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Abstract

Aminoparthenolide derivatives have been prepared by reaction of parthenolide with various
heterocyclic amines to afford corresponding Michael addition products. These novel compounds
were evaluated for their modulatory effects on Xenopus oocyte maturation. Two compounds, 6e
and 6f, were identified that promote G»-M cell cycle progression.
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Parthenolide (PTL) (1, Fig. 1), an abundant sesquiterpene lactone found in the medicinal
herb Feverfew (Tanacetum parthenium), has undergone intense pharmacological research,!
and has been noted for its remarkable antileukemic properties.? Initial efforts pertaining to
the biomechanistic study of parthenolide and its analogs revealed that the compound appears
to promote apoptosis by inhibiting the activity of the NF-kB transcription factor complex,
thereby down-regulating anti-apoptotic genes under NF-xB control.3 Several other related
sesquiterpenes have also been shown to possess similar biological activity, including
melampomagnolide-B (MMB)? (2, Fig. 1) and micheliolide (MCL)? (3, Fig. 1). In this
respect, our group has demonstrated that PTL induces robust apoptosis of primary acute
myeloid leukemic (AML) cells in culture.87 In addition, our laboratory has been successful
in overcoming the poor water-solubility of PTL without loss of its anti-leukemic activity, by
derivatizing PTL into several alkylamino analogs via Michael addition chemistry (5, Fig. 1);
such analogs can then be converted into water-soluble organic salts with improved druglike
properts.8 In more recent work, David and coworkers have reported on some fluorinated
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amino-derivatives of PTL, which showed antiproliferative activity in HL-60 (human
promyelocytic leukemia) cells.®

In addition to its inhibitory effect on the NF-xB transcription factor complex, we have
recently shown that PTL also selectively induces almost complete glutathione depletion and
severe cell death in CD34+ acute myelogenous leukemia (AML) cells.10 Interestingly, PTL
only induces limited and transient glutathione depletion as well as significantly less toxicity
in normal CD34+ cells. PTL perturbs glutathione homeostasis by a multifactorial
mechanism, which includes inhibiting key glutathione metabolic enzymes (GCLC and
GPX1), as well as direct depletion of glutathione. These new findings demonstrate that
primitive leukemia cells are uniquely sensitive to agents that target aberrant glutathione
metabolism, an intrinsic property of primary human AML cells. The dimethylamino analog
of PTL, DMAPT (4, Fig. 1), is currently in phase 1 clinical studies for evaluation as a
treatment for AML.

With regard to the continuing need to identify bioactive PTL analogs with increased water-
solubility, and acceptable druglike properties, i.e. improved oral bioavailability and in vivo
half-life, we have synthesized a series of Michael adducts of PTL (5, Fig. 1) by reacting PTL
with various heterocyclic amines, i.e. imidazole, benzimidazole, morpholine, piperidine,
triazole, pyrazole, and other related amines (Compounds 6a-6l; Table 1). These novel
aminoparthenolides were evaluated for their modulatory effects in Xenopus oocyte
maturation assays.

All Michael addition reactions were carried out in methanol at ambient temperature, and all
products were obtained in good yields as the corresponding diastereoselective C-11 S
isomer. Structural characterization of all reaction products were determined by 1H and 13C
NMR spectral analysis.1? The majority of the compounds could be isolated after simple
aqueous work-up without any further purification.

As a drug discovery platform, Xenopus oocytes present a unique combination of
evolutionary relatedness to humans and experimental malleability.12 Cell cycle control
mechanisms are conserved between Xenopus and humans, since inhibitory drugs developed
against mammalian cell growth also modulate cell cycle progression in Xenopus oocytes.13
Reciprocally, several studies have employed Xenopus embryo extracts to identify small-
molecule inhibitors of conserved components of mammalian actin assembly, spindle
assembly, and cell cycle progression.}4 Moreover, Xenopus embryo phenotypic screening
has identified compounds that are efficacious for inhibiting murine and human tumor cell
growth.1® The newly synthesized heterocyclic aminoparthenolide analogs were thus
screened for modulation of G,-M cell cycle progression during Xenopus oocyte maturation.
In this assay, the steroid hormone progesterone triggers G,-arrested stage VI oocytes to re-
enter the cell cycle and progress through meiosis to culminate in a fertilizable egg, arrested
at metaphase of Meiosis I1. In response to progesterone, maternal MRNAs are selectively
translated in a strict temporal manner, resulting in the sequential activation of MAP kinase
and cyclin-dependent kinase (CDK). MAP kinase activation triggers downstream activation
of cyclin B/CDK1 (also known as maturation/M-phase promoting factor, MPF) which in
turn leads to germinal vesicle (nuclear) breakdown (GVBD), characterized by the
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appearance of a white spot on the darkly pigmented animal hemisphere.16 We utilize the
oocyte maturation assay here to assess the consequences of the heterocyclic
aminoparthenolides’ effect on oocyte G,-M transition.

Xenopus oocytes were isolated and cultured as described previously.1” Oocytes were
induced to mature with 2ug/ml progesterone.18 The rate of germinal vesicle breakdown
(GVBD) was scored morphologically by observing the appearance of a white spot on the
animal pole. Because oocytes from different frogs mature at different rates in response to
progesterone, the culture times were standardized between experiments to the time taken for
50% of oocytes to undergo GVBD (designated GVBDsg). As indicated, oocytes were pre-
treated with test compounds or DMSO vehicle overnight, prior to progesterone addition.
Animal protocols were approved by the UAMS Institutional Animal Care and Use
committee, in accordance with Federal regulations.

The PTL Michael addition products were dissolved in DMSO and added to oocyte media at
100 pM starting concentration in 1% DMSO (v/v), cultured overnight in 24-well plates (20
oocytes/well) and checked the next morning for the morphological appearance of a white
spot, indicative of GVBD. Progesterone was added to oocytes which did not display white
spots after overnight incubation, and progression through the cell cycle to GVBD was
assessed relative to DMSO-treated control oocytes (Fig. 2).

Compound 6e was able to induce maturation in the absence of progesterone over several
different doses (Fig. 3). To examine the possible point of action of 6e, we assessed its effect
upon endogenous oocyte signaling pathways.

Compound 6e triggers progesterone-independent activation of endogenous MAP kinase and
cyclin B/CDK1 signaling pathways (Fig. 4). Drug and control-treated oocytes were lysed in
NP40 lysis buffer containing sodium vanadate and a protease inhibitor cocktail (Sigma).1?
Protein lysates were then spun, clarified and transferred immediately to 1x sample buffer
(Nupage). The lysates were run on a 10% Nupage gel and transferred to a 0.2 um-pore-size
nitrocellulose filter (Protran; Midwest Scientific). The membrane was blocked with 1%
bovine serum albumin (Sigma) in TBST for 60 min at room temperature. The phospho-
specific Cdc2 antibody (Cell Signaling) was used at 1:1000 and detects the inhibitory Tyr15
phosphorylation.

The phospho-specific MAP kinase antibody (Cell Signaling) was used at 1:1000 and detects
the activating phosphorylations at Thr202/Tyr204. Following incubation with primary
antibody, filters were incubated with horseradish peroxidase conjugated secondary antibody
using enhanced chemiluminescence in a Fluorchem 8000 Advanced Imager (Alpha Innotech
Corp).

Consistent with the sequence of signaling events in response to progesterone stimulation,
oocytes treated with 6e displayed activation of MAP kinase signaling above basal levels in
oocytes prior to GVBD, but these oocytes did not show activation of MPF (assessed by
retention of the inhibitory phosphorylation of CDK1). After GVBD, 6e-treated oocytes
showed augmented MAP kinase activation and de-phosphorylation and activation of MPF

(Fig. 4).

Bioorg Med Chem Lett. Author manuscript; available in PMC 2015 April 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Janganati et al.

Page 4

We next analyzed the inhibitory effect of 6f on progesterone-stimulated progression to
GVBD (Fig. 5). We confirmed that 6f inhibits progesterone-stimulated maturation at 100
UM. However, at lower doses 6f was not inhibitory. In fact, 6f accelerated progesterone-
stimulated maturation at lower doses, relative to DMSO-treated oocytes. 6f did not,
however, induce maturation in the absence of progesterone.

In conclusion, heterocyclic aminoparthenolide derivatives have been synthesized by Michael
addition chemistry and screened for modulatory effects on Xenopus oocyte maturation. Out
of 12 compounds tested (6a-61; Table 1), compound 6e was able to induce maturation in the
absence of progesterone. This effect was observed over several doses and resulted in
progesterone-independent activation of MAP kinase and MPF signaling. Compound 6f
mediated inhibition of progesterone-stimulated maturation at 100 pM but mediated
acceleration at lower doses with an ECgq of <5 pM. The other compounds did not exert any
obvious phenotypic effects upon oocyte maturation.

Our results suggest that two PTL derivatives, 6e and 6f (at lower concentrations), can
modulate cell cycle control at least in the Xenopus model system. It should be noted that
while progesterone signaling triggers G, arrested oocytes to re-enter the cell cycle, oocyte
maturation culminates in cell cycle arrest at metaphase of meiosis Il at which point it is
competent to be fertilized.2% Key cell cycle regulatory proteins must be synthesized to
mediate oocyte maturation, but the lack of transcriptional control?! suggests that 6e and 6f
impinge on cellular signaling pathways that control maternal mMRNA translation. Recent
evidence suggests that regulated mRNA translation plays a key role in controlling stem cell
growth and survival, and is thus an important, and underdeveloped therapeutic target for
cancer control.22 Thus, while somewhat counter-intuitive, the ability of 6e and 6f to
modulate Xenopus oocyte maturation may nonetheless indicate a potential to arrest or
attenuate mammalian cell proliferation. Future studies will determine the ability of 6e and 6f
attenuate mammalian cell proliferation and their cellular target(s) of action
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1H). 13C NMR (100 MHz, CDClg): § 176.8, 137.2, 134.4, 128.3, 124.4, 119.3, 81.5, 65.4, 61.1,
475, 46.1, 46.0, 45.48, 43.8, 40.4, 36.1, 30.6, 28.9, 23.7, 16.8, 16.6 ppm. 6g: H NMR (CDCls,
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400 MHz): § 7.56 (s, 1H), 7.35 (s, 1H), 5.13 (d, J= 12.8 Hz, 1H), 4.54 (dd, J = 3.2, 14.8 Hz, 1H),
4.32 (dd, J=4.8, 15.2 Hz, 1H), 3.90 (t, J = 8 Hz, 1H), 2.71 (d, J = 10.8 Hz, 1H), 2.55 (d, J= 8.8
Hz, 1H), 2.38-2.30 (m, 2H), 2.18-2.10 (m, 2H), 1.96 (d, J = 10.8 Hz, 1H), 1.76-1.63 (m, 6H), 1.27
(s, 3H), 1.22-1.14 (m, 1H). 13¢c NMR (100 MHz, CDCl3): 6 173.6, 138.4, 134.9, 133.4, 125.7,
122.4,119.6 (q, IJcr = 12 Hz, 1C) 82.4, 65.6, 61.5, 48.9, 45.8, 43.8, 40.6, 36.2, 29.2, 23.8, 17.0,
16.7 ppm. 6h: 1H NMR (DMSO-dg, 400 MHz): 8 7.71 (s, 1H), 6.85 (s, 1H), 5.21-5.13 (m, 2H),
4.48-4.39 (m, 3H), 4.27 (dd, J = 8, 14.8 Hz, 1H), 4.02 (t, J = 9.2 Hz, 1H), 3.17-3.08 (m, 1H), 2.77
(d, J=8.8 Hz, 1H), 2.34-2.23 (m, 2H), 2.06 (t, J=11.2 Hz, 2H), 1.85 (d, J = 6 Hz, 2H), 1.60-1.50
(m, 4H), 1.19-1.05 (m, 5H). 13¢c NMR (100 MHz, DMSO dg): 6 175.7, 138.9, 134.7, 132.1, 127.7,
124.6, 82.1, 65.6, 61.5, 52.7, 47.2, 47.0, 45.9, 43.8, 36.4, 29.0, 23.9, 17.0, 16.9 ppm. 6i: 'H NMR
(CDCl3, 400 MHz): § 7.84 (s, 1H), 7.49 (s, 1H), 5.14 (d, J = 11.2 Hz, 1H), 4.58 (dd, = 2.8, 14.8
Hz, 1H), 4.35 (dd, J=5.2, 14.8 Hz, 1H), 3.94 (t, J= 8.8 Hz, 1H), 2.77 (d, J = 6.4 Hz, 1H), 2.58 (d,
J=8.8 Hz, 1H), 2.38-2.32 (m, 2H), 2.18-2.09 (m, 2H), 2.02 (t, J= 9.6 Hz, 1H), 1.82-1.77 (m, 3H),
1.68 (s, 3H), 1.27 (s, 3H), 1.21-1.13 (m, 1H). 13c NMR (100 MHz, CDClg): § 173.6, 148.5, 136.6,
133.4,125.9, 119.7, 82.6, 65.6, 61.7, 48.8, 46.0, 44.8, 40.7, 36.2, 29.3, 23.9, 17.0, 16.7 ppm. 6j:
1H NMR (CDCl3, 400 MHz): 6 5.18 (d, J = 12.4 Hz, 1H), 4.93 (s, 1H), 4.33 (d, J = 14.8 Hz, 1H),
4.19 (d, J=15.2 Hz, 1H), 3.94 (t, J = 9.2 Hz, 1H), 2.67 (d, J = 8.8 Hz, 2H), 2.51-2.08 (m, 9H),
1.71 (m, 3H), 1.58 (s, 3H), 1.29 (m, 4H). 13C NMR (100 MHz, CDCl3): § 176.6, 158.6, 156.3,
134.6, 125.0, 83.7, 65.9, 61.7, 48.7, 45.4, 42.9, 40.5, 36.5, 29.1, 24.0, 17.1, 16.9, 14.1 ppm.6l: IH
NMR (CDClg, 400 MHz): § 5.17 (d, J = 12 Hz, 1H), 3.85 (t, J = 8 Hz, 1H), 3.70 (t, J = 4 Hz, 4H),
3.00 (dd, J=4, 12 Hz, 1H), 2.82-2.69 (m, 4 H), 2.49-2.02 (m, 15 H), 1.99-1.89 (m, 1H), 1.67 (s, 3
H), 1.26 (s, 3H), 1.19-1.18 (m, 1H). 13¢ NMR (100 MHz, CDCl3): 6 176.6, 134.4, 125.1, 82.5,
66.9, 66.2, 61.4, 57.9, 53.6, 47.7, 47.5, 46.8, 46.4, 41.0, 36.5, 30.0, 24.0, 17.1, 16.8 ppm.
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Figure 1.
Structures of PTL, MMB, MCL, DMAPT, and PTL Michael adducts
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Figure 2.
The Effect of compounds 6a-61 on the rate of progression of Xenopus oocytes to germinal

vesicle breakdown (GVBD) was assessed for each test compound relative to the time taken
for 50% of DMSO-treated control oocytes to complete GVBD (GVBDs) (Fig. 2). A value
of 1.0 indicates that the compound did not differ from DMSO-treated control oocytes. A
value greater than 1.0 indicates a delay to maturation, with a value of 2.0 indicating that no
maturation occurred. A value less than 1.0 indicates acceleration of maturation, with a value
of 0.0 indicating spontaneous progression to GVBD without added progesterone. Only
compounds differing by more than 20% from DMSO-treated control oocytes were assessed
further. Compound 6e induced spontaneous maturation in the absence of added
progesterone. Compound 6f inhibited progesterone-stimulated maturation. Compound 6l
appeared to delay time to GVBD, but this modest effect was not reproducible. None of the
other compounds tested (including PTL and DMAPT, exerted any reproducibly significant
phenotypic effects upon progression to GVBD during oocyte maturation.
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Figure 3.

Compound 6e induces maturation in the absence of progesterone in a dose-dependent
manner. The rate of oocyte progression to GVBD was assessed by appearance of a white
spot on the animal pole over a range of 6e concentrations relative to DMSO-treated control
oocytes. 6e induced GVBD in the absence of progesterone at 100 and 50 uM, and to a lesser
extent at 10 pM.
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Figure 4.

Compound 6e triggers progesterone-independent activation of endogenous signaling
pathways. Oocytes treated with 6e were harvested when 50% of the oocytes completed
GVBD; they were segregated into those which had not (=) or had (+) completed GVBD. 6e-
treated oocytes which had not completed GVBD displayed activation of MAP kinase
signaling above basal, but had not activated MPF (assessed by retention of the inhibitory
phosphorylation of CDK1). After GVBD, 6e-treated oocytes showed augmented MAP

kinase activation and de-phosphorylation and activation of MPF.
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Figure 5.
6f inhibits maturation at high concentration, but accelerates maturation at lower

concentrations. The time-matched effects of varying 6f concentration on progesterone-
stimulated maturation were assessed relative to DMSO-treated oocytes (0) and scored when
oocytes treated with 50 pM 6f induced maximal GVBD. At 5, 10 and 50 uM, 6f doubled the
rate of progression to GVBD. The mean values are plotted for three independent
experiments.
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Table 1

Michael addition reaction products, conditions and yields
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