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The Hedgehog (HH) signaling pathway is critical in embryonic development, stem cell biology, tissue
homeostasis, chemoattraction and synapse formation. Irregular HH signaling is associated with a number
of disease conditions including congenital disorders and cancer. In particular, deregulation of HH signal-

Keywords: ing has been linked to skin, brain, lung, colon and pancreatic cancers. Key mediators of the HH signaling
Hedgehog pathway are the 12-pass membrane protein Patched (PTC), the 7-pass membrane protein Smoothened
Smoothened (SMO) and the GLI transcription factors. PTC shares homology with the RND family of small-molecule
E:;glti?lites transporters and it has been proposed that it interferes with SMO through metabolites. Although a con-
Sterols clusive picture is lacking, substantial efforts are made to identify and understand natural metabolites/
Oxysterols sterols, including cholesterol, vitamin D3, oxysterols and glucocorticoides, that may be affected by, or
influence the HH signaling cascade at the level of PTC and SMO. In this review we will elaborate the role
of metabolites in HH signaling with a focus on oxysterols, and discuss advancements in modern analytical

approaches in the field.
© 2014 Elsevier Inc. All rights reserved.
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1. Introduction

While the Hedgehog (HH) signaling pathway plays a role in
embryonic development, stem cells, cellular metabolism, axon tar-
geting, synapse formation and nociception [1-5], it is also involved
in human disorders and diseases, including developmental abnor-
malities and several forms of cancer [6-12]. The HH signaling cas-
cade is unusual as it appears to involve metabolites while it alters
the sub-cellular localization of pathway components that are clo-
sely entangled with the primary cilium [2]. Key players in this
pathway, the morphogen Hedgehog, the trans-membrane proteins
Patched and Smoothened and the zinc finger transcription factor
Cubitus interruptus were predominantly identified through genet-
ic screens in Drosophila in the late 1970’s and early 1980’s [13-17],

* Corresponding author. Fax: +47 228 55441.
E-mail address: stevenw@kjemi.uio.no (S.R. Wilson).

http://dx.doi.org/10.1016/j.bbrc.2014.01.087
0006-291X/© 2014 Elsevier Inc. All rights reserved.

with the subsequent discovery of the vertebrate homologs Sonic
Hedgehog, Indian Hedgehog, Desert Hedgehog (SHH, IHH, DHH),
Patched (PTC), Smoothened (SMO) and GLI [18-24]. As the interac-
tions in this pathway were mapped, substantial similarities be-
tween Drosophila and vertebrates became apparent, reflecting
deep evolutionary roots [2,25-28]. However, also differences exist
between species; in particular many of the HH pathway compo-
nents localize to the cell’s primary cilium in vertebrates, an
organelle that is not present in Drosophila [28-31].

In cells that produce the HH morphogen, HH undergoes cleav-
age, and its N-terminal peptide is dual-lipidated by cholesterol
and palmitic acid (Fig. 1a). HH is then released by the resistance-
nodulation division (RND) protein dispatched (DISP) either as
monomeric particles, as multimeric particles or as exo-vesicles
[32,33]. The form in which HH is released appears to define its
signaling range [2]. It has been proposed that lipidation of HH pro-
motes the association of HH with sterol-rich membrane areas in
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A) Cholesterol (left) and
palmetic acid (right)

C) Phosphatidylinositol-
4-phosphate (P14P)

B) 7-dehydrocholesterol (left)
and vitamin D, (right)

D) HH active oxysterols: 20S-OHC (left)
and 7-keto-27-OHC (right)

E) HH active glucocorticoids: aldosterone (left)

and corticosterone (right)

Fig. 1. Structures of selected Hedgehog pathway-modulating natural metabolites.

receiving cells [2,34,35] where HH binds to a number of membrane
proteins including its canonic receptor the 12 pass transmembrane
protein PTC, that similar to DISP, is a member of the RND family of
proteins [21,23,36,37]. The binding of HH to PTC is promoted by
the membrane co-receptor proteins CDO (CAM-related/downregu-
lated by oncogens); BOC (brother of CDO) and GAS1 (growth ar-
rest-specific 1) [2,26,38]. In the absence of the HH morphogen,
PTC constitutively inhibits the signaling cascade [36,39]. However,
upon HH binding, PTC releases the inhibition of the pathway.

How HH signaling is progressed beyond PTC is not entirely set-
tled and there are curious differences between Drosophila and
vertebrates [28]. PTC regulates the sub-cellular localization and
activity of SMO, but PTC does not appear to directly interact with
SMO. When the RND domain of PTC is mutated, it is no longer
capable to inhibit SMO, suggesting that metabolites may be in-
volved in the interaction between PTC and SMO [40,41]. What
these metabolites are in vivo remains to some extent unclear and
will be discussed below.

In vertebrates several sub-cellular alterations occur upon acti-
vation of the HH signaling pathway. In the absence of HH, the
PTC receptor is enriched at the basis and in the primary cilium, a
specialized organelle at the cellular surface that depends on the
intraflagellar transport system (IFT) and that has been implied in
various sensing functions [31]. When HH binds PTC, PTC leaves
the primary cilium and enters the endocytotic pathway to be de-
graded. As PTC exits the primary cilium, also the G-protein coupled
receptor GPR161, a rhodopsin family GPCR protein, is transported
out of the primary cilium [42]. GPR161 negatively regulates HH
signaling in the primary cilium through enhancing PKA activity
by increasing cAMP levels. PKA is involved in phosphorylating
the HH dependent zinc finger transcription factors GLI2 and GLI3
as described below [42]. Importantly, upon HH binding to PTC,
the 7 transmembrane protein SMO, a Frizzled (FZD) class G-pro-
tein-coupled receptor with an unusually complex structure, is
activated and moves in association with B-arrestin and the micro-
tubule motor KIF3A into the primary cilium [29,30,35,43,44]. This
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movement originates predominantly from exocytotic SMO con-
taining vesicles [45] but also from the plasma membrane [46].
For the translocation of SMO to the primary cilium and its activa-
tion, SMO is phosphorylated at its carboxy-terminal cytoplasmic
tail by CK1 and GRK2 [47,48] leading to a conformational switch
[25].

One of the roles of vertebrate cilia is to control the proteolytic
processing of members of the Ci/GLI family of zinc finger transcrip-
tion factors [2]. In the inactive state of HH signaling two members
of the GLI family, GLI2 and GLI3 pass through the primary cilium
[31,49] in a process that leads to their partial proteolytic process-
ing into transcriptional repressors. GLI3 contains an N-terminal
repressor domain that, in the absence of HH signaling, is sequen-
tially phosphorylated by protein kinase A (PKA), casein kinasel
(CK1) and glycogen synthase kinase 3 (GSK3). Phosphorylated
GLI3 is then recognized by BTrCP leading to ubiquitinatation of
GLI3 and a partial degradation of the C-terminal trans-activation
domain in the proteasome. This leads to a repressor form of GLI3
[50]. The ciliar SUFU protein assists the process by immobilizing
GLI3 [51,52]. Similar to GLI3, GLI2 is also proteolytically processed,
but to a lesser extent [2,53,54].

When SMO enters the primary cilium it associates, phosphory-
lation dependent, with the EVC and EVC2 proteins (Ellis-van Crev-
eld Syndrome protein) [55-57]. It is thought that SMO/EVC/ EVC2
interact with SUFU thereby resolving the SUFU/ GLI3 inhibitory
complex [57]. In consequence, GLI3 proteolytic processing is pre-
vented leading to a weak activator form of GLI3 that translocates
to the nucleus [58]. Active GLI3 up-regulates the expression of
the transcriptional activator GLI1 that, although apparently not in-
volved in the initial Hh dependent response of the pathway, is a
strong potentiator of the signal [54,59].

2. Metabolites, PTC and SMO

The roles of metabolites in HH signaling remain only partially
understood although multiple lines of evidence suggest that PTC
and SMO communicate via metabolites. PTC has been proposed
to be involved in sterol trafficking. PTC contains two main do-
mains, a RND domain that is related to bacterial proteins implied
in proton transport and permease activity [60], and a related ste-
rol-sensing domain (SSD) that has been linked to sensing sterols
[26,61]. Other members of the PTC-family of RND proteins include
the cholesterol transporter Niemann-Pick disease type C1 protein
(NPC1) and dispatched (DISP) [26,61]. It has been shown that
cholesterol binds to, and is transported by PTC [62]. Furthermore,
Bijlsma et al. imply that PTC pumps the 3p-hydroxysteroids 7-
dehydrocholesterol and vitamin D3 (Fig. 1b) into the extracellular
space [63]. In Drosophila it has been suggested that Ptc recruits
lipophorin and thereby changes the lipid composition of endo-
somes through which Smo passes [2,64]. Furthermore, Drosophila
Smo is stabilized in the plasma membrane by phospholipid phos-
phatidylinositol-4-phosphate (PI4P) (Fig. 1c) leading to increased
Hh signaling whereby Ptc functions directly or indirectly to sup-
press accumulation of PI4P. In particular, it has been shown that
Hh binding to Ptc de-represses PI4P levels. A similar PI4P depen-
dency appears to be present in mouse fibroblasts [65]. Evidence
suggests that side chain-hydroxylated oxysterols (Fig. 1d) and
glucocorticoides (Fig. 1e) play a role in HH signaling, however, di-
rect evidence that PTC is either involved in controlling the intra- or
extracellular levels of these sterols or that they directly affect PTC
activity is currently lacking.

Also SMO is sensitive to sterols and the fine mapping of sterol/
metabolite, and drug-binding sites in SMO has advanced consider-
ably. Two major functional sites have been identified in SMO: the
heptahelical domain (7TM) a long, narrow cavity within the mem-

brane passing helical core of SMO [66,67], and a flexible cysteine-
rich extra cellular domain (CRD) [68-72]. It has been suggested
that both domains are in an allosteric interaction whereby the
CRD domain, that in its native state is not activating the HH path-
way, can positively regulate high level HH signaling by flipping
into the 7TM domain in the presence of CRD binding metabolites
[71-73]. A plethora of inhibitory and activating metabolites have
been identified that may either bind to the CRD domain, to the
7TM domain, or possibly bridge both domains [68-70,72]. The
7TM domain has been proposed to be a binding site for a ligand
that is controlled by PTC [74] although critical mutations in the
7TM domain that disenable binding of the 7TM binder cyclop-
amine, still allow a regulation of SMO through HH/PTC [68]. In con-
trast, although it is sensitive to multiple sterols, the current
understanding is that the CRD domain appears to be dispensable
for a regulation of SMO through PTC [68].

The crystal structure of the 7TM domain of SMO was recently
elucidated [67] and numerous inhibitors including cyclopamine,
SANT-1 and vismodegib (GDC-0449) have been shown to bind
the 7TM pocket [42,66,75-77]. Also vitamin D3 may bind as a neg-
ative regulator to the 7TM pocket of SMO as it competes with
cyclopamine, and has been proposed to be a metabolite or highly
similar to a metabolite by which PTC may constitutively inhibit
SMO both in a cell-autonomous and possibly in a non-cell autono-
mous manner in the absence of HH signaling [63]. In accordance,
Tang et al. showed that external vitamin D3 exposure decreases
Glil mRNA expression in BCC cell lines [78]. However, vitamin
D3 while active on SMO in a reasonably low dose, needs UV light
to be processed from its precursor 7-dehydrocholesterol. 7-dehy-
drocholesterol in turn only inhibits SMO at very high concentra-
tions [63]. Small molecules that have been proposed to bind to
the 7TM domain may not only be negative regulators of SMO. Sub-
stances such as SAG and puromorphamine that compete with BOD-
IPY-cyclopamine are SMO activators [66,77,79].

Several metabolites and in particular oxysterols that bind to the
CRD domain have an activating effect on SMO[68-70,80]. Curi-
ously, binding of oxysterols is dependent on a stretch of amino
acids in vertebrate SMO that is not shared by Drosophila Smo ren-
dering Drosophila Smo insensitive to oxysterols [70]. In particular
the binding of oxysterol 20S-OHC (Fig. 1d) to the CRD domain has
been extensively studied. Binding was found to be stereo-specific,
as the S-isomer of 20-hydrocholesterol is docking to the CDR do-
main while the R-isomer is not [69,80]. However, 20S-OHC may
not be the natural SMO ligand as it has not been detected in HH
responsive cells that are oxysterol sensitive [68,81]. Another natu-
ral oxysterol that activates SMO, although less efficient, is 25-OHC
[80,82]. Recently, 7-keto-27-OHC (Fig. 1d), but also 7-keto-25-OHC
has been proposed to bind to the CRD domain of SMO in vivo [68].
In summary, the following set of SMO-CRD binding and activating
rules have been proposed for oxysterols. Oxysterols that possess a
(saturated) side chain at least 6 atoms long and the presence of a
38 hydroxy-group can activate SMO [70]. Oxysterols can also con-
tain additional/alternative side groups with maintained or aug-
mented activity e.g. a 7-keto group [68], or an alkyne group
instead of an iso-butyl group at the end of the iso-octyl chain (syn-
thetic) [69]. Furthermore, an activation effect of oxysterols is not
influenced by the absence of the oxysterol A5 double bond [70].
In contrast, the ring-hydroxylated oxysterols 7p-OHC and 19-
OHC do not activate HH signaling [80,82].

A second group of natural metabolites that bind SMO are
glucocorticoids and it has been shown that aldosterone and corti-
costerone (Fig. 1e) activate HH signaling and stimulate SMO accu-
mulation in the primary cilium [73,83]. The exact binding site of
natural glucocorticoides on SMO has not been mapped, but fluori-
nated glucocorticoides have been shown to displace BODIPY-
cyclopamine [83,84]. Surprisingly, two synthetic molecules that
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share the core glucocorticoide scaffold but contain bulky hydro-
phobic groups at positions 16 and 17, Budesonide and Ciclesonide,
show inhibition of HH dependent activation of the pathway [84].
Budesonide was recently shown by co-crystallography to bind to
both the Drosophila and vertebrate SMO CRD domain [72].

The binding of metabolites to either the 7TM or the CRD domain
is not always clear-cut. It has been proposed that cyclopamine in
addition to binding the 7TM domain with high affinity, may also
bind at lower affinity to the CRD domain [69], rendering the precise
biochemical mapping of the binding site of a metabolite through
cyclopamine competition assays problematic.

There may be further interference points between SMO and
metabolites. Neither of the tested activating oxysterols shares a
binding site with intraconazole, a potent HH inhibitor which also
retains activity on known resistance-conferring SMO mutants
[85,86]. Since intraconazole does not dock at the cyclopamine-
binding site [86] it has been postulated that SMO may directly or
indirectly have further sites at which metabolites and/or drugs
can attenuate its function [68].

While no proof has been presented that PTC is directly involved
in transporting oxysterols, it is conceivable that PTC mediated
metabolites, such as vitamin D3 or 7-dehydrocholesterol, indi-
rectly, regulate the impact of oxysterols on HH signaling through
interfering with the 7TM site [58]; When PTC is deactivated
through HH binding, it will not distribute such metabolites to
SMO allowing CRD-based activation of SMO by oxysterols or other
metabolites. This interaction may occur both intracellular, and at
the extracellular space around the primary cilium, as Hh-active
oxysterols are not intracellularly confined [87]. In accordance,
Myer et al. speculate that SMO senses and interacts with a cocktail
of excreted activators [68].

In summary, although some light has been shed on metabolites
that are capable of regulating the HH pathway at the level of PTC
and SMO, numerous questions related to metabolites and in partic-
ular sterols remain unresolved (i) Which metabolites if any interact
with the PTC sterol sensing domain in vivo and how does that im-
pact HH signaling, (ii) What are the natural metabolites that are
transported by PTC, (iii) which natural metabolites or hormones
interfere with the 7TM domain of SMO, (iv) which natural oxyster-
ols or other metabolites act through the SMO CRD domain.

Further work is required to gain a comprehensive understand-
ing of the interface between PTC and metabolites in the context
of HH signaling.

3. Analytical challenges for monitoring and discovering
endogenous HH-active oxysterols and other metabolites

The uncertainty of the roles that metabolites play in HH signal-
ing can be met to a large degree with sensitive and selective ana-
lytical methodology, which can be applied to e.g. rule out
possible candidates, but also for discovering new ones. As men-
tioned above, one of the most potent oxysterols examined so far
that activates SMO in vitro is 20S-OHC. 20S-OHC has been specu-
lated as being the prominent activator in vivo [80], however, our
group and others [68,81,88] have not been able to securely identify
this particular oxysterol in HH sensitive reporter cells. To our
knowledge, 20S-OHC has been proposed as present in vivo in just
two studies (rat brain and human placenta [89,90]). Considering
the current state methodology and the lack of known natural en-
zyme responsible for creating this particular oxysterol, further
work is required to establish whether 20S-OHC plays a role in
HH regulation in some context. Other oxysterols have been sug-
gested as core endogenous SMO activators (e.g. 7-keto-27-OHC
[68]), but there is nonetheless a need for extended studies on the
role and context of endogenous sterols/oxysterols in HH signaling.

The analysis of sterols/oxysterols and related compounds can be
an especially “slippery slope” due to a number of analytical chal-
lenges, which can also result in misinterpretations [91].

For small molecules, mass spectrometry (MS) based methodol-
ogy is often a necessity for analysis as e.g. immunoassays can suffer
from poor selectivity and quantitation capabilities. In addition, MS
can be used for discovering and identifying metabolites, often in
combination with gas chromatography (GC-MS). GC-MS has also
been traditionally used for oxysterol analysis [92,93]. GC-MS typ-
ically uses electron ionization (EI) to prepare the analytes for mass
spectrometric detection, which results in extensive molecular frag-
mentation, which in many cases is useful for establishing a “mass
fingerprint” of an oxysterol. However, this fragmentation may in
some cases provide limited structural information compared to
complementary “softer” ionization techniques used in liquid chro-
matography (LC)-MS [94]. GC-MS methods also require a derivati-
zation process to make oxysterols volatile enough for gas
chromatographic separation. Such a step may be avoided when
employing LC coupled with e.g. atmospheric pressure chemical
ionization (APCI) [95] at the inlet of the mass spectrometer (LC-
APCI-MS). However, due to the mass sensitive nature of APCI
and incompatibility with narrow LC columns (which provide en-
hanced sensitivity) [96], LC coupling with the more common elec-
trospray ionization (ESI) may be appropriate to reach low detection
limits. To detect oxysterols satisfactory using ESI, they can be
“charge-tagged” with a derivatization reagent [81,97,98] or by
exploiting adduct formation by adding e.g. ammonia to the mobile
phases [88]. The charge-tagging LC-MS approach, although more
tedious due to derivatization steps, can provide low femtogram
detection levels [98] and/or can be beneficial for identification pur-
poses when using a sterol-specific charge-tag, e.g. the Girard T re-
agent [99]. 7-dehydrocholesterol can be measured simultaneously
with oxysterols in serum, following selective reduction of their 3-
hydroxy group with cholesterol oxidase followed by Girard T deriv-
atization [97]. Derivatization (i.e. esterification of phosphate
groups) is again important for sensitive LC-ESI-MS analysis of
phosphatidylinositol phosphates such as PI4P [100], which is im-
plied in SMO regulation. LC-atmospheric pressure photo ionization
(APPI)-MS can be a suitable option for derivatization-free determi-
nation of vitamin D3 and metabolites, as an APPI based approach
has significantly higher sensitivity compared to APCI [101]. Gluco-
corticoides such as aldosterone and corticosterone can be mea-
sured more straightforward, using LC-ESI-MS without
derivatization [102,103]. Another interesting approach is based
on matrix assisted laser desorption ionization (MALDI) imaging
[104], which can potentially be used for e.g. mapping oxysterols
and other metabolites at the surface of intact cells.

In the analysis of oxysterols, an important pitfall to consider is
possible non-enzymatic oxidation of cholesterol into oxysterols.
Such autoxidation effects are especially important concerning
oxysterols with hydroxy-groups placed in the ring structure (most
notably the 7-position, where the carbon-hydrogen bond is rela-
tively weak [93,105]). Cholesterol is present in much higher con-
centrations in cells than oxysterols (10> fold), and autoxidation
can therefore result in poor quantification or even mistaken iden-
tification of natural/non-natural occurring oxysterols. Autoxida-
tion can in particular occur if the sample is subjected to light or
heat. Attempts to avoid in vitro autoxidation have been made
through time, such as adding anti-oxidant agents (e.g. butyl
hydroxytoluene), or purging all reagents and vials with N, [93].
Others insist that cholesterol should be removed from the sample
immediately before further sample preparation [93]. However, re-
moval of cholesterol often requires a number of manual steps,
which may not be optimal for handling of limited samples. Also,
the similarity in structure and hydrophobicity of cholesterol and
oxysterols makes them arguably difficult to separate on methods
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like solid phase extraction (SPE) with good reproducibility and
high recovery which can affect comparative assessments of oxys-
terols that do not have a dedicated internal standard [88].

Autoxidation monitoring can be enabled by adding heavy cho-
lesterol into all samples and standards [81,99]. If autoxidation oc-
curs during sample preparation, heavy cholesterol is oxidized into
heavy oxysterols. These heavy oxysterols can be spotted by mass
spectrometry and the sample can be excluded. Although side-chain
hydroxylated oxysterols are considered not to be susceptible to
autoxidation effects, this has been observed by us in a limited
number of samples, evident from detection of heavy oxysterols,
and a 2-3 times increase in concentration of the corresponding
“natural” oxysterols.
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