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Abstract——Human aldo-keto reductases (AKRs) proceed. They are implicated in resistance to cancer
catalyze the NADPH-dependent reduction of carbon- chemotherapeutic agents either because they are di-
yl groups to alcohols for conjugation reactions to rectly involved in their metabolism or help eradicate
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the cellular stress created by these agents (e.g., reac-
tive oxygen species and lipid peroxides). Further-
more, this cellular stress activates the Nuclear factor-
erythroid 2 p45-related factor 2 (NRF2)-Kelch-like
ECH-associated protein 1 pathway. As many human
AKR genes are upregulated by the NRF2 transcrip-
tion factor, this leads to a feed-forward mechanism to
enhance drug resistance. Resistance to major classes
of chemotherapeutic agents (anthracyclines, mitomy-
cin, cis-platin, antitubulin agents, vinca alkaloids,
and cyclophosphamide) occurs by this mechanism.
Human AKRs also catalyze the synthesis of andro-
gens and estrogens and the elimination of progesto-
gens and are involved in hormonal-dependent

1151

malignancies. They are upregulated by antihormonal
therapy providing a second mechanism for cancer
drug resistance. Inhibitors of the NRF2 system or
pan-AKRI1C inhibitors offer promise to surmount can-
cer drug resistance and/or synergize the effects of ex-
isting drugs.

Significance Statement——Aldo-keto reductases (AKRs)
are overexpressed in a large number of human tu-
mors and mediate resistance to cancer chemothera-
peutics and antihormonal therapies. Existing drugs
and new agents in development may surmount this
resistance by acting as specific AKR isoforms or
AKR pan-inhibitors to improve clinical outcome.

I. Introduction to Aldo-Keto Reductases

Aldo-keto reductases (AKRs) are a superfamily of
NAD(P)(H)-dependent oxidoreductases, which are
predominately cytosolic and most often exist as mono-
mers of 37 kDa in molecular weight. In most instan-
ces, they catalyze the reduction of carbonyl groups to
alcohols. Aldehydes are converted to primary alcohols
and ketones are converted to secondary alcohols on a
variety of substrates (Jez and Penning, 2001; Mind-
nich and Penning, 2009). This functionalization would
categorize these enzymes as phase-1 enzymes. Upon
functionalization, the alcohols can be conjugated as
glucuronides or as sulfates for elimination.

There are 15 human AKRs, and while their carbonyl
substrates may be diverse, there are some common fea-
tures in these proteins (Penning and Drury, 2007) (Table
1). They share a common (¢/f3)g barrel in which there is an
alternating pattern of o-helices and f-strands. The
p-strands make up the staves of a barrel, and at the base
of the barrel a catalytic tetrad exists of Y55, K84, D40, and
H117, the exception being AKR1D1, in which a H120E
substitution exists to replace the catalytic histidine. At the
back of the barrel, three large loops exist which help define
substrate specificity, where different amino acids are re-
cruited to the binding pocket based on substrate (Fig. 1).

AKRs are overexpressed in a broad range of human
cancers, e.g., prostate (Stanbrough et al., 2006), breast
(Ma et al., 2012; McNamara and Sasano, 2019), glioma
(Park et al., 2010), neuroblastoma (Lyon et al., 2013),
nonsmall lung cancer and small cell lung cancer (Hsu et
al., 2001; Tian et al., 2016), colon cancer (Kropotova et
al., 2014; Zu et al., 2017), cancer of the small intestine
(Wang et al.,, 2009), and acute myelocytic leukemia
(AML) (Birtwistle et al., 2009). Tumor-specific expres-
sion of the AKR isoforms has been observed, e.g., non-
small cell lung cancer (AKRIC1, AKR1C2, AKRIC3 and

AKR1B10) (Hsu et al., 2001; Cubillos-Tian et al., 2016;
Angulo et al., 2020), colon cancer (AKR1B10) (Kropotova
et al., 2014), breast and prostate cancer (AKRI1C3) (Stan-
brough et al., 2006; McNamara and Sasano, 2019), and
AML (AKR1C3) (Birtwistle et al., 2009). The abundance
of AKR overexpression has led to the proposition that
they can be used as tumor biomarkers (Hamid et al.,
2013; Tian et al., 2014; Tian et al., 2016; Cubillos-Angulo
et al., 2020).

The AKRs are also stress response genes and respond
to electrophilic and oxidative stress, osmotic stress, and
steroid hormones (Penning and Drury 2007). They are
induced by the Nuclear factor-erythroid 2 p45-related
factor 2 (NRF2) (NFE2LZ2)-Kelch-like ECH-associated
protein 1 (KEAP1) (KEAPI) pathway (Tebay et al., 2015)
by AP-1 transcription factors, a tonictiy responsive en-
hancer (Ko et al., 1997), and are regulated by steroid
hormone receptors via steroid response elements (Pen-
ning and Drury 2007). Since they respond to electrophilic
and oxidative stress stimuli, which are generated by che-
motherapeutic agents, they are upregulated by these
agents, and this contributes to drug resistance. Because
they also play a role in steroid hormone transformation,
they are involved in chemoresistance to hormone abla-
tive therapies.

II. Stress Response and Nuclear Factor-
Erythroid 2 p45-Related Factor 2 Induction of
Aldo-Keto Reductases

NRF2-KEAP1 is a master regulator of stress response
genes (Tebay et al., 2015). Under basal conditions,
NRF2 is tethered to KEAP1, which is an adaptor pro-
tein for the cullin-3. Really Interesting New Gene-box
protein 1 ubiquitin ligase, which targets NRF2 for ubig-
uitination and proteasomal degradation (Dinkova-Kos-
tova et al., 2005). Electrophiles and reactive oxygen

ABBREVIATIONS: ABC, ATP-binding cassette; AKR, aldo-keto reductase; AKT, protein kinase B; ALDH, aldehyde dehydrogenase; AML,
acute myelocytic leukemia; AR, androgen receptor; ARSI, androgen receptor signaling inhibitor; araC, cytarabine; ARE, antioxidant re-
sponse element; ARN, apalutamide; ARSI, androgen receptor signaling inhibitor; COX, cyclooxygenase; DGR, double glycine repeat; Dox,
doxorubicin; GSH, glutahione; HaCaT, immortal human keratinocyte cell line; 4-HNE, 4-hydroxy-2-nonenal; INDO, indomethacin; IVR, in-
tervening region; KEAP1, Kelch-like ECH-associated protein 1; NADPH, nicotinamide adenine dinucleotide phosphate; NQO1, NADPH:
quinone oxidoreductase; NRF2/NFE2L2, nuclear factor-erythroid 2 p45-related factor 2; NSAID, nonsteroidal anti-inflammatory drug;
ODM, darolutamide; PPARYy, peroxisome proliferator activated receptor vy; PI3K, phosphoinositide 3—kinase; P450, cytochrome P450; ROS,
reactive oxygen species; si-RNA, short interfering RNA; SLC, solute carrier; T-ALL, T-cell acute lymphoblastic leukemia; TMPRSS2-ERG,
transmembrane proetase serine 2 and eryrthroblast transformation specific related gene/protein.
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TABLE 1
Human AKRs and involvement in drug resistance
Gene Protein Names (Aliases) Chromosomal Localization Substrate Specificity
AKRIA1 Aldehyde reductase; dihydrodiol 1p33-p32 DL-glyceraldehyde
dehydrogenase 1 Melvadate
AKR1BI Aldose reductase 7935 Glucose, advanced end glycation
products, 4-HNE, reactive
carbonyls
AKR1BI0 Small intestine like aldose 7933 Retinal; reactive carbonyls
reductase; 9-cis-retinal reductase
AKRI1B15 3-Keto- acyl CoA reductase 7933 3-Keto-acyl-coA; 9-cis-
retinaldehyde
AKRICI 30(200)-Hydroxysteroid 10p15-10p14 Reduction of 20-ketosteroids
dehydrogenase; dihydrodiol e.g., progesterone
dehydrogenase 1;
AKRI1C2 3a-hydroxysteroid dehydrogenase 10p15-10p14 Reduction of 3-ketosteroids,
type 3; dihydrodiol dehydrogenase dihydroprogesterone,
2; bile-acid binding protein dihydrotestosterone
AKRIC3 3u-hydroxysteroid dehydrogenase 10p15-10p14 Reduction of 17-ketosteroids;
type 2; 178-hydroxysteroid 4-androstene-3,17-dione; estrone;
dehydrogenase type 5; prostaglandin Hy;
prostaglandin F synthase; prostaglandin Dy
dihydrodiol dehydrogenase X
AKRIC4 3a—hydroxysteroid dehydrogenase 10p15-10p14 3-Ketosteroids; bile acid
type 1; dihydrodiol dehydrogenase precursors; chlordecone
4; chlordecone reductase
AKR1D1 Steroid 5f-reductase 7q32-7q33 Delta*-3-Ketosteroids
AKRIE2 1,5-Andyhro-D-frucose reductase 10p15 1,5-anhydro-D-fructose
AKR6A3 Potassium voltage gated channel 3q26.1
p-subunit-1
AKR6A5 Potassium voltage gated channel 1p36.3
f-subunit-2
AKRG6A9 Potassium voltage gated channel 17p13.1
f-subunit-3
AKR7A2 Aflatoxin aldehyde reductase 1p35.1- Reduction of succinic
p36.23 semialdehyde; acrolein
2-carboxybenzlaldehyde;
aflatoxin dialdehyde
AKR7A3 Aflatoxin aldehyde reductase 1p35.1-p36.23 Aflatoxin dialdehyde

species (ROS) modify key cysteine residues in KEAP1,
which prevents ubiquitination of NRF2 (Wakabayashi
et al., 2004; Dinkova-Kostova et al., 2017). Newly syn-
thesized NRF2 can thus evade ubiquitination, translo-
cate to the nucleus, and bind to its heterodimeric
partner small-maf on the antioxidant response element
(ARE) (5'-A/G-TGA-C/G-NNN-GC-A/G-3') of stress re-
sponse genes to increase gene transcription (Fig. 2).
AKRICI-AKRICS3 genes contain multiple AREs (6-16
based on a consensus sequence search and a positional
matrix search) in their promoters (Tebay et al., 2015)
(see Table 2).

Prototypic NRF2 activators such as R-sulforaphane
(SFN) and the triterpenoid 1-(2-Cyano-3,12,28-trioxoolea-
na-1,9(11)-dien-28-yl)-1H-imidazole (CDDO) have been
used as cancer chemo-prevention agents in that they
could lead to the inactivation of electrophiles that would
damage DNA and initiate cancer (Yates et al., 2006;
Kensler et al., 2013). The same activators could also lead
to the elimination of cytotoxic species required for the ef-
ficacy of the cancer chemotherapeutic response. Thus,
the activation of NRF2 leading to chemoresistance is con-
sidered the “dark side” of NRF2 activation.

Studies by Ciaccio and Tew originally showed that hu-
man colon cancer cells that were resistant to ethacrynic

acid had highly elevated levels of dihydrodiol dehydroge-
nase (Ciaccio et al., 1993; Ciaccio and Tew, 1994; Ciaccio
et al., 1994), which at that time was a trivial name given
to AKR1C1-AKR1C4 (Burczynski et al., 1998). Further,
Northern analysis and RNA protection studies showed
that AKRICI-AKR1C3 transcripts were upregulated by
electrophilic and oxidative stress in HepG2 cells (Burczyn-
ski et al., 1999) (Table 2). MacLeod et al. (2009) showed
that small interfering-RNA (si-RNA) for KEAP1 in human
immortal keratinocytes (HaCaT) resulted in upregulation
of AKR1B10, AKRIC1/2, and AKRIC3 transcripts by re-
verse-transcription polymerase chain reaction and
AKRI1B10 and AKR1C1/2 protein. Similarly, NFE2L2 si-
RNA resulted in downregulation of the same AKRs. In
another study, it was found that KEAPI si-RNA resulted
in upregulation of AKRIB10, AKRICI1, AKRIC2, and
AKR1C3 in human breast cancer cells at the transcript
level and at the protein level as well by stable isotope
labeling by amino acids in cell culture-labeling followed
by mass spectrometry. Furthermore, this transcriptomic
and proteomic analysis showed that these genes were
the most highly regulated by the NRF2-KEAP1 path-
way (Agyeman et al., 2012). Recent CRISPR/Cas9 gene
editing of NFE2L2 in A549 lung adenocarcinoma cells
showed that high constitutive expression of AKR1C1,
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Fig. 1. Structure of human AKRs and catalytic tetrad. o/fg-barrel protein
fold of AKRs (A); loop structures at back of barrel (B); and (C) catalytic
tetrad. From AKR1C2.NADP' complex (PDB 2hdj). Helices (blue);
p-strands (purple); stick model shows position of NADP* and catalytic
tetrad in A, and B. Figure produced in Pymol.

AKR1C2, and AKR1C3 was eliminated by NRF2 dele-
tion (Murray et al., 2019b). In A549 cells, KEAPI is hy-
permethylated and mutated, leading to high levels of
NRF2 (Wang et al., 2008; Fabrizio et al., 2019). It is
now known that the majority of the human AKR genes
are regulated by the NRF2-KEAP1 pathway and these
data are summarized in Table 2. These findings suggest
that NRF2 activation would exacerbate drug resistance
mediated by AKRs. In addition, NRF2 activation can

newly

translated ncuced

(oxidants,

/ m X\ecktrophi[es 4
m s,

Basal

No
Proteasomal Proteasomal

degradation degradation

. 4

Fig. 2. NRF2-Keapl regulation of human AKR genes. Under basal condi-
tions, the transcription factor Nrf2 is sequestered by Keapl which acts as
an adaptor program for culin 3 (cul 3) ubiquitin ligase which leads to the
ubiquitination of Nrf2 and its proteasomal degradation. Upon exposure to
oxidative or electrophilic stress, cysteine residues on Keapl become either
oxidized or covalently modified which disrupts the interaction with Nrf2
and prevents its ubiquitination. Under these conditions, newly synthesized
Nrf2 evades proteasomal degradation, translocates to the nucleus where it
binds to its heterodimeric partner small maf; and the resulting dimer binds
to ARE in the promoters of genes that detoxify the stress signal, e.g.,
AKR1C, NQO1, and y-glutamylcysteine synthetase (GCLM).
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lead to an increase in GSH biosynthesis via induction of
gamma-glutamyl cysteine synthetase light chain and in-
crease cofactor availability for glutathione-S-transfer-
ases (Dinkova-Kostova et al.,, 2005). Increased
glutathione-S-transferase activity can eliminate cytotox-
ic species generated by chemotherapeutic agents (e.g., 4-
hydroxy-2-nonenal and acrolein) by glutathione conjuga-
tion. Thus, a place exists for both AKR inhibitors and in-
hibitors of NRF2 to surmount drug resistance.
Examples of how AKRs mediate resistance to major
classes of chemotherapeutic drugs and antihormonal
therapies follow in sections 4 and 5.

ITI. Somatic Mutations and Epigenetic
Regulation of the Nuclear Factor-Erythroid
2 p45-Related Factor 2-Kelch-Like
ECH-Associated Protein 1 Pathway

Somatic mutations in KEAP1 that suppress its ac-
tivity or epigenetic regulation of the NRF2-KEAP1
pathway could lead to high constitutive expression of
AKRs and could contribute to cancer drug resistance
in multiple tumor types.

There are 174 KEAPI somatic mutations in human
lung cancer which may affect the expression of NRF2.
They reside in the intervening region (IVR) domain re-
sponsible for the ubiquitination of NRF2, and in the
double glycine repeat (DGR) domain which interacts
with NRF2 (Fig. 3) (Canning et al., 2015; Grossman et
al., 2016). These mutations are often observed in dif-
ferent lung cancer subtypes: for example, the A427V
mutant (located in the DGR domain of KEAP1) is seen
in small cell lung carcinoma (Ohta et al., 2008), the
H200P and R272C mutants (located in the IVR domain
of KEAP1) are observed in adenocarcinoma (Ohta et
al., 2008), and the G430C, R415G, and G364C mutants
(located in the DGR domain of KEAP1) are seen in ad-
enocarcinoma. Early detection of KEAP1 mutations in
different subtypes of lung cancer may predict early on-
set insensitivity to chemotherapeutic agents and could
be clinically actionable. Somatic mutations of NFE2L2
in the coding region have also been observed in human
cancers (Kerins et al., 2018). NRF2 mis-sense muta-
tions occur in amino acids in the DLG or ETGE motifs
which interact with KEAP1, resulting in aberrant cel-
lular accumulation of NRF2. Cells expressing NRF2
mutants display constitutive induction of cytoprotec-
tive enzymes and are insensitive to KEAP1-mediated
regulation.

Mutations of KEAPI and NFE2L2 occur in more
than 30% of lung cancer cases and may contribute to
drug resistance. The Cancer Genome Atlas database
catalogs 226 unique NFE2L2-mutant tumors identi-
fied from 10,364 cancer cases (Kerins et al., 2018).
NFE2L2 mutations were found in 21 out of 33 differ-
ent tumor types. A total of 11 hotspots were
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NRF2

DLG ETGE

Nehl

KEAP1 Small Maf binding: DNA binding

binding
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DC domain NRF2 binding
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homodimerization
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Fig. 3. Domain structures of KEAP1 and NRF2. KEAP1 has four do-
mains, the N-terminal Broad complex, Tramtrack and Bric-a-Brac (BTB)
domain which binds cullin 3 ubiquitin ligase, an IVR, and the Kelch do-
main which binds NRF2. NRF2 contains seven functional domains,
Neh1-7. Neh1 contains the DNA binding and heterodimerization domain
for small maf, while Neh2 is the regulatory domain which interacts with
Keapl via its DLG and ETGE motifs.

identified. Of these, amino acids in the DLG motif
R25 to R34 were among the common hotspots
observed.

The NRF2-KEAP1 pathway is also epigenetically
regulated by DNA methylation, histone modification,
and long non-coding-RNA (Guo et al.,, 2015). The
methylation pattern of CpG islands in the KEAPI
promoter differ between normal lung and lung cancer
and between normal human bronchial epithelial cells
and human lung carcinoma cells (Fabrizio et al.,
2019), and similar differences were noted in colorectal
cancer cells and tissues (Hanada et al., 2012). Treat-
ment of lung cancer cells with the methylation inhibi-
tor 5'-aza-2'-deoxycytidine restored KEAPI mRNA
levels, suggesting an epigenetic mechanism of KEAPI
regulation. Thus, hypermethylation of KEAPI leads to
its suppression. It is unknown if the methylation sta-
tus of KEAPI1, and hence its regulation, is affected by
chronic chemotherapeutic drug exposure to impose epi-
genetic memory.

IV. Resistance to Major Cancer
Chemotherapeutics Mediated by Aldo-Keto
Reductases

Chemotherapeutic drug resistance is a major mecha-
nism by which tumors can evade drug treatment. Resis-
tance is multifactorial and can include increased drug
metabolism, e.g., induction of CYP3A4 (Yao et al.,
2000), changes in expression of solute uptake transport-
ers [solute carriers (SLC)] and drug efflux pumps, e.g.,
ABC transporters (P-glycoprotein and multiple drug re-
sistance proteins) (Gupta et al.,, 2020), and increased
GSH biosynthesis to increase conjugation capacity by
glutathione-S-transferases and counter oxidative stress.
SLC are less studied as compared with ABC transport-
ers, although about 70% of cytotoxic compounds depend
on SLC transporters (Lanthaler et al., 2011). As uptake
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transporters, they regulate influx of drugs (e.g.,
SLC29A1 mediates the influx of fluorouracil, SLC35A2
and SLC38A5 mediate the influx of cis-platin, and more
than 20 SLC mediate the uptake of methotrexate)
and affect their intracellular concentrations. The
role of these transporters was identified by genetic
screens against 60 different cytotoxic drugs (Girardi
et al., 2020). Downregulation of SLC genes may pre-
vent drug uptake, and upregulation may support
higher energy and nutrition requirement of cancer
cells. Alterations in expression of a number of SLC
genes has been observed in ovarian cancer cell lines
W1 and A2780 resistant to cis-platin, doxorubicin,
topotecan, and paclitaxel (Januchowski et al., 2013,
2014). Since multiple mechanisms of drug resistance
can exist, treatment of resistance by targeting a sin-
gle mechanism is likely to fail since, under the selec-
tion pressure of drug treatment, the tumor can
adapt and substitute other pathways of resistance.
Numerous studies implicate human AKRs in drug
resistance to the major classes of cancer chemother-
apeutic agents: the anthracyclines (daunorubicin
and doxorubicin); mitomycin; cis-platin, methotrex-
ate, oracin, vinca alkaloids, and cyclophosphamide.
Three mechanisms may account for the drug resis-
tance observed: 1) involvement of AKRs in drug in-
activation by catalyzing carbonyl reduction to
alcohols; 2) involvement of AKRs in the reduction of
quinones to hydroquinones (anthracyclines and mi-
tomycin) with the concomitant production of ROS to
increase NRF2 activation and elevate AKR expres-
sion by a feed-forward mechanism; and 3) upregula-
tion due to the cellular stress created by drug
exposure and elimination of that stress, e.g., inacti-
vation of 4-hydroxy-2-nonenal (4-HNE) produced as
a byproduct of lipid peroxidation (Fig. 4). When five
human recombinant AKRs were compared for the
conversion of 4-HNE to 1,4-dihydroxy-2-nonene, the
enzyme with the highest catalytic efficiency for this
reaction was found to be AKR1C1 (Burczynski et al.,
2001). Direct evidence that these AKRs are involved
in drug resistance comes from genetic approaches,
e.g., RNA interference, transfection studies, and
pharmacological inhibition of AKRs. While overex-
pression of the AKRs is commonly mediated by the
NRF2-KEAP1 pathway, they can also be overex-
pressed as part of disease pathogenesis. In the sub-
sections that follow, we describe the mode-of-action
of each therapeutic agent, evidence that AKRs are
involved in resistance to that drug based on enzyme
activity, transfection studies, forced overexpression,
RNA interference, and association studies with over-
expression in cancer cell lines. Where possible, we
address the relative contribution of AKRs to the
drug resistance phenotype. The ability of AKR iso-
form inhibitors to reverse drug resistance and
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Fig. 4. Drug resistance mechanisms mediated by AKRs. In mechanism 1,
AKRs inactivate carbonyls on chemotherapeutic agents adding in their elim-
ination; in mechanism 2, AKRs redox cycle p-quinones and produce ROS to
activate NRF2 to increase AKR gene expression; in mechanism 3, AKRs in-
activate breakdown cytotoxic products of lipid peroxides such as 4-HNE.

synergize the effects of chemotherapeutic drugs are
described in sections 7 and 8, respectively.

A. Anthracyclines (Daunorubicin, Doxorubicin,
Idarubicin, and Epirubicin)

The anthracycline cancer chemotherapeutic agents
intercalate double-stranded DNA and inhibit transcrip-
tion and replication. They form a heterotrimeric com-
plex with topoisomerase II and DNA. Topoisomerase
catalyzes double-strand DNA breaks when uncoiling
supercoiled DNA, and the ternary drug complex pre-
vents religation of the broken strands essential for DNA
replication (Gewirtz, 1999). The AKRs can eliminate
the anthracyclines via carbonyl reduction. The anthra-
cyclines also possess a p-quinone in their structure
which can undergo one electron and two electron redox
cycling leading to the production of ROS and oxidative
stress (Fig. 5). The production of ROS leads to induction
of the AKR genes which can eliminate both the anthra-
cycline and the 4-HNE produced as a result of ROS.

Aldehyde reductase (AKR1A1) was first identified
as “daunorubicin reductase” by Felsted et al. (1974).
This activity was important since it eliminated the
active drug by forming daunorubicinol, but in doing
so formed this cardiotoxic metabolite. Thus, AKR1A1
inhibitors would be chemoprotective and promote
chemosensitization (Fig. 5). The involvement of car-
bonyl reduction in anthracycline drug resistance was
supported by transfection studies from the Maser
group, which showed that overexpression of carbonyl
reductase, AKRIAI, and AKRIBI were involved in
drug resistance in human pancreatic cancer cells
(Plebuch et al.,, 2007). AKRs have since been
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Fig. 5. Structures of daunorubicin and doxorubicin (representative an-
thracyclines) and mitomycin inactivated by AKRs. Arrow on structures on
left show the carbonyl group reduced and the common p-quinone structure.
Redox-cycling (right) shows the formation of ROS that could result in the

formation of cytotoxic 4-HNE that would be inactivated by AKRs, and the
formation of the hydroquinone which can be eliminated as a conjugate.

implicated in resistance to a wide range of anthracy-
clines including daunorubicin, doxorubicin, idarubi-
cin, and epirubicin.

Daunorubicin now appears to be inactivated by
AKRI1A1, AKR1C2, and AKR1B1 (Ohara et al., 1995;
Plebuch et al.,, 2007a) and AKR1C3 (Hofman et al.,
2014). Examination of catalytic efficiencies showed that
AKR1C3 had the highest catalytic efficiency for the re-
duction of daunorubicin, while reduction of doxorubicin
and idarubicin occurred with 2- to 5-fold lower catalytic
efficiencies, respectively (Hofman et al., 2014). A dose-
dependent relationship existed between the level of
AKR1C3 expressed and the ensuing drug resistance ob-
served. AKR1B10 also reduces daunorubicin and idar
ubicin but is less active toward doxorubicin and epirubi-
cin (Zhong et al., 2011).

AKR1C3 has been implicated in resistance to the
anthracyclines in A549 (lung adenocarcinoma), HelLa
(cervical carcinoma), MCF-7 (breast cancer cells) and
HCT116 (colon cancer) cells by transfection studies
and restoration of drug sensitivity with the AKR1C3
inhibitor 2’-hydoxyflavanone (Hofman et al., 2014).
The mechanism of AKR1C3-mediated doxorubicin re-
sistance was examined in MCF-7/Dox resistance cells,
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where overexpression of AKRIC3 led to the loss of the
tumor suppressor gene phosphatase and tensin homo-
log (PTEN) and activated protein kinase B (AKT) sig-
naling (Zhong et al., 2015). In a microfluidic model of
a stage IV glioblastoma cell line, in which the micro-
environment could be manipulated, transcriptome se-
quencing identified overexpressed genes responsible
for the early appearance of doxorubicin drug resis-
tance, and were found to correspond to AKRIBI,
AKRICI1, AKRIC2, and AKR1C3 (Han et al., 2016).

Association of AKR overexpression with daunorubi-
cin resistance has been observed in numerous cancer
cell lines, including the overexpression of AKR1A1 and
AKRI1B1 in pancreatic adenocarcinoma cells (Plebuch,
et al., 2007a); the overexpression of AKR1BI0 in lung
cancer cells (Zhong et al., 2011); and the overexpression
of AKRIC3 in lung, colon, breast cancer, and cervical
cancer cell lines (Hofman et al., 2014). Similarly, an as-
sociation of AKR overexpression with doxorubicin resis-
tance has been observed in multiple cell lines including
those from cervical cancer involving AKRIB1 (Lee et
al.,, 2002); from nonsmall lung cancer involving
AKRI1C1, AKR1C2, and AKRIC3 (Hung et al., 2006;
Wang et al.,, 2007); from breast cancer involving
AKRIC2 and AKRIC3 (Veitch et al., 2009; Heibein et
al.,, 2012); and from gastric cancer involving AKRI1BI
(Morikawa et al., 2015). Resistance to idarubicin and
epirubicin has also been linked to the expression of
AKR enzymes in breast cancer with involvement from
AKRIC1, AKR1C2 (Veitch et al., 2009), and AKR1C3
(Hofman et al., 2014), with involvement of AKR1C3
(Hofman et al., 2014) and AKR1B10 in lung cancer
(Zhong et al., 2011), and with involvement of AKR1C3
in colon and cervical cancer cell lines (Hofman et al.,
2014). It is uncertain whether the mechanism of resis-
tance mediated by AKRs is due to carbonyl reduction
on the side chain, elimination of 4-HNE, or both. The
relative contribution of AKR1C2 to doxorubicin resis-
tance was assessed in MCF-7 cells. It was found that
MCFDox-2 cells (that were ABC transporter null) could
have their resistance reversed by 5f-cholanic acid (an
AKR1C2 inhibitor) but, in cells that were resistant to
epirubicin and overexpressed an ABC transporter, the
AKRI1C2 inhibitor was without effect (Veitch et al.,
2009).

B. Mitomycin

Mitomycin is widely used for patients with ad-
vanced metastatic cancers of the stomach and colon.
Mitomycin undergoes both enzymatic and spontane-
ous rearrangement to form bifunctional or trifunction-
al alkylating agents (Wellestein, 2018). It cross links
DNA at the N6 position of adenine and the O6 and
N7 position of guanine inhibiting DNA synthesis. Mi-
tomycin is also a p-quinone which can redox cycle
both enzymatically and nonenzymatically to the hy-
droquinone. The principal enzyme involved in two
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electron reduction of the p-quinone is NADPH: qui-
none oxidoreductase (NQO1). Formation of the hydro-
quinone can lead to its oxidation back to the quinone
with consumption of molecular oxygen and the forma-
tion of ROS, establishing a futile redox cycle leading
to oxidative damage of lipids and DNA. AKRs also
have the potential to catalyze two electron quinone
reduction to form the hydroquinone and exacerbate
mitomycin redox cycling. However, in both instances,
formation of the hydroquinone prevents the formation
of the more reactive semiquinone anion radical and
can lead to elimination of the hydroquinone as conju-
gates (Fig. 5). Thus, two mechanisms of chemoresist-
ance can exist, formation of the hydroquinone for
conjugation and elimination of lipid peroxide break-
down products resulting from ROS formation. 4-HNE
is inactivated principally by AKRB10 in the colon and
may contribute to mitomycin drug resistance by elimi-
nating the cytotoxic 4-HNE (Matsunaga et al., 2011).
AKR1BI10 is considered a potential biomarker for colon
cancer and tumors of the small intestine and was origi-
nally named as “small intestine-like” aldose reductase.
Notably, both NQO1 and AKR1B10 are regulated by the
NRF2-KEAP1 pathway. The contribution of AKR1B10 to
mitomycin drug resistance was assessed in nonresistant
HCT-15 colon cells where overexpression of AKR1B10
and silencing of AKR1B10 decreased and increased sen-
sitivity to the drug (Matsunaga et al., 2011).

C. Cis-Platin and Platin-Based Drugs

Cis-platin is transported into cancer cells by a high af-
finity Cu®" solute carrier transporter. Upon aquation, it
loses its chloride ligands and the activated platinum
complexes react with DNA and sulthydryl groups to
form protein-DNA cross links that inhibit transcription
(Wellestein, 2018). Simpkins showed that growth of
ovarian cancer cells in the presence of cis-platin made
them drug-resistant to platin therapy. Gene expression
analysis identified dihydrodiol dehydrogenase (AKR1C1I)
as one the most overexpressed genes in the resistant
cells (Deng et al., 2002). To demonstrate causality, trans-
fection of the AKR1C1 ¢cDNA into parental ovarian can-
cer cells established the drug-resistant phenotype.
Subsequent studies showed dihydrodiol dehydrogenase
1 and 2 (AKR1C1 and AKR1C2) were responsible for
cis-platin and carboplatin resistance in human ovarian,
cervical, lung, and germ cell tumor cell lines (Deng et
al., 2004). Transfection of si-RNA against AKRICI and
AKRI1C2 in 2008/C13 cells restored sensitivity to cis-
platin with a concomitant production of ROS (Chen et
al., 2008). In the cis-platin-resistant HeLa cervical cell
line silencing of AKRICI, AKRIC2, AKRI1C3, and
AKR1C4 restored drug sensitivity (Shiiba et al., 2017).
AKR1B10 was later implicated in cis-platin resistance
by eliminating the accumulation of 4-HNE formed. The
resistance was also accompanied by downregulation of
PPARy, and sensitivity could be restored by the
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transfection of PPARy and the addition of a PPARy ago-
nist rosiglitazone (Matsunaga et al., 2016b). Thus, expo-
sure to cis-platin produces both ROS and an
electrophilic signal (4-HNE) to activate the NRF2-
KEAP1 pathway and induce AKR genes. The downregu-
lation of PPARy is a pro-proliferative response and could
counter the cytotoxic effects of cis-platin.

AKR overexpression has since been associated with
resistance to cis-platin in many different cancer cells
including: AKR1B1 and AKRICI in cervical cancer
(HeLa) cells (Lee et al., 2002; Shiiba et al., 2017);
AKRICI and AKRIC3 in colon cancer cells (Matsuna-
ga et al., 2013); AKRI1CI and AKRIC2 in nonsmall
cell lung carcinoma (Chen et al., 2010; Wang et al.,
2007); AKRICI, AKR1C2, AKR1C3, and AKRIC4 in
oral cancer (Shiiba et al., 2017); AKRIC1 in head and
neck squamous carcinomas (Chang et al., 2019); AKR1C1
in nasopharyngeal carcinoma (Zhou et al., 2020), where
loss of AKR1C1 expression was a good prognostic indica-
tor of chemosensitivity to cis-platin, and overexpression
of AKRICI1, AKR1C2, and AKR1C3 in metastatic blad-
der cancer were associated with resistance to cis-platin
(Matsumoto et al., 2016).

Association of AKR overexpression with resistance
to carboplatin has also been seen in cancer cell lines
including: AKRIC1 and AKRIC2 in cervical cancer
(Deng et al., 2004); AKR1C1 and AKR1C2 in ovarian
cancer (Deng et al., 2004); AKRIC1 and AKRIC?2 in
metastatic lung cancer and germ cell tumors (Deng et
al., 2004); and in oxaliplatin resistance in gastric can-
cer involving AKRIC1 and AKRIC3 overexpression
(Chen et al., 2013). Thus, AKR overexpression is part
of the cancer chemotherapeutic resistance phenotype
to platin-based cancer chemotherapeutics.

D. Methotrexate

Methotrexate is a potent competitive inhibitor of di-
hydrofolate reductase and prevents the formation of
tetrahydrofolate, which is required for the de novo
synthesis of thymidine and blocks DNA synthesis in
rapidly proliferating cells (Rajagopalan et al., 2002).
Methotrexate produces an 80%—90% cure rate in cho-
riocarcinoma, but drug resistance ensues in the re-
maining patients. JEG-3 choriocarcinoma cells can be
made methotrexate drug-resistant by the overexpres-
sion of AKRIC3 and cells can be sensitized to the
drug by AKR1C3 small hairpin-RNA. Increased drug
sensitivity is associated with increased ROS forma-
tion, apoptosis, and cell cycle arrest (Zhao et al.,
2014). Methotrexate drug resistance has since been
observed in HT29 human colon cancer cells and is as-
sociated with the overexpression of AKRICI1. AKRIC1
was shown to be transcriptionally regulated by phos-
phorylated Spl and Sp3 in this instance (Selga et al.,
2008). It is difficult to assess the contribution of
AKRI1C isoforms to methotrexate resistance in JEG-3
cells since other mechanisms contribute, which
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include the overexpression of the chloride intracellu-
lar channel protein-1 and multi-drug resistance-asso-
ciated protein (MRP1) (Wu et al., 2017).

E. Oracin

Oracin is a promising cytostatic drug which is inacti-
vated by carbonyl reduction by stereoselective reduction
of its 11-keto group (Fig. 6). The enzyme most implicat-
ed in this transformation is AKR1C1 when AKRCI,
AKR1C2, and AKR1C4 were compared, where AKR1C1
gave predominately the (+) enantiomer (Wsol et al.,
2007). Subsequent studies showed that AKR1C3 was
also involved (Novotna et al., 2008). Since the ARKIC
genes are upregulated by stress response, it is not sur-
prising that their overexpression may lead to drug re-
sistance resulting in increased metabolism of oracin.
The relative contribution of AKRs to oracin drug resis-
tance has yet to be determined.

F. Vincristine

Vincristine is a vinca alkaloid and an antitubulin agent
that prevents the proliferation of rapidly growing cells by
preventing formation of the mitotic spindle (Jordan,
2002). Vincristine is the drug of choice for T-cell acute
lymphoblastic leukemia (T-ALL). T-ALL cells from thera-
py-resistant patients overexpress AKRICI-AKR1C3, and
decreased expression using si-RNA improved sensitivity
to the drug (Bortolozzi et al., 2018). Furthermore, catego-
rization of patients as therapy responders or nonrespond-
ers based on minimal residual disease showed that
minimal residual disease—positive resistant patients had
high levels of AKR1C1, AKR1C2, and AKR1C3. As well
as acting as an antitubulin, vinca alkaloids can cause col-
lapse of the mitochondria, elevating ROS production. As
the expression of AKR1C isoforms is a component of the
antioxidant response in humans, it is not surprising that
their upregulation may attenuate the effect of the vinca
alkaloids. Other antitubulin-based agents, e.g., taxanes,
can upregulate drug efflux pumps, e.g., ATP-Binding
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Fig. 6. Inactivation of oracin by carbonyl reduction by AKRs.
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Cassette Subfamily B transporters, indicating that differ-
ent drug-resistant mechanisms may work concurrently to
prevent a chemotherapeutic drug response (Matsunaga
et al., 2016a).

G. Irinotecan

Irinotecan is a topoisomerase inhibitor often used
to treat colon cancer and small lung cell cancer in
combination with fluorouracil or cis-platin, respective-
ly. Two dimensional sodium dodecyl sulfate polyacryl-
amide gel electrophoresis followed by proteomic
analysis by in-gel digest with trypsin followed by elec-
trospray ionization-quadrupole time-of-flight mass
spectrometry identified 15 proteins that were overex-
pressed in irinotecan-resistant LoVo (human colon ad-
enocarcinoma) cells versus the parental cells. One of
these proteins was assigned as AKR1A1 based on cov-
erage obtained with 12 tryptic peptides (Peng et al.,
2010). However, the exact role of AKR1A1 in Irinote-
can drug resistance remains to be determined. Recent-
ly, Irinotecan resistance was linked to AKRI1C3
upregulation. Matsunaga et al. (2020) observed in-
creased AKR1C3 expression and activity in Irinotecan
resistant colon cancer cell lines DLD-1, RKO, and
LoVo as compared with parental sensitive cells. In
these cells, AKR1C3 overexpression decreased and
AKRI1C3 silencing restored chemosensitivity. Treat-
ment of parental colon cancer cells with Irinotecan
leads to formation of cytotoxic 4-HNE. In chemoresist-
ant cells, higher 4-HNE reductase activity and conse-
quently lower 4-HNE levels were seen as compared
with parental cells. As AKR1C3 is one of several
AKR1C enzymes that can inactivate 4-HNE (Burczyn-
ski et al., 2001), the authors concluded that 4-HNE de-
toxification by AKR1C3 may represent the major
resistance mechanism to Irinotecan.
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H. Cyclophosphamide

Cyclophosphamide is activated by P450 isoforms (2A6,
2C9, 2C10, and 3A4) to the active metabolite 4-hydroxy-
cyclophosphamide, which exists in its tautomeric form
aldophosphamide, and this aldehyde is detoxified by al-
dehyde dehydrogenase (ALDH) to yield carboxyphospha-
mide. A portion of aldophosphamide can decompose to
yield phosphoramide mustard and acrolein, which are
the cytotoxic species responsible for the ability of cyclo-
phosphamide to inhibit the growth of rapidly proliferat-
ing cells (Fig. 7). Examination of gene expression
profiles in medulloblastoma cell lines resistant to cyclo-
phosphamide showed a 20-fold elevation in AKRI1BI10
expression. AKR1B10 may work in concert with
ALDH1A1 to inactivate the reactive aldehyde aldophos-
phamide and contribute to cyclophosphamide resistance
(Bacolod et al., 2008). Acrolein can also be eliminated by
AKRI1B1, AKR1B10, and AKR7A2, where AKR1B10 is
the major contributor (Shen et al., 2011; Li et al., 2012a)
However, because acrolein is a strong electrophile, its
major route of metabolism will be GSH conjugation. The
elimination of the aldophosphamide by AKR1B10 is like-
ly a major contributing mechanism of cyclophosphamide
drug resistance.

I. Tyrosine Kinase Inhibitors

Several tyrosine kinase inhibitors such as imatinib,
nilotinib, erlotinib, and ponatinib are currently used
for the treatment of some cancers. The AKRs do not
appear to be involved in resistance to these agents. To
the contrary, the tyrosine kinase inhibitor ibrutinib is
an inhibitor of AKR1C3 and can counteract anthracy-
cline drug resistance mediated by AKR1C3 (Morell et
al., 2020). Apatinib also inhibits the NRF2 pathway
which would lead to a downregulation of AKR genes
regulated by NRF2 and could surmount drug resis-
tance to other chemotherapeutic agents (Sun et al.,
2020). Imatinib, nilotinib, and ponatinib are amides,
while erlotinib does not contain a carbonyl group and
therefore, these compounds would not be substrates
for AKRs.

V. Resistance to Antihormonal Therapies
Mediated by Aldo-Keto Reductases

AKRI1C enzymes are intimately involved in the bio-
synthesis and metabolism of steroid hormones. In par-
ticular, AKR1C3 is one of the principal enzymes
involved in peripheral androgen biosynthesis and is
upregulated by androgen deprivation in castration-re-
sistant prostate cancer, the lethal form of prostate can-
cer (Hofland et al., 2010; Hamid et al., 2013;
Mitsiades et al., 2012). As a result, AKR1C3 is impli-
cated in drug resistance to the new androgen receptor
signaling inhibitors (ARSI), e.g., abiraterone acetate
(an inhibitor of P450c17: 17a-hydroxylase/17,20-lyase)
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and enzalutamide (a potent androgen receptor antago-
nist) used in the treatment of castration-resistant pros-
tate cancer (Scher et al., 2010; Fizazi et al., 2012).

The 17-ketosteroid reductase activity of AKR1C3 con-
verts 4-androstene-3,17-dione to testosterone, which
can also act as substrate for the peripheral formation of
17-estradiol via aromatase. By providing a substrate
for aromatase, overexpression of AKR1C3 may also play
a role in hormonal-dependent breast cancer (Byrns et
al., 2010; McNamara and Sasano, 2019). Concurrent
overexpression of AKRIC1, which is the principal 20-ke-
tosteroid reductase involved in the elimination of pro-
gesterone as 20o-hydroxyprogesterone, can work in
concert with AKR1C3 to increase the ratio of 17-estra-
diol:progesterone in estrogen-dependent malignancies
(Penning et al., 2000; Rizner et al., 2006).

A. Antiandrogenic Therapy

C4-2B prostate cancer cells grown in the presence
of either enzalutamide or abiraterone acquire drug re-
sistance to these agents and overexpress AKR1C3
(Liu et al., 2015; Liu et al., 2017). Xenografts of these
resistant cells fail to respond to these drugs, but indo-
methacin (INDO), a potent and selective inhibitor of
AKR1C3, can surmount this drug resistance and have
antitumor activity. AKR1C3 is repressed by androgens
and upregulated by androgen deprivation (Hofland et
al., 2010; Hamid et al., 2013; Mitsiades et al., 2012).
Enzalutamide is a potent androgen receptor (AR) antag-
onist and can remove the repressive effects of the AR
on the AKRIC3 promoter leading to overexpression of
AKRIC3. This repressive effect can also be surmounted
by overexpression of the TMPRSS2-ERG, a fusion pro-
tein that arises in late-stage prostate cancer. Erythro-
blast transformation specific related gene replaces the
AR on the AKRIC3 promoter, and the resultant in-
crease in AKR1C3 in concert with steroid 5o-reductase
leads to more 5cu-dihydrotestosterone to bind to AR
(Powell et al., 2015). This leads to a feed-forward mech-
anism to increase TMPRSS2-ERG expression and
maintain AKR1C3 levels to sustain ARSI drug resis-
tance (Powell et al., 2015).

Abiraterone may also deprive the AR of its ligand
leading to removal of the repressive effects of AR on
the AKR1C3 promoter. This could be accomplished by
inhibition of P450c17 in both the adrenal and the tu-
mor itself. However, evidence for de novo synthesis of
C19 steroids in prostate tissue is poor, and instead,
the mechanism may involve inhibition of 3f-hydrox-
ysteroid dehydrogenase type 1 by the delta-4-abirater-
one metabolite (Li et al., 2012b).

B. Antiestrogenic Therapy

Exemestane is a steroidal based aromatase inhibi-
tor used in the endocrine therapy of hormonal-depen-
dent breast cancer. Its primary metabolite is 17f-
dihydroexemestane, which is produced by carbonyl
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metabolism (Platt et al., 2016). While 17f-dihydroexe-
mestane can still function as an aromatase inhibitor,
it can also undergo glucuronidation by UDP-glucuro-
nosyltransferases leading to its elimination. Carbonyl
reductases responsible for the formation of 17f-dihy-
droexemestane include the AKR1C enzymes (Platt et
al., 2016). However, AKR1C3 has very low catalytic
efficiency for exemestane making it doubtful that it is
a major mechanism of drug resistance.

VI. Inactivators of the Nuclear Factor-
Erythroid 2 p45-Related Factor 2-Kelch-Like
ECH-Associated Protein 1 System

The preceding sections make the case that NRF2
inactivators would sensitize tumor cells to chemother-
apy. Natural products exist that act as NRF2-inacti-
vators that would counter this effect, e.g., the
quassinoid brusatol, luteolin, chrysin, and wogonin.
Brusatol was identified as a natural product inhibitor
of NRF2, but it does not bind to the transcription fac-
tor directly. Rather, it is an inhibitor of both cap-de-
pendent and cap-independent translation, which is
required for the stability of short-lived proteins such
as NRF2 (Harder et al., 2017). By contrast, flavonoids
such as chrysin repress NRF2 expression through
downregulation of the P13K-AKT and extracellular
signal-regulated kinase (ERK) pathway (Gao et al.,
2013). High-throughput screening using ARE-lucifer-
ase reporters gene constructs could be used to identify
compounds that would attenuate NRF2 signaling and
act as NRF2 inactivators.

VII. Inhibitors of Aldo-Keto Reductases to
Surmount Drug Resistance

The association of AKR forced overexpression with
chemotherapeutic drug resistance, AKR overexpres-
sion in cancer cell lines, and genetic silencing of AKRs
to reverse drug resistance suggests that AKR inhibi-
tors could be exploited to surmount drug resistance. A
number of AKR inhibitors have been used in vitro and
in vivo for this indication and are summarized in Ta-
ble 3 and (Fig. 8). However, it is apparent that for
many chemotherapeutic agents, a battery of AKR en-
zymes may be involved, suggesting that if only one
AKR is inhibited, others may substitute. Thus, both
AKR isoform-selective inhibitors have been used as
well as pan-AKRI1C inhibitors. One major class of
drugs that inhibits the AKR1C isoforms are the non-
steroidal anti-inflammatory drugs (NSAIDs) which can
discriminate between the four AKR1C isoforms (Byrns
et al., 2008). For example, salicylate is an AKR1C1 iso-
form-selective inhibitor, and INDO is an AKR1C3 iso-
form-selective inhibitor, whereas flufenamic acid is a
pan-AKR1C inhibitor (Byrns et al., 2008; El-Kabbani
et al., 2010; El-Kabbani et al., 2011). NSAIDs and their
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analogs have played a prominent role in determining
the utility of AKR inhibitors to surmount drug resis-
tance, especially in the case of cis-platin.

A. Anthracycline Chemotherapeutics and
Aldo-Keto Reductase Inhibitors

AKR inhibitors have been tested in vitro to restore
sensitivity to anthracycline drugs in lung, breast, gas-
tric, liver, and colon cancer cell lines and in leukemia
(Veitch et al., 2009; Zhong et al., 2011; Heibein et al.,
2012; Matsunaga et al., 2013; Hofman et al., 2014,
Matsunaga et al., 2014; Morikawa et al., 2015; Hintz-
peter et al., 2016; Novotna et al.,, 2018a, 2018b;
Bukum et al.,, 2019). In the lung adenocarcinoma
A549 cell line which has high endogenous expression
of AKR1C3, 10 pM 2-hydroxyflavanone, a specific
AKR1C3 inhibitor, restored cytotoxicity to daunorubi-
cin and idarubicin (Hofman et al., 2014). In addition,
30 uM emodin, a potent inhibitor of AKR1B10 and
AKRI1C3, decreased viability of these cells when
treated with 0.5 and 1 pM daunorubicin (Hintzpeter
et al., 2016). Treatment with 100 pM epalrestat, an
AKR1B10 inhibitor, decreased resistance to daunoru-
bicin and idarubicin in the lung cancer NCI-H460 cell
line, which has high expression of AKRIB10 but no
expression of AKR1B1 (Zhong et al., 2011).

In MCF-7 breast cancer cells made resistant to doxo-
rubicin, high levels of AKR1B10, AKR1C3, and AKRIC2
were expressed, and the specific AKR1C2 inhibitor 54-
cholanic acid-3u«,7a-diol restored chemo-sensitivity and
prevented nuclear localization of doxorubicin, which is
crucial for its action as a topoisomerase II inhibitor. This
effect was not seen in epirubicin-resistant or control
MCF-7 cells (Veitch et al., 2009; Heibein et al., 2012).

In the MKN45 gastric cancer cell line, Morikawa et
al. (2015) observed that exposure to doxorubicin upregu-
lates expression of AKR1B10, AKR1C1, AKR1C2, and
AKR1C3, but only the AKR1B10 inhibitors; 20 uM olea-
noic acid or 10 pM 3-(4-hydroxy-2-methoxyphenyl-
Dacrylic acid 3-(3-hydroxyphenyl)propyl ester signifi-
cantly sensitized these cells to 60 uM doxorubicin. By
contrast, the specific AKR1C1 (3-bromo-5-phenylsalicylic
acid), AKR1C2 (ursodeoxycholic acid), and AKR1C3
[E-3-(3-(3-hydroxybenzyl)oxy)-4-(3-phenylpropanoyl)oxy)-
phenylacrylic acid] inhibitors had no effect on cell via-
bility. These results demonstrate that AKR1 isoform
specific inhibitors could be used to determine their indi-
vidual contributions to the drug resistance phenotype.

In the colon carcinoma HCT116 cell line transiently
transfected with AKR1C3, the purine based analog cy-
clin-dependent kinase inhibitors, roscovine and purva-
lanol A, potently inhibited the metabolism of clinically
relevant concentrations of 1.0 puM daunorubicin, yield-
ing ICsq values of 3.7 uM for roscovine and an ICsxg
value of 6.4 uM for purvalanol A. In the same cells,
the cyclin dependent kinase inhibitor dinaciclib inhib-
ited 1 pM daunorubicin metabolism and acted as a
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potent inhibitor of AKR1C3 and a modest inhibitor of
AKR1B10 yielding ICsq values of 0.22 pM and 181 pM
respectively for these enzymes. Dinaciclib was found to
be a tight-binding inhibitor of AKR1C3 with a K; 0.07
wM, and sensitivity to daunorubicin was restored
when HCT116-AKR1C3 cells were preincubated with
dinaciclib (0.1 pM) for 2 hours and then treated with
0.1 to 1.0 mM daunorubicin (Novotna et al., 2018a, b),
The 2-hour pretreatment of cells with dinaciclib
mimics the 2-hour intravenous infusion used to admin-
ister the drug in clinical trial (Flynn et al., 2015).

Recently, a pan-phosphoinositide-3-kinase inhibitor,
buparlisib, which is under clinical evaluation for
treatment of different cancers, was reported to inhibit
AKR1C3 with a K; = 14 pM. In colon cancer HCT116-
AKR1C3 cells, buparlisib inhibited the reduction of
1 pM daunorubicin with an ICsq value = 7.9 puM
(Bukum et al., 2019). In human leukemic U937 cells,
daunorubicin induced expression of AKRIC1 and
AKRIC3 and decreased cell sensitivity to the drug
and 4-HNE, while pretreatment with 20 pM 3-bromo-
5-phenylsalicylic acid, an AKR1C1 inhibitor, or 20 nM
tolfenamic acid, an AKR1C3 inhibitor, restored sensi-
tivity to daunorubicin. The specific AKR1C2 inhibitor
ursodeoxycholic acid had no effect on cell viability or
drug sensitivity (Matsunaga et al., 2014).

In summary, human enzymes of the AKR1B and
AKRI1C family mediate resistance to the anthracy-
clines, and inhibitors of these enzymes can restore
drug sensitivity. However, the AKRs involved can vary
by cancer cell line depending on their expression level
and differing substrate specificity for the anthracycline
family of therapeutics, suggesting that precision thera-
py with these inhibitors would require tumor biopsies
for RNA analysis or protein expression.

B. Cis-platin Therapeutics and Aldo-Keto Reductase
Inhibitors

The N-phenylanthraniliates, flufenamic acid, and
mefenamic acid which are NSAIDs restore sensitivity to
cis-platin (Morikawa et al., 2015; Shiiba et al., 2017).
Specific or pan-AKR1C inhibitors have been used in co-
lon, cervical, oral squamous, and bladder cancer cell
lines to restore sensitivity to cis-platin, where the pan-
AKR1C inhibitors flufenamic acid and mefenamic acid
also showed effects in explant mouse models (Shiiba et
al., 2017; Chang et al., 2019). In the cis-platin-resistant
colon cancer cell line HCT15, expression of AKRICI
and AKRI1C3 increased with development of resistance.
A 2-hour pretreatment with 40 uM 3-bromo-5-phenylsa-
licylic acid (a specific AKR1C1 inhibitor) and tolfenamic
acid (a specific AKR1C3 inhibitor) or their combination
increased cell susceptibility to cis-platin. Use of the se-
lective AKR1C2 inhibitor ursodeoxycholic acid revealed
no effect, suggesting that either a pan-AKR1C inhibitor
or multiple isoform-selective inhibitors are needed. Sen-
sitivity to cis-platin was enhanced when AKR1C1 and
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AKR1C3 inhibitors were combined with 0.2 uM protea-
somal inhibitor MG132, where a compensatory overex-
pression of AKR1C1l and AKR1C3 and proteasome
subunits was observed (Matsunaga et al., 2013).

In the cis-platin—resistant HeLa cervical cell line and
the oral squamous cell carcinoma cell line Sa3, which
express high levels of AKRIC1, AKR1C2, AKR1C3 and
AKR1C4, the use of 200 and 400 uM of the pan-AKR1C
inhibitor mefenamic acid restored chemosensitivity,
which was confirmed in vivo after implantation of HeLa
resistant cells into nude mice and administration of
mefenamic acid (Shiiba et al., 2017).

In the bladder cancer cell lines UM-UC-3, 5637 and
J82, treatment with cis-platin increased expression of
AKRI1C1, AKRIC2, and AKR1C3. The liver and bone
metastatic cells originating from the UM-UC-3 xeno-
graft mouse model showed further upregulation of
AKRIC1 as well as AKRIC2 and AKRIC3, where
AKR1C1 was upregulated by inflammatory cytokines
(IL1p and IL-6). The use of the AKR1C inhibitor flufe-
namic acid (10 pM) decreased UM-UC-3 cell invasion
as measured by a Matrigel assay. Combined treatment
with 5 uM cis-platin, which is commonly used for treat-
ment of advanced bladder cancer, and 10 pM flufenamic
acid restored sensitivity to cis-platin in liver and bone
metastatic cancer cells (Matsumoto et al., 2016).

In head and neck squamous carcinoma, AKRIC1
expression is associated with cis-platin resistance,
where patients with higher AKRIC1 expression have
shorter median survival and recur earlier than those
with lower AKRIC1 levels (Chang et al., 2019). In the
model cell lines FaDu and HSC-2 with high AKR1C1
expression, silencing of AKRI1C1 increased chemosen-
sitivity, but cotreatment with 500 nM 3-bromo-5-phe-
nylsalicilic acid, a potent selective AKR1C1 inhibitor
(K; = 4 nM), showed no effects on the viability of
these cells at IC5q concentrations of cis-platin, thus,
the authors concluded that AKR1C1 may promote cis-
platin resistance in an enzyme-independent manner
(Chang et al., 2019).

AKR inhibitors have also been examined to alleviate
resistance to oxaliplatin. In the resistant human gastric
carcinoma cell line TSGH-S3, which has high expression
of AKRIC1 and AKR1C3, use of specific and pan-AKR1C
inhibitors [phenolphthalein (0.5 — 5 pwM), o-methylcin-
namic acid (0.5 -5 pM), and flufenamic acid (10 -50 pM)]
restored oxaliplatin resistance. Further knock-down of
NFEZ2L2 decreased the expression of AKRIC1, AKRIC2,
and AKRIC3 and reversed the resistance, supporting
the crucial role of NRF2 in regulating drug resistance by
induction of AKRI1C1-AKRI1C3 (Zhou et al., 2020).

C. Other Cancer Chemotherapeutics and Aldo-Keto
Reductase Inhibitors

AKR inhibitors have also been used to reverse drug re-
sistance to other chemotherapeutic agents. In the colon
cancer cell line HT29, which was resistant to mitomycin-
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¢, AKRIBI0 was upregulated. High levels of AKR1B10
decreased production of 4-HNE and a 2-hour pretreat-
ment with 5 pM (Z)-2-(4-methoxyphenyl-imino)-7-
hydroxy-N-(pyridin-2-yl)-H-chromene-3-carbox-amide, a
potent AKR1B10 inhibitor with a K; = 2.7 nM, restored
sensitivity to mitomycin-C (Matsunaga et al., 2011).

In the cis-platin—resistant HeLa cervical cell line,
sensitivity could be restored to 5-fluoruracil by
200—400 pM mefenamic acid, a pan-AKR1C inhibitor.
Chemosensitivity to 5-fluoruracil was also restored in
implants in athymic mice using this strategy (Selga
et al., 2008). This represents an example whereby ex-
pression of AKRIC can lead to a multidrug resistance
phenotype to 5-fluoruracil and cis-platin which can be
surmounted by pan-AKR1C inhibition.

Sensitization of T-ALL cells to vincristine could also
be achieved by the pan-AKR1C inhibitor 6-medroxy-
progesterone acetate. In addition, activation of NRF2
by tert-butyl hydroquinone also increased vincristine
resistance (Bortolozzi et al., 2018).

In summary, specific AKR1 and pan AKR1C inhibitors
can restore chemosensitivity in cell lines and explant
models. Specific AKR1A1, AKR1B10, and AKR1C3 in-
hibitors can alleviate resistance to individual anthracy-
clines. AKR1C1 and AKR1C2 inhibitors or pan-AKR1C
inhibitors may have roles in alleviating resistance to
platinum-based chemotherapeutics. Pan-AKR1C and
specific AKR1C inhibitors may also help restore sensitivi-
ty to other chemotherapeutics. The translation of these
findings to the clinical setting could involve the use of ex-
isting drugs, e.g., NSAIDs to chemo-sensitize patients,
whereas other isoform specific AKR inhibitors may re-
quire further preclinical development.

VIII. Inhibitors of Aldo-Keto Reductases
to Potentiate the Effects of
Chemotherapeutic Agents

The previous section describes the use of AKR in-
hibitors to sensitize cells to cancer chemotherapeutic
agents. This raises the issue of whether combinations
of AKR inhibitors and cancer therapeutic agents will
exert a greater effect than either drug alone leading
to synergistic effects to inhibit cancer cell growth.
Baccharin analogs have been used to target AKR1C3
to obtain synergistic drug responses to enzalutamide,
darolutamide, and apalutamide in prostate cancer
cells (Verma et al., 2018; Morsy and Trippier, 2020),
to etoposide and daunorubicin in AML (Verma et al.,
2016), and to daunorubicin and cytarabine in AML
and T-ALL (Verma et al., 2019). Synergism was mea-
sured using the Chou-Talalay median-effect plot
(Chou and Talalay, 1984; Chou, 2010), and in many
cases synergism exceeded 200-fold. The observed syn-
ergism can be accounted for by the mode-of-action of
AKR1C3 in these diseases. In prostate cancer
AKR1C3 synthesizes potent androgens for the AR
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which can bypass the therapeutic efficacy of ARSIs
(Adeniji et al., 2013; Knudsen and Penning, 2010). In
leukemia, the prostaglandin F synthase activity of
AKR1C3 prevents signaling via PPARy and promotes
cellular proliferation.

A. Prostate Cancer

The cinnamic acid derivative KV-37 is a highly se-
lective AKR1C3 inhibitor that has 109-fold selectivity
over the AKR1C2 isoform with an IC5y of 66 nM for
AKR1C3 inhibition (Fig. 8). KV-37 was found to exert
a high degree of synergistic drug interaction upon
combination with enzalutamide that results in >200-
fold potentiation of cytotoxicity. In the enzalutamide-
resistant, high AKR1C3-expressing 22Rv1 prostate
cancer cell line (Verma et al., 2018), pretreatment of
22Rv1 cells with KV-37 followed by exposure to enza-
lutamide, when stimulated to grow in the presence of
the AKR1C3 substrate (4-androstene-3,17-dione), re-
sulted in a 208-fold potentiation effect to provide a
combination ICsq of 4.3 uM for enzalutamide and KV-37,
which is well below the maximum achievable plasma
concentration of enzalutamide in patients. Further evi-
dence that AKR1C3 is responsible for enzalutamide re-
sistance was demonstrated in LNCaP cells stably
transfected to overexpress AKR1C3 (LNCaP1C3), where-
in the cytotoxicity of enzalutamide was significantly re-
duced (IC59 = 150 pM) compared with AKR1C3-null
LNCaP cells (IC59 = 50 pM). Enzalutamide resistance
was again reversed upon pretreatment with KV-37
(yielding a combination ICsq = 8.19 uM). The higher
combination ICs, values seen in the LNCaP1C3 cells
over the 22Rv1 cells is due to the higher expression of
AKR1C3 in the LNCaP1C3 cell line. The AKR1C3 inhib-
itor alone and in combination with enzalutamide re-
sulted in increased apoptosis, and attenuated AR
transactivation and PSA expression in both the 22Rv1
and LNCaP1C3 cells.

A second generation AKR1C3 inhibitor developed
around the same chemical scaffold, KV-49g, was
>2800-fold more selective for AKR1C3 over AKR1C1
and AKR1C2, possessed an ICsq of 70 nM, and was
found to potentiate the effects of two newly approved
AR antagonists apalutamide (ARN) and darolutamide
(ODM) (Morsy and Trippier, 2020). Upon 24-hour pre-
treatment of cell lines with KV-49g, a potentiation ef-
fect of 126-fold and 75-fold was observed with ARN
and ODM, respectively.

INDO acts as an AKR1C3 inhibitor (IC5, = 100
nM, with an AKR1C3 selectivity = 365-fold). Its clini-
cally approved status positions the compound to bring
about immediate benefits to patients with prostate
cancer (Liu et al., 2015) but is likely to lead to gastro-
intestinal side effects because of its COX-1 inhibition
activity. In in vitro model systems, INDO exhibited
lower potentiation effects in combination with enzalu-
tamide than the baccharin analogs. In LNCaP1C3
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cells, INDO conferred a 6.4-fold potentiation effect af-
fording a combination IC5y = 31.4 pM compared with
KV-37 (25-fold potentiation and combination ICs5q =
8.19 uM). Thus, more potent AKR1C3 inhibitors con-
fer a greater potentiation effect. This was further con-
firmed in potentiation studies of ARN and ODM in
22Rv1 cells in which a combination of INDO provided
an 8-fold potentiation effect yielding a combination
IC50 = 30 uM, whereas KV-49g produced a 126-fold
potentiation effect with a combination IC5q = 12.47
uM for ARN and 75-fold potentiation effect with a
combination IC5q = 5.64 uM for ODM. Since inhibi-
tion of AKR1C3 by INDO has been shown to overcome
resistance to enzalutamide and abiraterone acetate
both in vitro and in vivo, with the combination result-
ing in a significant reduction in tumor volume over
three weeks in CWR22Rv1 xenografts using just
3 mg/kg ip. of INDO (Liu et al., 2015), the KV-
compounds are expected to provide superior efficacy.
The ability of INDO to potentiate abiraterone ace-
tate and enzalutamide has led to the search for more
potent AKR1C3 inhibitors based around its chemical
scaffold. In 2013, Liedtke et al. (2013) developed
INDO analogs, wherein derivatives exhibited nano-
molar potency, with >100-fold selectivity for AKR1C3
over the AKR1C1 and AKR1C2 isoforms. These com-
pounds also inhibited the formation of testosterone in
the LNCaP1C3 cell line (Liedtke et al., 2013). Howev-
er, studies have yet to be conducted to determine
their ability to potentiate the effect of AR antagonists.
Even though flufenamic acid is a potent AKR1C3
inhibitor, it causes COX-2-dependent target effects.
To circumvent this drawback, a series of N-phenylan-
thranilic acid derivatives were synthesized that re-
tain nanomolar potency for AKR1C3 and show >100-
fold selectivity but no longer inhibit COX-1 or COX-2
(Adeniji et al. 2012, 2013). Like the INDO analogs,
these have not been tested for synergistic effects with
either enzalutamide or abiraterone acetate. Pippione et
al. (2017) replaced the benzoic acid moiety in flufenamic
acid to generate hydroxytriazole derivatives with potent
and selective AKR1C3 inhibition activity but without
COX-2 effects. These derivatives were evaluated for
antiproliferative activity in the abiraterone acetate and
enzalutamide resistant AKR1C3 expressing 22Rv1 cell
line and exhibited moderate antiproliferative activity
with ICso values of 67 and 81 uM, respectively. When
one lead compound, or abiraterone acetate and enzalu-
tamide, were used as single agents, cell viability was in-
hibited by approximately 20%-30%, whereas in
combination a synergistic effect on cell viability was ob-
served (Pippione et al., 2017). When the benzoic acid
moiety of flufenamic acid was replaced with an acidic
hydroxybenzoisoxazole moiety, a new lead compound,
possessing an ICsy of 27 puM, was identified which
showed approximately 450-fold selectivity for AKR1C3



Aldo-Keto Reductases and Cancer Drug Resistance

compared with the AKR1C2 isoform, with minimum
COX mediated off-target effects. When 22RV1 cells
were exposed for 72 hours to 20 uM lead compound in
combination with either abiraterone or enzalutamide,
cell viability was decreased from 30% with the com-
pound alone and to 50% for the drug combination (Pip-
pione et al., 2018).

B. Leukemia

AKR1C3 is known to catalyze the synthesis of pros-
taglandins that sustain growth of myeloid precursors
in the bone marrow. The enzyme is overexpressed in
several subtypes of AML and in T-ALL. This overex-
pression results in chemoresistance toward etoposide
(Verma et al., 2016), the anthracyclines, and cytara-
bine (Verma et al., 2019).

The cotreatment of selective AKR1C3 inhibitors
KV-49a and KV-49g with daunorubicin did not result
in an appreciable potentiation effect in the AML cell
lines HL-60, THP-1, and KG1la, which have low, mod-
erate, and high AKRIC3 expression, respectively.
However, upon 24-hour pretreatment with either
compound, potentiation of the activity of daunorubi-
cin was observed, with >100-fold potentiation effect
in the daunorubicin-resistant cell line KGla. In the
THP-1 cell line, a 16-fold potentiation effect was noted
while in the HL-60 cell line and the effect of daunorubi-
cin was potentiated by 1.3-1.7-fold. A direct correlation
between AKRIC3 expression and potentiation effect
was apparent in these studies (Verma et al., 2019).

Cytarabine (araC) is an antimetabolite anticancer
agent clinically approved for use in many hematologic
cancers including several subtypes of AML and in T-
ALL. To the best of our knowledge, AKR1C3 does not
metabolize drugs with an amide group. Pretreatment
for 24 hours with either KV-49a or KV-49g followed by
araC led to a >100-fold potentiation of the effect of araC
in the KGla cell line which shows a high expression of
AKRIC3. Similar pretreatments in the HL-60 cell line
resulted in 12-fold (with KV-49g) and 33-fold (with
KV-49a) potentiation, whereas in the THP-1 cell line,
18-fold (with KV-49g) and 13-fold (with KV-49a) potenti-
ation was observed. These results again show a correla-
tion between AKR1C3 expression and potentiation effect
among the various cell lines (Verma et al., 2019).

In the high-risk pediatric T-ALL, a superior drug re-
sistance profile is observed versus the related B-cell
acute lymphoblastic leukemia. The expression and enzy-
matic activity of AKR1C3 was examined in a large co-
hort of patients with T-ALL which found a significant
upregulation in resistant or poorly responding tumors to
vincristine (Bortolozzi et al., 2018). In primary patient-
derived T-ALL cell lines obtained at patient diagnosis
(low AKRIC3 expression) and at treatment relapse
(high AKRIC3 expression), cotreatment of KV-49a with
daunorubicin resulted in 13-fold and 20-fold increase in
potentiation, respectively. Pretreatment of KV-49a
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followed by daunorubicin greatly increased the potentia-
tion effect. A >100-fold potentiation of daunorubicin was
observed in both cell lines and reduced the daunorubicin
1Cs¢ from 0.005 uM and 0.07 uM at diagnosis and in re-
lapsed cells, respectively, to < 0.001 pM in both cell
lines. Similarly, in primary T-ALL cells taken at patient
diagnosis, cotreatment of AKR1C3 inhibitor KV-49a
with araC resulted in a 16-fold potentiation effect. In
primary T-ALL cells taken at relapse, this effect was in-
creased to >100 potentiation. Upon pretreatment of
these cell lines with KV-49a followed by araC exposure,
a >100-fold potentiation effect was achieved in both cell
lines (Verma et al., 2019). Again, greater AKRIC3 ex-
pression was correlated with a greater potentiation ef-
fect upon the use of an AKR1C3 inhibitor.

Etoposide is a DNA intercalator and topoisomerase
II inhibitor that is clinically approved for the treat-
ment of several forms of leukemia including AML.
Pretreatment of an AKR1C3 inhibitor followed by ex-
posure of cells to etoposide resulted in a 5.5-fold and
6.3-fold potentiation effect in HL-60 and KGla AML
cells, respectively, with a greater effect seen in higher
AKR1C3-expressing cell lines. The higher potentia-
tion effect seen in KGla cells may be because of the
higher expression of AKR1C3 in these cells (Verma et
al., 2016).

Khanim et al. (2009) identified tetracycline as a po-
tent and selective AKR1C3 inhibitor. Further studies
showed that 4-methyl(de-dimethylamine)-tetracycline, a
breakdown product of tetracycline, was a potent (IC5q =
0.51 uM) and somewhat selective AKR1C3 inhibitor. De-
spite the presence of 11-keto-prostaglandin reductase ac-
tivity catalyzed by AKR1C3 in the KGla AML cell line,
4-methyl(de-dimethylamine)-tetracycline did not exhibit
antiproliferative activity up to 50 uM concentration in
the AML cell lines HL.60, KG1a, and K562. When com-
bined with bezafibrate, no potentiation effect was noted
(Khanim et al., 2009). However, medroxyprogesterone
acetate, a pan-AKR1C inhibitor, provided enhanced re-
duction in cell viability when combined with bezafibrate
in K562 and KGla AML cell lines (Khanim et al., 2009).
The ability of 6-medroxyprogesterone to have this affect
implicates the action of AKR1C isoforms other than
AKRI1C3 in drug resistance.

C. Colorectal Cancer

As described earlier, purvalanol A and roscovitine
exhibit good potency and selectivity for AKR1C3 inhi-
bition, yielding K; values of 5.5 pM and 1.4 pM, re-
spectively in the AKR1C3 transfected human colon
carcinoma (HCT116) cell line. A combination study
with 0.1-1 pM daunorubicin and 5 pM purvalanol A
or 10 pM roscovitine in AKR1C3 overexpressing
HCT116 cells revealed excellent synergy compared
with nontransfected HCT116 cells with a potentiation
effect of the two drugs of 12.97 + 6.26 and 17.06 =
8.36-fold, respectively. These studies indicate that a



1168

combination of purine analogs and daunorubicin re-
sulted in excellent potentiation of activity and chemo-
sensitized AKR1C3 expressing cell lines to the action
of daunorubicin (Novotna et al., 2018a).

Buparlisib, a pyrimidine analog, is a known phos-
phoinositide 3-kinase (PISK) inhibitor and is in clini-
cal trial for the treatment of various cancers
including leukemia. Buparlisib inhibits AKR1C3 with
an ICs9 of 9.5 uM and in AKR1C3 overexpressing
HCT116 cells was evaluated for its inhibitory activity
of AKR1C3-mediated intracellular reduction of dau-
norubicin, wherein a K; value of 14 pM was deter-
mined using an enzymatic assay. This combination of
buparlisib and daunorubicin results in decreased dau-
norubicin metabolism in AKR1C3 overexpressing hu-
man colon carcinoma cells (Bukum et al., 2019).

When AKRI1C inhibitors are used to potentiate the ef-
fects of chemotherapeutic agents, some common features
emerge. When AKRI1C inhibitors and chemotherapeutic
agents are given concurrently, potentiation is weak.
However, more dramatic effects are seen if cancer cells
are “primed by pretreatment” with the AKR1C inhibi-
tors. This ordered addition of drug may have to be con-
sidered in the clinic for presensitization of patients. In
some instances, the AKR1C inhibitors clearly inhibit the
enzyme activity of the protein, but in other instances,
this may not be the case, pointing toward a role in drug
resistance that may be enzyme independent.

IX. Resistance Versus Disease Progression:
Cause or Consequence

AKRs did not evolve to metabolize chemotherapeu-
tic drugs, instead they have evolved to prevent cellu-
lar response to oxidative and electrophilic stress and
may play a role in disease pathogenesis. For example,
AKR1B10 converts all-trans-retinaldehyde to retinal
and prevents the formation of retinoic acid and blocks
retinoic acid signaling and cellular differentiation
(Gallego et al., 2006, 2007). This pathogenic mecha-
nism may account for its overexpression in many tu-
mor types, e.g., nonsmall cell lung carcinoma and
colon cancer (Hsu et al., 2001; Kropotova et al., 2014).
Similarly, AKR1C3 also acts as a prostaglandin (PG)
F,, synthase and converts PGH, and 11-keto-PGD, to
prostaglandins of the F series (Matsuura et al., 1998),
which in turn can activate the FP1 receptor leading
to activation of MAP-kinase and a pro-proliferative
signal (Desmond et al., 2003; Penning, 2019). This
pathogenic mechanism may account for its overex-
pression in many types of leukemia (Birtwistle et al.,
2009; Verma et al., 2016; Bortolozzi et al., 2018). Fi-
nally, AKR1C1, AKR1C2 and AKR1C3 regulate the
amount of ligands that can bind to steroid hormone
receptors, and this prereceptor regulation of hormone
action may contribute to the growth of hormone de-
pendent malignancies (Penning et al., 2019). A
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consequence of this pathology, because of their ability
to reduce carbonyl groups, can be chemoresistance.

X. Clinical Use of Nuclear Factor-Erythroid 2
p45-Related Factor 2 and AKR Inhibitors to
Surmount Chemotherapeutic Drug Resistance

The ability of existing drugs to inhibit AKR1C iso-
forms selectively has been tested in some clinical tri-
als. In the Nurses health cohort study, the use of both
aspirin and nonaspirin based NSAIDs prolonged the
survival of ovarian cancer patients where the primary
chemotherapeutic agent was cis-platin and demon-
strated the clinical utility of inhibiting an AKR1C iso-
form (Trabert et al., 2014). The clinically approved
COX inhibitor INDO is currently in phase II clinical
trials to surmount drug resistance to abiraterone ace-
tate and enzalutamide mediated by AKR1C3 in cas-
trate resistance prostate cancer (see NCT02849990
and NCT02935205). AKR1C3 has also been targeted in
AML using a combination of 6-medroxyprogesterone
acetate (a pan-AKR1C inhibitor) and bezafibrate (a
PPARy agonist) with the goal of preventing PGD, con-
version to 115-PGF5, and preventing cellular prolifera-
tion (Murray et al., 2010); this approach has led to a
phase II trial (Murray et al., 2019a). To move AKR in-
hibitors into oncologic practice to improve drug re-
sponse to anticancer drugs, trials are in their infancy.
Adaptive clinical trials that exploit overexpression of
AKR isoforms could be considered so that personalized
treatment based on tumor phenotype and AKR isoform
specific inhibitors could be a treatment strategy. The
use of NRF2 inhibitors would be another approach,
but we need to better understand the mode of action of
these agents when they do not bind to NRF2 directly.

XI. Conclusions

Resistance to anticancer drugs, whether they be can-
cer chemotherapeutic agents or anti-hormone thera-
peutics, remains a major factor limiting their use. For
the former, there can also be dose-limiting toxicity.
Identification of targets that mediate resistance and
the development of inhibitors for these targets can pro-
long the benefit of existing agents, limit toxicity, and
increase overall survival. This review establishes the
case that members of the AKR gene superfamily are
intimately involved in drug resistance and inhibitors
may have a significant benefit in surmounting resis-
tance and increasing drug sensitivity. In some instan-
ces, a battery of AKR genes can be involved, and thus,
a balance exists between the use of isoform specific in-
hibitors and pan-inhibitors. Some of these inhibitors
are existing drugs (e.g., indomethacin, 6-medroxypro-
gesterone acetate, flufenamic acid, purvalanol A, rosco-
vitine, and buparlisib) and could be used for improved
outcomes and can be tested in adaptive clinical trials.
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In other cases where isoform specific inhibitors have
been identified from enzyme screening and efficacy in
cancer cell models has been established, more preclini-
cal development of these agents is required. Knowing
that the AKR genes are regulated by the NRF2-
KEAP1 pathway identifies NRF2 inhibitors as another
strategy to surmount drug resistance.
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