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Abstract

Cholesterol is a fundamental lipid component of eukaryotic membranes and a precursor of potent 

signaling molecules, such as oxysterols and steroid hormones. Cholesterol and oxysterols are also 

essential for Hedgehog signaling, a pathway critical in embryogenesis and cancer. Despite their 

importance, imaging sterols in cells is currently very limited. We introduce a robust and versatile 

method for sterol microscopy based on C-19 alkyne cholesterol and oxysterol analogs. These 

sterol analogs are fully functional: they rescue growth of cholesterol auxotrophic cells and 

faithfully recapitulate the multiple roles that sterols play in Hedgehog signal transduction. Alkyne 

sterol analogs incorporate efficiently into cellular membranes and can be imaged with high 

resolution via copper(I)-catalyzed azide-alkyne cycloaddition. We demonstrate the use of alkyne 

sterol probes for visualizing the subcellular distribution of cholesterol, and for two-color imaging 

of sterols and choline phospholipids. Our imaging strategy should be broadly applicable to 

studying the role of sterols in normal physiology and disease.
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Introduction

Cholesterol (Chol) plays important structural and regulatory functions in eukaryotic 

membranes[1], and its cellular levels are tightly controlled by complex mechanisms that 

regulate its synthesis, uptake, distribution and elimination[2]. By modulating the physical 

properties of phospholipid bilayers and through their interaction with membrane proteins, 

Chol has a broad impact on a large number of cellular processes. Chol is also a metabolic 

precursor of oxysterols and steroid hormones, which have potent effects on cell signaling, 

metabolism and gene expression. Finally, sterols have emerged as playing critical roles in 

Hedgehog (Hh) signaling, a pathway involved in many aspects of embryonic development, 

in adult stem cell maintenance and in multiple human cancers[3]. Sterols are important for 

three essential steps in Hh signaling: 1) Chol is covalently attached to the Hh ligand in the 

signaling cell[4], a modification critical for proper Hh signaling; defects in Chol attachment 

to the Hh ligand cause holoprosencephaly, one of the most frequent congenital 

malformations of the central nervous system[5]; 2) in vertebrates, Chol is required for 

activation of the seven-spanner membrane protein Smoothened (Smo)[6] and thus for Hh 

signal transduction in the responding cell[7]; this requirement has been proposed to underlie 

the defective Hh signaling seen in inborn errors of cholesterol synthesis; and 3) oxysterols 

bind and activate vertebrate Smo[8], an interaction required for normal Hh signaling[9].

Contrasting the importance of sterols in biology, the methods currently available for their 

microscopic imaging in cells are few and often suffer from major limitations. One sterol 

imaging approach uses fluorescent derivatives of Chol in which a fluorophore moiety (such 

as NBD or BODIPY) replaces part of the isooctyl tail[10] or is attached to the 3β-OH 
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group[11]; these derivatives are problematic because the bulky fluorophores perturb critical 

structural elements of the Chol molecule. Another approach makes use of Chol analogs with 

conjugated double bonds, which display intrinsic fluorescence, such as cholestatrienol[12] or 

dehydroergosterol[13]; these sterols are good Chol mimics but have poor fluorescence 

characteristics (low extinction coefficient and photostability) and absorb at short 

wavelengths, where cellular autofluorescence and phototoxicity are high. Alternatively, 

Chol can be visualized indirectly, using fluorescent polyene macrolide antibiotics that bind 

Chol, such as filipin and nystatin[14]; this method is prone to artifacts and is limited by the 

poor fluorescence properties of these molecules (low extinction coefficient, poor 

photostability, and short excitation wavelengths). These indirect methods for cholesterol 

detection have been further refined, to improve probe photostability. One strategy employs 

fluorescent conjugates of theonellamides[15], bicyclic peptides isolated from marine sponges 

that bind cholesterol.

Another approach for imaging cholesterol uses biotinylated perfringolysin O[16], a secreted 

bacterial cytolitic protein that binds membranes in a cholesterol-dependent manner. Finally, 

(25R)-25-ethynyl-26-nor-3β-hydroxycholest-5-en (alkyne cholesterol), a recently described 

cholesterol analogue[17], can be visualized via copper(I)-catalyzed azide-alkyne 

cycloaddition (CuAAC)[18] with fluorescent azides. In alkyne cholesterol, an ethynyl group 

replaces the C-26 methyl in the isooctyl tail; since the tail of cholesterol projects in the 

interior of the membrane bilayer, it is unclear how a fluorescent azide might gain access to 

the ethynyl group of a membrane-embedded alkyne cholesterol molecule.

To develop an improved method to image sterols in cells, we first synthesized 19-

ethynylcholesterol (eChol), a Chol analog containing an ethynyl group instead of the axial 

methyl group at the C-19 position of the Chol molecule. EChol can completely replace Chol 

in supporting the growth of Chol auxotrophic cells, demonstrating that eChol closely mimics 

the biological properties of Chol. Furthermore, eChol is an efficient substitute for Chol in 

the Hh pathway, both in processing and Chol modification of the Hh ligand, and in 

satisfying the Chol requirement for Hh signal transduction at the level of Smo. We extended 

our alkyne tagging strategy to oxysterols, by synthesizing the 19-ethynyl derivative of 25-

hydroxycholesterol (25-OH-eChol), an oxysterol analog that we show recapitulates the 

potent stimulatory effects of oxysterols on the vertebrate Hh pathway. When added to cells, 

eChol and 25-OH-eChol partition efficiently into cellular membranes and can be imaged by 

high-resolution fluorescence microscopy following derivatization with a fluorescent azide 

via CuAAC. Our strategy for imaging Chol and oxysterols has several advantages over other 

available techniques, and should facilitate imaging studies of the role of sterols in various 

cellular processes, under both normal and pathological conditions.

Results and Discussion

To develop a chemical strategy for visualizing Chol in cells, we synthesized the alkyne 

analog 19-ethynylcholesterol (eChol) (Figure 1A). We chose to introduce the ethynyl group 

at the C-19 position of the Chol molecule for the following reasons: 1) synthetic 

accessibility: the C-19 position has been derivatized in many sterols and steroids[19]; 2) 

steric accessibility: to visualize the Chol analog by CuAAC reaction with fluorescent azides, 

Jao et al. Page 3

Chembiochem. Author manuscript; available in PMC 2016 March 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the alkyne group should not be buried too deep in the membrane bilayer; and 3) to avoid 

perturbing structural features of the Chol molecule that are known to be critical for 

biological function, such as the isooctyl tail, the α face, the 3β-hydroxyl and the Δ5(6) double 

bond[20].

We first asked if eChol retains the biological properties of Chol in a stringent functional 

assay. M19 CHO cells are defective in Chol biosynthesis and require exogenous Chol for 

growth and proliferation[21]. Both Chol and eChol completely rescued the proliferation of 

M19 CHO cells grown in delipidated media (Figure 1B); this indicates that eChol mimics 

well the function of Chol in cells. We determined that a 2-hour labeling pulse with eChol 

(12.5 μM) results in a cellular concentration of eChol that is 27% that of endogenous Chol 

(Supplementary figure 1A); thus significant amounts of eChol can be rapidly delivered to 

cells.

We next asked if eChol is able to substitute for Chol in the Hh signaling pathway. Hh 

signaling is initiated by the secreted Hh ligand, which is synthesized as a precursor that 

undergoes Chol-dependent self-cleavage, resulting in an N-terminal fragment covalently 

attached to Chol (the Hh ligand) and a C-terminal fragment[4]. Chol modification of the Hh 

ligand is critical for normal Hh signaling[5]. In an in vitro Chol-modification reaction using 

purified Hh precursor, eChol supported Hh self-cleavage as efficiently as Chol 

(Supplementary figure 1B), generating an eChol-modified N-terminal fragment, which could 

be specifically detected by CuAAC with biotin-azide followed by anti-biotin blotting 

(Supplementary figure 1C). When cells expressing human Sonic hedgehog (hShh) are 

depleted of sterols, Chol-dependent self-cleavage is inhibited[22]; this inhibition is 

completely reversed by eChol and Chol, but not by epicholesterol (Supplementary figure 

1D). These results show that eChol is an efficient Chol substitute in the Hh modification 

reaction both in vitro and in vivo.

Sterols are required for the activation of the seven-spanner membrane protein Smoothened 

(Smo), which, in turn, is required for Hh signal transduction[7]. When Hh-responsive cells 

are depleted of sterols, Hh signaling is blocked; this inhibition is reversed in a dose-

dependent manner by added back Chol and eChol, but not by epicholesterol (Figure 2A). 

Interestingly, eChol rescues Hh signaling at significantly lower concentration than Chol 

(Figure 2A and experiments below); we speculate that the increased biological activity of 

eChol is due to increased solubility, which perhaps allows for more efficient delivery to 

cells. Hh stimulation leads to rapid recruitment of Smo to the primary cilium[23], a critical 

step in Smo activation. In sterol-depleted cells, Smo fails to be recruited to cilia in response 

to Hh stimulation (Figure 2B), which provides a sufficient explanation for why sterols are 

required for Hh signal transduction. Importantly, signal-dependent recruitment of Smo to 

cilia is rescued in sterol-depleted cells by addition of Chol and eChol, but not epicholesterol 

(Figure 2B–D). Thus eChol can completely replace Chol, to support signal-dependent 

recruitment of Smo to primary cilia and Hh signal transduction.

We next developed a method for imaging eChol in cells by CuAAC with a fluorescent azide. 

Surprisingly, several fluorescent azides (Supplementary figure 2) that strongly stain cells 

labeled with other alkyne probes (such as 5-ethynyl-2′-deoxyuridine which incorporates into 
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DNA[24] or propargylcholine which incorporates into phospholipids[25]) failed to stain 

eChol-labeled cells. We found, however, that fluorescein-azide and tetramethylrhodamine-

picolyl azide (TMR-picolyl azide, Supplementary figure 2) allow for robust and specific 

staining of eChol incorporated into cellular membranes (Figures 3A and 3B). Although we 

do not understand the basis for this differential reactivity, perhaps fluorescein-azide and 

TMR-picolyl azide, by virtue of their increased hydrophobicity, can access the ethynyl 

group of membrane-embedded eChol, while more the hydrophilic azides cannot. This 

interpretation is supported by the fact that azides that fail to stain eChol embedded in 

cellular membranes, readily react with eChol covalently attached to the Hh ligand 

(Supplementary figures 1C and 2).

EChol staining is intense and uniform among cells, and its pattern is characteristic of Chol 

incorporation into cellular membranes (Figures 3A and 3B), including the plasma membrane 

and a large number of intracellular structures, both punctate and elongated in shape. 

Importantly, the eChol stain is excluded from inside the nucleus, which is devoid of 

membranes. EChol staining is sensitive to detergents (Supplementary figure 3), consistent 

with a non-covalent interaction between eChol and the membrane bilayer.

We examined in more detail the subcellular distribution of eChol, by co-localizing the eChol 

stain with red fluorescent protein (RFP) fusions that mark specific cellular membranes or 

organelles. Cultured cells were transiently transfected with plasmids encoding RFP fusions 

targeted to the plasma membrane, endoplasmic reticulum (ER) or mitochondria, and were 

then labeled with eChol, followed by staining with fluorescein-azide (Figure 3C). The 

highest eChol levels are found in mitochondria, with significantly lower eChol localization 

to the ER (compare bottom and middle panels in Figure 3C), consistent with the low levels 

of Chol normally found in ER membranes[26]. EChol also localizes to the plasma membrane 

(Figures 3C and 3D). Since cells maintain Chol at different levels in different cellular 

membranes, eChol will be a useful tool for imaging the subcellular distribution of Chol.

In some experiments, it would be desirable to image simultaneously both Chol and another 

lipid component of membranes. We exploited the differential reactivity of eChol towards 

fluorescent azides, to image the subcellular distribution of eChol and choline phospholipids, 

the most abundant lipids in cellular membranes (Figure 4). Choline phospholipids were 

metabolically labeled with propargylcholine (PCho), and were detected by CuAAC with a 

fluorescent azide (Alexa568-azide) that does not react with eChol in membranes, followed 

by detection of eChol with fluorescein-azide. The bioorthogonal detection of choline 

phospholipids and eChol is sensitive and specific, allowing imaging by high-resolution 

fluorescence microscopy of both these lipids in membranes. Thus successive use of the 

CuAAC reaction with different fluorescent azides can accomplish two-color imaging of two 

alkyne-tagged lipids in cells.

Since alkyne tagging the C-19 position proved a good choice for preserving the biological 

function of Chol, we extended this approach to oxysterols, a class of oxygenated Chol 

derivatives whose potent biological effects are still poorly understood. We focused on 25-

hydroxycholesterol (25-OHC, figure 5A), as it is one of the most abundant oxysterols in 

vivo, and has been implicated in numerous biological processes[27]. We synthesized the 
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alkyne analog 19-ethynyl-25-hydroxycholesterol (25-OH-eChol, figure 5A). Gratifyingly, 

25-OH-eChol retains the potent stimulatory effect of oxysterols on the Hh pathway, as 

assayed by recruitment of Smo to primary cilia (Figure 5B), by activation of an Hh-

responsive luciferase reporter (Figure 5C), and by transcription of endogenous target genes 

(Figure 5D). Importantly, Hh activation by 25-OH-eChol was blocked by the small molecule 

Smo inhibitor, SANT1 (Supplementary figure 4), indicating that 25-OH-eChol acts at the 

level of Smo, as expected for Hh-activating oxysterols[28]. Interestingly, 25-OH-eChol 

appears slightly more potent than 25-OHC (Figure 5D), similar to the higher biological 

activity of eChol compared to Chol (see above, Figure 2), perhaps due to increased 

solubility. Finally, using the CuAAC protocol developed for eChol allowed robust imaging 

of 25-OH-eChol in cells, revealing its localization to various cellular membranes (Figures 

5E and 5F); thus 25-OH-eChol will be a useful probe for imaging 25-OHC distribution in 

cells and organelles, with high sensitivity and spatial resolution.

Experimental Section

NIH-3T3 cells were labeled by incubation with eChol (added from stocks in DMSO, or as 

soluble MCD complexes) or 25-OH-eChol (added from stocks in DMSO) in DMEM. The 

cells were fixed with 3.7% formaldehyde in PBS, washed with Tris-buffered saline (TBS, 10 

mM Tris-HCl, 150 mM NaCl, pH 7.5), reacted by CuAAC with fluorescein-azide (10 μM), 

as described[24], and then washed several times with NaCl (0.5 M) and TBS (to remove the 

unreacted azide). Cells were imaged by epi-fluorescence microscopy on a Nikon TE2000U 

microscope equipped with an OrcaER digital camera (Hammamatsu), and 20× PlanApo 

0.75NA, 40× PlanApo 0.95NA or 100× PlanApo 1.4NA objectives (Nikon). For imaging 

subcellular localization of eChol, cells were transiently transfected using polyethyleneimine 

with plasmids encoding red fluorescent protein fusions targeted to mitochondria (pDsRed-

Mito plasmid from Clontech Laboratories Inc), the endoplasmic reticulum (pmCherry-

Sec61β, plasmid #49155 from Addgene), or the plasma membrane (pmCherry-CAAX 

plasmid[29]). After transfection, the cells were labeled with eChol, and stained and imaged 

as described above.

For double labeling experiments, cells were first labeled overnight with propargylcholine 

(PCho, 100 μM), and then overnight with eChol (40 μM, added from DMSO stock). The 

cells were stained first by CuAAC with Alexa568-azide (10 μM), to detect PCho-labeled 

phospholipids[25]. The PCho-labeled phospholipids left unreacted after reaction with 

Alexa568-azide were consumed by performing a subsequent CuAAC reaction with O-(2-

aminoethyl)-O′-(2-azidoethyl)-pentaethylene glycol (5 mM), as described[25]. The cells were 

then washed and reacted with fluorescein-azide (10 μM), to detect eChol.

To test if eChol rescues proliferation of Chol auxotrophic CHO M19 cells, the cells were 

grown for 4 days in media supplemented with 10% delipidated serum and oleic acid (35 

μM), in the absence or presence of eChol (10 μM) or Chol (35 μM), both added as soluble 

MCD complexes. Representative fields of cells were photographed at 24-hour intervals on 

days 1, 2, and 3 after plating, by phase contrast microscopy.
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To deplete sterols from NIH-3T3 cells, cultures were starved overnight and were then 

incubated with MCD in DMEM (1% w/v) for 30 minutes. For rescue experiments, sterols 

were added back as sterol-MCD complexes in DMEM supplemented with pravastatin (20 

μM). To assay the effect of sterol depletion on Hh stimulation, the Hh ligand was added to 

the depleted cells in DMEM with pravastatin, with or without sterol-MCD complexes. 

Undepleted cells, stimulated or not with Hh ligand served as positive and negative controls. 

The cells were processed for Smo immunofluorescence or for luciferase assays, as described 

above.

Activity assays for Hh signaling were performed in NIH-3T3 cells. Confluent cell cultures 

were starved for 24 hours in media without serum, and were then stimulated with Hh ligand. 

After the desired amount of time, the cultures were analyzed by either immunofluorescence 

(to assay recruitment of Smo to primary cilia), by luciferase reporter assays, or by 

quantitative PCR (qPCR) (to measure the transcriptional output of the Hh pathway).

Smo immunofluorescence was performed using rabbit anti-Smo antibodies, as described[30]. 

Primary cilia were stained with a mouse anti-acetylated tubulin monoclonal antibody 

(Sigma). For each condition, the presence or absence of Smo at cilia was scored visually for 

150 cilia. Error bars represent the standard deviation of the mean for groups of 50 cilia 

counted on different visual fields, on the same coverslip. All experiments showing ciliary 

counts were repeated independently at least three times. To measure Smo fluorescence 

intensity, the primary cilium was outlined using acetylated tubulin images, and the 

integrated ciliary intensity for Smo was measured using Metamorph software (Applied 

Precision).

Luciferase reporter assays were performed in NIH-3T3 Shh-LightII cells, which express 

firefly luciferase under the control of an artificial Hh-responsive promoter and Renilla 

luciferase under the control of a constitutive promoter, as described[31]. The activity of the 

Hh pathway was calculated as the ratio between firefly and Renilla luciferase activities, after 

background subtraction. Error bars represent standard deviation of the mean for 4 

independent experiments.

Hh-stimulated transcription of the target genes, Gli1 and Ptch1, was measured by qPCR in 

NIH-3T3 cells, as described[32]. Each qPCR experiment was performed in triplicate starting 

from three biological samples, and error bars represent standard deviation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 19-ethynylcholesterol (eChol) is a functional bioorthogonal analog of cholesterol (Chol)
(A) Structures of cholesterol (Chol) and eChol, a Chol analog in which a terminal alkyne 

group replaces the axial methyl at position C-19 of the sterol molecule. After labeling cells, 

eChol can be imaged by fluorescence microscopy, following copper(I)-catalyzed azide-

alkyne cycloaddition (CuAAC) with fluorescein-azide.

(B) Chol auxotrophic M19 CHO cells were grown for 4 days in media containing 

delipidated serum supplemented with oleic acid (35 μM), and in the presence or absence of 

Chol (10 μM) or eChol (35 μM), added as soluble methyl β-cyclodextrin (MCD) complexes. 
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Representative fields of cells were photographed on days 1, 2 and 3 after plating. M19 CHO 

cells cannot proliferate in the absence of sterols; proliferation is completely rescued by 

eChol or Chol.
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Figure 2. EChol supports efficient Hedgehog (Hh) signal transduction
(A) Hh-responsive NIH-3T3 Shh-LightII cells[31] were sterol-depleted with MCD, followed 

by sterol add-back for 1 hour as sterol-MCD complexes. The cells were then incubated 

overnight with Shh and pravastatin (20 μM), followed by luciferase reporter assays. Relative 

luciferase counts were normalized to those of the undepleted and unstimulated cells. Error 

bars represent the standard deviation of the mean for 4 independent experiments. Hh 

pathway activity is inhibited by sterol depletion, which can be reversed in a dose-dependent 

manner by Chol or eChol, but not the diastereomer, epicholesterol.

(B) NIH-3T3 cells were depleted of sterols as in (A), and were incubated overnight with Shh 

and pravastatin (20 μM), in the absence or presence of MCD complexes of Chol, 

epicholesterol or eChol. Undepleted cells, stimulated or not with Shh, were used as controls. 

The cells were processed for immunofluorescence for Smoothened (Smo) and acetylated 

tubulin (primary cilia marker). Representative micrographs of Smo localization to cilia are 

shown. Sterol depletion blocks recruitment of Smo to cilia in response to Shh stimulation; 

this effect is reversed by Chol and eChol, but not by epicholesterol.
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(C) Quantification of Smo-positive cilia for the experiment in (B). Error bars represent the 

standard deviation of the mean for 3 groups of at least 50 cilia each, scored visually for the 

presence or absence of Smo.

(D) Quantification of Smo fluorescence intensity at primary cilia for the experiment in (B), 

normalized to the fluorescence of Smo in cilia of undepleted, Shh-stimulated cells. Error 

bars represent the standard deviation of the mean relative Smo intensity (n>100 cilia per 

condition).
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Figure 3. Using eChol as an imaging probe for microscopic detection of Chol in cells
(A) NIH-3T3 cells incubated for 12 hours with or without eChol (20 μM from DMSO 

stock), were stained by CuAAC with fluorescein-azide and by Hoechst, and were then 

imaged by fluorescence microscopy. The eChol staining pattern is characteristic of 

incorporation into various cellular membranes.

(B) Higher magnification view of a cell labeled with eChol and stained with fluorescein-

azide.
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(C) Subcellular distribution of eChol. NIH-3T3 cells were transiently transfected with 

plasmids expressing red fluorescent protein (RFP) fusions targeted to various cellular 

membranes: plasma membrane (pmCherry-CAAX plasmid), endoplasmic reticulum (ER) 

(pmCherry-Sec61β plasmid) and mitochondria (pDsRed-Mito plasmid). The cells were then 

labeled with eChol and stained with fluorescein-azide as in (A). Left panels: RFP images; 

middle panels: eChol images; right panels: overlay of RFP (red) and eChol (green). EChol 

appears enriched in mitochondria relative to the ER (compare bottom and middle panels), 

consistent with the low levels of Chol normally found in ER. EChol also co-localizes with 

the plasma membrane marker (top panels).

(D) As in (C), but showing a high magnification view of eChol co-localization with the 

plasma membrane marker, mCherry-CAAX. Left panel: mCherry-CAAX image; right 

panel: eChol image. The two cells at the bottom of the micrographs express mCherry-

CAAX, while the two top cells do not.
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Figure 4. Double labeling and two-color imaging of Chol and phospholipids in cells
IH-3T3 cells were incubated overnight with propargylcholine (PCho, 100 μM), to label 

choline phospholipids, after which they were incubated overnight in the absence or presence 

of eChol (40 μM from DMSO stock). EChol in cellular membranes reacts with fluorescein-

azide but not with Alexa568-azide (Supplementary figure 2); this differential reactivity was 

used to achieve two-color imaging of eChol and PCho-labeled phospholipids. The labeled 

cells were first stained with Alexa568-azide (to detect PCho), after which the unreacted 

PCho phospholipids were consumed by reaction with excess non-fluorescent azide. Finally, 
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the cells were stained with fluorescein-azide (to detect eChol). Top row: PCho-labeled 

phospholipids; second row: eChol; third row: overlay of PCho (red) and eChol (green) 

images; bottom row: Hoechst staining of cell nuclei.
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Figure 5. A bioorthogonal oxysterol probe
(A) Structure of the oxysterol, 25-hydroxycholesterol (25-OHC) and of the alkyne 25-OHC 

analog, 19-ethynyl-25-hydroxycholesterol (25-OH-eChol).

(B) NIH-3T3 cells were treated overnight with 25-OHC or 25-OH-eChol (each at 10 μM), 

and localization of endogenous Smo to primary cilia was determined by 

immunofluorescence. Primary cilia were labeled with antibodies against acetylated tubulin. 

Both 25-OHC and 25-OH-eChol cause Smo to accumulate at cilia, a hallmark of Hh 

pathway activation.
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(C) Hh-responsive Shh-LightII cells were treated with varying concentrations of 25-OH-

eChol or 20(S)-hydroxycholesterol (20-OHC, the most potent Hh-activating oxysterol), and 

activation of the Hh pathway was measured by luciferase assay. Error bars represent 

standard deviation (n=4 independent experiments). 25-OH-eChol activates Hh signaling, 

with an EC50 comparable to that of 20-OHC.

(D) Confluent cultures of NIH-3T3 cells were incubated overnight in serum-free media, in 

the absence or presence of the indicated oxysterols (10 μM each), and transcription of Gli1 

and Ptch1, two targets of the Hh pathway, was measured by quantitative RT-PCR (qPCR). 

Error bars show standard deviation (n=3 independent experiments). The oxysterol, 7-

hydroxycholesterol (7-OHC), is inactive in Hh signaling and was used as negative control. 

25-OH-eChol potently activates transcription of Hh target genes.

(E) NIH-3T3 cells were incubated for 12 hours with 25-OHC or 25-OH-eChol (10 μM 

each), and were then stained with fluorescein-azide via CuAAC, followed by imaging by 

fluorescence microscopy. Cells labeled with 25-OH-eChol show strong, specific staining.

(F) As in (E), but showing a higher magnification image. 25-OH-eChol shows a staining 

pattern indicative of its broad distribution in cellular membranes.
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