1duosnuely Joyiny 1duosnuepy Joyiny 1duosnuely Joyiny

1duosnuepy Joyiny

! Author manuscript
j ChemMedChem. Author manuscript; available in PMC 2017 September 20.

- HHS Public Access
£

Published in final edited form as:
ChemMedChem. 2016 September 20; 11(18): 1983-1986. doi:10.1002/cmdc.201600238.

Hedgehog Proteins Consume Steroidal CYP17A1 Antagonists:
Potential Therapeutic Significance in Advanced Prostate Cancer

Brandon M. Bordeau, Daniel A. Ciulla, and Prof. Brian P. Callahan(@

[[lChemistry Department, State University of New York at Binghamton, 4400 Vestal Parkway East,
Binghamton, NY 13902 (USA)

Abstract

Abiraterone, a potent inhibitor of the human enzyme CYP17A1 (cytochrome P450c17), provides a
last line of defense against ectopic androgenesis in advanced prostate cancer. Herein we report an
unprecedented off-target interaction between abiraterone and oncogenic hedgehog proteins. Our
experiments indicate that abiraterone and its structural congener, galeterone, can replace
cholesterol as a substrate in a specialized biosynthetic event of hedgehog proteins, known as
cholesterolysis. The off-target reaction generates covalent hedgehog—drug conjugates. Cell-based
reporter assays indicate that these conjugates activate hedgehog signaling when present in the low
nanomolar range. Because hedgehog signaling is implicated in prostate cancer progression, and
abiraterone is administered to treat advanced stages of the disease, this off-target interaction may
have therapeutic significance.
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Wrong way! Biochemical experiments indicate that steroidal anti-androgens, abiraterone and
galeterone, undergo off-target covalent reactions with hedgehog proteins to produce hedgehog—
drug conjugates. Cell-based assays indicate that these conjugates stimulate hedgehog signaling in
the low nanomolar range.
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Hedgehog (Hh) proteins serve as cell-signaling ligands involved in embryo development,
whereas deregulated signaling by Hh is implicated in cancer.[X] Multiple studies link
aberrant signaling by hedgehog to prostate cancer progression.[2] One attractive target to
modulate the activity of Hh is the protein’s unique biosynthesis.[3] Hh proteins are expressed
in the form of a self-catalytic, multidomain precursor protein. The Hh signaling ligand,
HhN, is released from this precursor by peptide bond cholesterolysis, a cleavage/lipidation
event unique to the Hh family[4] (Figure 1A). Cholesterolysis occurs in the secretory
pathway,®! before signaling, and represents one of two Hh-specific lipidations.[8] The
reaction is brought about by the precursor’s C-terminal segment, HhC. Mutations in HhC
that deactivate cholesterolysis result in endoplasmic reticulum (ER)-associated degradation
of the precursor, effectively shutting off downstream signaling.[]

During small-molecule screens intended to find inhibitors of Hh cholesterolysis, we noticed
an unexpected activity enhancement in the presence of abiraterone, a powerful antagonist of
the steroidogenic enzyme, CYP17A1. Abiraterone (A) is an active metabolite of abiraterone
acetate (Zytiga"), currently prescribed for the treatment of advanced prostate cancer.[8]
Similar activation of Hh cholesterolysis was observed with galeterone (G), a structural
analogue of abiraterone and clinical candidate for prostate cancer therapy. Results herein
indicate that both steroidal agents are accepted by the Hh precursor as alternative substrates
for cholesterolysis. The reaction generates covalent HhN—drug conjugates (HhN-A and
HhN-G) in place of native, Hh—cholesterol (HhN-chol). The potential adverse effects of this
off-target interaction are compounded by our observation that HhN-A and HhN-G activate
Hh signaling in the low nanomolar range, similar to HhN—chol. Along with identifying a
new, potentially oncogenic activity of Hh in drug metabolism, these findings expand the
polypharmacological profile of two clinically significant anticancer agents.

We were drawn to abiraterone and galeterone on the basis of clinical significance and
molecular structure. As mentioned, A is in clinical use for treating castration-resistant
prostate cancer, a generally incurable stage of the disease; G is under clinical study for the
same condition.[®] By inhibiting CYP17A1, these compounds block ectopic androgen
biosynthesis, post-castration.[19] Androgen signaling is a long-recognized driver of prostate
cancer,[!1] and ~70 % of patients respond to A, with an average life extension of 4 to 6
months.[22] The mechanisms of chemoresistance to anti-androgens remain a subject of active
debate.[13] As can be seen in Figure 1B, both A and G possess a steroidal ring system with a
pyridyl or benzimidazole moiety appended to the C17 atom, replacing the native isooctyl
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“tail” of cholesterol. Given their structural similarity (Figure 1C), we asked whether these
compounds might compete with cholesterol for binding by HhC.

We used an activity assay to evaluate interactions of A and G with the cholesterolysis-active
HhC segment from Drosophila melanogaster. The assay continuously monitors activity by
changes in the fluorescence of FRET-active proteins attached to HhC.[3¢] Cyan fluorescent
protein, serving as the FRET donor, is fused to the N terminus of HhC, replacing the
signaling ligand; yellow fluorescent protein, the FRET acceptor, is fused to C terminus of
HhC (Figure 2A). The construct, C-H-Y, exhibits FRET that decays at a saturable rate with
added cholesterol, owing to donor—acceptor separation.[32.C]

In preliminary experiments, A was tested as an inhibitor of C-H-Y cholesterolysis. Prior to
initiating the reaction with cholesterol, we monitored the FRET ratio of C-H-Y in the
presence of added A for a period of 20 min; we found in previous work that subtle changes
to the FRET ratio during pre-incubation can serve as a marker of Hh compound
interaction.[3P] Unlike those earlier observations, however, we noticed that the addition of A
induced a dramatic change in the FRET ratio of C-H-Y solutions, eventually reaching a
baseline value (Figure 2B). This behavior, also observed during pre-incubation with G,
suggested that C—H-Y was cleaving to form products, C—sterol and H-Y. Analysis of the
reaction mixture by SDS-PAGE indeed showed a loss of precursor protein and accumulation
of products (Supporting Information Figure S1). In subsequent experiments, we found that
C-H-Y reacted with A in a concentration-dependent manner; a similar result was obtained
with G (Figure 2C). The apparent affinity (Kj value) and maximum rates of reaction with
the compounds are in the neighborhood of substrate cholesterol (Supporting Information
Table S1). Remarkably, the substrate activity of galeterone appears to exceed that of
cholesterol in our assay. Thus, A and G appear to compete with cholesterol, not as inhibitors
but as alternative substrates.

We validated the substrate activity of A and G through secondary assays involving a
chimeric Hh precursor, where the human sonic hedgehog ligand (20 kDa) is fused to the
cholesterolysis-active HhC of D. melanogaster, more closely mimicking a native Hh
precursor. We devised this chimeric precursor, SHhN-DHhC, following difficulties we and
others encountered expressing recombinant full-length human (and Drosgphila) Hh
precursor.30] Activity of SHhN-DHhC toward cholesterol has been established by SDS-
PAGE analysis and mass spectrometry.[30.14] Reactions of SHhN—DHhC in solutions
containing A, G, or cholesterol monitored by SDS-PAGE are shown in Figure 2D.
Consistent with the kinetic studies above, results indicate that both synthetic sterols
stimulate processing of the precursor into SHhN-sterol and DHhC. Moreover, results of
substrate competition experiments, in which cholesterol and A (or G) were added together to
solutions of SHhN-DHhC, display product partitioning in ratios expected by the kinetic
analysis (Supporting Information Figure S2). Thus, A is slightly less active as an alternative
substrate compared with cholesterol, while G appears to surpass the substrate activity of
cholesterol. Inspection of the gel also shows that the resulting SHhN conjugates exhibit
varying mobility depending on the presence and identity of the attached sterol. Aberrant
migration of SHhN is also consistent with covalent modification by a sterol molecule.[*>] To
establish conjugation of A and G to the SHhN C terminus, molecular masses of the trypsin-
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digested proteins were determined. Mass increases of the C-terminal peptide of 332.2 Da for
SHhN-A, and 371.25 Da for SHhN-G were apparent, in accord with esterification of A and
G, respectively, to the terminal glycine of SHhN (Supporting Information Figure S3).

Finally, we assessed the potential impact on downstream Hh signaling if A or G were to
replace native cholesterol during Hh biosynthesis in the cell. It is known that cholesterol
modification enhances but is not required for Hh signaling in vitro.[6] On the other hand,
the potential influence of the appended sterol’s structure on Hh signaling has not yet been
evaluated. By in vitro steroylation of the chimeric precursor, we generated SHhN-A, SHhN-
G along with SHhN—chol and sterol-free SHhN in amounts suitable for signaling assays
with Hh-responsive C3H10T1/2 cellsl”] (Figure 3A). Two isoleucine residues at the N
terminus of SHhN provided a surrogate for the protein’s native fatty acid modification.[8]
As a negative control, we prepared cholesterol-modified human desert HhN ligand (DHhN-
chol), which exhibits ~100-fold weaker signaling than SHhN.[2%] The purity of the
conjugates was determined by SDS-PAGE (Supporting Information Figure S4) and by RP-
HPLC (Figure 3B).

SHhN-A and SHhN-G mimic the signaling potency of SHhN—chol. Activation of the Hh
pathway in C3H10T1/2 cells promotes differentiation into osteoblasts, with an ensuing
increase in alkaline phosphatase activity[2%] (Figure 3C). In Figure 3D, AP activity in
C3H10T1/2 cells is plotted as a function of increasing concentration of SHhN-X. In accord
with earlier studies, SHhN—chol activates the pathway when present at single-digit
nanomolar concentrations, whereas cholesterol-free Hh is less potent by a factor of >10.[16a]
Our negative control, DHhN-chal, did not activate Hh signaling over the range we tested,
consistent with earlier work.[1%] When the native lipid of SHhN is replaced by A or G,
pathway activation remained robust, with ECsg values in the low nanomolar range. We
obtained a rank order in terms of potency of SHhN—chol ~ SHhN-A>SHhN-G. An
alternative staining assay with C3H10T1/2 cells produced similar results. Thus, a degree of
functional promiscuity exists toward the sterol of SHhN both in ligand biosynthesis and in
signal transduction.

Binding to more than a single protein target can sometimes enhance a drug’s efficacy;[2]
however, the polypharmacology of A and G identified here seem to point in the opposite
direction. Our studies suggest that interactions with Hh could divert A and G from the
intended therapeutic target, CYP17A1, and generate unnatural Hh conjugates competent to
activate a tumorigenic pathway. From the perspective of treatment, identifying an off-target
interaction could prove useful to guide the design of next-generation analogues that: a) retain
CYP17ALl inhibition, and b) bypass covalent interaction with Hh. A 3-keto analogue of
abiraterone,[22] A-abiraterone, along with nonsteroidal anti-androgens, provide logical
points of departure.[23] The present findings also support a new oncogenic role of Hh in drug
metabolism, a consequence of sterol promiscuity in Hh precursor cholesterolysis.[41 Hh’s
self-lipidation activity is thereby brought into sharper focus as an important target for
prostate cancer. Selective inhibitors hold promise of suppressing Hh biosynthesis while
rescuing tumor sensitivity to a currently approved anti-androgen.
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Figurel.
Hedgehog protein biogenesis. A) Cholesterolysis: Hh precursors react autonomously with

substrate cholesterol, generating cholesterol-modified signaling ligand, HhN, and the
cholesterolysis domain, HhC. B) Comparison of the native substrate with steroidal anti-
androgens, abiraterone and galeterone, depicted in simple bond line format. C) Structure
overlay of cholesterol (grey), abiraterone (green), galeterone (blue).
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Abiraterone and galeterone can replace cholesterol in hedgehog protein cholesterolysis. A)
Optical reporter, C-H-Y, to monitor Hh activity. B) Kinetic traces showing signal from C-
H-Y in buffered solution * sterols (25 uM). C) Michaelis—Menten plot of C-H-Y initial
velocity plotted as function of increasing concentration of cholesterol, abiraterone, and
galeterone. Solid lines represent the expected kinetic behavior using the following Ky
values: cholesterol, 11076 M; abiraterone, 12x107% M; galeterone, 3x1076 M. D)
Abiraterone and galeterone are active as substrates with chimeric hedgehog precursor,
SHhN-DHhC. SDS-PAGE based assay showing time-dependent processing of SHhN-
DHIC precursor processing in the presence of the indicated sterols (250 uM), or buffer alone
at 22°C. M, : SHhN-DHhC, 46 kDa; SHhN, 20 kDa; DHhC, 26 kDa.
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Hh-drug conjugates activate the hedgehog pathway. A) Schematic for the preparation of
Hh-ligand conjugates using in vitro steroylation. B) RP-HPLC elution profiles of sterol-free
and sterol-modified SHhN. Proteins were separated over a C4 column using an acetonitrile
gradient; longer retention times indicate increased hydrophobicity. C) Schematic of Hh
signaling assay using endogenous alkaline phosphatase as reporter. D) Sensitivity of Hh
signaling pathway to Hh—drug conjugates. The plot shows averaged alkaline phosphatase
activity from CH310T1/2 cells plotted as a function of increasing concentrations of the
indicated Hh ligand (/7>6, over three trials). Dose—response curves show expected behavior
using the following ECsq values: SHhN—chol, 1x10° M; SHhN-A, 1x10~2 M; SHhN-G
3x1079 M; sterol-free SHhN; 100x10% M.
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