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Abstract

Synthesis of analogues of englerin A with a reduced propensity for hydrolysis of the glycolate
moiety led to a compound which possessed the renal cancer cell selectivity of the parent and was
orally bioavailable in mice.
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Renal cancer is an ongoing and critical medical problem in the United States, with alarming
annual increases in incidence and death.! In 2015 alone, it is estimated that the U.S. will see
61,560 new patients and 14,080 deaths resulting from renal cancer.2 Patients with
nonresectable or metastatic tumors are faced with several chemotherapy options, including
immunomodulatory therapies, and target-based approaches that owe their success to the
discovery of the von Hippel-Lindau (VHL) tumor suppressor gene. The target-based
approaches include receptor tyrosine kinase-based therapies that interrupt or block VEGF or
TGF-a signaling or related pathways, and are collectively a multi-billion dollar annual
health burden in the United States alone. Unfortunately, these treatments can have serious
adverse side effects,3 and provide only modest survival advantages,* driving intense interest
in effective new chemotherapeutic drug leads for the treatment of renal cancer.

We isolated the guaiane sesquiterpene ester englerin A from an extract of the Tanzanian
plant Phyllanthus engleri Pax on the basis of its high potency and selectivity for inhibiting
renal cancer cell growth.> This compound has stimulated wide interest and activity in both
the synthetic chemistry® and cancer biology’ communities. We report here a stable and
orally bioavailable analogue of the natural product englerin A.8

Initial intraperitoneal administration of englerin A to mice was done in DMSO solution.”?
We developed more suitable vehicles for both parenteral and oral administration. A
cosolvent approach with hydroxypropyl-B-cyclodextrin for parenteral use provided a clear
and refrigerator-stable preparation with a concentration of up to 5.7 mg/mL (see
Supplemental Information for details). An oral formulation utilizing Labrasol™ was able to
dissolve englerin A directly at 20 mg/mL at room temperature.

Using the above mentioned vehicles, we attempted to determine maximum tolerated doses
(MTD) in mice by intraperitoneal (i.p.), intravenous (i.v.), and oral (p.o0.) routes. The i.p.
MTD for englerin A was approximately 10 mg/kg. Intravenous administration was rapidly
lethal,’® with an estimated MTD of 50 pg/kg. Mice died almost instantaneously at doses
from 1-10 mg/kg. In contrast, p.o. administration of englerin A by gavage was tolerated up
to 100 mg/kg. While englerin A was detected in mouse serum after i.p. injection, the oral
route did not produce detectable levels of the compound (see Supplemental Information for
details). We reasoned that the glycolate moiety of englerin A was hydrolyzed by gastric acid,
and thus sought to prepare a more stable series of analogues.

The incorporation of nitrogen at C9 of the natural product was a straightforward process
requiring minimal modification to the synthesis of englerin A described by our laboratory in
2011.5F The production of aza-englerin analogues employed the hydroxyketone 3 as a
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starting point. The C6 hydroxyl function was acylated using the Yamaguchi protocol or
commercially available acid chloride under standard conditions to give esters 5-8 in 41-93%
yield. Reduction of the C9 ketone functions to the corresponding alcohols 9-12 under the
action of methanolic sodium borohydride proceeded as previously described in 67-99%
yield. Conversion of the alcohols to the imidizolium sulfonates was similarly
straightforward, and proceeded under the action of lithium bis(trimethylsilyl)amide and
sulfuryl diimidazole in 55-100% yield. In each case, the nitrogen atom was introduced in
the form of azide under standard substitution conditions (NaN3 in warm DMF) and gave the
azides 13-16 cleanly in 75-99% yield. Chemoselective reduction of the azides to the
corresponding primary amines was achieved under hydrogenative conditions or under the
action of zinc powder and ammonium chloride in methanol (See Supplementary Information
for details). In each case, the primary amines were acylated directly without further
purification utilizing glycolic acid or fluoroacetic acid and A-(3-dimethylaminopropyl)-/A\-
ethylcarbodiimide hydrochloride to give a series of C9-aza-englerin A analogues 2 and 17—
20 in 29-72% yield (two steps).

Five analogues 2, 17, 18, 19, and 20 were evaluated in the NCI 60 cell screening assay.®
Compound 20 was inactive in preliminary screening at 10°M, and was not tested further.
The results are shown in Tables 1, 2, and 3, and in the Supplemental Information.

Even the most active englerins (e.g., 1) display relatively modest average growth inhibition
at 107°M in the one dose initial tests (Table 1), since only 8 cell lines of 60 display
substantial sensitivity. The range of response at 107°M gives a better estimate of potency; by
this criterion, none of the aza-englerin analogues is as potent as 1. Compounds 2, 17 and 19
come the closest to englerin A. Inspecting the response of the cell lines which are most
sensitive to englerin A (A498 and HS 578T), the same conclusion can be reached. One dose
data is of limited precision compared to the five dose data, therefore we tested the five
compounds in the latter format.

The five dose tests support the compound potency estimates (Table 2). Compound 2 shows
substantial selectivity for kidney cancer cell lines, but is clearly at least 15-fold weaker than
englerin A. In the breast cancer cell line HS 578T, which is very sensitive to englerin A, 2 is
~80-fold less potent. Compounds 17 and 19 are 5-10-fold weaker than 2, while 18 is another
several-fold weaker.

Examination of the patterns of selectivity confirm that all of the more potent analogues share
the renal selectivity profile of the natural product (Table 3). Compound 18 was not included
due to the limited dynamic range of its data.

The most potent analogue 2 was chosen for preliminary pharmacokinetic evaluation in mice,
using the oral route. The compound was administered in Labrasol vehicle at 50 mg/kg, and
was well tolerated. Analysis of serum samples taken at different time points demonstrated
that 2 was bioavailable, and serum levels were maintained much longer and at higher
concentrations than they were with englerin A given i.p. (Figure 2).

Bioorg Med Chem Lett. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fash et al.

Page 4

This result supports the theory that englerin A is not orally bioavailable due to cleavage of
the glycolate ester in the acid conditions of the stomach, which would produce englerin B,
which we® and others8¢ have previously shown to have no activity on cancer cell growth.
Furthermore, recent data show that englerin B can be detected in serum of rats after oral
administration of englerin A.7¢

While 2 is bioavailable by the oral route, its intrinsic activity in cellular systems such as the
NCI 60 assay is much weaker than englerin A, as noted above. Further evidence for its
weaker intrinsic activity was obtained with a panel of 4 VHL-deficient kidney cancer cell
lines, in which the 1C5q values ranged from 10 to 100 uM (see Supplemental Information)
and in stimulation of generic PKC activity in lysates of 786-0 cells, where 2 had no activity
at 1 uM, while 1 was active at 10 nM, and 2’-chloro-englerin A2 and tonantzitlolonel3 were
active at 1 uM (see Supplementary Information). It is not clear why analogues 17-19 are
even weaker than 2, since replacement of the cinnamate with alternative ester groups has
been reported by others to give high cellular potency in the glycolate series.1%:11 Although
purely speculative at this time, it is possible that the amide N-H presents a sufficiently
different hydrogen bonding landscape relative to the natural product to alter its conformation
(perhaps due to internal hydrogen bonding with the endocyclic oxygen atom) or otherwise
disrupt the nature of its binding to the cellular target, which remains unknown as of this
writing. Current efforts are focused on design and synthesis of aza-englerin analogues with
improved cell growth inhibition that address this other structural speculation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of target aza-englerins.
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Figure 2.

Serum levels of 2 after oral administration at 50 mg/kg in mice (n=3) measured by HPLC-
MS
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Scheme 1.
Synthesis of Aza-englerin analogues.

Conditions: (a) carboxylic acid, 2,4,6-trichlorobenzaoyl chloride, DMAP, Et3N, toluene,
23 °C or carboxylic acid chloride, DMAP, Et3N, toluene, 23 °C. (b) NaBH,4, CH30H, 0 °C.
(c) LIHMDS, (imid)»S0,, THF, =10 — 23 °C. (d) NaN3, DMF, 80 °C. (e) Zn dust, NH,CI,
CH30H, 23 °C or Hy, Lindlar catalyst, EtOH, 23 °C or H,, Pd(OH),, CH30H, 23 °C (f)
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R2CH,CO,H, EDCI, HOBt, /-Pr,NEt, DMF, 23 °C. See Supplementary Information for
detailed procedures.
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Table 1

NCI 60 data one dose data for aza-englerins at 107°M.

Compound | One One A498 | HS
Dose Dose Pct 578T
Mean | Range Pct
Pct Pct

1 81 236 39 29

2 84 127 -15 9

17 79 128 -15 -18

18 100 92 41 73

19 93 150 -25 -9

20 99 41 83 93
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NCI 60 data five dose data for aza-englerins.

Compound | Mean Range | A498 | HS
Glsg pM IOglO Glsgg 578T
units | nM Glso

nM

1 3.7 3.30 10 10

2 13 2.49 162 832
17 14 1.10 1620 | 2230
18 39 0.9 5620 | 6170
19 27 1.94 1150 | 2240
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Matrix COMPARE of selected analogues versus englerin A at the Glgg level, Pearson correlation coefficients.

Compound | 1 2 17 19
1 1 0.731 | 0.748 | 0.833
2 0731 | 1 0.856 | 0.846
17 0.748 | 0.856 | 1 0.782
19 0.833 | 0.846 | 0.782 | 1
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