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Abstract

Previous work from our laboratory has established that the readily available steroid-based analog 2
of cyclopamine 1 is, like 1, a highly potent inhibitor of Hedgehog signaling. The first structure-
activity relationship studies on 2, i.e., the synthesis and biological evaluation of both the C-17 epi
analog 4 and the C-3 deoxy analog 11, both of which are more potent than cyclopamine 1 are
described. The implications of these results for the emerging pharmacophore of these Sonic
Hedgehog signaling inhibitors is discussed.

The alkaloid teratogen cyclopamine 1 has emerged as an important lead structure in the
development of cancer chemotherapeutic agents that act via inhibition of the Sonic
Hedgehog (SHH) signaling pathway,1 specifically at the level of the transmembrane protein
Smoothened (SMO).2 The teratogenicity associated with cyclopamine has not hampered
interest in the development of this important SHH signaling inhibitor.3 Cyclopamine 1 has
been shown to be effective against a number of human cancers, including basal cell
carcinomas4 and brain tumors, i.e., medulloblastomas and gliomas.5 Activation of the SHH
signaling pathway has also been linked to melanoma,6 lung adenocarcinoma,7 as well as
prostate,8 small cell lung,9 and pancreatic cancers.10

However, the considerable cost of the natural product which is isolated from the California
corn lily, Veratrum californicum,11 and the metabolic instability observed in vivo (t1/2 ca. 30
sec in the presence of stomach acid)12 have precluded its development as a clinical
candidate. Instead, the development of cyclopamine mimics has been a subject of intense
study.13 We have recently reported that the replacement of the C-nor-D-homo ring system of
1 with the ABCD steroidal system in 2 leads to cyclopamine analogs with activity
comparable to that of 1 in two different cellular assays.14 We describe herein our
preliminary results directed toward the identification of the pharmacophore that is
responsible for the potent activity of the metabolically stable cyclopamine analog 2 and
related structures.
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The difference in biological activity between cyclopamine 1 and the close structural analog
tomatidine 3 (Figure 1; no SHH inhibition with 3) has been attributed to the difference in the
orientation of the nitrogen atom (blue) relative to the steroid plane in 1 and 3. The C-nor-D-
homo framework of 1 can thus be viewed as a scaffold that orients the E/F heterobicyclic
moiety orthogonal to the steroidal ring system, with the F-ring nitrogen atom on the α-face
of the steroid plane relative to the C-3β hydroxyl group, as highlighted in the three-
dimensional model of 1.15 In contrast, the tetrahydrofuran ring of 3 (oxygen in red) lies in
the steroid plane and the nitrogen atom of 3 is on the β-face of the steroid plane, as
illustrated in the three-dimensional model of 3.

The energy-minimized structures in Figure 1 suggest an important role for the C-17
stereochemistry common to both 1 and 2, which, unlike 3, share the orientation of the C-17
oxygen substituent on the β-face of the steroid plane. In contrast, the C-17 oxygen atom of 4,
the C-17 epimer of 2, is oriented on the α-face of the steroid plane, which leads to the
orientation of the F-ring nitrogen atom of 4 on the β-face of the steroid plane, the same
orientation that is found in tomatidine 3, a naturally occurring compound which displays no
activity as a Hedgehog signaling inhibitor. To test the hypothesis that the three-point
recognition of the C-3 oxygen, C-17 oxygen and C-21 nitrogen heteroatoms as oriented in 1
and 2 is required for recognition at SMO, we have synthesized 4, the C-17 epimer of 2, as
outlined in Scheme 1.

Dehydration of 514 selectively afforded Z-alkene 6, the stereochemistry of which was
established by 1H NMR spectroscopy.16 Epoxidation of 6 led to the exclusive formation of
epoxide 7, via reaction of 6 from the sterically less hindered α-face. While reaction of 7 with
hydride donors did not lead to the desired epoxide ring opening to give 8, the C-17 epimer
of 5, we were delighted to find that exposure of 7 to samarium diiodide afforded the desired
product 8 (65% yield), based on Kato’s work on the deoxygenation of pyridine methanols.17

Exposure of 8 to the Buchwald-Hartwig cyclization conditions employed to generate 214

led, after deprotection of the silyl ether, to the formation of 4, the C-17 epimer of 2.

To determine whether 4 inhibits SHH signaling, we first examined the effect of 4 on the
signaling pathway using the SHH-Light2 cells: this cell line is a 3T3 clone that stably
expresses a GLI-dependent reporter.18 Treatment of these cells with recombinant SHH
activates GLI-dependent firefly luciferase expression and this SHH-induced activation is
inhibited when cells are also treated with cyclopamine 1 (Figure 2).18 Treatment of SHH-
light2 cells with SHH (200 ng/ml, R&D) in combination with 4 (5 μM) led to a ca. 3-fold
increase in signaling inhibition relative to that observed with cyclopamine, 1. These data
show that 4 is a more potent inhibitor of SHH signaling than cyclopamine 1.

This result contradicts our hypothesis that the three-point recognition of the C-3 oxygen and
each of the other E and F ring heteroatom functionalities in 2 is required for recognition at
SMO, the cellular target of cyclopamine, since structures with either orientation at C-17, i.e.,
both 2 and 4, are potent inhibitors of SHH signaling. The relative orientations of the
tetrahydrofuran oxygen and pyridine nitrogen relative to the steroid plane do not appear to
be important features for recognition of these cyclopamine analogs at SMO, suggesting that
the C-3 oxygen functionality may not be required for recognition at SMO.

To establish the role, if any, of the C-3 oxygen functionality that is present in 2 and 4 on the
biological activity of these estrone-derived analogs of cyclopamine 1, we have prepared the
C-3 deoxy compound 11, the synthesis of which is shown in Scheme 2. Addition of the
conjugate base of 3-bromopicoline to the known 3-deoxyestrone19 gave 10, which on
reaction under Buchwald-Hartwig conditions afforded 11, the C-3 deoxy analog of 2 (Figure
1).
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Biological evaluation of 11 using the same luciferase assay described for 4 (Figure 2)
reveals that it is a potent inhibitor of SHH signaling. In this assay, the C-3 deoxy analog 11
(Figure 3) leads to a strong inhibition of SHH signaling activity (80% inhibition at 5 μM;
compared to 70% inhibition in the same assay with 2).14 We have also demonstrated that 11
acts on the SHH pathway, as there is a significant decrease of the expression of GLI1, a
transducer and a target of this pathway, following treatment of human medulloblastoma cells
with 11 (Figure 4).

We have also demonstrated that 11 has a potent inhibitory effect on brain tumor cell growth
in vitro (Figure 5), further validating this approach to the development of steroid-based
cyclopamine mimics as brain cancer chemotherapeutic candidates.

The remarkable potency of the C-3 deoxy analog 11 suggests that the two-point interaction
(of the C-3β hydroxyl and the EF heterobicyclic ring) suggested by the three-dimensional
structures of cyclopamine 1 (Figure 1) is not a critical recognition feature for biological
activity, thereby pointing the way to further simplification of the structure of the
cyclopamine analogs. Further studies on the synthesis and biological evaluation of such
structures are currently underway in our laboratory and our results will be reported in due
course.
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Figure 1.
Structures and Energy Minimized Models of Cyclopamine 1, Steroid-Based Analog 2,
Tomatidine 3, and C-17-Epi Analog 4
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Figure 2. Luciferase Based Assay for SHH Activity
SHH-Light2 cells were treated as described.18 GLI-binding site luciferase activities were
measured using the luciferase reporter assay system with the luciferase kit (Promega).
Treatment of SHH-Light2 cells with recombinant SHH (200 ng, R&D) resulted in the strong
induction of reporter activity, which was largely blocked by co-treatment with either
cyclopamine 1 or with 4 at 5 μM (in DMSO), both P < 0.01 [SHH vs. SHH + 1; SHH vs.
SHH + 4]
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Figure 3. Luciferase Based Assay for SHH Activity
SHH-Light2 cells were treated as described.18 GLI-binding site luciferase activities were
measured using the luciferase reporter assay system with the luciferase kit (Promega).
Treatment of SHH-Light2 cells with recombinant SHH (200 ng, R&D) resulted in the strong
induction of reporter activity, which was largely blocked by co-treatment with either
cyclopamine 1 or with 11 at 5 μM (in DMSO), both P < 0.001 [SHH vs. SHH + 1; SHH vs.
SHH + 11].
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Figure 4.
11 decreases GLI1 mRNA levels in human MB DAOY cells. DAOY cells were treated with
either cyclopamine 1 or with 11 (10 μM each in DMSO) for 4 hours and levels of GLI1
mRNA were assessed by quantitative RT-PCR and normalized over the expression of
GAPDH. Control level is set arbitrarily at 1 for comparison, both P < 0.001 [control vs. 1;
control vs. 11]
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Figure 5.
Analog 11 reduces DAOY medulloblastoma cell viability DAOY human medulloblastoma
cells were treated with either carrier DMSO (Control), cyclopamine 1 (10 μM in DMSO) or
11 (10 μM in DMSO) for 3 days. The histogram measures cell viability assessed by the
MTT assay (absorbance at 570 nm) (asterisk indicates p < 0.05). Similar results were
obtained with U87GBM cells (not shown).
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Scheme 1.
Synthesis of C-17 Epi Analog 4
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Scheme 2.
Synthesis of C-3 Deoxy Analog 11
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