requirement for an aromatic
ring.

Based on their potent AKR1C3 inhibitory effects, we
evaluated compounds 1 j, 2b, 2 d, 2e, 2f, 3a-3c, 4a and 4b for
AKR1C2 inhibition. Interestingly, most of the analogues showed
similar AKR1C2 inhibition with no selectivity towards AKR1C3
inhibition (Table 2). Compounds 1 j, 2b, 2d, 2e, 2f, 4b and 5 all
showed equipotent pan-activity within experimental error. N,N-
diethyl amide 3a and piperidine amide 3b both possessed
AKR1C2 IC50 of 90 nM whereas proline N,N-diethyl amide 3c
showed an AKR1C2 IC50 of 100 nM which provides a slight 2 :1
preference for inhibition of AKR1C3. These results indicate that
7-hydroxy coumarin amides show potent AKR inhibition with
no selectivity towards either AKR1C3 or AKR1C2 and these
derivatives could be employed as pan-AKR1C inhibitors.

To explain the promiscuous nature of AKR1C3 and AKR1C2
inhibition by compound 3a, we employed in silico docking
(Figure 2). The crystal structure of the AKR1C3 ternary complex
with NADP+ and the AKR1C3 selective chromene derivative 2 j
(PDB ID: 7C7G),[12] was imported into SeeSAR (12.1, BioSolveIT,
GmbH, Sankt Augustin, Germany) and prepared for docking.
The 2 j ligand was removed and a 26 amino acid residue
binding site was defined. Docking simulations afforded binding
possess scored by HYDE as previously described.[35]

Hydrogen bond formation between the 7-OH of 3a and
HIS-117 in the crucial oxyanion site was predicted, but not with
TYR-55, along with formation of a hydrogen bond between the
lactone carbonyl and Ser-118, which is unique to AKR1C3
(Figure 2A), rationalizing the observed potency to inhibition of
ARK1C3. The crystal structure of AKR1C2 (PDB ID: 4JQ4) was

then used for docking with a 25 amino acid residue binding site
defined. The 7-OH moiety of 3a was predicted to form a
hydrogen bond to the TYR-24 residue of AKR1C2, while the
lactone carbonyl was predicted to form a hydrogen bond with
TYR-55 and HIS-117 (Figure 2B). Thus, the 7-OH of 3a prevents
binding of TYR-55 of AKR1C3 while allowing binding to TYR-24
of AKR1C2, rationalizing the potency of 3a for AKR1C2
inhibition. The 8-OH of the chromene ligand 2 j is positioned to
form hydrogen bonds with both HIS-117 and TYR-55 of AKR1C3
(Figure 2C), as confirmed by co-crystal structure.[12] Overlay of 2 j
(magenta) and 3a (gold) illustrates the relative positioning of
the OH moiety in the oxyanion site of AKR1C3. The 7-OH of 3a
is remote from TYR-55 prohibiting hydrogen bond formation
while the 8-OH of 2 j is well positioned to form hydrogen bonds

Scheme 5. Synthesis of phenyl sulfonyl coumarin derivative.

Figure 2. Docking pose and predicted hydrogen bond interactions (green
dotted lines) of compounds 3a (Gold) and chromene-based AKR1C3
inhibitor 2 j (magenta). A) 3a docked into the crystal structure of AKR1C3. B)
3a docked into the crystal structure of AKR1C2. C) 2 j docked into the crystal
structure of AKR1C3. D) Overlay of 3a and 2 j within AKR1C3.
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Table 1. Activity of compounds 1a–1 j to inhibit AKR1C1, C2, C3 and C4 family members.

No. Compound AKR1C3
IC50* (μM)

AKR1C1
IC50* (μM)

AKR1C2
IC50* (μM)

AKR1C4
IC50* (μM)

1a 6.40�0.71 ND[a] ND ND

1b 2.33�0.40 ND ND ND

1c 0.180�0.037 ND ND ND

1d 7.83�0.95 ND ND ND

1e 2.59�0.36 ND ND ND

1f 0.093�0.008 0.0673�0.0045 0.10�0.01 0.6058�0.0743

1g 0.48�0.04 ND ND ND

1h 1.22�0.17 ND 0.67�0.07 ND

1 i 2.73�0.11 ND 3.40�0.17 ND
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to both HIS-177 and TYR-55, with a predicted distance of 1.54 Å
between th 7-OH and 8-OH moieties (Figure 2D).

Microsomal Metabolic and Mouse Plasma Stability

Owing to the potency of N,N-diethyl amide 3a for pan-AKR1C
inhibition and the requirement of the amide bond connecting
to a benzyl or aliphatic moiety as pharmacophoric, we tested
this analogue to determine its in vitro pharmacokinetic profile
in mouse liver microsomes (MLM) and human liver microsomes
(HLM) (Figure 3A). Compound 3a was found to be stable in
both negative control microsomal incubations (without NADPH)
and in mouse and human liver microsomes with NADPH, for
60 minutes. Indicating stability of the essential amide bond.
Compound 3a was stable in mouse plasma up to four hours
with >90% of the parent remaining at the final collection time
point (Figure 3B).

Inhibition of Prostate Cancer Cell Viability in Vitro

Wild type (wt) DuCaP prostate cancer cells endogenously
express AKR1C3.[36] Gene expression results reveal 27-fold
AKR1C3 expression compared to AKR1C1, and 96-fold AKR1C3
expression compared to AKR1C2 (of which expression is
negligible).[38] Growth curves for DuCaP cells exposed to various
compounds and androgen precursor over 10 days were meas-
ured by cell counting in a Biotek plate reader. DuCaP cells
exposed to 1 nM 4-androstene-3,17-dione (Δ4An), the natural
substrate of AKR1C3 at physiologically relevant concentrations,
showed increased proliferation as expected due to increased
production of androgens by AKR1C3 that drive cell proliferation.
Indomethacin, a selective AKR1C3 inhibitor, is known to inhibit
the formation of testosterone from Δ4An in LNCaP-AKR1C3 cells
at 30 μM concentration.[39] Hence, indomethacin was used as a
positive control. Treatment of DuCaP cells with 3c, a proline
N,N-diethyl amide derivative and the most potent analogue
identified (AKR1C3 IC50=40 nM, AK1R1C2 IC50=100 nM) inhib-
ited cell growth over 10 days in the presence of a physiologi-
cally relevant concentration of Δ4An, showing the compound
blocks the effect of the natural substrate (Figure 4A). An effect
that can be attributed to the AKR1C3 inhibition activity of this
compound given the negligible expression of AKR1C2 in these

cell lines. Given that AKR1C2 inhibition would prevent the
metabolism of 5α-dihydroxytestosterone this would be ex-
pected to counter the effect of inhibiting AKR1C3, thus a
selective AKR1C3 inhibitor, such as indomethacin would be
more potent to reduce proliferation. In AKR1C3 null LNCaP
prostate cancer cells compounds 3a (Figure 4B) and 3c (Fig-
ure 4C) showed no effect to reduce cell viability up to 100 μM
concentration. Likewise in non-malignant WPMY-1 prostate
stromal cells no effect on cell viability is observed for
compound 3a (Figure 4D) or 3c (Figure 4E) up to 100 μM
concentration. Together this data suggests no adverse off-
target effects.

Radiosensitization Effect

Literature reports indicate that AKR1C3 overexpression in-
creases radiation resistance in human prostate cancer cells.[22]

Likewise, radiation-resistant esophagal carcinoma cell lines,
KY170R and TE13R, showed increased AKR1C3 expression.
Methyl jasmonate, a pan AKR1 family inhibitor,[40] was reported
to enhance the sensitivity of these cells to irradiation in
clonogenic survival assays by inhibiting AKR1C3.[20, 23] To
determine the effect of our coumarin amide pan-AKR1C
inhibitor to induce radiation sensitivity, we tested compound
3a (AKR1C3 IC50=50 nM, AKR1C2 IC50=90 nM) at 10 μM
concentration (Figure 5A) and the recently reported highly
selective AKR1C3 inhibitor 5r (designated as K90) (AKR1C3
IC50=51 nM, AKR1C2 IC50=62 μM)[17] at an equal concentration
of 10 uM (Figure 5B) in wild-type 22Rv1 human prostate cancer
cells,[41] which were irradiated with 2 Gy of X-rays and plated for
a clonogenic survival assay. Cell culture was continued for
14 days, and the resulting colonies were then stained with
crystal violet/methanol solution and enumerated using a
dissecting microscope. Compounds 3a and K90 did not show
significant radiosesitization effect in the 22Rv1 cells over that of
corresponding DMSO controls (Mann-Whitney test).

Synergistic Effect in Primary Patient-Derived T-ALL and B-ALL
Cells

Prior literature reports that a pan-AKR1C inhibitor, medroxypro-
gesterone acetate (MPA), tested in combination with bezafi-

Table 1. continued

No. Compound AKR1C3
IC50* (μM)

AKR1C1
IC50* (μM)

AKR1C2
IC50* (μM)

AKR1C4
IC50* (μM)

1 j 0.105�0.035 ND 0.169�0.064 ND

*Values represent the mean�SEM of n=3 experiments. [a] ND=not determined.
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Table 2. AKR1C3 and AKR1C2 IC50* values of coumarin derivatives 2a–2 f, and 3–5.

No. Compound AKR1C3 IC50* (μM) AKR1C2 IC50* (μM)

2a 0.16�0.02 ND[a]

2b 0.07�0.00 0.07�0.01

2c 0.17�0.03 ND

2d 0.06�0.08 0.10�0.01

2e 0.09�0.02 0.13�0.01

2f 0.06�0.00 0.08�0.00

3a 0.05�0.00 0.09�0.01

3b 0.05�0.00 0.09�0.01

3c 0.04�0.01 0.10�0.00

3d 47.80�4.60 ND
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brate in human promyelocytic leukemia cell line, HL-60, human
promyeloblast macrophage cell line, KG1a, and human chronic
myelogenous leukemia cell line, K562, and primary patient
chronic lymphocytic leukemia (CLL) cells, obtained from
patients diagnosed with CLL at Birmingham Heartlands Hospital
in the United Kingdom, induced anti-leukemic actions. How-
ever, when several selective AKR1C3 inhibitors were combined
with bezafibrate this action was not observed.[18] Increased
AKR1C3 expression has been noted in patient-derived T-Cell
acute lymphoblastic leukemia (T-ALL) and B-Cell acute lympho-
blastic leukemia (B-ALL) cells, with expression higher in the T-
ALL samples.[9] Further, AKR1C1, -1C2 and -1C3 have been
further reported to be overexpressed in pediatric T-ALL cell
lines where chemotherapy induced activation of the
enzymes.[19] Treatment with the pan-AKR1C inhibitor MPA,
sensitized three separate T-cell ALL cell lines (CCRF-CEM, DND-
41 and LOUCY) to vincristine, in vitro, but not daunorubicin,
cytarabine or L-asparaginase.[19] Our prior studies have demon-
strated that highly selective AKR1C3 inhibitors sensitized three
human AML cell lines, and two recently-established human T-
ALL cell lines to the cytotoxicity of etoposide,[7] daunorubicin,
and cytarabine, in vitro.[5]

We determined the ability of pan-AKR1C inhibitor 3a to
sensitize a recently-established human patient-derived T-cell
ALL cell line, COG-LL-317h, and human patient-derived pre-B-
cell ALL cell line, TX-LL-057h, to the Bcl-2 inhibitor, ABT-737
(analogue of ABT-263, Navitoclax), daunorubicin, and dexame-
thasone using a sensitive in vitro cytotoxicity assay (DIMSCAN
assay)[42] (Figure 6). Compound 3a failed to induce cytotoxcity
as a single agent, or cytotoxic synergism in combination with
ABT-737, daunorubicin or dexamethasone, in either cell line
(Figure 6A and B). In contrast, the highly selective AKR1C3
inhibitor K90,[17] while lacking cytotoxicity as a single agent,
increased cytotoxicity in combination with both ABT-737 and
daunorubicin, but not dexamethasone (Figure 6C). Both com-
pounds K90 and 3a are equipotent to inhibit AKR1C3 (IC50=

50 nM), differing only in their selectivity to AKR1C1/2. Thus,
potency did not appear to be a factor in the observed
difference in the potentiation effects of 3a and K90.

Conclusions

In summary, we have identified several 7-hydroxy coumarin
benzyl and aliphatic amides as nanomolar pan-inhibitors of

Table 2. continued

No. Compound AKR1C3 IC50* (μM) AKR1C2 IC50* (μM)

3e 19.13�2.80 ND

4a 5.37�0.84 1.60�0.09

4b 1.09�0.15 1.09�0.17

4c 2.78�0.49 ND

5 0.122�0.009 0.139�0.025

*Values represent the mean�SEM of n=3 experiments. [a] ND=not determined.
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AKR1C family enzymes, identifying the 7-hydroxy and benzyla-
mide moieties as pharmacophoric. These compounds exhibit
‘drug-like’ in vitro metabolic stability and half-life in human and
mouse liver microsomes and plasma.

Coumarin amide 3c, decreased cell proliferation of wt
DuCaP prostate cancer cells in a highly relevant translational
environment in the presence of 1 nM Δ4An. It should be noted
that the expression level of AKR1C2 in this cell line is negligible
compared to the expression of AKR1C3. Thus, the observed
effect to reduce cell count can be attributed to purely AKR1C3
inhibition. In prostate cancer cells that do express AKR1C2 and/
or AKR1C1, a pan-AKR1C inhibitor would prevent the metabo-
lism of 5α-dihydrotestosterone which would counter the effect
of inhibiting AKR1C3, thus pointing to the requirement of
AKR1C3 selective inhibitors as potential treatments for prostate
cancer.

Coumarin amide 3a was tested for its ability to sensitize
22Rv1 prostate cancer cells to the effects of radiation, given the
link between AKR1C3 expression and radiation resistance. By
the method of assay used, the pan-AKR1C inhibitor did not

show appreciable radiation sensitization compared to controls,
neither did the selective AKR1C3 inhibitor K90. Further
investigation of radiosensitization and selectivity to AKR1C
family members across prostate cancer cell lines is warranted.

No enhancement of cytotoxicity was observed when the
pan-AKR1C inhibitor 3a was tested in combination with the
pan-BCL2 family inhibitor ABT-737, daunorubicin (an anthracy-
cline), or the glucocorticoid dexamethasone, in two recently
established human ALL cell lines. This result agrees with other
reports on the effects of pan-AKR1C inhibitors combined with
daunorubicin. In contrast, potentiation was observed when a
selective AKR1C3 inhibitor, K90, was combined with ABT-737 or
daunorubicin. The cytotoxic effects of dexamethasone were not
affected by either the selective or pan-inhibitor, suggesting that
glucocorticoid resistance may be AKR-independent. Both pre-
vious reports on the effect of combining pan-AKR1C inhibitors
with bezafibrate or vincristine, and the results reported herein,
suggest that the specific requirement needed to effect cytotoxic
enhancement of chemotherapy agents, i.e, either a pan- or
AKR1C3-selective inhibitor, is chemotherapy agent dependent

Figure 3. A) In-vitro metabolism of 3a in mouse (MLM) and human liver microsomes (HLM), values represent the mean�SEM of n=3 experiments.
NC=negative control (without NADPH). B) In-vitro mouse plasma stability of 3a, values represent the mean�SD of n=3 experiments.
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and cancer cell type specific, supporting a role for precision
approaches in chemotherapy regimens (Table 3) and requires
further definition. This may be related to the structure of the
chemotherapeutic and its ability to be recognized as a substrate
by the various members of the AKR1C family.

Experimental Section

Chemistry

Solvents and reagents of commercial-grade were purchased from
Fisher Scientific, VWR, Millipore-Sigma or AK Scientific and were
used without additional purification. All reactions were performed
in oven-dried flasks under nitrogen atmosphere. Reaction progress
was monitored using thin-layer chromatography (TLC) on Alumi-

Figure 4. Effect of compounds 3a and 3c on cell proliferation. A) AKR1C3 expressing DuCap Wt cells in the presence of 1 nM Δ4An, 30 μM 3c or indomethacin
(Indo). B) AKR1C3 null LNCaP cells in the presence of 3a at indicated concentrations. C) AKR1C3 null LNCaP cells in the presence of 3c at indicated
concentrations. D) WPMY-1 non-malignant prostate stromal cells in the presence of 3a at indicated concentrations. E) WPMY-1 non-malignant prostate
stromal cells in the presence of 3c at indicated concentrations. Values represent the mean�SD of n=3 experiments. *, p <0.05; ****, p <0.0001 by two-way
ANOVA.
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nium-backed 20 μm silica plates (Silicycle, TLA� R10011B-323) and
visualized by UV (254 nm) or staining agent (ninhydrin solution,
phosphomolybdic acid or iodine vapor). Flash column chromatog-
raphy was performed on silica gel (40–63 μm, 60 Å) with the
indicated mobile phase.

NMR spectrometric analysis was carried out using the indicated
solvent on a Bruker Avance III HD spectrometer at 400, 500 or
600 MHz for proton (1H) and 100, 126 or 150 MHz for carbon (13C),

respectively. Chemical shifts (δ) are recorded in parts per million
(ppm) and reported relative to solvents; coupling constants (J) are
reported in hertz (Hz). Splitting of signal peaks are indicated by s
(singlet), d (doublet), dd (doublet of doublets), t (triplet), q (quartet),
m (multiplet), and br (broad). High-resolution mass spectrometry
(HRMS) was carried out on an Agilent 1200 time-of-flight mass
spectrometer equipped with an electrospray ionization source.
HPLC purity data for all final compounds were performed on a
Waters ACQUITY ultra-performance liquid chromatography (UPLC)

Figure 5. Clonogenic survial in 22Rv1 cells treated with A) 10 μM 3a and B) 10 μM K90 and then irradiated with 2 Gy X-rays. Values represent the mean�SD
of n=3 experiments.

Figure 6. Selective AKR1C3 inhibitor, K90, but not pan-AKR1C inhibitor, 3a, potentiated the cytotoxicity of ABT-737 and daunorubicin in patient-derived ALL
leukemia cell lines, in vitro. A, B) Structure, and cytotoxic dose-response, of 3a, alone and in combination with ABT-737, daunorubicin, or dexamethasone in
the COG-LL-317h T-cell ALL and TX-LL-057h pre-B-cell ALL cell lines. C) Structure, and cytotoxic dose-response of K90, alone and in combination with ABT-737,
daunorubicin, or dexamethasone in COG-LL-317h T-cell ALL cells. Cytotoxicity assayed using DIMSCAN assay. Values represent the mean�SEM of n=2
experiments performed in triplicate.
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H-Class System with TUV (254 nm) detector and Empower 2
software (Milford, MA, USA) using an Agilent Eclipse plus C18 5 μ
column (4.6×150 mm). All compounds were evaluated to be of
�95% purity.

General method for the synthesis of compounds 1a–1 i: 4-
Methoxy salicylaldehyde (2 g, 16.38 mmol), diethylmalonate (3.94 g,
24.57 mmol) and piperidine (279 mg, 3.28 mmol) were stirred at
50 °C overnight. Upon completion of the reaction, water was added
to the mixture and stirred for 10 minutes. The resulting solid was
filtered and washed with water followed by hexanes and the crude
product was recrystallized in ethyl acetate to afford 1c. To a
suspension of 1c (440 mg, 1.77 mmol) in 5 mL water, NaOH
(142 mg, 3.55 mmol) was added, and the reaction mixture was
stirred at 50 °C for 12 hours. The reaction was cooled to room
temperature, quenched with ice-cold 3 N HCl, filtered and washed
with water and hexanes. The crude product was purified via
recrystallization in EtOAc-hexanes to obtain coumarin carboxylic
acid 1h.

Ethyl 2-oxo-2H-chromene-3-carboxylate (1a): 3.2 g (90% yield), off
white solid. 1H NMR (400 MHz, CDCl3): δ 8.53 (s, 1H), 7.38–7.62 (m,
2H), 7.38–7.333 (m, 2H), 4.42 (q, J=7.2 Hz, 2H), 1.42 (t, J=7.2 Hz, 3H).
13C NMR (100 MHz, CDCl3): δ 163.1, 156.7, 155.2, 148.6, 134.3, 129.5,
124.8, 118.4, 117.9, 116.8, 62.0, 14.2. HRMS-ESI (m/z): [M + H]+ : calc.
for C12H11O4 219.0652, found 219.0647.

Ethyl 7-methyl-2-oxo-2H-chromene-3-carboxylate (1b): 1.7 g (99%
yield), off white solid. 1H NMR (500 MHz, DMSO-d6): δ 8.72 (s, 1H),
7.81 (d, J=8.0 Hz, 1H), 7.29–7.24 (m, 2H), 4.30 (q, J=7.0 Hz, 2H), 2.45
(s, 3H), 1.31 (t, J=7.0 Hz, 3H). 13C NMR (125 MHz, DMSO-d6): δ 163.2,
156.6, 155.2, 149.3, 146.5, 130.5, 126.5, 116.8, 116.7, 115.9, 61.6, 22.0,
14.6. HRMS-ESI (m/z): [M + H]+ : calc. for C13H13O4 233.0809, found
233.0814.

Ethyl 7-methoxy-2-oxo-2H-chromene-3-carboxylate (1c): 2.9 g (77%
yield), off white solid. 1H NMR (400 MHz, CDCl3): δ 8.50 (s, 1H), 7.51
(d, J=8.8 Hz, 1H), 6.91–6.88 (m, 1H), 6.81 (s, 1H), 4.40 (q, J=7.2 Hz,
2H), 3.91 (s, 3H), 1.41 (t, J=7.2 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ
165.1, 163.4, 157.6, 157.1, 148.9, 130.7, 114.2, 113.6, 111.6, 100.4, 61.7,
56.0, 14.3. HRMS-ESI (m/z): [M + H]+ : calc. for C13H13O5 249.0758,
found 249.0760.

Ethyl 7-fluoro-2-oxo-2H-chromene-3-carboxylate (1d): 3.2 g (95%
yield), pale yellow solid. 1H NMR (500 MHz, DMSO-d6): δ 8.79 (s, 1H),
8.04–8.01 (m, 1H), 7.46 (dd, J=9.5, 2.5 Hz, 1H), 7.35–7.31 (m, 1H), 4.30
(q, J=7.0 Hz, 2H), 1.31 (t, J=7.0 Hz, 3H). 13C NMR (125 MHz, DMSO-
d6): δ 166.9, 156.6, 156.5, 156.2, 148.9, 133.2, 133.1, 116.9, 115.5,
113.6, 113.4, 104.5, 104.3, 61.7, 14.6. HRMS-ESI (m/z): [M + H]+ : calc.
for C12H10FO4 237.0558, found 237.0535.

Ethyl 7-bromo-2-oxo-2H-chromene-3-carboxylate (1e): 1.4 g (63%
yield), white solid. 1H NMR (500 MHz, DMSO-d6): δ 8.76 (s, 1H), 7.87
(d, J=8.0 Hz, 1H), 7.79 (s, 1H), 7.62 (d, J=7.0 Hz, 1H), 4.30 (q, J=
7.0 Hz, 2H), 1.31 (t, J=7.5 Hz, 3H). 13C NMR (125 MHz, DMSO-d6): δ
162.9, 156.1, 155.3, 148.6, 132.1, 128.5, 128.1, 119.7, 118.4, 117.6, 61.8,
14.5. HRMS-ESI (m/z): [M + H]+ : calc. for C12H10BrO4 296.9757, found
296.9750.

Ethyl 7-hydroxy-2-oxo-2H-chromene-3-carboxylate (1f): 3.1 g (90%
yield), pale brown solid. 1H NMR (500 MHz, DMSO-d6): δ 11.08 (s,
1H), 8.67 (s, 1H), 7.76 (d, J=8.5 Hz, 1H), 6.85 (dd, J=8.5, 2.0 Hz, 1H),
6.73 (d, J=2.5 Hz, 1H), 4.26 (q, J=7.0 Hz, 2H), 1.30 (t, J=7.5 Hz, 3H).
13C NMR (125 MHz, DMSO-d6): δ 164.5, 163.4, 157.6, 156.9, 149.9,
132.6, 114.5, 112.6, 110.9, 102.3, 61.3, 14.6. HRMS-ESI (m/z): [M + H]+ :
calc. for C12H11O5 235.0601, found 235.0611.

Ethyl 7-(diethylamino)-2-oxo-2H-chromene-3-carboxylate (1g): 3.6 g
(80% yield), greenish yellow solid. 1H NMR (500 MHz, DMSO-d6): δ
8.54 (s, 1H), 7.62 (d, J=9.0 Hz, 1H), 6.77 (d, J=9.0 Hz, 1H), 6.53 (s, 1H),
4.23 (q, J=7.0 Hz, 2H), 3.48 (q, J=7.0 Hz, 4H), 1.28 (t, J=7.0 Hz, 3H),
1.14 (t, J=7.0 Hz, 6H). 13C NMR (125 MHz, DMSO-d6): δ 163.9, 158.5,
157.5, 153.3, 149.7, 132.2, 110.2, 107.9, 107.5, 96.3, 60.8, 44.8, 14.7,
12.8. HRMS-ESI (m/z): [M + H]+ : calc. for C16H20NO4 290.1387, found
290.1410.

7-methoxy-2-oxo-2H-chromene-3-carboxylic acid (1h): 1.5 g (68%
yield), white solid. 1H NMR (400 MHz, DMSO-d6): δ 8.69 (s, 1H), 7.48
(d, J=2.5 Hz, 1H), 7.40 (d, J=8.9 Hz, 1H), 7.33 (dd, J=8.8, 2.5 Hz,
1H), 3.81 (s, 3H). 13C NMR (100 MHz, DMSO-d6): δ 164.4, 157.4 156.2,
149.4, 148.5, 122.4, 119.0, 118.8, 117.7, 112.3, 56.3. HRMS-ESI (m/z):
[M + Na]+ : calc. for C11H8O5 243.1673, found: 243.1631. HRMS-ESI
(m/z): [M + H]+ : calc. for C11H9O5 221.0445, found.

7-(diethylamino)-2-oxo-2H-chromene-3-carboxylic acid (1 i): 1.8 g
(70% yield), brick-red solid. 1H NMR (500 MHz, DMSO-d6): δ 12.44
(br s, 1H), 8.59 (s, 1H), 7.64 (d, J=9.0 Hz, 1H), 6.80 (dd, J=9.0,
2.5 Hz, 1H), 6.57 (d, J=2.5 Hz, 1H), 3.49 (q, J=7.0 Hz, 4H), 1.14 (t,
J=7.0 Hz, 6H). 13C NMR (125 MHz, DMSO-d6): δ 165.0, 160.0, 158.4,
153.4, 149.9, 132.3, 110.5, 107.8, 107.6, 96.4, 44.9, 12.8. HRMS-ESI
(m/z): [M + H]+ : calc. for C14H16NO4 262.1074, found 262.1073.

6-hydroxy-2-oxo-2H-chromene-3-carboxylic acid (1k): 1.5 g (68%
yield), white solid. 1H NMR (600 MHz, DMSO-d6): δ 12.88 (br s, 1H),
11.06 (s, 1H), 8.68 (s, 1H), 7.74 (d, J=8.4 Hz, 1H), 6.84 (dd, J=9.0,
2.4 Hz, 1H), 6.73 (d, J=1.8 Hz, 1H). 13C NMR (150 MHz, DMSO-d6): δ
164.7, 164.4, 158.0, 157.5, 149.9, 132.5, 114.5, 112.9, 111.1, 102.3.
HRMS-ESI (m/z): [M + H]+ : calc. for C10H7O5 207.0288, found
207.0236.

Synthesis of ethyl 7-amino-2-oxo-2H-chromene-3-carboxylate (1 j): To
a solution of 1e (1 g, 3.37 mmol) in 5 mL DMSO, sodium azide
(263 mg, 4.04 mmol) was added, and the reaction was heated at

Table 3. Summary of AKR1C family inhibition profile required to confer cytotoxicity enhancement in combination with indicated chemotherapeutics in
leukemia cell models.

Chemotherapeutic Cell Line Required AKR1C family inhibition profile Reference

Bezafibrate HL-60, K562, KG1a, Primary CLL Promiscuous [4]

Vincristine Primary T-ALL Promiscuous [5]

Etoposide HL-60, KG1a AKR1C3 selective [3c]

Daunorubicin HL-60, KG1a, THP-1, COG-LL-317h AKR1C3 selective [3a,5], Herein

Cytarabine HL-60, KG1a, THP-1, COG-LL-317h AKR1C3 selective [3a,5]

ABT-737 COG-LL-317h, TX-LL-057h AKR1C3 selective Herein

Dexamethasone COG-LL-317h, TX-LL-057h Neither AKR1C3 selective
nor promiscuous

Herein

Wiley VCH Freitag, 25.10.2024

2421 / 366701 [S. 144/149] 1

ChemMedChem 2024, 19, e202400081 (14 of 19) © 2024 The Authors. ChemMedChem published by Wiley-VCH GmbH

ChemMedChem
Research Article
doi.org/10.1002/cmdc.202400081

 18607187, 2024, 21, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cm
dc.202400081 by <

Shibboleth>
-m

em
ber@

unm
c.edu, W

iley O
nline L

ibrary on [15/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



80 °C for 4 hours. The reaction mixture was poured into ice-cold
water and the resulting solid was filtered and washed with water
and hexanes to obtain azide intermediate, which was used in the
next step without further purification. The azide was dissolved in
5 mL methanol and 10% Pd/C (90 mg, 0.85 mmol) was added.
Hydrogen gas was filled in a balloon and the reaction mixture was
exposed to hydrogen at room temperature for 1 hour. The reaction
was filtered on celite and washed with methanol and evaporated to
obtain crude product, which was purified via column chromatog-
raphy (DCM 95%, 5% MeOH) to afford 7-amino coumarin carboxylic
acid ethyl ester 1 j. Pale yellow solid (288 mg, 37% yield). 1H NMR
(500 MHz, DMSO-d6): δ 8.51 (s, 1H), 7.52 (d, J=8.5 Hz, 1H), 6.80 (br s,
2H), 6.39 (s, 1H), 4.22 (q, J=7.0 Hz, 2H), 1.28 (t, J=7.0 Hz, 3H). 13C
NMR (125 MHz, DMSO-d6): δ 163.9, 158.6, 157.4, 156.7, 150.0, 132.5,
112.7, 107.9, 107.7, 97.9, 60.8, 14.7. HRMS-ESI (m/z): [M + H]+ : calc.
for C12H12NO4 234.0761, found 234.0764.

General procedure for the synthesis of coumarin amides 2a–2f:
To a suspension of 7-hydroxy coumarin carboxylic acid ethyl ester
1f (4.0 g, 17.1 mmol) in 5 mL THF and water (1 : 1), NaOH (2.73 g,
68.3 mmol) was added, and the reaction was heated at 50 °C
overnight. The reaction mixture was quenched with ice-cold dilute
HCl and the resulting solid was filtered and washed with water and
hexanes to obtain 7-hydroxy coumarin carboxylic acid, which was
used in the next reaction without further purification. To a stirred
solution of 7-hydroxy coumarin carboxylic acid (1 g, 4.85 mmol) in
DMF (5 mL), acetic anhydride (7.32 mL, 77.61 mmol) was added,
and the reaction mixture was heated overnight at 50 °C. Upon
completion, the reaction was poured in water and the resulting
solid was filtered and washed with water and hexanes, and dried to
obtain 7-acetyl coumarin acid 1 l (950 mg, 79% yield), which was
used in the next reaction without further purification. To a solution
of 7-acetyl coumarin carboxylic acid (250 mg, 1.01 mmol) in 10 mL
of DCM and DMF (1 :1), EDC.HCl (193 mg, 1.01 mmol) and HOBt
(154 mg, 1.01 mmol) was added, and the reaction was stirred at
room temperature for 10–15 minutes. To this reaction mixture,
benzyl amine (108 mg, 1.01 mmol) was added followed by the
addition of triethylamine (0.42 mL, 3.02 mmol) and the reaction was
heated at 50 °C overnight. After completion of the reaction, the
solution was quenched with 3 N HCl followed by aqueous NaOH
and extracted with DCM. The organic layer was separated, dried
with anhydrous sodium sulfate, and evaporated under vacuum. The
crude product was purified by flash column chromatography using
10% MeOH/DCM as eluent to afford the corresponding coumarin
amide.

7-acetoxy-2-oxo-2H-chromene-3-carboxylic acid (1 l): Off white solid
(950 mg, 79% yield). 1H NMR (400 MHz, DMSO-d6): δ 8.75 (s, 1H),
7.95 (d, J=8.4 Hz, 1H), 7.31 (s, 1H), 7.21 (dd, J=8.4 Hz, 2.0 Hz, 1H),
2.32 (s, 3H). 13C NMR (1 MHz, DMSO-d6): δ 169.1, 164.4, 156.9, 155.7,
155.2, 148.5, 131.7, 119.5, 117.9, 116.3, 110.3, 21.4.

N-benzyl-7-hydroxy-2-oxo-2H-chromene-3-carboxamide (2a): Beige
solid (180 mg, 60.5% yield). 1H NMR (400 MHz, DMSO-d6): δ 9.05 (t,
J=6.0 Hz, 1H), 8.81 (s, 1H), 7.82 (d, J=8.6 Hz, 1H), 7.34 (d, J=4.1 Hz,
4H), 7.28–7.25 (m, 1H), 6.88 (dd, J=8.6 Hz, 2.1 Hz, 1H), 6.81 (s, 1H),
4.54 (d, J=6.0 Hz, 2H). 13C NMR (100 MHz, DMSO-d6): δ 164.1, 162.2,
161.5, 156.8, 148.6, 139.5, 132.5, 128.9, 127.8, 127.4, 114.8, 114.2,
111.6, 102.3, 43.1. HRMS-ESI (m/z): [M + H]+ : calc. for C17H14NO4

296.0918, found 296.0918.

7-hydroxy-N-(4-methylbenzyl)-2-oxo-2H-chromene-3-carboxamide
(2b): Beige solid (210 mg, 67% yield). 1H NMR (400 MHz, DMSO-d6):
δ 8.99 (t, J=6.0 Hz, 1H), 8.82 (s, 1H), 7.82 (d, J=8.8 Hz, 1H), 7.22 (d,
J=8.0 Hz, 2H), 7.14 (d, J=8.0 Hz, 2H), 6.88 (dd, J=8.4 Hz, 2.4 Hz,
1H), 6.81 (s, 1 H), 4.48 (d, J=5.8 Hz, 1H), 2.27 (s, 3H). 13C NMR
(100 MHz, DMSO-d6): δ 164.2, 162.1, 161.5, 156.8, 148.6, 136.5, 136.4,

132.5, 129.4, 127.9, 114.8, 114.1, 111.6, 102.3, 42.9, 21.1. HRMS-ESI (m/
z): [M + H]+ : calc. for C18H16NO4 310.1074, found 310.1074.

7-hydroxy-N-(4-methoxybenzyl)-2-oxo-2H-chromene-3-carboxamide
(2c): Beige solid (235 mg, 72% yield). 1H NMR (400 MHz, DMSO-d6):
δ 8.97 (t, J=6.0 Hz, 1H), 8.80 (s, 1H), 7.82 (d, J=8.8 Hz, 1H), 7.27 (d,
J=8.65 Hz, 2H), 6.92–6.87 (m, 3H), 6.80 (s, 1H), 4.45 (d, J=6.0 Hz,
2H), 3.73 (s, 3H). 13C NMR (100 MHz, DMSO-d6): δ 164.2, 162.0, 161.5,
158.8, 156.8, 148.6, 132.5, 131.4, 129.3, 114.8, 114.3, 114.1, 111.6,
102.3, 55.5, 42.6. HRMS-ESI (m/z): [M + H]+ : calc. for C18H16NO5

326.1023, found 326.1025.

N-(4-fluorobenzyl)-7-hydroxy-2-oxo-2H-chromene-3-carboxamide
(2d): Beige solid (242 mg, 77% yield). 1H NMR (500 MHz, DMSO-d6):
δ 11.08 (s, 1H), 9.08 (t, J=5.8 Hz, 1H), 8.80 (s, 1H), 7.82 (d, J=8.6 Hz,
1H), 7.39 (d, J=6.6 Hz, 2H), 7.16 (t, J=8.6 Hz, 2H), 6.89 (d, J=8.6 Hz,
1H), 6.81 (s, 1H), 4.51 (d, J=6.0 Hz, 2H). 13C NMR (125 MHz, DMSO-
d6): δ 164.2, 162.7, 162.2, 161.4, 160.7, 156.8, 148.7, 135.9, 135.8,
132.5, 129.9, 129.9, 115.6, 115.5, 114.8, 114.2, 111.6, 102.3, 42.4.
HRMS-ESI (m/z): [M + H]+ : calc. for C17H13FNO4 314.0824, found
314.0857.

7-hydroxy-2-oxo-N-(4-(trifluoromethyl)benzyl)-2H-chromene-3-carbox-
amide (2e): Beige solid (231 mg, 63% yield). 1H NMR (400 MHz,
DMSO-d6): δ 11.1 (br-s, 1H), 9.19 (t, J=6.0 Hz, 1 H), 8.80 (s, 1H), 7.82
(d, J=8.4 Hz, 1H), 7.69 (d, J=7.8 Hz, 2H), 7.55 (d, J=7.81 Hz, 2H),
6.89 (d, J=8.6 Hz, 1H), 6.82 (s, 1H), 4.62 (d, J=6.0 Hz, 1H). 13C NMR
(100 MHz, DMSO-d6): δ 164.2, 162.5, 161.4, 156.8, 148.8, 144.7, 132.5,
128.4, 125.7, 125.6, 114.8, 114.1, 111.6, 102.3, 42.8. HRMS-ESI (m/z):
[M + H]+ : calc. for C18H13F3NO4 364.0792, found 364.0811.

7-hydroxy-2-oxo-N-phenethyl-2H-chromene-3-carboxamide (2f): Beige
solid (242 mg, 78% yield). 1H NMR (400 MHz, DMSO-d6): δ 11.08 (s,
1H), 8.89 (s, 1H), 8.71 (t, J=5.0 Hz, 1H), 7.82 (d, J=8.5 Hz, 1H), 7.32–
7.20 (m, 5H), 6.89 (d, J=8.5 Hz, 1H), 6.80 (s, 1H), 3.56 (q, J=6.5 Hz,
2H), 2.84 (t, J=7.0 Hz, 2H). 13C NMR (100 MHz, DMSO-d6): δ 164.1,
161.9, 161.5, 156.7, 148.5, 139.7, 132.5, 129.1, 128.9, 126.7, 114.8,
114.0, 111.6, 102.3, 41.1, 35.5. HRMS-ESI (m/z): [M + H]+ : calc. for
C18H16NO4 310.1074, found 310.1074.

Synthesis of coumarin amides 3a-1and 3a: In a solution of
diethylamine (0.125 mL, 1.21 mmol) and triethylamine (0.421 mL,
3.02 mmol) in dichloromethane (10 mL), 7-acetyl carboxylic acid 1 l
(250 mg, 1.01 mmol) was added, followed by the addition of SOCl2
(120 mg, 1.01 mmol) at room temperature. The mixture is stirred for
5–20 minutes at room temperature. The solvents were evaporated
under vacuum and the resulting residue is dissolved in DCM and
extracted with water, half of the DCM layer was dried with
anhydrous sodium sulfate and evaporated under vacuum to obtain
the 7-acetyl coumarin diethyl amide 3a-1, which was purified using
column chromatography. The other half of the DCM layer was
extracted with 4 N NaOH, and organic layer was separated and
extracted with water. The DCM layer was dried using anhydrous
sodium sulfate and evaporated under vacuum to obtain 7-hydroxy
coumarin diethyl amide 3a. The product was purified via column
chromatography.

3-(diethylcarbamoyl)-2-oxo-2H-chromen-7-yl acetate (3a-1): Off white
solid, yield (182 mg, 69% yield). 1H NMR (500 MHz, DMSO-d6): δ
7.81 (s, 1H), 7.55 (d, J=7.5 Hz, 1H), 7.17 (d, J=1.5 Hz, 1H), 7.11 (dd,
J=7.0, 1.5 Hz, 1H), 3.59–3.56 (m, 2H), 3.33–3.29 (m, 2H), 2.37 (s, 3H),
1.28 (t, J=6.0 Hz, 3H), 1.20 (t, J=6.0 Hz, 3H); 13C NMR (125 MHz,
DMSO-d6): δ. 168.7, 164.2, 157.8, 154.6, 153.7, 140.8, 129.1, 125.7,
118.9, 116.2, 110.4, 43.3, 39.6, 21.1, 14.1, 12.8; HRMS-ESI (m/z): [M +

H]+ : calc. for C16H18NO5 304.1180, found 304.1179.

N,N-diethyl-7-hydroxy-2-oxo-2H-chromene-3-carboxamide (3a): Beige
solid (182 mg, 69% yield). 1H NMR (500 MHz, DMSO-d6): δ. 7.95 (s,
1H), 7.55 (d, J=7.0 Hz, 1H), 6.85 (dd, J=7.5, 2.0 Hz, 1H), 6.77 (d, J=

Wiley VCH Freitag, 25.10.2024

2421 / 366701 [S. 145/149] 1

ChemMedChem 2024, 19, e202400081 (15 of 19) © 2024 The Authors. ChemMedChem published by Wiley-VCH GmbH

ChemMedChem
Research Article
doi.org/10.1002/cmdc.202400081

 18607187, 2024, 21, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cm
dc.202400081 by <

Shibboleth>
-m

em
ber@

unm
c.edu, W

iley O
nline L

ibrary on [15/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



2.0 Hz, 1H), 3.58–3.54 (m, 2H), 3.39–3.35 (m, 2H), 1.27–1.18 (m, 6H);
13C NMR (100 MHz, DMSO-d6): δ. 166.1, 162.7, 159.1, 156.0, 142.3,
130.0, 120.2, 113.7, 111.0, 102.0, 43.4, 39.5, 12.9, 11.5. HRMS-ESI (m/
z): [M + H]+ : calc. for C14H16NO4 262.1074, found 262.1079.

Synthesis of 7-hydroxy-3-(piperidine-1-carbonyl)-2H-chromen-2-one
(3b). To a solution of 7-acetyl coumarin carboxylic acid 1 l (500 mg,
2.43 mmol) in 10 mL DCM and DMF (1 :1), EDC.HCl (558 mg,
2.91 mmol) and DMAP (296 mg, 2.42 mmol) were added, and the
reaction was stirred at room temperature for 10–15 minutes. To this
reaction mixture, piperidine (0.24 mL, 2.43 mmol) was added and
the reaction was heated at 50 °C overnight. Upon completion of the
reaction, the solution was quenched with 3 N HCl followed by
aqueous NaOH and extracted with DCM. The organic layer was
separated, dried with anhydrous sodium sulfate, and evaporated
under vacuum. The crude product was purified by flash column
chromatography using 10% MeOH/DCM as eluent to afford the
corresponding coumarin amide 3b. Off white solid (326 mg, 49%).
1H NMR (400 MHz, DMSO-d6): δ. 7.97 (s, 1H), 7.55 (d, J=7.0, 1H),
6.86 (dd, J=7.0, 1.5 Hz, 1H), 6.77 (d, J=1.5 Hz, 1H), 3.70 (t, J=
4.5 Hz, 2H), 3.41 (t, J=4.5 Hz, 2H), 1.73–1.63 (m, 6H); 13C NMR
(100 MHz, DMSO-d6): δ. 164.8, 162.8, 159.0, 156.1, 143.1, 130.1,
119.8, 113.7, 111.1, 102.0, 48.3, 42.8, 25.9, 25.2, 24.0; HRMS-ESI (m/z):
[M + H]+ : calc. for C15H16NO4 274.1074, found 274.1077.

Synthesis of N,N-diethyl-1-(7-hydroxy-2-oxo-2H-chromene-3-
carbonyl)pyrrolidine-2-carboxamide (3c). In a solution of diethyl-
amine (0.577 mL, 5.56 mmol) and triethylamine (1.94 mL,
13.94 mmol) in dichloromethane (20 mL), Boc-L-proline (1 g,
4.65 mmol) was added, followed by the addition of SOCl2 (553 mg,
4.65 mmol) at room temperature. The mixture is stirred for 5–
20 minutes at room temperature. The solvents were evaporated
under vacuum and the resulting residue is dissolved in DCM and
extracted with water, the organic layer was dried with anhydrous
sodium sulfate and evaporated under vacuum to obtain the tert-
butyl (S)-2-(diethylcarbamoyl)pyrrolidine-1-carboxylate. In a solution
of tert-butyl (S)-2-(diethylcarbamoyl)pyrrolidine-1-carboxylate
(1.2 g, 4.65 mmol) in 5 mL DCM, 5 mL trifluoroacetic acid was added
and the reaction was stirred at room temperature for 2 hours. The
solvents were evaporated to obtain (S)-N,N-diethylpyrrolidine-2-
carboxamide which was used in the next step without further
purification. To a solution of 7-acetyl coumarin carboxylic acid 1 l
(545 mg, 2.64 mmol) in 10 mL DCM and DMF (1 :1), EDC (1.13 g,
5.87 mmol) and HOBt (899 mg, 5.87 mmol) were added, and the
reaction was stirred at room temperature for 10–15 minutes. To this
reaction mixture, (S)-N,N-diethylpyrrolidine-2-carboxamide (500 mg,
2.94 mmol) and Hunig’s base (2.56 mL, 14.7 mmol) was added and
the reaction was heated at 50 °C overnight. Upon completion of the
reaction, the solution was quenched with 3 N HCl followed by
aqueous NaOH and extracted with DCM. The organic layer was
separated, dried with anhydrous sodium sulfate, and evaporated
under vacuum. The crude product was purified by flash column
chromatography using 10% MeOH/DCM as eluent to afford the
corresponding coumarin amide 3c. Off white solid, yield (432 mg,
41% Yield). 7 :5 rotamers. 1H NMR (500 MHz, DMSO-d6): Rotamer 1:
δ 8.12 (s, 1H), 7.56 (d, J=7.0 Hz, 1H), 6.87–6.84 (m, 1H), 6.77 (s, 1H),
4.95–4.92 (m, 1H), 3.78–3.06 (m, 6H), 2.48–1.89 (m, 4H), 1.35 (t, J=
6.0 Hz, 3H), 1.17 (t, J=6.0 Hz, 3H). 13C NMR (125 MHz, DMSO-d6): δ.
171.7, 164.7, 163.0, 158.6, 156.3, 144.2, 130.4, 119.6, 113.8, 110.9,
102.0, 57.3, 48.6, 42.0, 40.8, 29.5, 24.5, 13.1, 11.7; Rotamer 2: δ 7.87
(s, 1H), 7.52 (d, J=7.0 Hz, 1H), 6.87–6.84 (m, 1H), 6.75 (s, 1H), 4.79–
4.77 (m, 1H), 3.78–3.06 (m, 6H), 2.48–1.89 (m, 4H), 0.88 (t, J=6.0 Hz,
3H), 0.79 (t, J=6.0 Hz, 3H). 13C NMR (125 MHz, DMSO-d6): δ. 171.5,
165.3, 163.2, 158.6, 156.2, 144.8, 130.4, 119.6, 113.9, 110.8, 101.9,
58.2, 48.6, 41.6, 40.8, 31.3, 22.5, 12.8, 11.7; HRMS-ESI (m/z): [M + H]+

: calc. for C19H23N2O5 359.1602, found 359.1595.

General method for the synthesis of coumarin phenyl amides 3 d
and 3e: To a solution of coumarin carboxylic acid (1 g, 5.26 mmol)
in 10 mL DCM, EDC (1.21 g, 6.31 mmol) and DMAP (771 mg,
6.31 mmol) was added. The reaction mixture was stirred for 10–
15 minutes at room temperature and aniline (539 mg, 5.79 mmol)
was added followed by triethylamine (2.2 mL, 15.78 mmol) and the
reaction was heated at 50 °C overnight. The reaction was quenched
with water and extracted with DCM and the organic layer was
separated and dried using anhydrous sodium sulfate. The organic
layer was evaporated under vacuum and the crude product was
purified via recrystallization using ethyl acetate.

2-oxo-N-phenyl-2H-chromene-3-carboxamide (3d): Off white solid,
yield (1.23 g, 88% yield). 1H NMR (400 MHz, DMSO-d6): δ 10.86 (s,
1H), 9.05 (s, 1H), 7.78–7.71 &m, 4H), 7.49–7.39 (m, 4H), 7.19 (t, J=
7.5 Hz, 1H). 13C NMR (100 MHz, DMSO-d6): δ 161.8, 159.3, 154.5,
149.0, 137.7, 134.4, 130.0, 129.1, 125.5, 124.8, 120.6, 118.7, 118.7,
116.7. HRMS-ESI (m/z): [M + H]+ : calc. for C16H12NO3 266.0812, found
266.0812.

7-(diethylamino)-2-oxo-N-phenyl-2H-chromene-3-carboxamide (3e):
Pale yellow solid, yield (830 mg, 72%). 1H NMR (500 MHz, DMSO-d6):
δ 10.75 (s, 1H), 8.78 (s, 1H), 7.75–7.70 (m, 3H), 7.37 (t, J=7.6 Hz, 2H),
7.12 (t, J=7.0 Hz, 1H), 6.85 (d, J=9.0 Hz, 1H), 6.68 (s, 1H), 3.51 (q, J=
6.8 Hz, 4H), 1.16 (t, J=6.8 Hz, 6H). 13C NMR (125 MHz, DMSO-d6): δ
162.7, 161.2, 157.9, 153.3, 148.7, 138.7, 132.3, 129.5, 124.3, 120.2,
110.9, 109.6, 108.4, 96.4, 44.9, 12.8. HRMS-ESI (m/z): [M + H]+ : calc.
for C20H21N2O3 337.1547, found 337.1543.

Synthesis of ethyl 7-((3-methylbut-2-en-1-yl)oxy)-2-oxo-2H-chromene-
3-carboxylate (4a): To a solution of 1 f (500 mg, 2.13 mmol) in
acetonitrile (10 mL), 3,3-dimethylallylbromide (0.3 mL, 2.56 mmol)
and sodium carbonate (453 mg, 4.27 mmol) was added and stirred
at room temperature overnight. Upon completion, the solvent was
evaporated and extracted with EtOAc-water. The organic layer was
dried using sodium sulfate and evaporated under vacuum to obtain
the crude product, which was purified via column chromatography
in EtOAc-hexanes (5%) to get ethyl 7-((3-methylbut-2-en-1-yl)oxy)-
2-oxo-2H-chromene-3-carboxylate 4a as a pale brown solid, yield
(450 mg, 70% yield). 1H NMR (500 MHz, DMSO-d6): δ 8.52 (s, 1H),
7.51 (d, J=9.0 Hz, 1H), 6.92–6.90 (m, 1H), 6.61 (d, J=2.0 Hz, 1H),
5.51–5.47 (m, 1H), 4.63 (d, J=7.0 Hz, 2H), 4.42 (q, J=7.0 Hz, 2H),
1.84 (s, 3H), 1.80 (s, 3H), 1.43 (t, J=7.0 Hz, 3H). 13C NMR (125 MHz,
DMSO-d6): δ 164.5, 163.5, 157.5, 157.3, 149.1, 139.8, 130.7, 118.2,
114.3, 113.9, 111.5, 101.0, 65.7, 61.7, 25.8, 18.3, 14.3. HRMS-ESI (m/z):
[M + H]+ : calc. for C17H19O5 303.1227, found 303.1252.

Synthesis of 7-((3-methylbut-2-en-1-yl)oxy)-2-oxo-2H-chromene-3-car-
boxylic acid (4b): To a solution of 4a (450 mg, 1.49 mmol) in 10 mL
THF-water (1 : 1), sodium hydroxide (453 mg, 4.27 mmol) was added
and the reaction was stirred at 50 °C overnight. The reaction was
quenched with ice-cold 3 N HCl and the resulting solid was filtered
and washed with water and hexanes. The crude product was
purified via column chromatography using EtOAc-hexanes (60–
80%) to obtain 4b as a pale grey solid. (352 mg, 60% yield). 1H
NMR (400 MHz, DMSO-d6): δ 12.96 (s, 1H), 8.72 (s, 1H), 7.82 (d, J=
8.8 Hz, 1H), 7.04–6.98 (m, 2H), 5.46 (t, J=6.8 Hz, 1H), 4.68 (d, J=
6.8 Hz, 2H), 1.75 (d, J=10.8 Hz, 6H). 13C NMR (100 MHz, DMSO-d6): δ
164.6, 132.0, 119.3, 114.2, 114.1, 112.0, 101.3, 65.9, 40.6, 40.4, 39.6,
39.4, 25.9, 18.5. HRMS-ESI (m/z): [M + H]+ : calc. for C15H15O5

275.0914, found 275.0946.

Synthesis of (E)-3-(3-(ethoxycarbonyl)-2-oxo-2H-chromen-6-yl)acrylic
acid (4c): To a round bottom flask charged with 6-bromo coumarin
carboxylic acid ethyl ester (360 mg, 1.21 mol), Pd(OAc)2 (27.2 mg,
0.12 mmol), P(p-OCH3Ph)3 (51.2 mg, 0.15 mmol), 10 mL toluene was
added, and the flask was flushed with nitrogen gas, followed by the
addition of tert-butyl acrylate (0.35 mL, 2.42 mmol) and triethyl-
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amine (0.51 mL, 3.64 mmol). The reaction mixture was heated at
90 °C overnight and the contents were filtered, washed with ethyl
acetate and the filtrate was evaporated under vacuum. The crude
product was purified via column chromatography. To a solution of
tert butyl ester derivative (300 mg, 0.87 mmol) in 10 mL toluene,
silica gel (300 mg) was added, and the reaction was refluxed for 2–
4 hours. The contents were filtered, washed with ethyl acetate and
evaporated to obtain the pure product. Pale yellow solid, (220 mg,
63% yield). 1H NMR (500 MHz, DMSO-d6): δ 12.60 (br s, 1H), 8.70 (s,
1H), 8.23 (d, J=2.0 Hz, 1H), 8.06 (dd, J=9.0, 2.0 Hz, 1H), 7.60 (d, J=
16.0 Hz, 1H), 7.47 (d, J=9.0 Hz, 1H), 6.60 (d, J=16.0 Hz, 1H), 4.31 (q,
J=7.0 Hz, 2H), 1.32 (t, J=7.0 Hz, 3H). 13C NMR (125 MHz, DMSO-d6):
δ 168.1, 162.9, 156.2, 155.7, 148.8, 141.8, 134.2, 131.6, 130.3, 121.4,
118.7, 118.6, 117.3, 61.8, 14.5. HRMS-ESI (m/z): [M + H]+ : calc. for
C15H13O6 289.0707, found 289.0711.

Synthesis of 7-hydroxy-3-(phenylsulfonyl)-2H-chromen-2-one (5): To a
solution of thiophenol (2 g, 18.15 mmol) and ethylbromoacetate
(2.88 g, 17.25 mmol) in 10 mL acetonitrile, K2CO3 (7.53 g,
54.46 mmol) was added, and the reaction was stirred at room
temperature overnight. The reaction was filtered, evaporated, and
extracted with EtOAc-water and the organic layer was dried using
anhydrous sodium sulfate and evaporated under vacuum to obtain
ethyl 2-(phenylthio)acetate 4d, which was used in the next step
without further purification. To a solution of 4d (1.5 g, 7.6 mmol) in
25 mL acetonitrile and water (1 : 1), oxone (7.0 g, 11 mmol) was
added and the reaction mixture was stirred at room temperature
for 2 hours. Upon completion, the reaction was poured into ice-
cold water and the resulting solution was extracted with EtOAc-
water to obtain ethyl 2-(phenylsulfonyl)acetate 4e, which was used
in the next step without further purification. To a solution of 2,4-
dihydroxybenzaldehyde (645 mg, 4.67 mmol) in 10 mL acetonitrile,
4e (1.25 g, 5.60 mmol) and piperidine (0.46 mL, 4.67 mmol) was
added and the reaction was stirred at room temperature overnight.
The reaction mixture was poured into ice-cold 3 N HCl and stirred
to obtain solid, which was filtered and washed with water and
hexanes. The crude product was purified via column chromatog-
raphy using EtOAc-Hexanes (70%). Pale brown solid, yield (800 mg,
57%). 1H NMR (500 MHz, DMSO-d6): δ 11.33 (br s, 1H), 9.00 (s, 1H),
7.99 (d, J=8.5 Hz, 2H), (dd, J=5.0, 3.5 Hz, 1H), 7.73 (t, J=7.0 Hz, 1H),
7.64 (t, J=8.0 Hz, 1H), 6.92 (dd, J=8.5, 2.0 Hz, 1H), 6.76 (d, J=2.0 Hz,
1H). 13C NMR (125 MHz, DMSO-d6): δ 165.5, 158.0, 155.6, 149.5, 139.7,
134.4, 133.7, 129.6, 128.7, 121.7, 115.1, 110.4, 102.6. HRMS-ESI (m/z):
[M + H]+ : calc. for C15H11O5S 303.0322, found 303.0328.

Biology

Cell lines and culture conditions: Wild type DuCaP and LNCaP cells
were obtained from ATCC and cultured in RPMI-1640 medium
supplemented with 10% FBS, and penicillin-streptomycin (50 U/mL,
50 μg/mL). WPMY-1 cells were obtained from ATCC and cultured in
DMEM medium supplemented with 10% FBS, and penicillin-
streptomycin (50 U/mL, 50 μg/mL). AKR1C3 overexpressing
LNCaP1C3 cells were generated by stable transfection of AKR1C3
plasmid as previously described.[44] 22Rv1 human prostate cancer
cell line (ATCC) was cultured in RPMI-1640 medium supplemented
with 10% FBS (Sigma), and penicillin-streptomycin (50 U/mL, 50 μg/
mL, Invitrogen). 22Rv1, LNCaP, and LNCaP1C3 cells tested negative
for mycoplasma contamination in April 2024. Newly-established
human T-cell ALL cell line, COG-LL-317h,[45] and pre-B-cell ALL cell
line, TX-LL-057h, were obtained from the Alex’s Lemonade Stand
Foundation/Children’s Oncology Group Repository at Texas Tech
University Health Sciences Center (www.CCcells.org). Both COG-LL-
317h and TX-LL-057h are grown in a base medium of Iscove’s
Modified Dulbecco’s Medium plus the following supplements (to a
final concentration): 20% Fetal Bovine Serum, 4 mM L-Glutamine,

1X ITS (5 μg/mL insulin, 5 μg/mL transferrin, 5 ng/mL selenous acid)
in bone marrow-level hypoxia (5% O2).

AKR enzyme inhibition assay: (S)-(+)-1,2,3,4-tetrahydro-1-naphthol
(S-tetralol) was purchased from Sigma-Aldrich (St. Louis, MO).
Nicotinamide adenine dinucleotide (NAD+) and nicotinamide
adenine dinucleotide phosphate (NADP+) were purchased from
Roche Diagnostics (Indianapolis, IN). Homogeneous recombinant
enzymes AKR1C1, AKR1C2, AKR1C3 and AKR1C4 were prepared and
purified as previously described.[46] The specific activities of the
enzymes were as follows for the oxidation of S-tetralol: AKR1C2 and
AKR1C3 were 1.5 and 3.5 μmolmin� 1mg� 1, respectively; and for the
oxidation of androsterone AKR1C4 had a specific activity of
0.32 μM/min/mg.

Assay of enzyme activity: The dehydrogenase activities of AKR1C2,
and AKR1C3 were determined by measuring the formation of
NADH formation at 340 nm using Beckman DU640 spectrophotom-
eter. A typical assay solution contained 100 mM potassium
phosphate pH 7.0, 2.3 mM NAD+, 3.0 mM (S)-(+)-1,2,3,4-tetrahydro-
1-naphthol (S-tetralol), 4% acetonitrile (v/v). The mixtures were
incubated at 37 °C for 3 min followed by adding a serial dilution of
AKR1C2, or AKR1C3 solution to a final volume of 1 mL to initiate
the reaction. After continuously monitoring for 5 min, the increase
in UV absorption using different concentrations of enzyme were
recorded to calculate the initial velocity and determine enzyme
specific activity.

IC50 value determination: The inhibitory potency for each compound
was represented by IC50 value and measured as described before.[47]

The IC50 value of coumarin analogues was determined by measur-
ing their inhibition of the NADP+ dependent oxidation of S-tetralol
catalyzed by AKR1C1, AKR1C2, and AKR1C3 in a 96-well plate
format and the reaction measured fluorometrically with a (Exc/Emi,
340/460 nm) on a BIOTEK Synergy 2 Multimode plate reader. The
assay mixture consisted of 100 mM phosphate buffer, pH 7.0, S-
tetralol (in DMSO), inhibitor (in DMSO), 200 μM NADP+, and purified
recombinant enzyme to give a total volume of 200 μl, and 4%
DMSO. The concentration of S-tetralol used in the assays for each
AKR1C isoform was equal to the Km value for the respective enzyme
so that IC50 values could be directly compared assuming a
competitive pattern of inhibition. The Km value obtained for S-
tetralol for AKR1C2 and AKR1C3 under the same experimental
conditions were 15 μM and 165 μM, respectively. The IC50 value of
each compound was acquired from a single experiment with each
inhibitor concentration run in quadruplicate and directly calculated
by fitting the inhibition data to an equation [y= (range)/[1+ (I/
IC50)S] + background] using Grafit 5.0 software. In this equation,
“range” is the fitted uninhibited value minus the “background”, and
“S” is a slope factor. “I” is the concentration of inhibitor. The
equation assumes that y falls with increasing “I”.

Docking: Docking experiments were performed with SeeSAR 12.1
software (BioSolveIT, Sankt Augustin, Germany). The crystal struc-
ture of AKR1C3 (PDB ID: 7C7G) and AKR1C2 (PDB ID: 4JQ4) were
separately imported into the binding site tool as a PDB file. The
reference ligand was removed, and the binding site defined as an
amino acid residue pocket directly surrounding the template
ligand. The default parameter settings of SeeSAR were used.
Compounds were prepared and docked with FlexX, wherein frag-
ments are placed into multiple places in the defined pocket and
scored with a pre-scoring system.[50]

FlexS,[51] was used to generate compound/reference ligand super-
impositioning to determine similarity between the test compound
and the reference ligand, providing a ranked list for prioritizing
compounds. Binding poses were scored by hydrogen dehydration
(HYDE),[52] and the top 20 scoring binding poses of each compound
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were imported and analyzed in SeeSAR. The top scoring pose was
selected based on estimated affinity, ligand efficiency, and torsion
energy. Individual compound docking figures are generated from a
perspective to illustrate binding interactions in the most accessible
way in a 2D figure, and therefore do not represent a fixed
orientation or perspective.

Growth Inhibition Assay: 1.5×104 DuCaP cells in RPMI media in
100 uL 5% charcoal dextran stripped FBS were plated per well in a
96-plate format. After 24 h 100 uL media containing 1.0 nM 4-
androstene-3,17-dione, inhibitor were added to the wells where the
DMSO concentration was 1%. Cell number was counted on a Biotek
Cytation plate reader daily over 10 days exposure.

Clonogenic survival assay: 22Rv1 cells, cultured in 20% O2 and 5%
CO2 at 37 °C, were seeded into T25 flasks at a density of 3×105 cells/
flask to ensure logarithmic growth during treatment. The following
day cells were treated with 10 μM compound or an equal volume
of DMSO and incubated under normal cell culture conditions for
48 hours. Cells were then irradiated with 2 Gy of X-rays or sham
irradiated for the 0 Gy conditions. Immediately following radiation,
the cells were detached and serially diluted to 200 (0 Gy) or 800
(2 Gy) cells/mL and seeded into 6 well plates. The cultures were
allowed to grow undisturbed for 14 days. Colonies were fixed to
the plates with 70% ethanol then stained with 0.5% crystal violet
in 25% methanol. Using a dissecting microscope, colonies contain-
ing 50 or more cells were counted clonogenically viable, and the
surviving fraction calculated based on the plating efficiency of the
sham control. All conditions were performed n=3 times and the
mean surviving fraction is reported.

Liquid chromatography and mass spectrometry (LC–MS/MS) condi-
tions: A Shimadzu 8060 NX mass and Nexera Series liquid chromato-
graph (Shimadzu Scientific Instruments, Columbia, MD). The MS/MS
system was operated at unit resolution in the multiple reaction
monitoring (MRM) in positive ESI mode, using precursor ion >

product ion combinations of 260.20>132.10 m/z for 3a. The
analytical column was an Acquity UPLC®BEH C18, 2.1*100 mm,
1.7 μm column (Waters, Inc. Milford MA) was used to separate the
3a analytes and the internal standard (IS). The mobile phase
consisted of water containing 0.1% formic acid (Phase A) and
methanol (Phase B) at a flow rate of 0.25 mL/min with an operating
temperature of room temperature. The total run time was set to
last 7.5 min with a gradient elution system.

In-vitro metabolic stability in HLM/MLM: Metabolic stability was
assessed using HLM and MLM (XenoTech, LLC, Lenexa, KS). All
incubations with 3a (2 μM) were performed in triplicate, as
previously described.[53] The reaction was started by adding 2 μL of
3a at a final concentration of 2 μM. Serial samples (50 μL) were
collected at selected time intervals and quenched with 300 μL of
methanol spiked with 10 μL of IS (0.5 μg/mL). All samples were
vortexed and centrifuged at 13,000 g for 15 min, and the super-
natant was collected and transferred to an autosampler vial and
injected (2 μL) onto the LC–MS/MS system. Testosterone was used
as a positive control to ensure incubation conditions were
appropriate to conduct metabolism studies. Microsomal stability
was expressed as the percentage of drug remaining at each sample
time.

Mouse plasma stability studies of 3a: Plasma stability of 3a was
determined in mouse plasma at concentrations of 2 μM. Incubation
with mouse plasma was performed in triplicate, at 37 °C on a
shaking water bath for 4 hours. Samples (50 μL) were collected at 0,
30, 60, 120 and 240 minutes. Immediately after sample collection,
five volumes of methanol containing IS was added and samples
were prepared for analysis. Stability was determined as a percent-
age of parent compound detected at each time point relative to

the concentration at 0 minutes. Plasma stability was expressed as
the percentage of drug remaining at each time.

DIMSCAN assay: Activity of drugs against leukemia cell lines was
evaluated by the DIMSCAN assay. Test compounds were pretreated
for 24 hours to a maximum concentration of 80 μM before addition
of chemotherapeutic. Maximum dose of chemotherapeutic was
ABT-737 5 μM, daunorubicin 265 μM, and dexamethasone 500 nM.
Cells were incubated with single compound or combination for
72 hours before DIMSCAN assay, which was performed as previ-
ously described.[43]
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