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Abstract

Retinoic acid (RA), the active metabolite of vitamin A, is an important endogenous signaling
molecule regulating cell cycle and maintenance of epithelia. RA isomers are also used as drugs to
treat various cancers and dermatological diseases. However, the therapeutic uses of RA isomers
are limited due to side effects such as teratogenicity, and resistance to treatment emerging mainly
from autoinduction of RA metabolism. To improve the therapeutic usefulness of retinoids, RA
metabolism blocking agents (RAMBAS) have been developed. These inhibitors generally target
the cytochrome P450 (CYP) enzymes because RA clearance is predominantly mediated by P450s.
Since the initial identification of inhibitors of RA metabolism, CYP26 enzymes have been
characterized as the main enzymes responsible for RA clearance. This makes CYP26 enzymes an
attractive target for the development of novel therapeutics for cancer and dermatological
conditions. The basic principle of development of CYP26 inhibitors is that endogenous RA
concentrations will be increased in the presence of a CYP26 inhibitor, thus, potentiating the
activity of endogenous RA in a cell-type specific manner. This will reduce side effects compared
to administration of RA and allow for more targeted therapy. In clinical trials, inhibitors of RA
metabolism have been effective in treatment of psoriasis and other dermatological conditions as
well as in some cancers. However, no CYP26 inhibitor has yet been approved for clinical use.
This review summarizes the history of development of RAMBAS, the clinical and preclinical
studies with the various structural series and the available knowledge of structure activity
relationships of CYP26 inhibitors.
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1. General biology of retinoic acid

Retinoic acid (RA) is the active metabolite of vitamin A (retinol) and a critical signaling
molecule during embryonic development and post-natal life in all chordates. Chemically,
RA exists as at least five different isomers: all-trans-RA (ATRA), 9-CisRA, 13-cisRA, 11-
cisRA and 9,13-dicisRA (Figure 1) [1]. Of these, endogenous ATRA, 13-cisRA, and 9,13-
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dicisRA are commonly found in biological matrices whereas 9-cisRA is undetectable in
many tissues [2] and very low in human serum [1]. 11-cisRA is not detected in human serum
or reported in animal tissues [1, 2]. However, 11-cis-retinal, the precursor of 11-cisRA is a
necessary component for vision [3].

Endogenous RA isomers are important in maintaining general health. They are involved in
maintenance of healthy skin, epithelia and immune system [4, 5], in regulating insulin
stimulated glucose secretion [6], in embryonic development [7], in stem cell differentiation
[8], in neuronal differentiation [9] and in spermatogenesis [10]. RA isomers also regulate
cell cycle and apoptosis [11]. In early studies, RA deficiency was shown to cause
hyperkeratinization in rodents [12] and fetal malformations including blindness and lack of
eyes in pigs [13]. Excessive intake of vitamin A on the other hand leads to a common
syndrome known as hypervitaminosis A. Symptoms of hypervitaminosis A include
erythema, weight loss, hair loss, changes to skin and mucus membranes, bone pain, and
teratogenicity [14]. The exact role of each RA isomer in the above processes is not fully
understood. Generally, ATRA is considered to be the biologically active isomer of RA, but
9-cisRA and 13-cisRA also appear to have biological activity and are marketed as drugs
[15]. The biological importance of 9,13-dicisRA is unclear; it is inactive in cell culture [16,
17] and did not support growth in vitamin A deficient rats [18]. As a drug, ATRA is
approved for use in acute promyelocytic leukemia (APL) [19] and is used off-label in other
cancers. Isotrentinoin (13-cisRA) is approved for the treatment of acne, and high risk
neuroblastoma in children [20]. Alitrentinoin (9-cisRA) is approved for use as a topical
treatment for Kaposi’s sarcoma [15] and is used orally to treat chronic hand eczema
unresponsive to other treatments [21]. The use and development of RA isomers and
synthetic retinoids for treatment of cancer and metabolic disease has been recently reviewed
by others [15]. While the exact biochemical mechanisms of how retinoids function in cancer
and in dermatological diseases are not known, the therapeutic potential of retinoids is well
established.

The biological activity of retinoids is largely mediated by their binding to the nuclear
retinoic acid receptors (RARS) [11, 22, 23], but other mechanisms by which RA isomers
cause changes in cell cycle and differentiation have also been shown [24, 25]. Binding of
retinoids to RARSs results in increased transcription of target genes [19] and, hence, the
observed effects of RA on gene transcription are dependent on the cellular concentrations of
ATRA as well as on the expression levels of RAR isoforms. There are three RAR isoforms,
RARa, RARpB and RARY, which each play different roles in the body. However, RA and its
isomers bind to all three isoforms [26]. As such, specific agonists and antagonists of each
RAR isoform have been developed and evaluated for various therapeutic indications [15].
Of the selective RAR agonists, many are in clinical development and Tazarotene and
Adapalene have been approved for topical use. Interestingly, some RAR agonists also
inhibit retinoic acid metabolism [27] and these compounds could be used to design more
potent inhibitors of ATRA metabolism.

Curr Top Med Chem. Author manuscript; available in PMC 2015 March 20.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nelson et al.

Page 3

2. Regulation of retinoic acid homeostasis and importance of CYP26

enzymes

The concentrations of RA isomers in specific tissues and cells are collectively regulated by
the dietary intake of RA precursors such as vitamin A, vitamin A palmitate and carotenoids,
esterification of RA by LRAT (lecithin retinol acyltransferase) in the liver, synthesis of RA
from retinol and retinal by retinol and retinal dehydrogenases (RDH and RALDH), and the
metabolism of RA by P450 enzymes (Figure 1) [28-30]. Current literature shows that
vitamin A intake and supplementation increase circulating RA concentrations [31-34].
Vitamin A supplements are generally in the form of retinyl esters, such as retinyl palmitate
and retinyl acetate, which are subsequently converted to other retinoids (Figure 1). Daily
supplements of 25-75,000 1U of retinyl palmitate increased the average plasma 9-CisRA
(1.6-fold), 13-cisRA (2.5-fold) and ATRA (3-fold) in 41 volunteers [34]. In six healthy
males, 0.46 mg/kg retinyl palmitate/day increased circulating ATRA and caused
accumulation of 13-cisRA and 13cis-40xoRA [31]. The dose of vitamin A correlates with
the AUC of 13-cisRA, 13cis-40x0RA, and retinyl palmitate [32], but the AUC of ATRA in
plasma increases only up to the intake of 60,000 IU (18 mg) of vitamin A [32, 33], and then
plateaus suggesting that either formation of ATRA from retinol and retinal is saturable at
biological concentrations and/or the elimination of ATRA is rapidly induced. Whether
inhibition of RA isomer clearance increases RA exposure after dietary vitamin A
supplementation is not known and requires further study.

The clearance of ATRA appears to be mediated predominantly by cytochrome P450 family
26 enzymes (CYP26) in all chordates, and the role of CYP26 enzymes in RA clearance has
been reviewed recently [35-37]. The quantitative importance of CYP26 enzymes in the
clearance of 9-cisRA and 13-cisRA or the 4-0x0-RA metabolites is not known. All RA
isomers are metabolized by CYP3A4 and CYP2C8, and these cytochromes P450 likely play
a role in the clearance of exogenously administered ATRA and 13-cisRA [38-40]. While 9-
CisSRA has been shown to be a substrate of CYP26A1, 13-cisRA is a poor substrate of
recombinant CYP26A1 and CYP26B1 [27], and the clearance pathways of ATRA and 13-
CisSRA appear to be different in humans. When ATRA is administered to humans, it induces
its own metabolism likely via CYP26, which is believed to lead to resistance to ATRA
treatment [41, 42]. RA resistance could be a result of either local induction of CYP26 in
cancer cells or induction of the systemic clearance of ATRA. In rats, ATRA shows
concentration-dependent nonlinear Kinetics most likely due to saturation of CYP26AL1 [43].
In contrast, 13-cisRA clearance is linear and not subject to autoinduction when it is
administered to humans [36] despite the fact that 13-cisRA also induces the expression of
CYP26A1 in HepG2 cells. The clearance of ATRA in vivo is 10—fold greater than that of 13-
CcisSRA [36] despite their similar intrinsic clearances by CYP3A4 and CYP2C8. As such,
CYP26 enzymes appear to be important in the clearance of ATRA but not 13-CisRA.
Finally, based on in vitro data and in vitro-to-in vivo extrapolation, at biologically relevant
concentrations, CYP26AL is predicted to be responsible for the majority of ATRA clearance
in the liver [44].
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The CYP26 family has three isoforms: CYP26A1, CYP26B1 and CYP26CL1 [45, 46], but
the specific roles of each isoform during childhood and adult life are not well understood.
There is only 40-50% sequence similarity between the three isoforms [47, 48], which
suggests the isoforms have distinct roles. Both CYP26A1 and CYP26B1 are efficient ATRA
hydroxylases [48, 49], whereas CYP26C1 appears to prefer 9-cisRA as a substrate [47].
During mouse embryo development, the expression of CYP26 isoforms is distinct in a
spatio-temporal manner [50, 51]. Both Cyp26a1~/~ and Cyp26b1~/~ mice die during
gestation or at birth and have severe, but specific, malformations [51-54]. Cyp26c1~/~ mice,
on the other hand, are viable and do not have malformations [53]. In adult rodents, CYP26
expression has been detected in lungs and liver and the expression levels of CYP26A1 and
CYP26B1 were shown to correlate with dietary intake of vitamin A [35, 55, 56]. CYP26
enzymes also appear to be ubiquitously expressed in different rat tissues since ATRA
metabolism was shown in microsomes from rat testes, kidney, and lung which do not have
expression of other RA metabolizing cytochrome P450s [57]. However, the isoform specific
tissue expression patterns have not been comprehensively characterized in rodents.

Based on single donor mRNA detection, CYP26B1 has fairly ubiquitous expression in adult
human tissues [46]. It was found that CYP26AL1 is present in the human liver, but CYP26B1
MRNA is low or undetected and CYP26B1 protein is undetectable [44, 58, 59]. In other
adult human tissues, broad mRNA and protein expression of CYP26A1 and CYP26B1 was
detected [48], but these studies were limited to single donors. This is a major limitation
because the expression of CYP26AL1 in the liver is subject to considerable inter-individual
variability [58], and it is likely that CYP26A1 expression is variable in extrahepatic tissues
as well. In a limited number of human fetal tissues of different gestational stages, CYP26A1
was expressed exclusively in the brain, whereas CYP26B1 was not present in the brain but
found in all other tissues tested [59]. Based on studies in knock-out mice, CYP26 enzymes
are believed to contribute to regulation of ATRA concentrations, homeostasis and signaling
in specific cells and in circulation. However, the fact that the knock-out mice are not viable,
together with the lack of potent selective inhibitors of CYP26A1 and CYP26B1 has limited
the understanding of the importance of CYP26 enzymes in mediating RA isomer
homeostasis.

Since CYP26A1 and CYP26B1 are expressed in a variety of extrahepatic tissues as well as
in the liver, inhibition of these enzymes in a tissue specific fashion may have
pharmacologically different consequences (Figure 2). Overall, it is not clear whether
inhibition of CYP26A1 and/or CYP26B1 will increase circulating concentrations of ATRA
and subsequently lead to higher tissue concentrations of ATRA. While inhibition of liver
CYP26A1 as well as CYP3A4 and CYP2C8 is expected to decrease the systemic clearance
of ATRA, the effect of hepatic inhibition of ATRA metabolism to tissue specific
concentrations of ATRA has not been shown. Furthermore, the role of hepatic clearance to
the regulation of ATRA concentrations in target tissues is unclear. A CYP26 inhibitor may,
alternatively, only inhibit ATRA metabolism in target cells (Figure 2) affecting only local
concentrations. Such tissue-specific inhibition of ATRA metabolism is predicted to result in
lower side effects related to increased ATRA concentrations. However, taking advantage of
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tissue-specific inhibition of ATRA metabolism requires thorough characterization of the
expression profiles of the individual CYP26 enzymes.

The effect of decreased hepatic metabolism of RA isomers is expected to affect tissue RA
isomer concentrations in a tissue and cell type specific manner. Based on uptake of
administered radiolabeled RA, some tissues, such as the testes, pancreas and spleen, appear
to possess a specific barrier for exposure to circulating ATRA, instead relying on synthesis
of ATRA within the tissue [60-63]. Whether this functional barrier is due to RA metabolism
or efflux transport is not known, but metabolism has been suggested to impair the access of
RA to the testes [60]. Other tissues, such as the brain and the liver seem to be in equilibrium
with blood, with 80-90% of the tissue RA pool being obtained from plasma [61]. While it is
not known what role CYP26 isoforms play in regulating ATRA uptake to various tissues, it
is likely that they contribute to regulating tissue- and cell-specific clearance of ATRA.
Hence, inhibition of RA clearance via selective inhibition of CYP26 enzymes is expected to
have tissue-specific effects both by changing the access of circulating ATRA to the target
cells and by decreasing the clearance in the target organ.

The primary metabolite formed by CYP26A1 and CYP26B1 from ATRA is 4-OH-RA, but
both enzymes also form other primary oxidation products including 18-OH-RA and 16-OH-
RA and further metabolize these primary oxidation products to more polar secondary
metabolites including diols and 4-oxo-alcohols (Figure 1) [27, 48]. While it is generally
believed that the metabolites of ATRA do not play a role in regulating fetal development
[64] and CYP26 enzymes function predominantly to eliminate ATRA, the possibility that
ATRA metabolites play a role in retinoid signaling in some tissues cannot be completely
dismissed. The oxidized metabolites of RA including 4-hydroxy-RA (4-OH-RA), 40x0-RA,
18-OH-RA and RA-5,6-epoxide possess biological activity and inhibit cell proliferation in
in vitro models [26, 65, 66]. As such, while inhibition of CYP26 enzymes is expected to
result in increased concentrations of ATRA, the simultaneous decrease in ATRA
metabolites could potentially decrease the net pharmacological effect of CYP26 inhibition.

RA clearance has also been suggested to be mediated by the expression of cellular retinoic
acid binding proteins (CRABP-1 and CRABP-II) that bind ATRA with high affinity (Kq =
0.06 nM for CRABP-1 and Ky = 0.13 nM for CRABP-II [67]). CRABP-I also binds 13-
cisRA but with lower affinity [68]. CRABP-I is expressed ubiquitously, whereas expression
of CRABP-II is limited to skin, uterus, ovary, choroid plexus and embryonic tissues [69].
Based on current knowledge, CRABPs serve multiple functions in the cell in addition to
stabilizing and solubilizing RA [69]. CRABP-II delivers ATRA to the nucleus and to RAR
[67, 70], whereas CRABP-I appears to facilitate ATRA metabolism as demonstrated in rat
testes microsomes [68] and in F9 teratocarcinoma cells [71]. It remains to be determined
how expression of CRABPs affects overall RA homeostasis and the role of individual P450
enzymes in RA isomer clearance. However, it is possible that ATRA binding to CRABPs
decreases the role of CYP3A4 and CYP2C8 in ATRA clearance.
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3. Pharmacological effects of inhibitors of retinoic acid hydroxylation

As previously mentioned, retinoids are involved in a variety of cellular processes including
cellular differentiation [22]. As such, pharmacological doses of RA isomers have been used
to treat cancer [72, 73] and dermatological diseases such as acne and psoriasis [74, 75]. RA
has been particularly successful in the treatment of acute promyelocytic leukemia (APL), but
this success has been dampened by the development of retinoid resistance most likely due to
an induction of RA metabolism [73, 76]. Furthermore, it has been shown that RA
concentrations in prostate tumor tissues are lower than in healthy prostate tissue, possibly
due to increased RA catabolism in these cells [77, 78]. Thus, an inhibitor of RA metabolism
could be beneficial in the treatment of cancer either alone by increasing cellular ATRA
concentrations or in combination with exogenous RA by combatting resistance related to
induced ATRA metabolism.

Both oral and topical retinoids are highly effective in the treatment of acne, but are often
used as a last resort due to safety concerns such as teratogenicity and depression with the
oral formulate and inflammation and rashes with the topical formulate [74]. Teratogenicity
is particularly a concern with some of the synthetic retinoids, which tend to have a long
tissue half-life, e.g. 80-175 days for etretinate [79]. Thus a CYP26 inhibitor that has the
potential to increase local concentrations of RA (Figure 2), rather than whole body
concentrations, and has a shorter half-life than synthetic retinoids could result in effective
treatment of dermatological diseases with an improved safety profile [76]. Based on this
hypothesis, agents that inhibit RA clearance have been developed, collectively called
RAMBAS (retinoic acid metabolism blocking agents). There have been various other
reviews on RAMBAS that are excellent resources on the chemistry and synthesis of these
inhibitors [80-82]. The remainder of this review will primarily focus on the pharmacological
effects and clinical results of both older and more recently developed RAMBAs.

3.1 RAMBAs that have reached human studies

Ketoconazole and Liarozole—The imidazole derivative ketoconazole (Figure 3) is a
broad-spectrum antifungal that was developed in the 1970s as an inhibitor of fungal
cytochrome P450 enzymes [83]. After noting that some male patients developed
gynecomastia while taking ketoconazole, the possibility that ketoconazole inhibits steroid
synthesis in humans was investigated (Table 1). Following a high dose of ketoconazole (400
or 600 mg po), cortisol response to adrenocorticotropic hormone (ACTH) was found to be
inhibited, leading to the hypothesis that ketoconazole may be useful as an inhibitor of steroid
biosynthesis as a treatment for prostate cancer [84]. In subsequent clinical trials,
ketoconazole (400 mg, tid) was found to inhibit both testicular and adrenal androgen
biosynthesis, when used in the treatment of prostate cancer (Table 1) [85-87]. A compound
similar to ketoconazole, liarozole (R75251, Liazal™), was developed by Janssen Research
Foundation as an inhibitor of cytochrome P450 mediated androgen biosynthesis in testes and
adrenals (Table 1) [88]. Liarozole (Figure 3) was shown to be twice as potent as
ketoconazole at inhibiting testosterone biosynthesis in male rats and dogs [89] in addition to
being well tolerated by humans in a small pilot study (Table 1) [89]. Subsequently, it was
shown that liarozole suppressed tumor growth of androgen-dependent R3327 prostatic
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carcinoma in rats (Table 2) despite the fact that there was little change in testosterone levels
[90]. This suggested that the inhibition of prostate tumor growth by liarozole was due to a
mechanism independent of androgen biosynthesis. In a follow-up study in rats, liarozole was
shown to inhibit tumor growth in androgen-dependent and -independent prostate carcinoma
models (Table 2) [91], further supporting the hypothesis that the mechanism of action for
liarozole, and possibly ketoconazole, was not solely due to inhibition of androgen
biosynthesis.

Several results led to the hypothesis that liarozole was exhibiting its effects through
inhibition of RA metabolism. Liarozole treatment resulted in an accumulation of retinoic
acid (RA) in epithelial tissues [92], and treatment with RA inhibited tumor growth of
androgen-dependent prostatic carcinoma in nude mice similar to liarozole [91]. When tested
in vitro, RA but not liarozole induced plasminogen activator, a marker of differentiation in
F9 mouse teratocarcinoma cells [91]. However, when cells were treated with both liarozole
and RA, liarozole potentiated the effects of RA, resulting in a 2.2-fold greater induction of
plasminogen activator than RA alone [91]. Liarozole was shown to inhibit ATRA
metabolism (Table 3) and enhance the antiproliferative effects of ATRA and its catabolites,
4-0x0-ATRA and 5,6-epoxy-ATRA (Table 4), but not the stereoisomers 9-cisRA or 13-
CisSRA in MCF-7 cells [66]. The lack of effect on 9-cisRA and 13-cisRA activity is most
likely because there is little to no metabolism of these isomers in MCF-7 cells. Therefore,
liarozole would not be expected to affect their intracellular clearance [66].

In a series of studies in hormal rats and mice, liarozole and ketoconazole increased the half-
life and AUC of exogenously administered RA and increased the concentration of
endogenous RA in plasma (Table 2). This suggests that liarozole and ketoconazole inhibit a
P450-mediated pathway of RA elimination [93, 94]. Indeed, liarozole and ketoconazole
have been shown to inhibit ATRA oxidation in vitro in hamster liver microsomes with ICsq
values of 0.2-86 uM (Table 3) [93]. Taken together, these studies served as the basis to
redefine liarozole and ketoconazaole as inhibitors of P450-mediated metabolism of RA.

To test whether inhibition of P450s would have pharmacological effects similar to those of
RA in vivo, estrogen-stimulated ovariectomized rats were dosed with liarozole (20 mg/kg) or
RA (20 mg/kg) (Table 2) [93]. Liarozole and ATRA both prevented vaginal keratinization
and altered the keratin protein expression profile of vaginal epithelium, a marker of cellular
differentiation. The retinoid mimetic effects of liarozole were believed to be caused by
inhibition of ATRA metabolism in the epithelial tissue, thus causing a local increase in
ATRA concentrations. However, liarozole also appears to have systemic effects, as co-
administration of liarozole and ATRA increased the plasma AUC of ATRA and 9-cisRA
(Table 2). In follow-up animal studies, liarozole was effective in decreasing tumor growth in
androgen-dependent and — independent prostate tumors and in mammary tumors in rats
(Table 2).

In small pilot studies, liarozole was shown to be moderately effective in treating prostate
cancer (Table 1) and more tolerable than high-doses of ketoconazole [89, 95-97]. While
both ketoconazole and liarozole had side effects attributed to hypervitaminosis A (dry skin,
pruritis, rash, itchy skin, hypertriglyceridemia, etc.), ketoconazole caused more Gl
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discomfort and an elevation in liver enzymes. Retinoids were known to have antitumoral
properties, but tended to be rapidly metabolized in vivo [98, 99]. Once it was determined
that liarozole was primarily mediating its antitumoral effects through increased ATRA
concentrations and there was no correlation between testosterone level and anticancer effects
[97], a series of clinical trials were done with liarozole in patients with prostate cancer
(Table 1). A complete or partial response to liarozole treatment (150-300 mg po, bid) was
seen in 20-30% of patients with prostate cancer; responses included tumor volume
reduction, decreased levels of prostate specific antigen (PSA), and increased time to disease
progression [89, 95, 97, 100-103]. Additionally, almost all of the patients studied had a
reduction in pain to the point where they no longer needed analgesics [89, 95, 97, 100-103].
Despite promising results seen in clinical trials, the FDA did not approve liarozole for
treatment of prostate cancer in the US due to methodological problems with the clinical
trials [104]. Since then, researchers have explored the possibility that liarozole could be used
in the treatment of other types of cancer. However, liarozole was ineffective in non-small
cell lung cancer [105] and was beneficial only in a small fraction of breast cancer patients
(10-35% of patients were responsive, [106—108]) when administered as single agent (Table
1). Whether efficacy of liarozole would be improved with co-administration with ATRA is
not known. The antiproliferative activity of ATRA on MCF-7 breast cancer cells was
enhanced by co-administration of liarozole (Table 4), while liarozole had no effect on cell
growth in the absence of ATRA treatment [109]. Liarozole was found to potentiate the
inhibitory activity of ATRA on carcinogen-induced neoplastic transformation of C3H mouse
10T1/2 embryonal fibroblast cells, a model system used to study chemotherapeutics (Table
4) [110]. Hence, the pharmacological effects of liarozole seem to be a result higher
intracellular concentration of ATRA, most likely due to inhibition of ATRA metabolism.

In clinical trials (Table 1), liarozole was shown to be effective in attenuating retinoic acid
resistance [111], increasing ATRA AUC. Unfortunately, liarozole has not been pursued
further as cotherapy with ATRA. In a similar manner, ketoconazole increased the AUC of
ATRA and 9-cisRA in cancer patients and healthy men (Table 1). Overall, liarozole appears
to be moderately successful in preventing the progression of prostate cancer and highly
effective in reducing pain associated with prostate cancer (Table 1), as well as decreasing
plasma PSA levels more than cyproterone acetate, an FDA-approved treatment for prostate
cancer [100]. However, the effectiveness of liarozole might partially be due to inhibition of
androgen biosynthesis, and it remains to be seen if more CYP26-selective RAMBAS will be
effective in prostate cancer treatment.

Liarozole has been studied in several in vitro model systems as a P450 inhibitor to further
elucidate its mechanism of action (Table 3). Liarozole inhibited the metabolism of RA in rat
liver homogenates (ICsg = 0.14 uM) and Dunning R3327G prostate tumor homogenates
(IC50 = 0.26 M) [112]. Liarozole also inhibited the metabolism of 4-oxo-ATRA in hamster
liver microsomes (ICsq of 1.3 uM) and prolonged the half-life of the retinoid in rats (Table
2) [113]. Subsequently, treatment of T47D and MCF-7 breast cancer cells with ATRA was
shown to result in an induction of RA metabolism [114]. This induced activity was inhibited
by liarozole (ICsq of 0.44 to 7 uM [115, 116]), but not by inhibitors or substrates of CYP1A,
CYP2A, CYP3A, CYP2B or CYP2C [114] At the time, the target P450 of liarozole was not
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known but eventually CYP26 enzymes were found to be the cytochromes P450 responsible
for the induced RA metabolism, based on mRNA induction in MCF-7 cells and lack of
expression of other cytochromes P450 in MCF-7 cells [37, 46, 116-118].

Based on in vitro studies, ketoconazole appears to be a more potent inhibitor of CYP26A1
than liarozole (Table 3). In a study with recombinant CYP26A1, liarozole inhibited 9-cisRA
metabolism with an 1Csq value of 2.1 uM while the ICgq value for ketoconazole was 550 nM
[27]. This ICsq value for ketoconazole is nearly identical to the ICsq value of 588 nM for
inhibition of CYP26A1 and 592 nM for CYP26B1 by ketoconazole determined using
radiolabeled ATRA as a substrate, and five-fold lower than the 1Csq for liarozole in the same
system [119]. However, liarozole appears to be superior to ketoconazole in vivo as many of
the human studies listed in Table 1 resulted in elevated liver enzymes with ketoconazole
treatment but not with liarozole. Furthermore, while ketoconazole seems to be effective at
increasing the AUC of exogenously administered RA [120-122], it seems to be less
effective than liarozole in the treatment of prostate cancer (Table 1).

As mentioned previously, liarozole inhibited RA metabolism in vivo in animal models,
resulting in inhibition of vaginal keratinzation and an increase in plasma RA levels to those
seen with exogenous RA administration [93]. It has also long been known that retinoids are
effective in treating a variety of dermatological diseases such as acne vulgaris and psoriasis
[75], so it was logical to assess the ability of liarozole to treat skin conditions such as
psoriasis and ichtyosis (Table 1). In several clinical trials of patients with psoriasis, liarozole
(50 mg to 150 mg po, bid) improved the symptoms of psoriasis in more than 50% of treated
patients as determined by their Psoriasis Area and Severity Index (PASI) score (Table 1) and
side effects were generally mild and similar to those of hypervitaminosis A [123-127].
Liarozole was as effective as acitretin in treating ichthyosis [128] and reduced scaling and
roughness in most patients [129-131]. Based on the results of the clinical trials with
liarozole, RAMBAs are worth pursuing in the treatment of dermatological diseases [132].
Interestingly, in contrast to cancer treatment, in skin diseases RAMBASs such as liarozole
appear to be effective as single agents without cotreatment with ATRA.

3.2 Talarozole

Both ketoconazole and liarozole are potent inhibitors of the 17a-hydroxylase/17,20-lyase
(CYP17) as well as other hepatic cytochromes P450 (Figure 2). This is a potentially
undesirable trait for a RAMBA resulting in adverse effects. To avoid off-target P450
inhibition, the more CYP26-specific inhibitor talarozole (R115866, Rambazole™) [132]
was developed. The chemical structure for talarozole contains a triazole, a benzothiazole,
and an aniline rather than an imidazole, a benzoimidazole, and a chlorobenzene like
liarozole (Figure 3). Talarozole is a significantly more potent CYP26A1 inhibitor (1Csq of
4-5 nM) than liarozole (ICsq of 2—-3 uM) when tested using recombinant human CYP26A1
(Table 3) [27, 133]. In addition, talarozole showed superior specificity for CYP26 as
compared to liarozole with greater than 300-fold higher 1Csq values for CYP19, CYP17,
CYP2C11, CYP3A, and CYP2AL1 than for CYP26A1 [133]. In MCF-7 breast cancer cells in
which CYP26A1 mRNA was induced by ATRA, talarozole had an ICgy of 5 nM against
ATRA metabolism, but in rat liver microsomes talarozole inhibited ATRA metabolism with
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an 1Csq of 9 UM [116]. The more than 1000-fold difference in the 1Csq values was attributed
to the fact that inhibition of RA metabolism in rat liver microsomes requires inhibition of
CYP1A1/2, CYP2A6, and CYP3A4, whereas inhibition in the MCF-7 cells would be more
specific to CYP26 [116]. Therefore, the differences in ICsq values between the liver
microsomes and MCF-7 cells would give an indication of the selectivity of talarozole for
CYP26AL1 over other CYP isoforms.

Following in vitro characterization of talarozole, animal studies were conducted to test the
effectiveness of talarozole in vivo (Table 2). After a single oral dose of talarozole,
endogenous RA levels in plasma, skin, fat, kidney, spleen and liver were significantly
increased (1.5- to 4-fold) in rats, with levels returning to baseline after 18 hrs [133]. Similar
to treatment with RA alone, talarozole was able to inhibit vaginal keratinization, induce
hyperplasia in ear epidermis, increase orthokeratosis in the tail, and induce hepatic CYP26
mMRNA expression in rats [133]. Furthermore, co-administration of the RAR antagonist,
AGN1931009, significantly reduced the ability of talarozole to inhibit vaginal keratinization
[133]. The data suggest that the pharmacological effects of talarozole are due to increased
RA concentrations through the inhibition of CYP26A1.

CYP26A1 protein was shown to be constitutively expressed in vivo in basal epidermal
keratinocytes in human skin, thus verifying the ability of skin to metabolize RA [134].
Based on this information, the effects of talarozole were studied in cultured human
epidermal keratinocytes when co-administered with low concentrations of ATRA [135]. The
aim was to determine whether talarozole could be useful in the treatment of dermatological
conditions such as psoriasis, ichthyosis and acne. Talarozole alone had no effect on
autocrine cultures of keratinocytes in the absence of ATRA. When administered with low
doses of ATRA (10 nM), talarozole potentiated the effects of ATRA on epidermal growth
and differentiation as evidenced by increased HB-EGF and involucrin mRNA expression
and a reduction in keratin 10 mRNA and protein expression [135]. This most likely occurred
through the sustained concentrations of ATRA due to talarozole preventing ATRA
catabolism. In an organotypic epidermis cell culture model, ATRA (1 nM) altered the
MRNA expression of biomarkers of keratinization (KRT2, KRT4) and CRABPII, but not
CYP26A1 [136]. When talarozole (1 uM) was combined with low level RA (1 nM), KRT2,
KRT4 and CRABPII were not further affected, but CYP26A1 expression was significantly
induced [136]. The mRNA expression levels of CYP26B1, LRAT, RALDH2 and RDH16
were not significantly altered by 1 nM RA alone or in combination with talarozole [136].
The proposed reason for these differences is that the nuclear receptors for KRT2, KRT4 and
CRABPII expression in previously vitamin A deficient cells are extremely sensitive to the
addition of RA, whereas a more sustained 1 nM RA concentration is required to induce
CYP26A1 mRNA expression and an even higher concentration of RA is required to alter the
expression profile of other biomarkers. When cells were pretreated with radiolabeled retinol,
followed by talarozole (1 pM), there was a six-fold increase in cell-associated [°H]-RA
compared to treatment with retinol alone [136], further suggesting that talarozole has the
ability to alter intracellular concentrations of endogenous RA through inhibition of RA
metabolism. In the same study [136], treatment with liarozole (1 pM) resulted in only a two-
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to three-fold increase in [3H]-RA, which was suggested to be due to the weaker inhibition of
CYP26AL1 by liarozole.

Up to this point, the inhibitory activity of talarozole has been attributed to its potency toward
CYP26A1, however, according to comparative mRNA expression data, CYP26B1
expression in the skin may be much higher than that of CYP26A1 [48]. While talarozole is a
known potent inhibitor of recombinantly expressed CYP26A1 [133], this data suggests it
may also be a potent inhibitor of CYP26B1. However, there is currently no published data
on CYP26BL1 inhibition by xenobiotics.

Following these in vitro and animal model assessments, several clinical trials were
conducted for 8- to 12-weeks with 1 mg oral daily doses of talarozole for the treatment of
psoriasis and acne vulgaris, respectively [137-139]. As summarized in Table 1, talarozole
was efficacious in all studies with mainly mild to moderate adverse events. The plasma RA
levels were only measured in the 8-week study. They were increased but within normal or
slightly above normal biological range and returned to baseline levels once talarozole was
cleared from the body [138]. A phase I clinical trial was conducted to examine the use of
talarozole as a topical treatment [140]. Topical treatment with talarozole did not result in
skin inflammation or epidermal thickness as is often seen with topical retinoid treatment.
When mRNA expression levels were examined in treated skin, talarozole increased the
expression of CRABP2, KRT4, CYP26A1 and CYP26B1 dose dependently [140]. When
protein expression levels were examined using immunofluorescence analysis, KRT4 protein
levels were increased consistent with the mRNA expression data [140]. However, using both
immunofluorescence analysis and Western blot analysis, there was no significant change in
CYP26A1 or CYP26BL1 protein expression following topical treatment with talarozole
[140]. Despite the potential for talarozole to be a new oral or topical treatment for psoriasis
or acne, Barrier Therapeutics suspended their development of talarozole in 2008 as a cost-
cutting measure [141].

Interestingly, while there were numerous studies evaluating the antitumor efficacy of
ketoconazole and liarozole, the potential for talarozole as an anticancer agent is yet to be
explored. The lack of data on the effect of talarozole on cell proliferation may be because of
concurrent development of a similar compound R116010, which has been shown to have
antitumor activity [142], and is discussed in detail in section 3.2.

Other azole antifungals—There are a variety of other azoles, such as fluconazole,
itraconazole and voriconazole, on the market for the treatment of fungal infections. These
compounds were designed to inhibit ergosterol biosynthesis through the inhibition of
lanosterol 14a-demethylase, but have also been shown to inhibit RA metabolism as
evidenced by case reports of hypervitaminosis A symptoms upon co-treatment with RA and
these antimycotics [143-148]. Whether this is due to inhibition of CYP26A1 is not known.
Fluconazole was shown to increase plasma AUC of exogenous ATRA administered to
patients with APL [149]. In human liver microsomes, fluconazole was approximately half as
potent as ketoconazole in inhibiting radiolabeled ATRA metabolism [149]. Both
ketoconazole and fluconazole are inhibitors of CYP3A4 in vivo [150-153], but only
ketoconazole inhibits CYP26A1 in vitro [27]. Since the contribution of CYP3A4 is
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predicted to be relevant in ATRA metabolism following exogenous administration of ATRA
[44], fluconazole likely exerts its effect on exogenously administered ATRA metabolism
mostly through inhibition of CYP3A4. Interestingly, a high dose of fluconazole (700 mg/kg)
was shown to induce CYP26A1 and CYP26B1 mRNA expression in mouse embryos,
probably through increased endogenous RA levels sufficient to activate RARs in the
embryos [154]. While there have not been clinical trials with itraconazole or voriconazole as
inhibitors of RA metabolism, there are several case reports of these compounds resulting in
hypervitaminosis A symptoms, particularly in patients receiving exogenous RA [144-148].
Furthermore, there is in vitro evidence of these compounds inhibiting RA metabolism,
although they are not particularly potent [27, 155]. Thus, while these compounds are capable
of inhibiting RA metabolism, they have not been pursued for this purpose, most likely
because of their lack of specificity and their weak inhibition of CYP26A1. However, the
azole scaffold appears to be a good starting point for finding a more specific inhibitor of RA
metabolism and has been further evaluated by a number of different groups.

3.2. Preclinical CYP26 inhibitors

There are number of RAMBAS developed by several academic groups as well as
pharmaceutical companies that have been tested for their ability to inhibit ATRA
metabolism in vitro (Table 3). Since recombinant CYP26 enzymes have not been widely
available, rat and hamster liver microsomes and cell models have been commonly used to
evaluate the potency of RAMBAS. In cell models, CYP26A1 mRNA has been shown to be
inducible by ATRA treatment and this induction correlates with increased ATRA
metabolism in the cells [116]. As such, inhibition of ATRA metabolism is usually tested
following CYP26A1 induction by ATRA. Overall, ATRA-induced cells and microsomes
from ATRA-induced cells have gained wide acceptance as testing systems for novel
RAMBA:s. Since the expression of other ATRA metabolizing P450 enzymes such as
CYP3A4 and CYP2C8 is negligible or nonexistent in MCF-7 cells, it is likely that the
induced ATRA metabolism in the cells is due to induction of CYP26 enzyme expression.
However, it is possible that both CYP26A1 and CYP26B1 are significantly induced in these
cells in response to ATRA treatment. Whether isoform selectivity of the inhibitors can be
assessed in the induced cell systems is not well established. In contrast to the ATRA-
induced cells, the enzymes in liver microsomes contributing to ATRA metabolism will be
substrate concentration-dependent. At low (nM) concentration of RA, CYP26 enzymes are
likely to predominate ATRA metabolism [44], but as these enzymes are saturated at
micromolar substrate concentrations, the CYP3A and CYP2C enzymes are likely to be the
major ATRA hydroxylases. Hence, the different 1C5q values observed in the various systems
for the same inhibitor-substrate pair can most likely be explained by the relative
contributions of different enzymes to ATRA clearance.

For pharmacological endpoints, the new compounds developed as RAMBAS have most
commonly been tested for inhibition of cell proliferation in various cancer cell lines with
cotreatment with ATRA. Overall, most of the CYP26 inhibitors appear to be devoid of
antiproliferative activity in the absence of ATRA. When ATRA is added to the cell culture,
the predominant effect of RAMBAS is to cause a shift in the ICsq of ATRA thus potentiating
its effects. Hence, it is unlikely that these RAMBASs will have considerable effect in cells
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that have little or low ATRA metabolizing activity since they will have negligible effects on
intracellular ATRA concentration.

4-Imidazoyl-retinoic acid and its derivatives—ATRA is known to be a high affinity
substrate of CYP26 enzymes, and it is metabolized by CYP26 enzymes and other P450s to
4-OH-RA (Figure 1). The hypothesized orientation of ATRA in the P450 active site with the
C-4 close to the heme iron was derived from the oxidation of ATRA at the C-4 of the B-
ionone ring. Based on this, a hydrogen atom at the C-4 position was replaced with a triazole
or imidazole, and a series of triazole- and imidazole-containing inhibitors were developed
(Figure 4 and Table 3) [81, 156, 157]. Two key modifications made in these compounds
included: 1) addition of an imidazole or triazole moiety to the p-ionone ring at the 4-position
and 2) the carboxylic acid was replaced or derivatized to an azole, methyl ester, or
hydroxyphenyl amide (Figure 4). In hamster liver microsomes the methy! ester of 4-
imidazoyl-retinoic acid (compound 1b in Figure 4, VN/12-1) was the most potent inhibitor
of ATRA metabolism with an 1Csq value of 9 pM (Table 3) while the 4-imidazoyl-retinoic
acid (compound 1a in Figure 4, VN/14-1) was 250-fold less potent with an ICgq value of 2.3
nM [157]. This greater potency of the ester was surprising as the acid moiety of RA is
generally believed to play an important role in binding to CYP26 and interact with
positively charged arginines in the CYP26 active site [158]. The greater potency of the ester
could potentially be due to inhibition of multiple RA metabolizing P450s in hamster liver
microsomes and nonselective inhibition of other P450s instead of CYP26. To increase the
assay specificity for CYP26 inhibition, MCF-7 and T47D cells were pretreated with ATRA
to induce CYP26 expression and inhibition of ATRA metabolism was measured [157]. In
contrast to the hamster liver microsomes, the 4-imidazoyl-retinoic acid (compound 1a)
demonstrated the most potent inhibition of ATRA metabolism with 1Csq values between 2.4
nM and 10.9 nM in ATRA-i6nduced MCF-7, T47D, and LNCaP cells (Table 3). Compound
1b showed greatly decreased potency (ICsg = 200 nM) when compared to hamster liver
microsomes in the induced cells. This observation supports the hypothesis that the initial
potency of the ester was due to inhibition of other P450 enzymes involved in ATRA
metabolism and that the acid moiety improves CYP26 binding affinity [157]. 4-Imidazoyl-
retinoic acid, was also effective in inhibiting the growth of MCF-7, T47D, LNCaP, and
PC-3 cells but not that of MDA-MB-231 cells (Table 4) and the inhibitory potency varied
greatly between the different cell lines [157].

To follow up on compound 1a as a lead, the series of azoyl-retinoids was extended by
synthesis of 4-imidazoyl-retinyl imidazole (compound 2, Figure 4, VN/50-1), 4’-
hydroxyphenyl-4-imidazoyl-retinamide (compound 3, Figure 4, VN/66-1), and 4’-
hydroxyphenyl-4-imidazoyl-13-cis-retinamide (compound 4, Figure 4, VN/69-1) [159, 160].
These compounds inhibited ATRA metabolism in microsomes prepared from CYP26-
expressing LNCaP cells with 1Cgq values of 63-90 nM, demonstrating slightly lower
potency than the lead 4-imidazoyl-retinoic acid as CYP26 inhibitors (Table 3). However, in
the LNCaP cells, in the absence of ATRA, compounds 2, 3, and 4 inhibited cell proliferation
slightly more potently (ICsq values of 4.5-6 uM) when compared to compound 1a (ICsg =
10 uM) (Table 4) [159, 160]. The potencies of these RAMBAS were similar to that of ATRA
(ICs0 = 4.3 uM) in inhibiting cell growth both in MCF-7 and LNCaP cells. In the MCF-7
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cells, compound 2 was the most potent compound in inhibiting cell growth (ICsq = 126 nM);
while in the T47D cells, compounds 1 and 2 were equipotent (3-9 nM ICg) [159, 160].
When the RAMBASs were combined with ATRA, a 47- to 70-fold enhancement in the
potency of RA was observed (Table 4). The ICsq values of ATRA for inhibition of cell
growth were between 61 and 92 nM in LNCaP cells [165], demonstrating the beneficial
effect of inhibiting ATRA metabolism.

The anticancer activities of these RAMBASs cannot be explained completely by inhibition of
ATRA metabolism and the subsequent increase in ATRA concentrations [161, 162]. These
compounds are considered atypical RAMBAS because they inhibit growth in the absence of
ATRA in T47D, MCF-7, and LNCaP cells (Table 4) and have effects similar to ATRA on
cell cycle arrest. In T47D and LNCaP cells, these RAMBAS as well as ATRA caused a
significant increase in the percentage of cells in the Sub-G1 phase and a decrease in the
percentage of cells in the S phase, but did not affect the percentage of cells in the G¢/G;
phase [159, 160]. However, the effect on the percentage of cells in the S-phase was greater
in the T47D cells than in the LNCaP cells and the increase of cells in the G,/M phase was
greater in LNCaP cells than in T47D cells [159, 160]. It has been shown that the 4-
imidazoyl retinoic acid (compound 1a) binds RARs with 1Csq values of 16-200 nM while
compounds 2, 3 and 4 did not bind RARs [159, 160]. It is also possible that these RAMBAS
have retinoid like metabolites that are responsible for some of their actions, but it is not
known whether these RAMBAS are substrates of CYP26 or metabolically stable in the cell
models.

As a result of the promising activity of these RAMBAs in the cell proliferation assays, they
were also tested in various mouse xenograft models. Distinct model and compound specific
effects were observed. In rats and mice with MNU-induced and MCF-7 xenograft mammary
tumors, compound 1a decreased tumor size when administered on its own or in combination
with ATRA (Table 2) [160, 163]. However, the effect of compound 1a co-administered with
ATRA was greater than that observed with either ATRA or compound 1a alone (Table 2).
Conversely, in mice with LNCaP prostate cancer xenograft tumors, ATRA efficiently
decreased tumor size, while compound 1a was ineffective in decreasing tumor size [159].
Surprisingly, in the same model and study, compounds 3 and 4 decreased tumor size,
demonstrating the fact that although these RAMBAS are part of the same series they have
differences in their activity between models (Table 2). It is possible that the differences in
the activity of compound 1a among tumor types is dependent on both tumor responsiveness
to androgens, as seen in the androgen-sensitive breast and prostate tumors, as well as the
histone acetylation state regulating transcription within the tumor [159, 164]. Compound la
also inhibits CYP19 (aromatase) and CYP17 suggesting this compound can also affect
steroid metabolism [82, 165, 166] and potentially explains its activity in the absence of RA.
Because the MNU-induced mammary carcinomas are sensitive to androgens, it is possible
that the antiproliferative effects are due to, at least in part, changes in androgen levels from
the inhibition of CYP17 in addition to the changes in RA concentration that result from
CYP26 inhibition.

In subsequent studies, these RAMBAS have been combined with histone deacetylase
(HDAC) inhibitors and they have been shown to have a synergistic effect with HDAC
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inhibitors [161, 162]. In LNCaP prostate cancer cells, combination of SAHA (HDAC
inhibitor) and compound 3 resulted in significant increase in the growth inhibitory action
when compared to either compound alone [161, 162]. In the hormone insensitive PC-3
prostate cancer cell line, compound 3 had synergistic effects with another HDAC inhibitor,
MS-275, both in in vitro cell systems as well as in the mouse xenograft model [161, 162].
The synergistic effects were observed through the induction of RARp as well as in
measurement of molecular markers of apoptosis. Interestingly, a serial treatment with the
two agents was antagonistic [161, 162]. These results suggest that combination of RAMBAS
with HDAC inhibitors in the clinic may be beneficial in cancer treatment.

Liarozole and talarozole derivatives—The chemical structure of R116010 (Figure 5)
is highly similar to that of talarozole (Figure 3). The triazole moiety of talarozole was
replaced with an imidazole and the pentyl was replaced with a dimethylethanamine to make
R116010. These minor changes did not significantly affect CYP26A1 inhibitory potency
(Table 3) [27]. Because of the extensive number of studies done on liarozole, the efficacy of
R116010 is often compared to that of liarozole in in vitro studies [27, 142, 167, 168].
R116010 was approximately 100-fold more potent than liarozole in inhibiting cell growth in
human T47D breast cancer cells pretreated with ATRA (Table 4). R116010 inhibited ATRA
metabolism with an I1Csg value of 8.4 nM in comparison to the 1Cgq of 1.4 uM for liarozole
(Table 3) [142]. Co-incubation of R116010 (1 uM) with ATRA (0.1 uM) has also been
shown to enhance the potency of ATRA in MCF-7 cells, as evidenced by a 4.7-fold greater
induction of CYP26A1 mRNA expression in the presence of R116010 than with RA alone
[167, 168]. In T47D microsomes with induced CYP26A1 expression, R116010 had an ICsg
of 4 nM against ATRA metabolism (Table 3), whereas it showed little inhibition of
CYP2C11, CYP2A1, CYP3A or CYP2B1/2 catalyzed reactions in rat liver microsomes or
CYP19 in human placental microsomes [142]. While R116010 did slightly inhibit CYP17 in
rat testicular S10 fraction, the 1Cgq (250 nM) was more than 60-fold greater than the ICsq for
CYP26A1 [142], suggesting R116010 is a highly selective inhibitor of CYP26 catalyzed
metabolism of ATRA. R116010 had no antiproliferative activity in the absence of ATRA,
but did enhance the antiproliferative activity of ATRA in a dose-dependent manner in T47D
cells (Table 4) [142]. The ICgq values of ATRA against cell proliferation decreased from 2
nM to 0.62 nM in the presence of 1 UM R116010 [142]. Lower concentrations of R116010
also decreased the 1C5g of ATRA but to a lesser extent. In mice inoculated with TA3-Ha
cells, R116010 significantly reduced tumor weight at a dose as low as 0.16 mg/kg po, bid.
Toxicity in the form of hypervitaminosis A was not observed until a dose of 5 mg/kg po, bid
(Table 2) [142]. In comparison, in mice treated with ATRA, the lowest active dose was 2.5
mg/Kkg po, bid and toxicity was seen at 5 mg/kg po, bid [142]. While there is little difference
in the therapeutic and toxic doses of ATRA, the dose of R116010 causing hypervitaminosis
A was about 20-fold higher than lowest therapeutic dose, demonstrating that R116010 had a
much broader therapeutic window than ATRA.

Using liarozole and R116010 as lead compounds, novel imidazole-containing naphthyl
derivatives were synthesized by OSI Pharmaceuticals and found to be selective and potent
inhibitors of ATRA metabolism [169]. In the first series, [2-imidazol-1-yl-2-(6-alkoxy-
naphtalen-2-yl)-1-methyl-ethyl]-dimethyl-amines were synthesized with the lead inhibitor 3-

Curr Top Med Chem. Author manuscript; available in PMC 2015 March 20.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nelson et al.

Page 16

[6-[2-dimethylamino-1-imidazol-1-yl-butyl)-naphthalen-2-yloxy]-2,2-methyl, 2-ethyl-
propionic acid (compound 5, Figure 5) having a 20 nM ICsq for CYP26A1 (Table 3). This
compound was relatively selective for CYP26A1 as its 1Cgy for CYP3A4 was 300-fold
higher (6.3 uM), and the ICgq values for CYP1A2, CYP2D6 and CYP2C19 were >5 pM.
Interestingly, the anti stereoisomer of compound 5 was an approximately 2-fold weaker
inhibitor of CYP26 than the syn isomer but a more potent inhibitor of CYP3A4 than the anti
isomer. When T47D breast cancer cells and AT6.1 adenocarcinoma cells were cotreated
with ATRA and compound 5, compound 5 inhibited cell proliferation with 1Csq values of
125 nM and 300 nM, respectively (Table 4) [169]. This in vitro data is promising because,
following a 5 mg/kg oral dose to mice, the Cax 0f compound 5 was 6 UM and the half-life
was 2.5 hours, demonstrating that potentially efficacious concentrations could be achieved
in vivo.

To follow-up these studies, further modifications of compound 5 were made and structure
activity relationships were studied to develop a more potent and selective RAMBA [169,
170]. Four CYP26 inhibitors were identified in this series that had suitable potency,
selectivity, and in vivo pharmacokinetic characteristics in mice. Interestingly, when the
methyl group adjacent to the imidazole in compound 5 was changed to an ethyl, the
inhibitory potency towards CYP26A1 in microsomes from ATRA-treated T47D breast
cancer cells increased, yielding an ICsg value of 1.3 nM. The ethyl derivative was more than
1000-fold less potent as an inhibitor of CYP3A4 (I1Csq of 3.3 uM) than CYP26A1
demonstrating high selectivity for CYP26 [169, 170]. Similar to compound 5, the ethyl
derivative of compound 5 also significantly increased the plasma AUC of exogenously
administered ATRA in mice, demonstrating the ability of RAMBASs to suppress CYP26-
mediated metabolism of ATRA.

In an ongoing research effort to develop CYP26A1 inhibitors, the Simons laboratory at
Cardiff University has evaluated a number of compounds with diverse structures as
inhibitors of ATRA metabolism. They have also used homology models of CYP26AL1, built
using the homologous RA metabolizing P450s, CYP2C8, CYP2C9, and CYP3A4 [158],
with molecular docking to improve the understanding of CYP26A1 active site features [116,
167, 168, 171]. Interestingly, only the homology model built using CYP3A4 as a template
could accommodate talarozole binding to the active site [158]. Hence, this model was used
for further evaluation of CYP26A1 structural features.

In a series of synthetic efforts, liarozole and talarozole structures were used as leads and new
triazole containing benzofuranyl derivatives were synthesized [171]. The first set of
compounds with the lead compound 6 (Figure 5) in this series had micromolar inhibitory
potency towards CYP26A1 when tested in ATRA induced MCF-7 cells (Table 3) [171].
Upon further optimization, potency was improved by changing the benzofuran moiety to a
naphthalene, benzoimidazole or benzooxazole and by adding a benzyl linker between the
imidazole moiety and the benzofuran group (compounds 7 and 8, Figure 5) [172, 173]. N-
{4-[1H-Imidazol-1-yl(phenyl)methyl]phenyl}-naphthalen-2-amine (compound 8) was
identified as a lead compound (IC5q = 0.5 uM, in MCF-7 whole cells pretreated with ATRA)
together with the benzoimidazole and benzooxazol (compound 7) analogs of this compounds
(IC5p =1.5and 0.9 UM in MCF-7 cells, respectively) (Figure 5 and Table 3) [173]. The
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binding interactions of these compounds with CYP26A1 were evaluated via docking to the
CYP26A1 homology model, allowing identification of key hydrogen bonding interactions of
the inhibitors with purported CYP26AL1 active site residues. Interestingly, these three lead
compounds were also tested in a neuroblastoma cell line for their ability to potentiate the
ATRA-induced expression of CYP26B1 mRNA [173]. All three compounds potentiated the
ability of ATRA to induce CYP26B1 mRNA suggesting that they may also inhibit
CYP26B1.

To further improve these imidazole containing inhibitors, further modifications were made
using compound 8 as a lead compound by varying the composition of the linker between the
naphthyl and benzyl groups, and by substituting the phenyl ring with a flexible C3 chain
such as propionic acid methyl ester (the imidazole analogue of compound 9) [167, 168].
While altering the composition of the linker group decreased the binding affinity to
CYP26A1 (IC5p >1 pM), replacing the naphthyl with a phenyl generally preserved the
nanomolar binding affinity of the inhibitors [167, 168]. Replacement of the benzyl moiety
with a propanoate led to about 10-fold increased potency towards CYP26A1 (Table 3). The
most promising inhibitor in this series was 3-imidazol-1-yl-2-methyl-3-[4-(naphthalene-2-
ylamino)-phenyl]-propionic acid methyl ester (imidazole analog of compound 9). This
compound was a micromolar inhibitor of CYP1A2, CYP2C9, and CYP2C19, but had an
ICsp of 600 nM towards CYP2D6 and <100nM towards CYP3A4 demonstrating a lack of
selectivity towards CYP26A1 [167, 168].

Further optimization of these compounds for increased CYP26AL1 selectivity led to the
replacement of the imidazole with a triazole (compound 9, Figure 5). Surprisingly, this
resulted in a 10-fold increase in potency in inhibiting ATRA metabolism in MCF-7 cells
(ICs0 = 3 nM for the imidazole analog and 0.35 nM for the triazole compound 9) [168]. In
addition, while the triazole containing inhibitor was more potent as a CYP26A1 inhibitor
than the imidazole containing lead compound, it was significantly weaker inhibitor of
CYP3AA4 (ICsq of 330 nM), yielding a greatly increased selectivity. In addition, it was
devoid of the nanomolar inhibition potency of CYP2D6 that was observed with the
imidazole containing inhibitor (1Cgq of 1.8 uM for compound 9) and was a micromolar
inhibitor of CYP1A2, CYP2C9 and CYP2C19 [168]. As such, the selectivity of the triazole,
compound 9, was similar to that observed with R116010. In the absence of ATRA these
compounds had no effect on CYP26A1 expression in the SH-SY5Y cells, while in the
presence of ATRA they significantly increased the magnitude of CYP26A1 mRNA
induction caused by ATRA treatment [167, 168]. Therefore, all of these compounds are
expected to exhibit RA-dependent actions in cell models. However, no data on their effect
on cell proliferation or on Keratinization in animals is currently available.

Nonazole inhibitors—Using a structural design similar to the known RAR agonist
tazarotenic acid [174], novel inhibitors of ATRA metabolism were discovered in an effort
by Allergan to pursue the strategy of retinoid receptor and function selectivity for various
dermatological applications. Using HeLa cells stably transfected to express CYP26, a series
of phenyl acetic acid derivatives were tested for inhibition of ATRA metabolism [175].
Interestingly, despite the structural similarity of these compounds to the RAR agonist
tazarotenic acid, these compounds have been shown not to be RAR or RXR agonists or
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antagonists [175]. Overall, however, the size and composition of the molecules seems to
mimic the size and shape of ATRA. The most potent inhibitor in the series for CYP26AL in
the transfected HeL a cells was compound 10 (Figure 6), 2-[4-(2-{8-cyclopropyl-4,4-
dimethyl-3,4-dihydrospiro[1-benzopyran-2,1’-cyclopropane]-6-yl }ethynyl)-2-
fluorophenyl]acetic acid, (ICsg = 14 nM, Table 3) which is comparable in potency to the
azole-based compounds talarazole and R116010 [175]. Other compounds in the series had
ICgq values between 22 and 1700 nM [82].

Other non-azole containing inhibitors have met with limited success. Compound 11 ((4-
aminophenyl) pyrrolidine-2,5-dione, Figure 6) was shown to be a weaker inhibitor of RA
metabolism than ketoconazole in rat liver microsomes and rat skin homogenates (Table 3)
[176]. In an effort to increase potency, some 1,2-diphenylethane derivatives and a series of
larger, tetralone containing compounds were synthesized (compounds 12 and 13, Figure 6)
[176]. Compounds 12 and 13 were shown to inhibit the metabolism of ATRA in rat liver
microsomes (Table 3) with a potency comparable to that of liarozole and ketoconazole [116,
177, 178]. However, only a subset of the synthesized compounds were able to effectively
inhibit ATRA metabolism in fibroblasts, where CYP26 enzymes are presumably expressed
[178]. In contrast, the 2-benzylidenetetralones were poor inhibitors of ATRA metabolism in
rat liver microsomes, but inhibited ATRA metabolism in MCF-7 cells expressing ATRA-
induced CYP26 with 1Csq values between 7 and 100 uM [116]. This inhibition was
comparable to ketoconazole and liarozole but much weaker than what was observed with
talarozole (ICsg = 5 nM). The tetralones appeared to have a broader spectrum of P450
inhibition as they inhibited ATRA metabolism in rat liver microsomes with 1Csq values of
0.5-18 uM while the 1Csq values in MCF-7 cells were higher, 5-100 pM [116]. Despite the
promising data, when the lead tetralones were tested with recombinant CYP26AL1, they were
weak inhibitors resulting in incomplete inhibition [27].

4. Concluding remarks and future directions

Since the discovery of the antiproliferative effects of ketoconazole and liarozole in the 1980s
and the hypothesis that this was due to inhibition of ATRA metabolism, a plethora of
different inhibitors of ATRA metabolism have been synthesized and tested preclinically.
Some applications of these RAMBASs include their ability to increase the antiproliferative
effects of ATRA, their ability to increase endogenous or therapeutically administered ATRA
concentrations, and their potential benefits in dermatological diseases. It is noteworthy that
the CYP26 family of enzymes was only identified and cloned in the late 1990s and, as such,
the number of inhibitors developed against CYP26A1 is considerable. Despite the
identification of many promising compounds from these studies, no RAMBA by design has
been approved for use in humans and only talarozole has been evaluated in human clinical
studies. Based on the available data on talarozole, ketoconazole, and liarozole, it appears
that potent RAMBAs that inhibit CYP26 enzymes will increase both endogenous and
exogenous ATRA concentrations, but the importance of selective CYP26 isoform inhibition
is not known. As such, the exact molecular target of RAMBAs is still poorly characterized.
Extensive clinical data is available on the effects of liarozole and ketoconazole on cancer
progression, but it is not clear what therapeutic effects of liarozole can be attributed to
CYP26AL1 inhibition in comparison to CYP17 and CYP19 inhibition. Whether ketoconazole
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and liarozole inhibit CYP26B1 and CYP26C1 as well is not known and further research in
this area is needed.

A considerable limitation for the development of novel RAMBA S that are selective
inhibitors of CYP26A1 is the lack of structural information on the CYP26A1 active site. No
high-resolution crystal structures or low resolution structural data is currently available for
any of the CYP26 enzymes. In the absence of a crystal (or NMR) structure, three different
homology models of CYP26A1 have been generated using various P450 enzymes as
templates [158, 179, 180]. While talarozole has been docked into the active site of all of
these models and ATRA orientation in the active site appears acceptable, the validity of the
models is difficult to evaluate. All of the template P450 enzymes have low homology with
CYP26AL1 and as such do not provide an ideal template for generation of homology models.
However, an evaluation of the various azole inhibitors of CYP26AL1 (Figures 3 and 5) that
have been developed by different groups shows a convergence to very similar compounds
identified as lead inhibitors. This observation is in agreement with the notion that CYP26A1
has a very small active site that can accommodate ATRA and its primary metabolites but
very few other compounds in the active site. As such, the chemical space for developing
new RAMBAS may be limited.

In addition to the lack of structural data, a challenge to the development of CYP26 inhibitors
is the lack of understanding of the importance of the individual CYP26 isoforms in various
biological processes and the role of tissue specific metabolism and barriers in ATRA
pharmacology. Hence, it is not clear whether broad-spectrum inhibition of all the ATRA
metabolizing enzymes would be more beneficial in development of new cancer agents than a
CYP26A1-selective inhibitor. In contrast, for some applications a selective CYP26B1
inhibitor may be beneficial. The lack of knowledge of the expression patterns and biological
importance of CYP26A1 and CYP26B1 during adult life highlights the difficulty of
interpreting the preclinical and clinical data of RAMBAs. Similarly, the expression of
CYP26B1 in the MCF-7 and T47D cells among others is not known. As such, the
interpretation of the inhibitory potency of the existing RAMBAS against CYP26A1
specifically needs to be done with caution.

The potential of RAMBAS in cancer treatment and in dermatological diseases is well
acknowledged. However, as we begin to understand more about the importance of ATRA
signaling in mediating glucose homeostasis and neurogeneration, new therapeutic areas in
which RAMBAs may be useful are likely to emerge. The existing arsenal of potent and
selective inhibitors of ATRA metabolism will provide a great starting point for determining
whether inhibition of ATRA metabolism and/or CYP26 enzymes is an appropriate target in
these diseases.
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Nonstandard Abbreviations

CYP Cytochrome P450

RA retinoic acid

ATRA all trans retinoic acid

APL acute promyelocytic leukemia

RAR retinoic acid receptor

RXR retinoc x receptor

LRAT lecithin retinoic acyltransferase

RDH retinol dehydrogenase

RALDH retinal dehydrogenase

V] international units

AUC Area Under the Curve

CRABP cellular retinoic acid binding protein
RAMBA retinoc acid metabolism blocking agents
ICso half maximal inhibitory concentration
PSA prostate specific antigen

PASI Psoriasis Area and Severity Index
HB-EGF Heparin-binding EGF-like growth factor
KRT keratin

LH Luteinizing hormone

FSH follicle-stimulating hormone

KTZ ketoconazole

Cmax maximum plasma concentration

LRZ liarazole

CPA cyproterone acetate

NSCLC non-small cell lung cancer

ER estrogen receptor

t1o half-life

TLZ talarazole

Css steady state concentration

tmax time till maximum plasma concentration
DMBA 7,12-dimethylbenz(a)anthracene
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MNU N-methyl-N-nitrosourea
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Figure 1.

Metabolism of vitamin A. CYP26 isoforms appear to be the only cytochrome P450
dedicated to the metabolism of RA, as no other endogenous substrate has been identified.
The metabolites 16-hydroxy-retinoic acid (16-OH-RA) and 18-hydroxy-retinoic acid (18-
OH-RA) appear to be formed exclusively by CYP26. It has been proposed that CYP26 is the
predominant P450 involved in ATRA metabolism, while CYP2C8 and CYP3A4 may play a
bigger role in the metabolism of other RA isoforms.

1duosnue Joyiny

1duosnuey Joyiny

Curr Top Med Chem. Author manuscript; available in PMC 2015 March 20.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Nelson et al.

Without RAMBA

Hepatic Cell

ydroxylated RA

RA-dependent
mRNA expression

RA-dependent
mRNA expression CYP26A1

CYP26B1
Hydroxylated RA
metabolites

Skin or Tumor Cell

Figure 2.

Page 33

With RAMBA

Hepatic Cell

RA
. CYP2C8
cYp3a4| RA-dependent
Ketoconazolaﬂpz Cg | MRNA expression

Talarozole

RA-dependent
mRNA expression CYP26A1
CYP26B1

Hyd
met

Skin or Tumor Cell

Effects of RAMBAS on in vivo concentrations on RA. Azole compounds such as
ketoconazole inhibit a wide variety of cytochromes P450 in hepatic cells in addition to
CYP26 in other cells. RAMBAs such as talarozole tend to be more CYP26-specific which
results in less of an increase in circulating RA, but still leads to an increase in RA in CYP26-
expressing cells. The increase in intracellular RA leads to expression of RA-regulated

mMRNA, including induction of CYP26AL1.
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Structures of azole compounds that have been tested in humans for inhibition of ATRA
metabolism.
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Figure 4.
Structure of 4-imidazoyl retinoic acid (compound 1a) and its lead derivatives developed and

tested as RAMBAs applicable for cancer treatment.
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Structures of the lead azole inhibitors developed and evaluated as inhibitors of ATRA
metabolism.
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Strcutures of non-azole compounds developed as RAMBASs and tested as inhibitors of

ATRA metabolism.
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Table 1

Summary of clinical studies relating to inhibition of ATRA metabolism with ketoconazole, liarozole and

1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

talarozole. PSA, prostate specific antigen; PASI, Psoriasis Area and Severity index

Ketoconazole (KTZ)

po, bid for 12-42 months

in relapse (n = 321)

in PSA levels compared to 4% in CPA group; Pain improved
more in LRZ group

Dose Population Clinical Effects Ref.
. _ Blunted cortisol response to ACTH infusion at 4 hrs up to 8 hrs;
400 mg or 600 mg po, single dose Healthy men (n = 21) Returned to pre-treatment response after 16 hrs (84]
Metastatic prostate cancer No complete remissions; Stabilization or partial response
400 mg po, tid (n = 8) with previous achieved in 60% of patients; Pain relief occurred in most [86]
orchiectomy (n = 10) patients
: Significantly reduced testosterone levels which rebounded
Previously untreated 2 -
. within 8 to 12 weeks; Most patients had decreased adrenal
400 mg po, tid advancec(lnpioitza)te cancer androgens and increased LH; 1 patient had partial response and 871
B 2 had improvement of symptoms
200, 400, 800 or 1200 mg KTZ po ; Mean plasma AUC levels of RA were significantly reduced on
1 hr prior to ATRA on d. 2 and 29; nEr?—r?r/nZtl??ciI(:rlsgvacr;%ecder d. 28 compared to d. 1; pretreatment with KTZ had no effect on [121]
45 mg/m? ATRA po, bid until (n = 45) g plasma ATRA AUC on d. 2; 400 mg dose increased d. 29 AUC
disease progression of RA by 115%
400 mg KTZ po loading dose, then No objective tumor responses documented; 2 patients had stable
200 mg po, tid with or without Advanced solid tumors (n disease and 8 had tumor progression; Cpax of KTZ >1000 [120]
ATRA (45 mg/m? po, bid) for 14 =13) ng/mL; d. 15 ATRA plasma AUC were significantly reduced
d. with crossover to ATRA alone compared to d. 1 with and without KTZ
200 mg KTZ poond. 1,12d.
washout, 200 mg K + 30 mg KTZ significantly increased AUC (40%) and Cpax (60%) of
alitretinoin po on d. 14, 30 mg A d. Healthy men (n = 18) alitretinoin; 4-oxometabolites not affected; Alitretinoin had no [122]
15-26, KTZ+ Aond. 27, Aond. significant effect on AUC or Cy,ax 0f KTZ
43-56
Liarozole (LRZ)
Dose Population Clinical Effects Ref.
Significantly lowered plasma testosterone for 24 hr (<2 nmol/L
. _ in 3 volunteers); Significantly reduced estradiol and
300 mg po, single dose Healthy men (n = 12) aldosterone; Significantly increased LH, FSH, progesterone, s8]
17a-hydroxyprogesterone; Cpax = 4.92 pg/ml at 1 hr; t, = 3 hr
300 mg po, bid for 28 d. (0.75 mg : 2 patients had >50% decrease in PSA, 2 patients had no change
dexamethasone po, bid for d. 14— Metastatlc(npr_ogt)ate cancer in PSA,; 1 patient had significant volume reduction of tumor and [89]
28 B lymph nodes; Pain was reduced in 5 patients
. o, . Tumor volume reductions in 30% of patients; =50% reduction
300 mg po, b'.d (n __31)' 150 mg Metastatic prostate cancer in PSA levels in 50% of patients; Pain relief in most patients; [95]
0, bid (n = 11) in clinical relapse
Po, p Elevated tissue RA levels
] 12 patients showed disease stabilization, median time to
150 mg po, bid for one month, i A : s ; .
: ; : progression was 34 weeks; All patients with bone pain had pain
ut:t?:] (;g%fsfefotor‘;’gg omngof(s)é\%(rje Metastatl(cnp_rolsg;te cancer relief in one month; 3 patients had >50% reduction in PSA and [97]
F;ox?ci - 4 patients had 25-50% reduction in PSA levels; 2 patients had
y reductions in size of metastatic lesions
. : : Dose-escalation study to produce grade 3 toxicity; no change in
33'52 ?gugﬁhb'ﬂr?tt”tg%gt?rﬁ W'g‘ '\/;%Z?t:ggrgr%ﬁi&is/?r testosterone or cortisol levels; dose-related increase in 11- [103]
bid V\?as reached 9 PO, thera g(n = 38) deoxycorticosterone; there was a negative correlation between
Py (n= dose of LRZ and PSA levels
: . 7 out of 15 assessable patients had =50% decrease in prostate
150 0r 300 Tn%r?toﬁsbld up to 10 Hormggﬁégersatalngg)rostate volume in 300 mg group; 41% had a response in PSA levels; [102]
- >50% of patients had decreased pain
: 26% lower risk of death in patients treated with LRZ compared
1%%0%29 cI;/l;rZot%?br? édaﬁggtza(rg%% Metastatic prostate cancer to CPA,; 20% of patients treated with LRZ had >50% reduction [100]
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Ketoconazole (KTZ)

Dose Population Clinical Effects Ref.
. 6 of 13 patients in Study 1 and 4 of 9 patients in Study 2 had
Stutﬂy_ 15; 3002'“91@8’ bid fork()i.d Prostat - Study 1 reduced prostate size; 29% of patients had a partial or complete
mgn_ S, udyt ;00 mg p%’.d' t ro_s §1e- g?nger,z u 2/69_ normalization of PSA levels; Near peak average plasma [101]
and Increased to mg po, bid a n=skstudy2-n= concentration was 4.67 ug/mL LRZ; Tpax for RA =4 hrs; RA
week 4
returned to pretreatment values by 8 hrs
75, 150 or 300 mg LRZ poon d. 2
and 29 1 hr prior to ATRA; 45 . . - LRZ had no effect on ATRA AUC on d. 2 but significantly
mg/m2 ATRA po, bid, d. 3-27 and Patients V(Vr:th SZ%I)'d tumors increased AUC on d. 29; LRZ may be effective in attenuating [111]
45 mg/m? ATRA po, qdond. 1,2, - retinoid resistance when using RA to treat cancer
28, and 29;
Median survival for all patients was 3 months; the authors
300 mg po, bid Non-small CE“ lung cancer suggested LRZ as a single agent is ineffective for treating [105]
(n=14)
NSCLC
150 mg po, bid for 2 weeks, then 4 patients responded to treatment and 7 patients had stabile
attempted dose escalation to 300 Advanced breast cancer disease; 11 patients had pain relief; estradiol and estrone levels [106]
mg po, bid until disease (postmenopausal) (n = 29) decreased; trough drug levels ranged from 0.1 — 3.79 pg/mL at 1
progression month
150 mg po, bid for 2 weeks, then ER gg%?\%’ié:q;x%?gﬁ_ER 25% of patients in the first two groups were responders and 3
attempted dose escalation to 300 ; eFf)ra cto ’(n = 16), and patients responded in the third group; Pain relief scores [107]
mg po, bid until disease chemotherépy—_resist’ant G improved in 11 patients; Estradiol levels were suppresed; trough
progression = 27) breast cancer LRZ plasma levels ranged from 0 — 3 ng/mL at 1 month
150 mg po, bid for 2 weeks, then Chemotherapy-resistant (n 4 patients in chemotherapy-resistant group were partial
attempted dose escalation to 300 = 34) and potentially responders; 2 complete responders and 6 partial responders in [108]
mg po, bid until disease hormone-sensitive (n =37) the potentially hormone sensitive group; Side effects were
progression metastatic breast cancer considered worse than hormonal agents
Decreased PASI score by 45% at week 4, 60% at week 8, and
75 or 150 mg po, bid for 12 weeks Severe psoriasis (n = 31) 77% at week 12; 9 patients dropped out because of insufficient | [125]
response or adverse event
75 mg LRZ po, bid or 25 mg Severe plaque psoriasis (n Significant improvements in PASI score in both groups at 12 [126]
acitretin po, qd for 24 weeks =20) weeks; Reduction in inflammation and epidermal proliferation
5 patients had improved PASI scores at 8 weeks; In responder
. - patients, the number of actively cycling epidermal cells
75 mg po, bid for at least 2 months EXtens'Ve(ﬁliq;J; psoriasts decreased to normal levels and the expression of differentiation | [127]
- markers decreased to levels of healthy volunteers; Markers of
inflammation decreased with treatment
Only 150 mg group had response rate significantly different
50, 75, or 150 mg po for 12 weeks Psoriasis (n = 139) from placebo (PASI score changed from 15.8 to 8.8 at 12 [123]
weeks)
. _ 4 of 7 patients on LRZ were responders; Decreased number of
75 mg LRZ po, bid (n =7) or Palmoplantar pustular e . .
! i pustules and significantly decreased fresh pustules; Decreased [124]
placebo (n = 8) for 12 weeks psoriasis (n = 15) severity of disease
Significantly reduced scaling and roughness, reduction in the
150 mg po, bid for 12 weeks Ichthyosis (n = 12) extent and severity of skin lesions; Significant increase in [129]
keratin-4 after 12 weeks
5% topical LRZ on one-half of . . . _
body for 6 wks then both sides for Hereditary 'fzh)thyos's (n= Reduced scaling and roughness of LRZ-treated skin [130]
4 wks
75-225 mg LRZ po, bid (n = 15) 10 patients in LRZ group and 13 in acitretin group showed
or 35-60 mg acitretin po (n = 17) Ichthyosis (n = 32) marked improvement; No differences in symptom scores for [128]
for 12 weeks scaling, erythema or bullae between groups at end of treatment
Improvements in ichthyosis scores were seen at both doses;
. . Reduction in thickness of stratum corneum and viable epidermis
75 mg/d. or 15|gcr:géd' poLRZor he';ﬁwega';(;grmzo(ﬂs_vlsz) compared to baseline; CRABPII and KRT4 mRNA expression [131]
P Y ep B increased in 7 patients; KRT2 decreased in all patients;
Increased CYP26A1 mRNA
300 mg po, single dose Healthy men (n = 12) Significantly lowered plasma testosterone for 24 hr (<2 nmol/L 88]

in 3 volunteers); Significantly reduced estradiol and
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Ketoconazole (KTZ)
Dose Population Clinical Effects Ref.
aldosterone; Significantly increased LH, FSH, progesterone,
17a-hydroxyprogesterone; Cpayx = 4.92 pg/ml at 1 hr; ty, =3 hr
1.3 ug LRZ/g weight wet epidermis after 18 hr and 3 pg LRZ/g
after 48 hr; 19 ng RA/g wet weight at 18 hr, and 6 ng RA/g at
3.0% topical LRZ for 48 hrs Healthy volunteers (n = 17) | 48 hr (not detectable in control); 3% LRZ alone increased RA 4- | [181]
hydroxylase activity with a synergistic increase when co-
adminstered with 0.001% RA or 0.025% retinol
Talarozole (TLZ)
Dose Population Clinical Effects Ref.
TLZ Trax = 1 hr; ty, = 1.1 to 2.1 hrs; Cg achieved with 24 hr of
0.5 to 4 mg po, bid for 8 d. Healthy subjects multiple dosing; Increased C, 0f RAOnd. 1and 8 atall TLZ [141]
doses compared to control
Elevated skin levels of CRABPII, cytokeratin K4, and
0.07 or 0.35% topical for 9 d. Healthy subjects (n = 15) CYP26A1 expression and reduced cytokeratin K2e and IL-1 [140]
expression; Epidermal thickness increased with 0.35% TLZ
TLZ Cp,=0.14 to 1.39 ng/ml at 2 to 4.5 hr post-dosing; >50%
1 mg/d. po for 8 weeks (follow-up Moderate to severe plaque reduction in PASI score in 38% of patients at 8 weeks and 54% [138]
at 10 weeks) psoriasis (n = 19) of patients at 2-week follow-up; ATRA C, increased by 0.5 to
1.5 ng/ml from baseline 2 to 4.5 hr after dosing
Moderate to severe plaque 18.4%, 29.4%, and 37.1% of patients achieved 75% reduction in
0.5, 1 or 2 mg/d. po for 12 weeks psoriasis (n = 176) PASI score with 0.5, 1, and 2 mg doses, respectively (141]
1 mg/d. po for 12 weeks (follow- Moderate to severe facial 31.5% reduction in total lesion count at 4 weeks, 76% reduction [137]

up at 16 weeks) acne (n =17)

at 12 weeks, and 77.2% reduction at 16 weeks
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Table 2

Effects of select RAMBAS on ATRA metabolism in animal models and pharmacological outcomes of animal
studies
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Ketoconazole (KTZ)
Dose Animal model Phar macological Effects Ref.
2.5-40 mg/kg KTZ po 1 hr Male and female Wistar rats 40 mg/kg KTZ inhibited the formation of polar RA metabolites [182]
prior to iv injection of 200 ng compared to vehicle treated control at all time points between 10
[BHIRA and 120 min; 2.5 — 10 mg/kg KTZ partially suppressed the
formation polar RA metabolites; 20 mg/kg and 40 mg/kg
suppressed RA metabolism by 75%; 1-2 hr pre-treatment had the
most inhibitory effect with decreasing effect with increasing pre-
treatment times
40 mg/kg KTZ po 1 hr prior to Male Wistar rats KTZ increased the plasma AUC and ty, of RA and decreased the [94]
iv injection of 0.1 mg/kg RA clearance; KTZ increased endogenous plasma RA from non-
detectable (<0.5 ng/mL) to 1.3 ng/mL at 2 hrs
320 mg/kg KTZ po and 0.48 Male Wistar rats Increased RA Cpax and Tpa more than 1.3-fold and increased AUC | [183]
mg/hrekg RA more than 2.6-fold
Liarozole (LRZ)
Dose Animal model Phar macological Effects Ref.
40, 80, 120, and 160 mg LRZ Intact and castrated male Doses of 80 mg and above were as effective as castration at [94]
per 100 g food for 72 d. Copenhagen x Fisher F1 reducing tumor weight; testes, prostate, and seminal vesicles were
rats bearing R3327G sc less effected by LRZ than castration; increased LH; LRZ was
implanted tumor effective despite testosterone supplementation
5and 10 mg LRZ per 100 g Androgen-independent LRZ reduced tumor volume by 79% and 72% for 5 and 10 mg [90]
food for 28 d. MatLu prostatic doses; castration had no effect
adenocarcinoma injected sc
in intact and castrated male
rats
20, 40 or 80 mg/kg po Skin carcinogenesis Reduced tumor incidence and tumor burden [91]
induced by DMBA in
female CD-1 mice
0.3, 1.25, 5, and 20 mg/kg po Female Wistar rats Increased endogenous plasma RA from undetectable (<0.5 ng/mL) [91]
to 1.4 and 1.9 ng/mL for 5 and 20 mg/kg doses
20 mg/kg po Ovariectomized female LRZ treatment completely inhibited vaginal keratinization similarto | [93]
Wistar rats challenged with RA (20 mg/kg); reduced 57-60 kDa keratin and increased 45-47
estradiol undecylate kDa keratin protein expression similar to RA (20 mg/kg)
40 mg/kg LRZ po 1 hr prior to Male Wistar rats LRZ increased the plasma AUC and t;/, of RA and decreased [93]
iv injection of 0.1 mg/kg RA clearance more than 2.5-fold; LRZ increased endogenous plasma
RA from non-detectable (<0.5 ng/mL) to 2.5 ng/mL at 2 hrs with
RA detectable at all time points between 0.5 and 6 hrs
40 mg/kg po Mice injected sc with PC-3 Prevented tumor incidence in all but two of the mice inoculated 5 or | [184]
tumor cells 10 d. prior; Reduced collagenase 1V levels in PC-3 ML-B tumors
40 mg/kg LRZ dosed 15 min Male Balb/c nude mice LRZ significantly increased ATRA mean peak plasma levels, Tpay, | [185]
prior to 10 mg/kg ATRA or 9- and plasma AUC after first dose and to a lesser extent 2 d. later;
CisRA LRZ had less of an effect on 9-cisRA, only increased AUC after
second dose
20 to 120 mg LRZ/100 g food Male Copenhagen x Fisher Inhibited the growth of androgen-dependent (H and G sublines) and | [186]
F1 rats bearing Dunning androgen-independent (PIF-1 and AT-6 sublines) tumors but not the
androgen-dependent and - androgen-independent AT-6 sq tumor
independent prostate tumors
40 mg/kg LRZ 1 hr prior to 20 Male Wistar rats Pretreatment with LRZ inhibited the metabolism of 4-keto-RA; [113]
ug 4-keto-atRA Almost doubled ty/,
Decreasing dose of 80, 60, 30, | Male Copenhagen x Fisher Reduced mean tumor weight at all doses; significantly increased [187]
15, 7.5, and 3.75 mg/kg po, F1 rats bearing Dunning plasma RA concentrations; Dose-related RA accumulation of RA
bid AT-6sq androgen- above 7.5 mg/kg
independent prostate tumor
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Ketoconazole (KTZ)

Dose Animal model Phar macological Effects Ref.
20 mg/kg or 80 mg/kg LRZ Female Sprague-Dawley LRZ stopped tumor growth; When combined with tamoxifen, LRZ [188]
with and without 100 pg/kg rats bearing MNU-induced led to tumor shrinkage while inhibiting the uterotrophic effect of
tamoxifen mammary tumors tamoxifen
Talarozole (TLZ)
Dose Animal model Phar macological Effects Ref.
2.5 mg/kg po Male and female Wistar rats Mean RA levels in plasma, skin, fat, kidney, and spleen were [133]
significantly elevated 2- to 4-fold from 2 to 8 hrs; Liver RA levels
were significantly elevated 1.4-fold at 6 hrs; RA levels returned to
baseline in all tissues by 18 hrs; elevated liver CYP26A1 mRNA
expression after 4 d. and induction was reduced when RAR
antagonist AGN193109 was co-administered; C,, of TLZ ranged
from 14.8 to 67.7 ng/mL over 8 hrs
0.04 — 10 mg/kg TLZ or 0.6 — Estrogen-exposed TLZ inhibited vaginal keratinization with EDgq of 1 mg/kg; RA had | [133]
20 mg/kg RA for 3 d. ovariectomized female EDs of 5.1 mg/kg; co-adminstration of the RAR antagonist
Wistar rats AGN193109 reduced keratinization
2.5mg/kg TLZ or 2.5 mg/kg Female skh: HR1 hairless TLZ and RA increased thickness of pinnal epidermis ~2-fold; TLZ | [133]
RA for 14 d. mice and RA increased the percentage of tail orthokeratosis from 30.3%
to 90%
Other RAMBASin development
Dose Animal model Pharmacological Effects Ref.
0.033 pmol/kg/d. compound Ovariectomized nude mice 85.2% reduction in the mean final tumor volume compared to [142]
1a, 6 d./week for 6 weeks bearing MCF-7 tumor vehicle-treated control mice
xenografts
0.033 pmol/kg/d. of Male SCID mice bearing Tumor growth with compound 1a was similar to vehicle-treated [157]
compounds 1, 3, and 4 for 6 LNCaP tumor xenografts control; Compounds 3 and 4 reduced tumor growth by 44% and
weeks 47%, respectively; No effect on body weight
16.5, 33 or 66 pmol/kg/d. Ovariectomized female Compound 1a had a dose-dependent inhibition of tumor growth [159]
compound 1a and 66 athymic nude mice bearing (66.5%, 79.4%, and 92.6%); Compound 3 had an effect similar to
pmol/kg/d. compound 3 for 6 MCF-7 tumor xenografts 20 mg/kg ATRA on growth inhibition; Compound 1a inhibited
weeks growth 120% when combined with 33 umol/kg/d. ATRA
5, 10, or 20 mg/kg/d. Female Sprague-Dawley Compound 1a reduced mean tumor volume and increased tumor [160]
compound 1a po, 5 d./week rats bearing MNU-induced apoptosis in a dose-dependent manner; Increased plasma RA
for 8 weeks mammary tumors concentration in dose-dependent manner (from 0.71 ng/ml in
control to 5.16 ng/ml with highest dose of compound 1a)
2.5 or 5 mg/kg compound 1b Female SCID mice bearing 5 mg/kg compound 1b alone or with chloroquine was more [163]
or 5 mg/kg ATRA alone or SKBR-3 tumor xenografts effective than ATRA or 2.5 mg/kg compound 1b at inhibiting tumor
with 50 mg/kg chloroquine sc, growth; compound 1b was more effective in combination with
biw chloroquine (92.6% growth inhibition vs 81.4% alone)
2.5 or 5 mg/kg sc biw or 10 or Female SCID mice Two highest doses of compound 1b were toxic (75% and 100% [189]
20 mg/kg sc qd of compound mortality rates); Severity of alopecia and skin scaling increased with
1b or ATRA with or without dose; PK data based on 20 mg/kg SC; Cax = 41.38 pg/ml, tyax = 2
50 mg/kg sc biw chloroquine h, ty, = 6 h, AUC 83.78 heug/ml; Three polar metabolites were
observed, with one being identified as compound 1a; AUC of all
metabolites 89.24 hepg/ml
0.08 — 1.25 mg/kg R116010 or Mice inoculated with 0.16 mg/kg R116010, bid was lowest effective dose to inhibit tumor | [190]
1.25-5 mg/kg RA po, bid for oestrogen-independent growth, with toxicity at 5 mg/kg, bid; 2.5 mg/kg RA, bid was lowest
21d. TA3-Ha carcinoma cells effective dose with toxicity at 5 mg/kg, bid
10 mg/kg compound 9 with 5 Female CD-1 mice Inhibitor increased the plasma AUC of ATRA by 5.9-fold and [170]
mg/kg ATRA increased ATRA half-life
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In vitro data for inhibition of ATRA metabolism by select lead compounds that have been evaluated or

developed as CYP26 inhibitors. The structures of compounds 1-13 are shown in figures 3, 4 and 5.

6.3nM (T47D)

Compound ATRA Concentration Enzyme system 1Cs Ref
42% inhibition
50 nM [BH]ATRA for 4 hrs F9 embryonal carcinoma cells met;t:TIiFszﬁ atl [191]
UM
100 nM 9-cisRA Recombinant CYP26A1 550 nM [27]
Ketoconazole
3 UM RA with 10 nM [11,12-3H]RA Rat liver microsomes and rat skin 22 uM (liver) [176]
for 30 min homogenates 86 PUM (skin)
80-800 pM of ATRA with 25 nCi of . .
[15-4C]RA Hamster liver microsomes 750 nM [182]
100 nM ATRA MCEF7 cells pretreated with ATRA 1uM [66]
. Rat Dunning R3327G prostate tumor
3
[11,12-3H (N)]JATRA for 90 min homogenates 260 nM [112]
100 nM [3H]ATRA for 90 min MCF-7 cells pretreated with ATRA 0.44 uM [115]
10 uyM
3 . increased ty, of
20 nM [P*H]IATRA Human endothelial and HepG2 cells RA 3- 10 12- [192]
fold
90% inhibition
. of RA
10 uM ATRA Caco-2 cells pretreated with ATRA metabolism at [193]
50 uM
Liarozole 10 M
increased RA
Lo . - conc. 2.5-fold
. RA accumulation in Sertoli, peritubular, and : :
0.25 uM retinol : : ' ' in Sertoli cells; [194]
myoid cells isolated from rat testes no effect in
peritubular or
myoid cells
7.72 pmol [11,12-3H]ATRA Hamster liver microsomes 6 uM [157]
100 nM [11,12-3H]ATRA for 9 hrs MCF-7 cells pretreated with ATRA 7uM [116,171,172]
3 uM ATRA Rat liver microsomes 4.2 uM [155]
100 nM 9-cisRA Recombinant CYP26A1 microsomes 2uM [27]
-3 i
[11,12-°HIRA (nlw?r? uCi/mi) for 30 Recombinant CYP26A1 microsomes 3uM [133]
[11,12-3H]RA (100 pCi/ml) Recombinant CYP26 microsomes 4nM [133]
Talarazole
100 nM 9-cisRA Recombinant CYP26A1 5.1nM [27]
100 nM 9-cisRA Recombinant CYP26A1 4.3nM [27]
T47D cells pretreated with 1uM ATRA for 16
3
R116010 0.1 pM [11, 12-°H]RA hrs 8.7 nM [142]
10 nM ATRA with 0.1 uCi Microsomes from MCF-7 cells pretreated
[11,12*H]ATRA with ATRA 10nM [167,168]
7.7 pmol [11,12-3H]JATRA Hamster liver microsomes 2.3nM
3 MCF-7 and T47D cells pretreated with 1 uM 10.9 nM
1a 1nM [11,12-°H]ATRA for 5 hrs ATRA 12-15 hrs (MCF-7) [157]

20 pCi/ml [11,12-3H]ATRA

T47D microsomes pretreated with

24nM
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Compound ATRA Concentration Enzyme system 1Cso Ref
for 30 min ATRA
LNCaP microsomes pretreated with 1 uM
3
0.10r 0.8 uM [11,12-3H]ATRA ATRA for 24 hrs 6.5nM [159]
7.7 pmol [11,12-3H]ATRA Hamster liver microsomes 9 pM [157]
. 200 nM
1b 1nM [11,12-3H]ATRA for 5 hrs MCF-7 and Tf%f:'{sz’_’;%”ﬁged with 1 uM (MCF-7)
215 nM (T47D)
i 3
20 pCifml [11'1§]'inH]ATRA for 30 T47D microsomes pretreated with ATRA 40 nM
7.7 pmol [11,12-3H]ATRA Hamster liver microsomes 0.05nM [157]
. 24.7nM
10M [11,12-*H]ATRA for 5 hrs | MCF-7 and T%%f'{;ﬂ?fg“ with 1 uM (MCF-7)
10 nM (T47D)
2
i 3
20 uCi/ml [ll,anqinH]ATRA for 30 T47D microsomes pretreated with ATRA 5.2nM
LNCaP microsomes pretreated with 1uM
3
0.10r0.8 pM [11,12-°H]JATRA ATRA for 24 hrs 90 nM [159]
7.7 pmol [11,12-3H]ATRA Hamster liver microsomes 43.7nM
- 56 nM
3 1nM [11,12H]ATRA for shrs | MCF-7 and TA7D cells pretreated with 1 uM (MCF-7) [157]
24 nM (T47D)
LNCaP microsomes pretreated with 1uM
3
0.1 0r 0.8 uM [11,12-3H]JATRA ATRA for 24 hrs 62.5nM [159]
7.7 pmol [11,12-3H]ATRA Hamster liver microsomes 76.7nM [157]
4 - -
_ LNCaP microsomes pretreated with 1uM
3
0.10r 0.8 uM [11,123H]ATRA ATRA for 24 hrs 90 nM [159]
5 40 M [PH]ATRA for 30 min Microsomes from T:_T_gAcells pretreated with 20 nM [169]
100 nM ATRA with 0.1 pCi .
6 [11,12-3H]ATRA for 9 hrs MCEF-7 cells pretreated with ATRA 5uM [172]
100 nM ATRA with 0.1 pCi .
7 [11,12-3H]ATRA for 24 hrs MCEF-7 cells pretreated with ATRA 900 nM [172]
8 10 nM [11,12-3H]ATRA for 9 hrs MCEF-7 microsomes pretreated with ATRA 500 nM [173]
Imidazole of - -
compound 9 10 nM [11,12-3H]ATRA for 9 hrs MCEF-7 microsomes pretreated with ATRA 3nM [167]
9 100 nM [11,12-3H]ATRA for 9 hrs MCF-7 microsomes pretreated with ATRA 0.35nM [168]
10 0.05 uCi [*HJATRA for 3 hrs Hela cells pretreated with ATRA 14 nM [175]
11 3 UM RA with 10 nM [11,12-3H]RA Rat liver microsomes and rat skin 99 uM (liver) [176]
for 30 min homogenates 212 uM (skin)
Rat liver microsomes and rat skin
12 10 nM [11,12-3H]RA for 30 min homogenates; fibroblast and HaCat cells 12.8-19 uM [177]
pretreated with ATRA
3 uM ATRA and 10 nM . .
[11,12-*H]JATRA for 30 min Rat liver microsomes 400 nM [116]
13

100 nM ATRA and 0.1 pCi
[11,12-3H]ATRA for 9 hrs

MCEF-7 cells pretreated with ATRA

5uM
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In vitro data for inhibitors of cell proliferation by selected lead compounds in the development of CYP26
Inhibitors. (Glsg is the concentration at which growth is inhibited by 50%). The structures of compounds 1-13

are shown in figures 3, 4 and 5.

Compound ATRA Conc. Cell Line Effectson Cell Growth Ref
LRz conenalondpencentgouts iionup 0 50% | g0
_ Not supplemented | MCF-7 DU145 LNCaP No cytostatic properties at 10 uM LRZ [91]
Liarazole 10pM -1uM MCF-7 Enhances antiproliferative effects of ATRA at 1 uM LRZ [66, 195]
tw-tw | comorip | WLEZMeGbe RAconemaon g o |y
10 nM R116010 decreased ATRA Glsg 1.25-fold to 1.6 nM
R116010 10 pM - 10 pM T47D 100 nM R116010 decreased ATRA Glg, 2.6-fold to 0.77 nM [142]
1 uM R116010 decreased ATRA Glgq 3-fold to 0.6 nM
MCF-7 Glsy = 0.49 pM
T47D Glso = 0.003 pM
la Not supplemented MDA-MB-231 No inhibition of growth up to 10 uM | [157]
LNCaP Glgp =10 pM
PC-3 Glsp= 7.7 uM
1a Glsp = 10 pM
2 Glgy =6 pM
Not supplemented LNCaP [159, 161]
3 Glsp=4.5105.5 UM
4 Glsy=5uM
la 1 uM compound 1a decreased ATRA Glsg to 92 nM
2 1 pM compound 2 decreased ATRA Glsg to 71 nM
0.01-1puM LNCaP [159]
3 1 uM compound 3 decreased ATRA Glsg to 61 nM
4 1 pM compound 4 decreased ATRA Gls to 66 nM
MCF-7 Glsp = 0.57 uM
1b Not supplemented SKBR-3 Glgp =5.38 yM [189]
MDA-MB-231 Glgo=7.37 pM
T47D Glsy =300 NM
5 0.001-1pM [169]
AT6.1 Glsy = 125 nM
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