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Jeffrey D. Winkler,*,† André Isaacs,† Laura Holderbaum,‡ Valérie Tatard,‡ and
Nadia Dahmane*,‡

Department of Chemistry, The UniVersity of PennsylVania,
Philadelphia, PennsylVania 19104, and The Wistar Institute, Molecular and Cellular
Oncogenesis Program, Philadelphia, PennsylVania 19104

winkler@sas.upenn.edu; ndahmane@wistar.org

Received May 2, 2009

ABSTRACT

The synthesis and biological evaluation of structurally simplified, metabolically stable cyclopamine-like Sonic Hedgehog (SHH) signaling inhibitors,
i.e., 5, is described in four chemical steps from commercially available steroidal precursors. Biological evaluation of this cyclopamine analogue
in two different systems establishes the high potency of 5 as a SHH signaling inhibitor. This approach provides important new lead structures
for the development of new cancer chemotherapeutic agents based on the inhibition on SHH signaling.

In 1966, Binns, Keeler and co-workers established that the
alkaloid cyclopamine 1 was responsible for the catastrophic
birth defects observed in calves from livestock that were fed
diets rich in the corn lily, Veratrum californicum (Figure
1a).1,2 The observed phenotype included anophthalmia,
cyclopia, and profound craniafacial effects (Figure 1b).

It was subsequently established that cyclopamine 1 sup-
presses the Sonic Hedgehog (SHH) cellular signaling path-
way, which is important for tissue growth and differentiation,
thus playing a pivotal role in embryogenesis.3,4 During
development, activation of the SHH-signal transduction
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Figure 1. (a) Veratrum californicum (California corn lily); (b)
cyclopia as a consequence of cyclopamine ingestion.
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pathway is initiated by the binding of the SHH ligand to the
cellular membrane receptor Patched (PTC), which relieves
the PTC-mediated inhibition of the transmembrane protein
Smoothened (SMO) (Figure 2).5,6 Activated SMO transduces

the signal to the nucleus to regulate gene expression via Gli
transcription factors. Beachy and co-workers have established
that cyclopamine 1 disrupts this pathway by inhibition of
SMO.7 The teratogenicity described above has not hampered
interest in the development of this class of compounds.8,9

Treatment of cancer cells with cyclopamine 1 induces a
decrease in proliferation, an increase of apoptosis, and/or a
decrease of metastasis.10-13 Therefore, cyclopamine and its
related structures hold great promise in cancer chemotherapy.

Despite the attractive pharmacological profile against a
number of cancer xenografts, in vivo evaluation of cyclo-
pamine has been hampered by its poor aqueous solubility
(ca. 5 µg/mL) and acid lability. Cyclopamine readily converts
to veratramine 2 via acid-catalyzed ring-opening of the

spirotetrahydrofuran ring, followed by aromatization of the
D ring (Scheme 1).14 Unlike cyclopamine, 2 does not act as

an SHH antagonist and causes hemolysis by targeting other
receptors.15,16

Two strategies have been reported to address the issues
of water solubility and acid lability of 1: (1) covalent
modification of naturally occurring cyclopamine 1 to generate
structurally related and metabolically stable lead structures,9

as pioneered by Adams and co-workers at Infinity Pharma-
ceuticals, and (2) identification of small-molecule SHH
antagonists through high-throughput screening.17 The first
approach, however, relies on the availability of 1, which is
prohibitively expensive ($1990/gram), while preliminary data
suggests limited success with the Curis and Genentech
structures.18 Consequently, there is an urgent need to identify
readily available potent inhibitors of SHH as lead structures
for the development of new cancer chemotherapies.

We have opted to explore a third approach, which is not
dependent on the availability of 1 and yet generates new
lead compounds that closely resemble 1 in both structure
and function. The advantage of cyclopamine-like structures
is underscored by the observation that cyclopamine crosses
the blood-brain barrier, a critical property for the develop-
ment of clinical candidates for the treatment of brain
malignancies.12

The difference in teratogenicity between cyclopamine 1
and the close structural analogue tomatidine 3 (Figure 3;
nonteratogenic) has been attributed to the difference in the
orientation of the nitrogen atom 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 R-face of the steroid plane
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Figure 2. Hedgehog signaling pathway and the structure of
cyclopamine 1.

Scheme 1. Acid-Mediated Conversion of Cyclopamine 1 to
Veratramine 2
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(Figure 3).19 In contrast, the tetrahydrofuran ring of 3 lies
in the steroid plane, and the nitrogen atom is on the R-face
of the steroid plane.

We propose that the C-nor-D-homo steroidal ring system
of 1 functions as a scaffold for the orientation of the
heterobicyclic framework of the EF rings relative to the C-3�
oxygen functionality in 1. Replacement of the C-nor-D-homo
steroidal system with the androstane ring system generates
4. Energy minimization of 4 (MM2), which does not contain
the C-nor-D-homo ring system of 1, leads to a structure that
exhibits significant homology to that of 1 (Figure 3). Further
stereochemical simplification of 4 can be achieved by
aromatization of rings A and F to generate 5. While the three-
dimensional overlap of 5 was not as good as that of 4 with
1 (Figure 3), the relative ease of synthesis of 5 (Scheme 2)
led us to first examine the synthesis and biological activity
of bis-aromatic analogue 5.

Addition of the conjugate base of 7 to the C-3 silyl
ether of estrone 6 led to the exclusive formation of 8, in
which the anion added to the C-17 ketone from the
sterically less hindered R-face. Hartwig-Buchwald-medi-
ated cyclization then afforded the desired dihydrofuran,
which upon removal of the C-3 silyl protecting group with
TBAF led to 5.20,21

Preliminary biological evaluation of 5 revealed that the
simplified structure is a micromolar inhibitor of SHH
signaling, as measured by both (1) inhibition of SHH-induced
proliferation of mouse granule neuron precursors (GNPs;

Figure 4) and (2) inhibition of ligand-induced SHH signaling
activity in a luciferase-based assay (Figure 5).

Purified mouse P5 GNPs were treated with SHH (600 ng/
mL), alone or in combination with cyclopamine 1 (10 µM),
tomatidine (10 µM) 3 (cf. a cyclopamine analogue that does
not inhibit Hh signaling), steroidal analogue 5 (10 µM), or
estrone 6 (10 µM). SHH alone enhances cell proliferation.
Addition of cyclopamine 1 significantly decreases cell
proliferation for cells treated with SHH while tomatidine 2
has no effect. At 10 µM, compound 5 is equipotent with
cyclopamine 1 in inhibiting SHH-induced GNP proliferation.
Estrone 6 does not significantly modify the effects of SHH.

We also tested estrone analogue 5 for SHH inhibitory
activity using the well-established cell line Light2, which is(20) Anderson, K. W.; Ikawa, T.; Tundel, R. E.; Buchwald, S. L. The
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10695.
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catalyzed aromatic substitution reactions. Synlett 2006, 1283–1294.

Figure 3. Structures and three-dimensional models of cyclopamine
1, tomatidine 3, androstrane analogue 4, and estrone analogue 5.

Scheme 2. Synthesis of Estrone-Derived Analogue 5

Figure 4. Compound 5 inhibits SHH-induced proliferation of
granule neuron precursors (GNPs).
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a mouse 3T3 cell line clone that stably expresses a Gli-
dependent firefly luciferase.22 Treatment of these cells with
recombinant SHH activates GLI-dependent luciferase expres-
sion. Treatment of SHH-Light2 cells with recombinant SHH

resulted in the strong induction of reporter activity, which
was largely blocked by cotreatment with cyclopamine 1 or
5 (10 µM).

These results demonstrate that structurally simple steroid-
derived analogues of cyclopamine can function as micro-
molar inhibitors of Hedgehog signaling in two distinct assays.
The systematic analysis of the SAR of 5 is the subject of
study in our laboratories, and these results will be reported
in due course.
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Figure 5. Luciferase-based assay for SHH activity.

Org. Lett., Vol. 11, No. 13, 2009 2827

D
ow

nl
oa

de
d 

by
 U

K
B

 C
O

N
SO

R
T

IA
 N

E
T

H
E

R
L

A
N

D
S 

on
 J

ul
y 

26
, 2

00
9

Pu
bl

is
he

d 
on

 J
un

e 
4,

 2
00

9 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ol
90

09
74

u


