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Background:Oxysterols are a class of emerging signaling molecules whose cell biology is poorly understood.
Results: A click chemistry-based imaging strategy shows that 20(S)-hydroxycholesterol accumulates in Golgi membranes in a
process that depends on ATP and lysosome function.
Conclusion: 20(S)-Hydroxycholesterol is transported through a vesicular pathway to the Golgi.
Significance: Specific transport pathways may regulate the oxysterol content of cellular membranes.

Oxysterols, oxidized metabolites of cholesterol, are endoge-
nous small molecules that regulate lipid metabolism, immune
function, and developmental signaling. Although the cell biol-
ogy of cholesterol has been intensively studied, fundamental
questions about oxysterols, such as their subcellular distribu-
tion and trafficking pathways, remain unanswered. We have
therefore developed a useful method to image intracellular
20(S)-hydroxycholesterol with both high sensitivity and spatial
resolution using click chemistry and fluorescence microscopy.
The metabolic labeling of cells with an alkynyl derivative of
20(S)-hydroxycholesterol has allowed us to directly visualize
this oxysterol by attaching an azide fluorophore through cyclo-
addition. Unexpectedly, we found that this oxysterol selectively
accumulates in the Golgi membrane using a pathway that is
sensitive to ATP levels, temperature, and lysosome function.
Although previous models have proposed nonvesicular path-
ways for the rapid equilibration of oxysterols between mem-
branes, direct imaging of oxysterols suggests that a vesicular
pathway is responsible for differential accumulation of oxyste-
rols in organelle membranes. More broadly, clickable alkynyl
sterols may represent useful tools for sterol cell biology, both to
investigate the functions of these important lipids and to deci-
pher the pathways that determine their cellular itineraries.

Charting the spatial compartmentalization of signal trans-
duction in cells has required the development of probes to

reveal the subcellular localization of both signaling proteins and
small molecule second messengers. The chemical diversity of
endogenous regulatory small molecules precludes the use of a
single strategy for their visualization and has necessitated the
development of specific probes for each class (1), such as cAMP
sensors based on FRET (2), calcium indicator dyes (3), and
fluorescent protein-tagged domains that recognize inositol
phospholipids (4). In this study, we describe a method to visu-
alize the subcellular localization of an emerging class of signal-
ing lipids called oxysterols, oxidized metabolites of cholesterol.
In addition to being intermediates in the synthesis of bile

acids and steroids, oxysterols have diverse regulatory roles in
lipid metabolism, immune responses, and developmental sig-
naling (5). Oxysterols have three properties distinct from cho-
lesterol that make them ideally suited to function as second
messengers in signaling pathways as follows: cellular concen-
trations 3 orders of magnitude lower than cholesterol (6, 7);
transfer rates between membranes that are �50-fold higher
than cholesterol (8–10), and shorter half-lives compared with
cholesterol (11).
Oxysterols have been most intensively studied for their sig-

naling role in regulating cholesterol homeostatic pathways.
They regulate SREBP (12) and LXR (13, 14) proteins, two
classes of transcription factors that control a suite of genes
involved in sterol uptake and metabolism. More recently, oxy-
sterols have been implicated in several other biological pro-
cesses. They can regulate midbrain neurogenesis by acting as
direct ligands for LXR proteins (15), and they are agonists for
two 7-pass transmembrane receptors, Epstein-Barr virus-in-
duced gene 2 (EBI2) protein (16, 17) and Smoothened (SMO)
(18). Gradients of oxysterols in lymphoid tissues guide acti-
vated B-cells through EBI2 during humoral responses (19).
Oxysterols can activate Hedgehog (Hh) transcriptional responses
and cell differentiation decisions by inducing the accumulation
of SMO in the primary cilium (20–22). A family of oxysterol-
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binding proteins called the ORP family (oxysterol-binding pro-
tein-related protein) has been implicated in vesicle trafficking
(23, 24), cancer cell physiology (25), and intracellular lipid
transport (26, 27). Oxysterols also have effects in other contexts
that are less well understood. For example, oxysterols, synthe-
sized during the interferon response, can have significant anti-
viral effects (28, 29).
In addition to acting through protein-mediated transcrip-

tional pathways, oxysterols exert their effects through modula-
tion of the biophysical properties of membranes due to their
greater polarity and poorer packingwith phospholipids in com-
parison with cholesterol (30–32). Consequently, the oxysterol
content of membranes can influence the activity of embedded
proteins and lipids (33, 34). These “nongenomic” effects have
been specifically implicated in the regulation of cholesterol
homeostatic pathways but are likely to be generally important
for oxysterol signaling (35, 36).
In contrast to the case for cholesterol, the cell biology of

oxysterols remains poorly understood (37). Remarkably, the
subcellular localization of oxysterols is unknown. We do not
know whether oxysterols distribute uniformly among cellular
membranes (as has been suggested based on their proclivity for
rapid inter-membrane transfer) or whether they localize in spe-
cific membrane compartments or form microdomains. The
mechanisms by which oxysterols are imported into cells and
then distributed to various organelles also remain obscure.
Here, we report a method to study the subcellular localiza-

tion of oxysterols with both high sensitivity and high spatial
resolution. We focused on 20(S)-hydroxycholesterol (20(S)-
OHC),3 an agonist of SMO. The labeling of cells with an alkynyl
derivative 20(S)-OHC, called 20(S)-yne, allowed us to visualize
this oxysterol by attaching a fluorophore using a bioorthogonal
click reaction, alkyne-azide cycloaddition. The fluorescent adduct
could be visualized in cells with high precision using confocal
fluorescence microscopy. Pulse-chase analysis in combination
with quantitative fluorescence microscopy revealed an unex-
pected active transport pathway, dependent on lysosome func-
tion, which culminates in the accumulation of 20(S)-yne in the
Golgi apparatus.

EXPERIMENTAL PROCEDURES

Cell Culture and 20(S)-yne Labeling—NIH/3T3 cells were
cultured in high glucose DMEM supplemented with 10% fetal
bovine serum (FBS), and CHO cells were cultured in F-12K
with 10% FBS. Cells were plated at subconfluent densities on
coverslips for 20(S)-yne labeling and subsequent imaging. Ste-
rol incubation and media chases were performed in culture
media with 0.5% FBS. Unless otherwise noted, standard condi-
tions were 1 �M 20(S)-yne for 1 h, with or without a subsequent
1-h chase with media lacking 20(S)-yne. For competition treat-
ment, cells were incubated in 20(S)-yne and 20(S)-OHC or ent-
20(S)-OHC (18) simultaneously at a 1:10 ratio, for a total of

11 �M oxysterol. Cyclodextrin conjugates of sterols were gen-
erated using previously describedmethods (38). A 10mM sterol
stock solution in ethanol was diluted to 1mM in PBS containing
10 mM methyl-�-cyclodextrin (MBCD; Sigma) and rotated
overnight at room temperature. The solution was filtered
through a 0.22- �m syringe filter prior to use.

For small molecule inhibitors, cells were pretreated for 30
min with drug (or a matched solvent control) prior to the
assessment of 20(S)-yne uptake as described above. Drugs were
maintained throughout the experiment. The concentration of
drugs used are as follows: 10 �g/ml brefeldin A, 10 mMNH4Cl,
100 �M chloroquine, and 10–20 mM NaN3 � 5–10 mM deoxy-
glucose for ATP depletion. To measure 20(S)-yne uptake at
various temperatures, cells were cooled for 10 min to the indi-
cated temperature prior to 20(S)-yne labeling.
Click Chemistry—After 20(S)-yne labeling, cells were fixed in

4% paraformaldehyde for 10 min at room temperature, washed
with TBS (50 mM Tris, pH 7.6, 150 mMNaCl), and subjected to
a click reaction on the coverslip. Except when explicitly stated,
the click reaction was performed with 1 �M Alexa 594/488-
azide (Invitrogen) in 100mMTris, pH8.8, 1mMCuSO4, 100mM

ascorbic acid. The click reaction was performed for 30 min in
the dark, followed by one 5-min wash each with 40 mg/ml BSA
in TBS, 0.5 M NaCl, and TBS. Coverslips were mounted onto
slides with Prolong Gold Antifade Reagent with DAPI (Invitro-
gen) for imaging.
Inhibitor Treatment—Cells were pretreated 30 min with

inhibitors or solvent control and then incubated with 20(S)-yne
plus inhibitors, sometimes followed by media chase including
inhibitors but not 20(S)-yne. Inhibitors used are as follows: 10
�g/ml brefeldin A, 10 mM NH4Cl, 100 �M chloroquine, and
10–20 mMNaN3 � 5–10 mM deoxyglucose for ATP depletion.
For temperature dependence, cells were cooled for 10 min at
room temperature (20–22 °C) or 15 °C prior to 20(S)-yne label-
ing at each temperature.
Immunofluorescence—Cells were transfected with FP-tagged

constructs using FuGENE HD (Promega). After several hours
for expression of FP-tagged proteins, cells were re-plated to
coverslips for 20(S)-yne labeling. For immunofluorescence,
cellswere permeabilized after the click reaction and subsequent
washes. ForGolgi staining inNIH/3T3 cells, cells were permea-
bilized with 0.003% digitonin during the 30-min blocking step
(TBS with 1% normal donkey serum and 10 mg/ml BSA). For
lysosome staining in CHO cells, cells were permeabilized with
0.03% saponin during the 30 min blocking step, and saponin
was present in all following steps. Coverslips were incubated in
primary antibody diluted in blocking buffer for 2 h at room
temperature, followed by three 5-min washes with TBS. Sec-
ondary antibody was then added (also in blocking buffer) and
incubated at room temperature for 1 h. The coverslips were
once again washed three times in TBS and thenmounted using
Prolong Gold Antifade reagent. Antibody dilutions were as fol-
lows: anti-giantin-488 1:500,mouse anti-LGP95 sera undiluted,
anti-mouse-Alexa 488 1:500.
Data Acquisition and Analysis—Images were acquired on a

Leica SP5 laser scanning confocal microscope using a HyD
hybrid detector for 20(S)-yne imaging. For quantification of
20(S)-yne uptake, images were acquired with identical laser

3 The abbreviations used are: 20(S)-OHC, 20(S)-hydroxycholesterol; Hh,
Hedgehog; Smo, Smoothened; DOPC, dioleoylphosphatidic acid; ER,
endoplasmic reticulum; NPC1, Niemann-Pick C1; LE/L, late endosome and
lysosome; for, forward; rev, reverse; ANOVA, analysis of variance; CFP, cyan
fluorescent protein; FP, fluorescent protein; MBCD, methyl-�-cyclodextrin;
SREBP, sterol regulatory element-binding protein; LXR, liver X receptor.
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power, gain, and offset settings for all experimental conditions
from 4 to 5 disparate areas of the coverslip and managed iden-
tically in ImageJ or Adobe Photoshop. Cell Profiler 2.0 (39) was
used to identify nuclei and cells and to measure the total fluo-
rescence intensity of 20(S)-yne label per cell. The upper and
lower 10% of values from each image were discarded to remove
software error in identifying and segmenting objects. For
graphs and statistical analysis, GraphPad Prism software was
used. Inmost cases a 1-wayANOVAwith a Bonferronimultiple
comparison test was used to determine statistical significance.
In Fig. 6D an unpaired t test was used.

Throughout the figures, unless otherwise indicated, images
are shown after acquisition with identical settings to allow
direct comparison of intensities. However, in some panels (bot-
tom rows of the panels in Figs. 2B, and 5, A–C) the images are
acquired with optimal (and thus different) settings to best show
subcellular distribution of 20(S)-yne.
Measurement of Sterols by Mass Spectrometry—Cell pellets

were harvested and resuspended in phosphate-buffered saline
(PBS). An aliquot was used to measure DNA content, which
was used to normalize measured oxysterol levels. Deuterated
27-hydroxycholesterol (OHC)-d5 was added to the second ali-
quot as an internal standard for quantification of the oxysterols.
The oxysterol extraction from cell pellets was performed by
Bligh-Dyer extraction method, followed by N,N-dimethylgly-
cine derivatization (40) of sterols for improvement of MS sen-
sitivity of sterol detection.
The N,N-dimethylglycine derivatized oxysterols were quan-

tified using themultiple reactionmonitoringmethod frompos-
itive ion electrospray ionization using an API-4000 quadrupole
mass spectrometer interfaced to a Leap PAL autosampler, Shi-
madzu 20 AD HPLC system, and Agilent 1100 HPLC. The
quantification was performed by Analyst software (Applied
Biosystems) against calibration curves of oxysterols (20(S)-
OHC and 20(S)-yne) with the deuterated 27-OHC internal
standard.
Quantitative RT-PCR—3T3 cells (3.5� 105) were seeded in a

24-well plate and cultured until they reached confluency. Cells
were treated for 16 h in 0.5% FBS DMEM with DMSO (0.05%
v/v), 5�M20(S)-OHC, or 5�M20(S)-yne. TRIzol reagent (Invit-
rogen) was used to extract RNA following the manufacturer’s
instructions. The following primers were used:Gapdh for, ggc-
cttccgtgtttc, and rev, tgtcatcatacttg; Gli1 for, ccaagccaaacttta,
and rev, agcccgcttctttg; Ldlr for, ccaaatggcatcacactagatctt, and
rev, cgattgcccccattgaca; Srebp2 for, gaccagcacccatactcag, and
rev, acaccatttaccagccacag; Hmgcr for, tgtggtttgtgaagccgtcat,
and rev, tcaaccatagcttccgtagttgtc; Hmgcs1 for, gggccaaacgctc-
ctctaat, and rev, agtcataggcatgctgcatgtg; and Abca1 for, ggtttg-
gagatggttatacaatagtt, and rev, ttcccggaaacgcaagtc.
Fluorescence Dequenching Assays—Liposomes containing

carboxyfluorescein were prepared using a reverse phase vapor-
ization technique. Briefly, 10 mg of 1,2-dioleoyl-sn-glycero-3-
phosphocholine (Avanti Polar Lipids) were dissolved in chloro-
form and dried to a film using a rotary evaporator (Buchi
Rotavapor R-210). The lipid film was placed under vacuum at
50 °C overnight to remove residual chloroform. Afterward, 500
�l of diethyl ether and 500 �l of 20 mM carboxyfluorescein in
115mMNaCl, 10mMTris, pH7.0, bufferwere added to the film,

and the mixture was sonicated three times for 20 s each using a
probe sonicator (Branson Sonifier 250). The ether was removed
by rotary evaporation, and the resulting vesicles were sized by
extrusion through a 200-nm polycarbonate filter (Nucleopore).
Free carboxyfluorescein was then removed by size exclusion
chromatography using Sephadex G-25 beads (Sigma). The
measured liposome size was 188.2 nm, determined by dynamic
light scattering using a Zetaplus analyzer (Brookhaven Instru-
mentsCorp.). For fluorescence dequenching assays, a 3.3�g/ml
preparation of liposomes in 115 mM NaCl, 10 mM Tris, pH 7.0,
buffer was used, and baseline fluorescence was observed for 2
min using aCary Eclipse fluorescence spectrophotometer (Var-
ian). A 5 mM stock solution of 20(S)-OHC or 20(S)s-yne in iso-
propyl alcohol was then added to achieve the appropriate sterol
concentration, and fluorescence was observed for 8 min. To
calculate fractional dequenching, average baseline fluorescence
was subtracted from the observed fluorescence signal, and the
signal was normalized to lysis by 1% Triton X-100.

RESULTS

20(S)-yne Labels Specific Membranes in NIH/3T3 Cells—
Although 20(S)-OHChas been previously detected in tissues (7,
41), very little is known about its biosynthetic pathways, distri-
bution, or trafficking. In our previous studies of Hh signaling,
we synthesized 20(S)-yne, an alkynyl derivative of 20(S)-OHC,
that retained activity as a direct SMO agonist (Fig. 1A) (18). In
that study, the alkynyl group was used to immobilize 20(S)-yne
on a solid support using click cycloaddition for affinity chroma-
tography. Given the widespread availability of azide-linked
fluorophores, we asked if this same bio-orthogonal reaction
could be exploited to reveal the subcellular location of
20(S)-yne.
We reasoned that the unobtrusive alkyne group in 20(S)-yne

(Fig. 1A) wouldmake it a good imaging probe because the struc-
ture and polarity are only moderately altered relative to the
parent compound. We used signaling assays, cellular uptake
assays, and in vitro membrane expansion assays to compare
20(S)-yne to its parent 20(S)-OHC. Cells were treated with
these sterols, and quantitative RT-PCRwas used tomeasure the
levels of target genes for three distinct oxysterol-responsive sig-
naling pathways as follows: the Hh pathway, the SREBP path-
way, and the LXR pathway (Fig. 1B). Both 20(S)-OHC and
20(S)-yne had very similar effects on Hh and SREBP target
genes; however, only 20(S)-OHC could activate an LXR target
gene, suggesting that 20(S)-yne cannot bind or activate LXR
proteins.
Because oxysterols are thought to mediate a subset of their

effects through alterations in the biophysical properties of
membranes, we used a fluorescence de-quenching assay to
compare the membrane-expanding effects of 20(S)-OHC and
20(S)-yne on unilamellar vesicles composed of a synthetic dio-
leoylphosphatidic acid bilayer and loaded with carboxyfluores-
cein (Fig. 1C). Both oxysterols caused significant membrane
expansion of the bilayer, but the final extent of expansion was
larger for 20(S)-yne, perhaps because it was more disruptive to
the packing of phospholipids. However, both oxysterols accu-
mulated in the vesicles at similar rates across a range of concen-
trations, as measured by time constants for the dequenching
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reaction (Fig. 1C). When added to live cells, both 20(S)-OHC
and 20(S)-yne were taken up with similar kinetics and to a sim-
ilar final extent were measured using mass spectrometry (MS)
(Fig. 1D). Neither compound had significant effects on total
cellular levels of cholesterol over the duration of uptake assays
described in this study (Fig. 1E). Taken together, these results
suggest that there is significant, but not complete, overlap
between the properties of 20(S)-OHC and 20(S)-yne and that
both oxysterols may follow similar uptake and transport path-
ways in cells.
Considering that 20(S)-yne appeared to be a reasonable sur-

rogate for 20(S)-OHC, we used its alkyne moiety to image its
distribution in cells. NIH/3T3 cells were metabolically labeled
with a pulse of 20(S)-yne, fixed with paraformaldehyde, and
subjected to a click reaction on coverslips with an Alexa 594-
azide fluorophore (Fig. 2A). Similar methods have been used to
image other biomolecules, including sugars (42), nucleic acids
(43, 44), proteins (45), phospholipids (46), and most recently
cholesterol itself (47). We established the specificity of the
staining protocol in a variety of ways. Incubation of cells with
increasing concentrations of 20(S)-yne prior to fixation and
click labeling with a constant concentration of Alexa 594-azide
led to an increase in the intensity of the Alexa 594 fluorescence
seen within cells (Fig. 2, B and C). These concentrations of
20(S)-yne can fully activate Hh signaling without compromis-
ing cell viability even at long labeling times (18). Alexa 594-
azide staining of cells depended on the cycloaddition reaction;
Alexa 594 fluorescence was not seen if the cells were not incu-
bated with 20(S)-yne or were incubated with 20(S)-OHC
instead (Fig. 2D) or if the copper and ascorbic acid catalysts
were omitted (Fig. 2E). These controls exclude the possibility
that Alexa 594-azide passively accumulates in cells during the
click staining procedure. Importantly, the uptake of 20(S)-yne
occurred through a saturable pathway, because the staining
intensity could be reduced by including an excess of “cold”
competitor, the nonclickable parent 20(S)-OHC, during label-
ing (Fig. 2F).
Given the purported rapid rate of oxysterol transfer between

membranes, we were surprised to find that 20(S)-yne accumu-
lated in a distinct, asymmetric perinuclear structure at a range
of concentrations (Fig. 2, B, D, and G, arrowheads). The distri-
bution of 20(S)-yne was quite different from the uniform label-
ing of all cellular membranes reported with clickable choline
phospholipids (46). Bright staining was also apparent in punc-
tate cytoplasmic structures, whereas other cellular endomem-
branes demonstrated lower levels of staining (Fig. 2, B and D).
20(S)-yne did not accumulate in the nucleus or at the plasma
membrane.
20(S)-yne was likely incorporated into cellular membranes

because treatment of cells after the click reaction with 0.1% v/v
Triton X-100, a detergent commonly used to solubilize mem-

branes, completely eliminated staining (Fig. 3A). In contrast,
treatment with 0.1% v/v Tween 20 or saponin, two milder
detergents, allowed partial retention of the 20(S)-yne staining
intensity but altered the morphology of the stained structures.
To permeabilize cells for immunofluorescence after fixation,
we found that only low concentrations of digitonin (0.003%) or
saponin (0.03%) maintained both the intensity and distribution
of 20(S)-yne staining. This detergent sensitivity profile suggests
that 20(S)-yne is associated with membranes rather than being
in a soluble pool.
To determine whether the stereochemistry of the hydroxyl

group at carbon 20 was important for cellular localization, we
used 20(R)-yne (Fig. 1A) (48). When cells were labeled with
20(R)-yne, either alone or as MBCD conjugate to control for
solubility differences, the Alexa 594-azide staining intensity
was markedly reduced compared with the 20(S)-yne (Fig. 3, B,
C, and D). Bulk uptake of 20(S)-yne, which includes both spe-
cific uptake and passive partitioning into membranes, was
2-fold higher than that of 20(R)-yne when measured by mass
spectrometry (Fig. 3E). The significantly larger difference in
Golgi staining seen in the microscopy-based assay may reflect
that fact that 20(S)-yne is retained at the Golgi by protein inter-
actions, making its localization more durable during the fixa-
tion and wash steps performed prior to the cycloaddition reac-
tion. Thus, the uptake of 20(S)-yne is unlikely to be the result of
nonspecific accumulation inmembranes; instead, the stereose-
lectivity suggests a pathway that involves oxysterol-protein
interactions that are sensitive to the chirality of the 20-hydroxyl
group.
20(S)-yne Accumulates in the Golgi Apparatus—We identi-

fied the prominent perinuclear structure stained by 20(S)-yne
as the Golgi because the staining co-localized with twomarkers
of the Golgi, giantin and IGnT (Fig. 4,A–F�). Giantin and IGnT
are integral Golgimembrane proteins with structural and enzy-
matic roles, respectively. Thus, oxysterols can accumulate in
specific organelle membranes with striking selectivity, much
like proteins and other lipids such as phosphoinositides.
We also tested the co-localization of 20(S)-yne with markers

ofmitochondria, recycling endosomes, and lysosomes. Both the
perinuclear and punctate staining patterns failed to signifi-
cantly co-localize with either Mito-CFP or Rab11-CFP (Fig. 4,
G–L�). 20(S)-yne staining encircled the pericentriolar recycling
endosome compartment marked by RAB11, consistent with
Golgi localization (49).
Althoughwe could not identify all membrane compartments

represented by the punctate 20(S)-yne structures, co-localiza-
tion studies with the lysosome marker LAMP1 showed partial
overlap between the 20(S)-yne puncta and lysosomes (Fig. 4,
M–O�).Many of the 20(S)-yne punctawere either adjacent to or
overlapping with LAMP1-positive structures; however, not all
LAMP1-positive structures contained 20(S)-yne.

FIGURE 1. Comparison of 20(S)-yne and 20(S)-OHC. A, 20(S)-yne is a clickable analog of 20(S)-OHC in which an alkyne group replaces the iso-butyl group at
carbon 22. In 20(R)-yne, the chirality at carbon 20 is changed from the S to the R configuration. B, to measure the transcriptional response to oxysterols, NIH/3T3
cells were treated with vehicle control (DMSO), 20(S)-OHC, or 20(S)-yne at 5 �M for 16 h. The levels of the target genes Gli1, ABCA1, SREBP, HMG-CoA reductase,
HMG-CoA synthase, and LDL-R were measured using quantitative RT-PCR. C, carboxyfluorescein-loaded vesicles were incubated with the indicated concen-
trations of 20(S)-OHC or 20(S)-yne, and vesicle expansion was followed by the increase in fluorescence caused by dequenching (left panel). Time constants for
the de-quenching reaction, which indicate the rate at which the oxysterols accumulated in the vesicles, are shown on the right panel. The temporal course of
oxysterol uptake (D) and cholesterol levels (E) in NIH/3T3 cells were determined by mass spectrometry.

Imaging Oxysterols Reveal Their Localization and Transport

APRIL 18, 2014 • VOLUME 289 • NUMBER 16 JOURNAL OF BIOLOGICAL CHEMISTRY 11099

 at H
opkins M

arine Station on Septem
ber 25, 2017

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


Although 20(S)-yne can induce SMO accumulation into the
primary cilium (18), it did not show accumulation in the mem-
brane of the primary cilium (data not shown). However, the
high cell confluence required to promote ciliation in NIH/3T3
cells reduced overall uptake of 20(S)-yne, possibly reducing cilia
staining below the limits of detection.

On a technical note, the use of organelle markers for 20(S)-
yne co-localization studies was challenging for two reasons.
First, many of the commonly used antibodies against organelle
proteins did not detect their antigens in the mild saponin per-
meabilization conditions required to maintain the Alexa 594-
azide staining (Fig. 3A and associated discussion). Second, the
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fluorescence intensity of FP-tagged organelle markers was sub-
stantially diminished after the copper-catalyzed click reaction
(50).

Kinetics of 20(S)-yne Uptake and Release—To follow the
route taken by 20(S)-yne from the culture medium into the cell
and to the Golgi, we varied either the time of labeling (Fig. 5A)

FIGURE 3. Detergent sensitivity and stereoselectivity of 20(S)-yne accumulation in cells. A, residual Alexa 594 staining in cells that were permeabilized with
0.1% v/v concentrations of the indicated detergents after fixation and click labeling. Scale bar, 10 �m. B, cellular uptake (red) of 20(S)-yne or its epimer 20(R)-yne
added to media as the free sterol (panels I–IV) or added as a conjugate with MBCD (panels V and VI). Images within each column were taken with the same
settings and are directly comparable. Scale bar, 25 �m. Quantitative analysis of total cellular fluorescence from multiple images from the experiments shown
in B is shown in C and D for the free alkyne and MBCD conjugates, respectively. Bars indicate mean cellular fluorescence (�95% confidence interval), and each
point denotes a single cell. Comparisons were made using 1-way ANOVA plus Bonferroni multiple comparison test (****, p � 0.0001, n.s., not significant). E, bulk
uptake of 20(S)-yne was compared with that of 20(R)-yne in NIH/3T3 cells by mass spectrometry. AU, arbitrary units.

FIGURE 2. 20(S)-yne labels specific membranes in NIH/3T3 cells. A, pulse-chase scheme for measuring the uptake of 20(S)-yne. After the chase, cells were
fixed, and the 20(S)-yne was detected by conjugating it to Alexa 594-azide (red asterisk). B, Alexa 594 staining intensity (red, top row) and distribution (white,
bottom row) in cells using the indicated concentrations of 20(S)-yne for labeling and Alexa 594-azide for the click reaction. The low magnification images (top
row, scale bar, 50 �m) were taken with the same settings to directly compare intensities, and the high magnification images (bottom row, scale bar, 10 �m) were
taken with different settings to optimally show the subcellular distribution of 20(S)-yne. C, quantification and statistical analysis of total cellular 20(S)-yne
fluorescence from multiple images of the type shown in B. Each point denotes the total fluorescence in a single cell. D, Alexa 594-azide fluorescence (red) in cells
incubated with 20(S)-yne, 20(S)-OHC, or no sterol. Scale bar, 10 �m. E, no sterol and no catalyst controls for 20(S)-yne staining. 20(S)-yne staining of the Golgi
apparatus is fully dependent on the presence of 20(S)-yne and the cycloaddition reaction; removing either the catalyst (middle panel) or 20(S)-yne (right panel)
eliminated staining. Scale bar, 10 �m. F, 20(S)-yne uptake in cells incubated with 20(S)-yne alone (left panel) or 20(S)-yne in the presence of a 10-fold excess of
20(S)-OHC (middle panel) or ent-20(S)-OHC (right panel). Scale bar, 50 �m. G, Alexa 594 staining in a peri-nuclear compartment was seen even after incubation
with low levels of 20(S)-yne. C, red bars show the mean fluorescence (�95% confidence interval). All populations are significantly different from each other (**,
p � 0.01, and ****, p � 0.0001, using 1-way ANOVA plus Bonferroni multiple comparison test, n �45 for each condition). In all images, DAPI (blue) is used to stain
nuclei, and arrowheads point to an asymmetric perinuclear focus of 20(S)-yne accumulation. AU, arbitrary units.
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or the time of the label-free chase period (Fig. 5, B and C).
Increasing the time of labeling prior to fixation led to progres-
sively stronger Alexa 594-azide staining (Fig. 5A, top row).
Interestingly, the subcellular distribution of labeling changed
over time, short incubation times produced labeling in a largely
punctate pattern (Fig. 5A, bottom row, arrowheads), which sub-
sequently evolved over time into perinuclear Golgi staining
(Fig. 5A, bottom row, arrows). At higher doses of 20(S)-yne, we
observed an increase in low level membranous staining distrib-
uted throughout the cytoplasm, possibly reflecting the nonspe-
cific partitioning of amphipathic 20(S)-yne into various organ-
elle membranes (Figs. 4G and 5A, panel III). These results
suggest that 20(S)-yne passed through the punctate structures
en route to the Golgi.

To examine 20(S)-yne release from cells, we performed
chase experiments for time periods ranging from 5 min to

24 h after a 1-h labeling period (Fig. 5, B and C). Overall
staining intensity decreased significantly even after a 1-h
chase; however, high magnification views demonstrated that
the signal in the Golgi was significantly more persistent com-
pared with the diffuse membrane signal (Fig. 5B, panel V). In
fact, even after 24 h, the Alexa 594-azide staining was clearly
detectable in the Golgi (Fig. 5C, panel V). We conclude that
the 20(S)-yne pool that partitions into all cellular mem-
branes is rapidly lost by diffusion, but a distinct pool of this
oxysterol is retained against diffusive loss in the Golgi, per-
haps by interaction with a protein or by an active transport
pathway. We note that this finding critically depended on
our ability to visualize the localization of 20(S)-yne within
cells with high resolution microscopy; techniques using
radiolabeled sterols that measure total cellular uptake would
not have detected these differences.

FIGURE 4. 20(S)-yne accumulates in the Golgi. The localization of 20(S)-yne (red) was visualized in cells transiently expressing FP-tagged markers (green)
of the Golgi (IGnT-YFP, A–C�), mitochondria (Mito-CFP, G–I�), recycling endosomes (Rab11-CFP, J–L�), and lysosomes (Lamp1-GFP, M–O�). Golgi localiza-
tion was confirmed by looking at the localization of 20(S)-yne relative to the immunostaining pattern obtained with an antibody against the cis- and
medial-Golgi marker giantin, D–F�). Arrows and arrowheads denote, respectively, regions where the organelle marker does or does not overlap with the
20(S)-yne staining. Zoomed-in areas shown in the 4th column are indicated by solid white boxes in the 3rd column. Scale bar, 10 �m in the 3rd and 5 �m
in the 4th column.
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20(S)-yne Uptake Is Sensitive to ATP Levels and Tempera-
ture—Currentmodelspropose thatoxysterols canrapidly transfer
between membranes through a nonvesicular transport pathway,

perhaps chaperonedby theORPproteins (31). In contrast, choles-
terol is internalized through a vesicle-dependent endocytic path-
way (51). To distinguish between a passive transport process and

FIGURE 5. Kinetics of 20(S)-yne accumulation and retention in the Golgi. The sequence of metabolic labeling prior to fixation is indicated above each panel,
with red lines denoting the duration of the 20(S)-yne pulse and the black line denoting the duration of the sterol-free chase. The images at low magnification
(top rows of each panel, scale bar, 50 �m) were taken at identical settings to compare intensities at different time points, whereas the high magnification images
(bottom row of each panel, scale bar, 10 �m) were taken with different settings to optimally show the subcellular pattern of staining. Arrowheads and arrows
indicate punctate and asymmetric perinuclear staining, respectively, and the roman numerals on the images correspond to the point on the timeline shown
above each panel. A, 20(S)-yne signal intensity (top row) and distribution (bottom row) after various times of incubation. A representative image depicting the
most prevalent staining pattern for each time point is shown in the bottom row. B and C show 20(S)-yne staining after a short and long chase, respectively.
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an active, energy-dependent one such as vesicle trafficking or
motor-driven movement, we explored the dependence of the
uptake process on ATP and its sensitivity to temperature.
A brief depletion of cellular ATP levels through sodium azide

and deoxyglucose treatment significantly inhibited 20(S)-yne
uptake, favoring an energy-dependent transport process (Fig. 6,
A andB). The total cellular uptake of 20(S)-yne and its accumu-
lation in the Golgi were strongly dependent on temperature,
with both processes reduced at 22 °C and nearly blocked at
15 °C (Fig. 6,C andD). Different steps in the endocytic pathway
show different sensitivity to temperature; the rate of internal-
ization from the plasma membrane drops continuously with
temperatures between 37 and 10 °C, but transport from endo-
somes to lysosomes stops abruptly between 18 and 20 °C (52,
53). These results suggest that an active transport pathway,
possibly vesicle trafficking through late endosomes and lyso-

somes, controls 20(S)-yne uptake and distribution.We find the
data to be inconsistent with passive or facilitated accumulation
of 20(S)-yne in cellular membranes.
20(S)-yne Uptake Is Dependent on Lysosome Function—Given

the overlap between 20(S)-yne puncta and lysosomes, we tested
if lysosome function was important for 20(S)-yne trafficking.
Treatment of cells with either NH4Cl or chloroquine, two
structurally distinct lysosomotropic weak bases, inhibited the
cellular uptake and Golgi targeting of 20(S)-yne (Fig. 7, A and
B). These weak bases accumulate in their charged, protonated
forms in the acidic milieu of lysosomes, inhibiting lysosome
proteolysis by causing a rise in the pH of the lumen and leading
to the structural distortion and vacuolation of lysosomes (54).
Importantly, these agents often do not impair the initial cellular
uptake of many protein cargoes that use the classical endocytic
pathway (55).

FIGURE 6. 20(S)-yne accumulation is dependent on cellular ATP levels and on temperature. 20(S)-yne accumulation (red) in cells treated with the indicated
concentrations of azide and deoxyglucose to reduce ATP levels (A and B) or in cells cooled to the indicated temperatures (C and D). Scale bar, 50 �m.
Representative images are shown in A and C, and quantitative analysis of total cellular 20(S)-yne fluorescence measured from individual cells across multiple
images is presented in B and D. Each point depicts the total 20(S)-yne level in an individual cell, and red bars show the mean level across the population (�95%
confidence interval). In both B and D, statistical significance was determined by 1-way ANOVA plus Bonferroni multiple comparison test (****, p � 0.0001, n.s.,
not significant, n �70 for each condition). AU, arbitrary units.
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Because the ultimate destination of 20(S)-yne is theGolgi, we
perturbed Golgi function with brefeldin A and examined the
uptake of 20(S)-yne. Brefeldin A inhibits the activation of sev-
eral ARF family GTPases, leading to a block in anterograde ER
to Golgi transport and the tubulation of many organelles.
Because retrograde Golgi3ER transport continues, Golgi
stacks completely disassemble in brefeldin A-treated cells, and
many Golgi proteins are resorbed into the ER (56). This can be
seen by the loss of giantin, a peripheral membrane protein that
connects Golgi stacks, in brefeldin A-treated cells (Fig. 7C, left
column). Brefeldin A induced the dispersal of the perinuclear
20(S)-yne staining, confirming that this structure is indeed
the Golgi (Fig. 7C, middle column). Yet, disassembly of the
Golgi did not diminish the total cellular uptake of 20(S)-yne
(Fig. 7D), which still accumulated in the tubulated intracel-
lular membranes.
In summary, 20(S)-yne is taken up into cells and retained in

the Golgi by a pathway that depends on the proper functioning
of lysosomes but that does not depend on trafficking steps reg-
ulated by brefeldin A-sensitive ARF family GTPases.
20(S)-yne Accumulates in the Lysosomes of Cells Lacking

Niemann-Pick C1 Protein—Niemann-Pick C1 (NPC1) protein
is a 13-pass transmembrane protein that binds to both oxyste-

rols and cholesterol and has been found to be defective in�90%
of children with Niemann-Pick Type C disease (57). NPC1 is
required for the efficient export of lipoprotein-derived cho-
lesterol from the late endosome and lysosome (LE/L) com-
partments (58–60). In addition to accumulating cholesterol
to high levels in LE/L, cells lacking NPC1 function have a
variety of defects in the trafficking of other lipids, such as
glycosphingolipids, and proteins through the endocytic
pathway (61, 62).
We compared 20(S)-yne accumulation in an NPC1 null cell

line (NPC1�/�), CHO-M12, and a wild-type line, CHO-K1
(63). NPC1�/� cells accumulated �20% less total 20(S)-yne
compared with wild-type cells (Fig. 8,A and B). However, there
was a dramatic difference in the intracellular distribution of this
internalized oxysterol between the two cell types. In wild-type
CHO cells, the highest level of 20(S)-yne was observed in the
Golgi, consistent with its localization inNIH/3T3 cells (Fig. 8C,
top row). However, in NPC1�/� cells, 20(S)-yne was found at
the highest levels in large vesicular structures that did not over-
lap with Golgi markers (Fig. 8C, bottom row). This staining pat-
tern was reminiscent of the dilated LE/L laden with trapped
cholesterol and other lipids that are characteristic of NPC1�/�

cells (63). To define the localization of 20(S)-yne in these cells,

FIGURE 7. Lysosomotropic weak bases inhibit the cellular uptake of 20(S)-yne. A and B, 20(S)-yne uptake in cells pretreated with either NH4Cl (10 mM) or
chloroquine (100 �M). C and D, giantin staining (left column) and 20(S)-yne staining (middle and right columns) in cells treated with brefeldin A or left untreated.
B and D, the total cellular 20(S)-yne fluorescence of multiple individual cells is plotted, and the bars denote the mean fluorescence (�95% confidence interval).
B, differences between the conditions are evaluated 1-way ANOVA plus Bonferroni multiple comparison test (****, p � 0.0001, n �40 per condition). D, lack of
a statistically significant difference was observed by an unpaired t test (p 	 0.21, n �80 per condition, n.s., not significant). Scale bars in the high magnification
images are 10 �m and in the low magnification images are 50 �m. AU, arbitrary units.
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we transiently transfected an FP-tagged Golgi marker and per-
meabilized the cells with 0.03% saponin, a mild procedure that
maintained the distribution of 20(S)-yne staining while allow-
ing immunostaining of LE/Lwith an antibody against themem-
brane glycoprotein LGP95. Indeed, in NPC1�/� cells, the
majority of the 20(S)-yne was in the lumen of LE/L, surrounded
by a rim of LGP95 staining; the signal in the Golgi was signifi-
cantly lower (Fig. 8D). Thus, the trafficking defects caused by
the loss of NPC1 seem to inhibit the targeting of 20(S)-yne to its
ultimate Golgi destination, leading instead to its accumulation
in LE/L.
The block in 20(S)-yne uptake seen inNPC1�/� cells appears

to be at amore downstream step in the pathway comparedwith
the blocks seen with either chloroquine treatment or low tem-
perature, both ofwhich seemed to prevent overall uptake rather
than causing LE/L accumulation. This is consistent with the
observation that chloroquine also significantly diminished
overall cellular uptake in NPC1�/� cells (Fig. 8B). Taken
together, these results suggest that the late LE/L vesicle trans-
port pathway plays an important role in the cellular uptake and
distribution of 20(S)-yne.

DISCUSSION

We have used bioorthogonal click chemistry to provide
high resolution images of the subcellular distribution of the
20(S)-yne, an analog of the endogenous oxysterol, 20(S)-
OHC, which can activate Hh signaling, regulate ciliary pro-
tein trafficking, and drive osteogenesis in vivo (20–22, 64).
The unexpected result that emerges from these images is the
preferential accumulation and subsequent retention of 20(S)-yne
in the Golgi. These findings have significant implications for the
regulatory functions of oxysterols in cells, suggesting roles in
organelle identity and organelle-specific regulation of membrane
properties.
Cholesterol itself is found in a gradient in cellular mem-

branes, with highest levels in the plasma membrane, fol-
lowed in order of decreasing concentration by the endosome
recycling compartment, the Golgi, and the ER (65). However,
it was previously unknown whether organelle membranes
could vary in their composition of oxysterols, which incur a
smaller energetic penalty for membrane desorption and thus
show much higher rates of inter-membrane transfer. Given
that diverse proteins can bind oxysterols, differences in
membrane oxysterol composition could potentially be
exploited to recruit or retain proteins to specific organelles
or membrane domains.
Interestingly, side chain oxysterols such as 20(S)-OHC,

which carry the second hydroxyl on the iso-octyl chain (Fig.
1A), can dramatically alter the biophysical properties of
membranes, increasing lipid disorder as well as membrane
expansion and membrane fluidity (35). These effects oppose

the membrane condensing and ordering properties of cho-
lesterol, especially in environments with a high proportion
of sphingolipids or phospholipids with saturated acyl chains.
Thus, differences in oxysterol composition of organelle
membranes can allow differential tuning of membrane bio-
physical properties and consequently influence the activities
of embedded protein and lipids. For instance, oxysterols are
thought to increase the amount of accessible or “active” cho-
lesterol by weakening cholesterol-phospholipid interactions
(34, 35). Although the total cellular concentrations of oxy-
sterols are much lower than cholesterol, our results show
that the local concentrations of oxysterols can be signifi-
cantly higher in specific membranes.
How is 20(S)-yne concentrated and retained in the Golgi?

In the simplest model, oxysterols would passively transfer
between cellular membranes along a concentration gradient
and then be retained in the Golgi due to interactions with a
protein or a lipid. However, a model based only on lipid
interactions is inconsistent with our findings that the struc-
turally similar stereoisomer, 20(R)-yne, exhibits significantly
less intracellular localization; this stereoselectivity suggests
that a protein is involved in either the trafficking or retention
steps. Also, a purely passive diffusion-trap model is incon-
sistent with the energy requirement we observed for this
process. Instead, sensitivity to genetic or pharmacological
perturbation of the LE/L system suggests an important role
for vesicular pathways.
A recent study used an approach similar to ours to visualize

the subcellular distribution of an alkyne cholesterol analog (47).
This molecule showed significant accumulation in the Golgi,
similar to 20(S)-yne, but in addition showedmuch higher levels
of labeling in the ER, the mitochondria, and the plasma mem-
brane. The Golgi staining pattern seen in 20(S)-yne and alkyne
cholesterol-stained cells suggests that common mechanisms
may mediate the uptake of both 20(S)-yne and cholesterol.
Interestingly, a vesicular pathway has been described for trans-
port of LDL-derived cholesterol from the compartment con-
taining NPC1 to the trans-Golgi network (66). However, these
pathwaysmust diverge at some point because the highest levels
of cholesterol are found in the plasmamembrane and the endo-
cytic recycling compartment (67), both regions where we find
very little 20(S)-yne staining. The pattern of 20(S)-yne uptake
and concentration in the Golgi also resembles that of glycosph-
ingolipids, which are endocytosed from the plasma membrane
and pass through a LE/L compartment en route to the Golgi
(68). The methods described here will be useful in elucidating
the molecular details of the trafficking pathways driving the
accumulation of 20(S)-yne in Golgi.
Moving forward, it will be interesting to see if click-based

approaches can be used to image the subcellular distribution of

FIGURE 8. 20(S)-yne accumulates in lysosomes of CHO cells lacking NPC1 function. A and B, accumulation of 20(S)-yne in wild-type and NPC1�/� CHO cells,
either untreated or treated with chloroquine (100 �M). Total cellular fluorescence is plotted in B for multiple individual cells, along with bars that show the mean
fluorescence (�95% confidence interval). 1-way ANOVA plus Bonferroni multiple comparison test shows significant differences between the conditions (****,
p � 0.0001, n�180 per condition). Scale bar, 25 �m. C, 20(S)-yne localization (red) relative to the Golgi (Golgi-CFP, green, arrowheads) in wild-type or NPC1�/�

CHO cells. Scale bar, 10 �m. D, 20(S)-yne localization (red) in wild-type or NPC1�/� CHO cells relative to the Golgi (Golgi-CFP marker, cyan) and the lysosomes
(anti-Lgp95, green). Areas of overlap between the Golgi and the 20(S)-yne staining appear white in the merge panels. Areas shown in rightmost “zoomed”
column are indicated by white box in merge column. Scale bar, 10 �m for the merge column and 5 �m for the zoom column. AU, arbitrary units.
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other classes of oxysterols in cells or tissues (46), especially
because oxysterols have been suggested to form chemotactic
gradients (19). This will depend on whether other oxysterols
can be modified with chemical groups (such as alkyne or azide
moieties) compatible with bio-orthogonal chemistry without
destroying their biological activities. Another future challenge
will be to adapt this methodology to image the dynamics of
oxysterols in live cells. This has been possible for cholesterol
using the naturally fluorescent sterol dehydroergosterol or cho-
lesterol analogs carrying fluorophores (69, 70). An azide-mod-
ified oxysterol could be detected in live cells using a strained
cyclooctyne fluorophore without the use of the cytotoxic cop-
per catalyst (71). Alkyne moieties can also be detected in live
cells directly by Coherent Anti-Stokes Raman Scattering
microscopy (72). In summary, we expect that the click chemis-
try toolkit will provide a new lens through which to explore
sterol cell biology.
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