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Abstract

The Wnt pathway, which controls crucial steps of the development
and differentiation programs, has been proposed to influence lipid
storage and homeostasis. In this paper, using an unbiased strategy
based on high-content genome-wide RNAi screens that monitored
lipid distribution and amounts, we find that Wnt3a regulates cellular
cholesterol. We show that Wnt3a stimulates the production of
lipid droplets and that this stimulation strictly depends on endo-
cytosed, LDL-derived cholesterol and on functional early and late
endosomes. We also show that Wnt signaling itself controls choles-
terol endocytosis and flux along the endosomal pathway, which in
turn modulates cellular lipid homeostasis. These results underscore
the importance of endosome functions for LD formation and reveal
a previously unknown regulatory mechanism of the cellular
programs controlling lipid storage and endosome transport under
the control of Wnt signaling.
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Introduction

There is growing appreciation for the diverse and fundamental

role of lipids and lipid metabolism in cell biology [1,2]. Beyond

their important functions as storehouses of energy for the cell

and in establishing membrane physical behavior, lipids are now

recognized as regulators of protein function and as important

second messengers. Cholesterol, the chief sterol of mammalian

cells, functions in all of these roles and is central to lipid

homeostasis [3].

Most mammalian cells can synthesize cholesterol de novo, but

they primarily acquire cholesterol via endocytosis of low-density

lipoprotein (LDL) by the LDL receptor (LDLR) [4]. Internalized LDLs

are transported to late endosomes where esterified cholesterol is

then released and de-esterified. This free cholesterol is exported to

the endoplasmic reticulum (ER) and on to the rest of the cell [4,5].

In the ER, cholesterol can be re-esterified into cholesteryl esters

(CEs) and stored with triacylglycerides (TAGs) in lipid droplets

(LDs)—discrete organelles that function as a repository to supply

the future lipid needs of the cell [6].

The Wnt pathway is well understood as a determinant of devel-

opmental expression and differentiation and has a causative role in

several human diseases of the connective tissue and bones and in

cancer [7]. The Wnt proteins themselves are typically lipid-modified

and are secreted by the cells where they serve as both long- and

short-range ligands for various receptors and co-receptors, the best

characterized of which are the frizzled family of receptors [7,8]. In

the canonical Wnt pathway, frizzled activation leads to destabiliza-

tion of the adenomatous polyposis coli (APC) complex, and the

stabilization of factors that translocate to the nucleus and interact

with the TCF/LEF family of transcription factors to regulate gene

expression [7].

The Wnt pathway may also influence lipid storage. In mice, a

liver-specific knockout of b-catenin results in both steatosis (the

excessive accumulation of cellular lipids) and a marked increase of

cholesterol levels in the liver [9]. Furthermore in mice, LRP1 (low-

density lipoprotein receptor-related protein 1) ablation may direct

adipocyte differentiation and intracellular cholesterol accumulation

through the Wnt pathway [10].

Herein, we used high-content genome-wide RNAi screens and

found with this unbiased strategy that Wnt3a regulates cellular

cholesterol. We now show that Wnt3a stimulation potentiates the

production of cellular LDs that are dependent on LDL-derived

cholesterol. Moreover, these dramatic changes in cellular lipid

homeostasis are effected by the modulation of the endocytic

pathway via the canonical Wnt pathway. These results underscore
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the importance of the endosome function for LD formation and

reveal a previously unknown mechanism of regulation of the LD

cellular program under the control of Wnt signaling.

Results

Functional genomics and high-content screening for genes
regulating cholesterol

We undertook an image-based, genome-wide siRNA screens for

genes that influence cholesterol, using the cholesterol-binding

compound filipin which conveniently emits in the UV range

(Fig 1A–C). Since LDL-cholesterol is de-esterified in the late

endosomes (see Fig 1D), where it accumulates in the cholesterol

storage disorder Niemann–Pick type C (NPC) [5,11], we chose to

simultaneously detect the late endosomal lipid lysobisphosphatidic

acid (LBPA) with the monoclonal antibody 6C4 [12]. LBPA is not

detected elsewhere in the cells and is intimately linked to choles-

terol, since interfering with its functions phenocopies NPC at the

cellular level [12,13].

Using filipin and the anti-LBPA antibody, we established a robust

imaging assay (Fig 1C) and screened two human cell lines selected

for their amenability for imaging, HeLa-MZ and A431, an epithelial

tumor cell line known to contain an abundant endocytic pathway

(Fig 1B). Images were acquired by an automated microscope,

processed by segmentation and analysis algorithms, and candidate

genes were then further refined by population context correction

[14]. The assay was validated by calculating the z-score of non-

targeting siRNAs, as negative controls, versus our positive control

after NPC1 depletion with siRNAs (z-score > 0.5), using machine

learning algorithms. Indeed, LDL-derived cholesterol increased after

knockdown of NPC1 and decreased after LDL receptor (LDLR) deple-

tion (Fig 1C). This analysis revealed that the amounts of LBPA and

cholesterol were globally correlated over the screen (Fig 1E), as also

revealed after NPC1 knockdown (Fig 1C). Multidimensional analysis

also revealed that many of the genes annotated as present in the

canonical Wnt pathway formed a group, divergent from the bulk of

the cells imaged in the screen (Supplementary Fig S1A). Indeed,

pathways analysis showed that the Wnt pathway genes were highly

enriched in our screens (P = 5.93 × 10�4; Supplementary Fig S1B).

The Wnt pathway as a regulator of cellular
cholesterol homeostasis

Since Wnt ligands are lipidated and difficult to purify [8], we

prepared conditioned media from Wnt3a-expressing L cells [15].

When added to naı̈ve HeLa-MZ and L cells, the conditioned

media strongly stimulated the Wnt pathway as assessed by

b-catenin accumulation (Supplementary Fig S2A) and increased

nuclear localization (Supplementary Fig S2B)—as expected from

activation of the Wnt signaling pathway [7]. Unless indicated,

L cells were used in subsequent experiments, because of lower

background activation (Supplementary Fig S2A). As expected

from the screen, Wnt3a decreased free (membrane) cholesterol by

~20% after 24 h (Fig 2A–C; Supplementary Fig S2C and D)—a

highly significant decrease, since cells tightly regulate membrane

cholesterol levels [16]. Knockdown of APC recapitulated the

observed decrease in membrane cholesterol (Fig 2B and C),

confirming the specificity of Wnt3a effects on membrane choles-

terol. Interestingly, concomitant with the reduction in membrane

cholesterol (Fig 2A–C), Wnt3a profoundly increased the amount of

cholesteryl esters (CEs) (Fig 2D), and the incorporation of [3H]-oleic

acid into CEs and triacylglyceride TAGs (Fig 2E; Supplementary

Fig S3C).

Wnt3a stimulation induces lipid droplet formation

As the primary storage site of CEs and TAGs in cells is lipid droplets

(LDs), we next examined the protein levels of the lipid droplet coat

protein PLIN2 (Supplementary Fig S3B) and found they were greatly

increased by Wnt3a, as were the mRNA levels of the TAG lipase

PNPLA2 (Fig 2K right; Supplementary Fig S3A), and of SOAT1

(Fig 2K left) and DGAT2 (Fig 2K middle), which produce CEs [17]

and TAGs [18], respectively. While very few, if any, LDs were seen

in controls (Fig 2F; left inset), Wnt3a greatly increased the number

of LDs (Fig 2F; right inset), �40-fold at 48 h post-stimulation

(Fig 2F). Much like it did on free cholesterol levels (Fig 2B and C),

APC knockdown fully recapitulated Wnt3a effects on LD forma-

tion (Fig 2G), confirming the role of the Wnt pathway. Similarly,

Wnt3a-induced LD formation was prevented by recombinant DKK1

(Fig 2H), a potent extracellular inhibitor of Wnt signaling [19].

Finally, treatment of control cells with 100 lg/ml oleic acid

(Supplementary Fig S3D) stimulated LD formation as expected

[6,20]. Nevertheless, Wnt3a, when added to oleic acid-treated cells,

further increased the size and number of LDs in a very dramatic

manner (Fig 2I and J). Hence, Wnt3a stimulates massive droplet

formation, when fatty acids are not limiting. Altogether, our data

demonstrate that Wnt3a induces LD formation via the canonical

Wnt pathway.

As the liver is central to cholesterol and lipid homeostasis in

the organism, we next sought to check whether Wnt3a induced

lipid droplets in a liver model. To this end, we treated the

terminally differentiated HepaRG hepatocyte cell model [21,22]

Figure 1. High-content screens for modulators of intracellular cholesterol homeostasis.

A Summary of image-based screening assay for modulators of endosomal cholesterol and LBPA.
B Schema outlining cell types, libraries and strategies used for screening and analysis.
C Representative images from the screen including merged image with segmentation (top panels), the filipin (free cholesterol) channel (middle panels) and the anti-

LBPA antibody stain (bottom panels) are shown for the control, as well as the knockdown of NPC1 and LDLR.
D Representation of cellular trafficking pathways relevant in LDLR-mediated cholesterol influx. Indicated are LDLR (green) and LDL particles and LDL-derived cholesterol

(blue) and LBPA-containing membranes (red). LBPA is abundant in the intralumenal membranes of late endosomes [13].
E Example of one of the correlations summarized in (F), presented as a density plot of the mean cholesterol signal versus mean LBPA signal for each gene tested

overlaid with a linear regression trend line (red). Data are from the HeLa-MZ, library 2 screen and are the means of two replicates of the screen for each siRNA pool.
F Pathways most enriched in the siRNA screens. Node size is indicative of the number of genes present in each pathway, while node color represents the statistical

significance of the enrichment.
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with Wnt3a-conditioned media for 24 h. Like in the other cell

lines we tested, Wnt3a induced a significant increase in the size

(Fig 3A) and number (Fig 3B) of lipid droplets, and a concomi-

tant increase in the cellular amounts of CEs (Fig 3C). These

results, in concert with the previously described role of b-catenin
in hepatic lipid regulation [9], suggest a physiological function

for the Wnt pathway in the regulation of lipid metabolism by

the liver.

Transcriptional analysis of the Wnt response

That the Wnt response had been elicited by Wnt3a was

confirmed by a transcriptomic analysis—Wnt3a significantly

changed (P = 0.0015) the expression of Wnt-responsive genes

(Supplementary Fig S4; Supplementary Table S1; see also the

analysis of the Wnt-induced transcriptional response in the

Supplementary Information). This analysis also showed that Wnt
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regulates sterol (P = 2.3 × 10�6) and lipid (P = 5.0 × 10�8)

metabolism at the transcriptional level (Supplementary Fig S4C).

Furthermore, the top 101 genes upregulated upon treatment with

U18666A, a drug that mimics the cholesterol storage disorder

Niemann–Pick type C (NPC) [5], overlapped highly significantly

(47 genes; P = 0; Supplementary Fig S5A and Supplementary

Table S2) with Wnt-responsive transcripts. In sum, these data

establish the role of the Wnt pathway in the regulation of lipid

metabolism at the cellular level. The two treatments affected

cholesterol-related gene expression in opposite directions.

U18666A increased the expression of cholesterol-related genes,

presumably because the drug, by mimicking NPC [23], uncou-

ples cholesterol uptake from the SREBP-dependent regulation

of cholesterol accumulation [5]. By contrast, Wnt3a-treatment

reduced the amounts of mRNA detected, suggesting that choles-

terol does not originate from biosynthetic sources during LD

biogenesis.

Wnt3a-induced changes in lipid homeostasis are dependent on
the flux of cholesterol through the endosome

To address the source of cholesterol in Wnt3a-induced LDs, we

incubated cells with Wnt3a in lipoprotein-depleted serum (LPDS)

(Fig 4A) or after LDLR silencing (Fig 4B) and found that such

treatments completely abolished CE accumulation and dramatically

reduced the number of LDs—LDs, however, were still detected

(Supplementary Fig S3E). Indeed, incubation in LPDS ablated

Wnt3a-induced cholesterol esterification (Fig 4C, left), but did not

affect TAG esterification (Fig 4C, right; see the analysis of Wnt-

dependent regulation of LD formation: CEs and TAGs in the

Supplementary Information). Next, we found that the Wnt3a-

induced LD biogenesis was diminished when early-to-late endosome

transport was inhibited (Fig 4D) by overexpression of the active

Q79L mutant of the small GTPase Rab5 [24]. Similarly, Wnt3a-

induced LD biogenesis was also inhibited by endocytosed anti-LBPA

antibodies (Fig 4E), which inhibit cholesterol export from late

endosomes and phenocopy NPC [25,26]. In late endosomes, LIPA

normally converts LDL-derived CE to free cholesterol [27] (Fig 1D).

The general lipase inhibitor orlistat, which targets LIPA, caused

CE accumulation (Fig 4F), but inhibited the neo-synthesis of
14C-labeled CEs after metabolic labeling (Fig 4G). This demonstrates

that LDL-derived CE is the source of cholesterol for re-esterification

by SOAT and incorporation into Wnt-induced LDs. Indeed, the specific

SOAT inhibitor 58-035 [28] completely blocked CE accumulation

in response to Wnt (Fig 4F and G). Hence, the cholesterol flux

through—and export from—endosomes is required to support the

full-scale Wnt response for fueling LD biosynthesis.

Wnt and endocytosis: regulation of cholesterol transport
gene expression

One might have expected LDLR expression to be increased via the

SREBP pathway [4] when membrane cholesterol decreases in

response to Wnt3a. However, Wnt3a decreased LDLR mRNA

(Fig 5C) and protein (Fig 5D), as well as LDL cell surface binding

(Fig 5A). Again, much like membrane cholesterol levels and LD

number, these effects of Wnt were mimicked by APC knockdown

(Fig 5B). Wnt3A also decreased both the mRNA (Fig 5E) and

protein (Fig 5F) levels of NPC2, which is responsible when mutated

for the NPC disorder [5]. However, no significant change was

observed in the transferrin receptor, the early endosome marker EEA1,

and the late endosome markers Rab7 and LAMP1 (Supplementary

Fig S6A), or in the acidification properties of endosomes and

lysosomes (Supplementary Fig S6C) and the kinetics of EGF receptor

degradation after EGF challenge (Supplementary Fig S6B). Wnt3a

slightly reduced initial fluid-phase uptake (Supplementary Fig S6D

and E), likely reflecting the role of cholesterol in L cell endocytosis

[29]. Hence, Wnt3a does not cause global alteration of endosomal

membrane composition and dynamics, but induces specific changes

in the cholesterol transport machinery.

The sterol regulatory element-binding proteins (SREBPs) are

central transcriptional regulators of the cholesterol metabolism and

lipogenesis through driving expression of many genes, including

LDLR [30]. Consistent with this notion, we found that Wnt3a treat-

ment potently reduced the expression of both SREBP1 (Fig 5H) and

SREBP2 (Fig 5I). Since Wnt3a stimulates cholesterol storage and

◀ Figure 2. Effect of Wnt3a addition on membrane cholesterol, CEs and LDs.

A HeLa-MZ were cultured with control- (green bars) or Wnt3a-conditioned media (red bars) for 24 h, before lipid extraction and quantitation by GC-MS; free
cholesterol was quantified (mean � SEM) from integration of the resulting peaks. N = 3.

B, C HeLa-MZ (B) and L cells (C) were treated as in (A) for 24 h after transfection with non-targeting (AllStar) or anti-APC siRNAs; the filipin intensity of the micrographs
(an average of 450 cells per condition) (B) and free cholesterol (mean and standard deviation of a representative of two independent experiments analyzing at least
2,500 cells) (C, quantified as in A) were analyzed. * indicates a P-value approaching 0 (Student’s t-test).

D L cells were treated as in (A), except that CEs were quantified after 24 h. Mean � SEM; N = 6; P = 0.07.
E L cells treated as in (A) for 24 h were co-incubated in the presence of 3H-oleic acid; CEs and TAGs were extracted and analyzed by thin-layer chromatography.

Mean � SEM; N = 5; P = 0.016 (CEs) and 0.027 (TAGs).
F L cells treated as in (A) were fixed, stained with BODIPY 493/503 (green) to label LDs and DAPI (magenta) and imaged by confocal microscopy (inset; scale bars:

10 lm). Quantitation of LDs after Wnt3a addition is presented as a boxplot as indicated. Data are the combined distribution of three independent experiments.
G Cells treated with control or anti-APC siRNAs for 48 h before Wnt3a addition (A) were stained with BODIPY 493/503 and LDs quantified. Representative distribution

(boxplot) of at least 4,000 cells per condition from three independent experiments.
H Cells were treated as in (A), in the absence (control) or presence of recombinant mouse DKK1 and a boxplot of the LDs per cell is presented for over 25 fields;

P = 0.014.
I, J Cells treated as in (A) in the presence of 100 lg/ml oleic acid to induce LD formation were fixed and stained with BODIPY 493/503 and the volume (J) and number

(I) of LDs quantified; P = 3 × 10�5 (I, LD number) and 6 × 10�6 (J, LD volume). Data are presented as a representative boxplot of two independent experiments
where at least 30 cells were counted per experiment.

K L cells treated as in (A) were incubated as indicated and analyzed by qRT–PCR; data represent ddCt values as a fraction (mean � SD) of the control. N = 3.

Data information: Green bars, control CM; red bars, Wnt3a CM.
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decreases uptake, it may activate a cholesterol preservation mode

via feedback loops that positively and negatively regulate biosynthe-

sis and uptake, respectively.

The Wnt response and viral infection

Recently, vesicular stomatitis virus (VSV) was shown to use

LDLR family members as cell surface receptors [31]. Strikingly

VSV infection was markedly (~50%) reduced by Wnt3a (Fig 5G),

but to our initial surprise, LDLR knockdown had no effect on

VSV binding to the cell surface (Supplementary Fig S6F), infection

and Wnt3A response (Supplementary Fig S6G). However, VSV

infection could be increased by LDLR overexpression, in a process

that remained fully Wnt3a dependent (Supplementary Fig S6H).

We thus conclude that, when LDLR is reduced, VSV infection is

supported by other LDLR family members, as expected [31].

Previous studies showed that infection with VSV [13,32,33] and

old world arenaviruses [34] as well as intoxication with anthrax

[35,36] depends on the late endosomal lipid LBPA. Since interfer-

ing with LBPA functions phenocopies the cholesterol storage

disease NPC [25,26] and inhibits the Wnt-induced LD accumula-

tion (Fig 4E), it is attractive to believe that Wnt3a affects the

endosomal pathway at a distal step, from where viral capsids and

cholesterol are exported.

Discussion

Our data underscore the importance of cholesterol storage in cellu-

lar lipid homeostasis and demonstrate that Wnt-induced cholesterol

storage in LDs requires LDLR-mediated endocytosis, trafficking of

incoming CEs along the endocytic pathway, de-esterification by

LIPA, export from the late endosomes to the ER and re-esterification

by SOAT. We thus conclude that Wnt3a stimulates the flux of endo-

cytosed, LDL-derived cholesterol toward LDs, where it accumulates

as CEs. At first glance, however, it may seem at odds that Wnt3a

promotes both the inception of LDs and the concomitant storage of

lipids in the form of CEs and TAGs, while eventually decreases the

flux of incoming material through the endocytic pathway. However,

cholesterol homeostasis is tightly regulated and cells likely respond

to the flux of lipids into LDs by reducing LDL-derived cholesterol

availability through the SREBP-mediated sterol response pathway

[4]—and indeed the expression of cholesterol-regulated genes is

decreased by Wnt including SREBPs themselves. Down-regulation

of the LDLR and of endosomal transport in general, by reducing the

rate of incoming material, protects cells from the deleterious effects

of an overabundance of intracellular lipids.

Much like the Wnt response [7,8], an increase in LDs has been

correlated with human cancer progression [37], and a causal link

was found between LD density and the proliferation of colonic

epithelia cells [38]. Moreover, overexpression of genes regulating

endocytic uptake of lipids have been linked to the invasiveness of

metastatic cancers [39], and more directly, the proliferation of

nasopharyngeal carcinoma cells has been show to depend on LDL

[40]. We thus speculate that the ability of Wnt to induce LD accu-

mulation is linked with its oncogenic activity: Wnt-dependent regu-

lation of LDs may serve to exert pro-proliferative effects, both in

developmental and in pathological contexts. Hence, inhibitors of LD

formation or cholesterol flux may provide candidate drugs for the

treatment of cancers, especially Wnt-driven tumors. We conclude

that, since Wnt-induced LD formation is controlled by and controls

endosomal functions, a tight feedback regulation exists between

the Wnt response, endosome trafficking and lipid flux within

endosomes.

Materials and Methods

Cells, media, reagents and antibodies

HeLa-MZ cells, provided by Marino Zerial (MPI-CBG, Dresden), and

Epithelial A431 cells [41] were selected to be amicable to imaging.

L cells (ATCC: CRL-2648) and L Wnt3a cells (ATCC: CRL-2647) were

provided by Gisou van der Goot (École Polytechnique Fédérale de

Lausanne). HepaRG cells were provided by Ueli Schibler (University

of Geneva) and are described previously [21,22]. As Wnt ligands
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Figure 4. Wnt3a-induced LD dependence on LDLR and endosomal factors.

A CEs from L cells were treated as in Fig 2A but using conditioned media prepared using lipoprotein-depleted serum (LPDS) or full serum for 24 h, were extracted
and were quantified by GC-MS. N = 4, P = 0.04.

B Cells were pre-treated with control or anti-LDLR siRNAs for 48 h and then treated and analyzed as in Fig 2A, before CE quantification as in (A). Data are the
mean � SD of a representative of two independent experiments; P = 0.02.

C Lipids were extracted from L cells treated as in Fig 2A in the presence of 3H-oleate and quantified by TLC for CEs (left) or TAGs (right). N = 3; P = 0.032 (CEs) and
0.039 (TAGs).

D HeLa-MZ cells pre-transfected with Rab5Q79L-mCherry were treated as in Fig 2A, fixed, stained for LDs and imaged. Data are presented as the mean � SD of the
number of LDs per cell binned according to Rab5Q79L-mCherry expression (see Materials and Methods).

E L cells were treated as in Fig 2A in the presence of 10 lg/ml anti-LBPA or control IgGs and analyzed by light microscopy after LD staining and quantification as in
Fig 2F. Data are presented as the mean � SD of at least 3,500 cells per condition. * indicates a P-value approaching 0 (Student’s t-test).

F, G Cells were incubated for 16 h with orlistat (5 lM) or Sandoz 58-035 (10 lM). Lipids were extracted and quantified as above by GC-MS (F) or TLC (G). Data are the
mean of 2 (58-035) or 3 (orlistat) independent experiments.

Data information: Green bars, control CM; red bars, Wnt3a CM. Data are presented as the mean � SEM of indicated number of independent experiments unless
otherwise indicated.
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Figure 5. Effect of Wnt3a on the cholesterol influx pathway.

A, B Cells pre-incubated with control or anti-APC siRNAs for 24 h were further incubated with fluorescently labeled LDL in conditioned media on ice. The cellular
intensity of LDL was quantified (B) and is shown relative to the control (right). Representative mean � SD of at least 750 cells.

C, D L cells treated as in Fig 2A were analyzed by qRT–PCR for LDLR mRNA (C) or by Western blotting with antibodies to LDLR (D). In (C), data are represented as ddCt
values and are the means � SEM of four independent experiments; P = 0.01. In (D), quantification of the blots is shown as the means � SEM of five independent
experiments (representative blot shown in the inset); P = 0.03.

E, F The experiment and analysis were as in (C, D) except that NPC2 mRNA (N = 3) (E) and protein (N = 3) (F) levels were analyzed (mean � SEM); P = 1 × 10�5 (E)
and P = 6 × 10�4 (F).

G HeLa-MZ cells pre-treated as in Fig 2A were incubated on ice with 1 MOI VSV expressing GFP-tagged P protein (L cells are refractory to VSV infection) and, then at
37°C for 2.5 h, fixed and imaged. Cells were scored as infected by the presence of the VSV-P-GFP protein by automated image analysis. Data are the mean � SD of
at least 18 individual fields of cells (20× magnification) scored; P = 2 × 10�8.

H, I L cells were treated as in (C) for the indicated times but with primers to SREBP1 (H) and SREBP2 (I). Data are represented as ddCt values and are the means of two
independent experiments.

Data information: Green bars, control CM; red bars, Wnt3a CM.
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are lipidated and thus difficult to purify [8], we prepared Wnt3a-

conditioned media from Wnt3a-expressing L cells as a source of

ligand—a well-established approach to study Wnt signaling [15]—

and control-conditioned media from control L cells. VSV-PeGFP

was provided by Asit Pattnaik (University of Nebraska-Lincoln).

Reagents were sourced as follows: oligonucleotides and small inter-

fering RNA (siRNA) from Qiagen (Hilden, Germany) or Dharmacon

(Lafayette, CO); DAPI, BODIPY 493/503, 5-chloromethylfluorescein

diacetate (CMFDA; CellTracker Green), propidium iodide and RNase

A from Invitrogen (now Life Technologies AG; Basel, Switzerland);

and fluorescently labeled secondary antibodies from Jackson

ImmunoResearch Laboratories (West Grove, PA). The monoclonal

antibody against LBPA (6C4) has been described [12]. The anti-

PLIN2 antibody (AP 125) was from Progen Biotechnik (Heidelberg,

Germany), the anti-LDLR (#10007665) from Cayman Chemical

Company (Tallinn, Estonia), the rabbit anti-NPC2 (HPA835) from

Sigma-Aldrich (St. Louis, MO) and anti-PNPLA2 (#2138) from Cell

Signaling Technology, Inc. (Danvers, MA). [9,10-3H] oleic acid

(45 Ci/mmol) was from PerkinElmer, Inc. (Waltham MA). Other

chemicals and reagents were obtained from Sigma-Aldrich.

Transfections of cDNA were performed using Fugene 6 (Roche;

Basel, Switzerland) for HeLa-MZ cells and Lipofectamine LTX (Life

Technologies AG; Basel, Switzerland) for L cells using the supplier’s

instructions. Transfections of siRNA were accomplished with

Lipofectamine RNAiMax (Life Technologies AG; Basel, Switzerland)

using the manufacturer’s instructions.

High-content screening

Genes influencing cellular cholesterol and LBPA were systematically

screened using a four-color imaging assay relying on propidium

iodide (nucleus) and CMFDA (CellTracker Green; cytoplasm) for

cell segmentation, filipin III to label cholesterol and the anti-LBPA

antibody, followed by CY5 anti-mouse secondary antibodies. HeLa-MZ

cells were screened against a druggable genome library (three

individual siRNAs; Human Druggable Genome siRNA Set v2.0 from

Qiagen, Hilden, Germany) and a Dharmacon whole-genome library

(three pooled siRNAs; Human Genome ON-TARGET plus SMART

pool siRNA library (G-105005-E2) from Thermo Fisher Scientific,

Waltham, MA), while A431 cells were screened with the Dharmacon

library alone. Images were collected on a BD Pathway 435 (Becton,

Dickinson and Co.; Franklin Lakes, NJ) automated microscope and

processed using automated segmentation and quantitation using

CellProfiler [42] software. All libraries were screened in duplicate.

As quality control for the plates, we used the following: (i) a

phenotypic (machine learning) step where the Z0 factor for each

plate was calculated using the control wells and Z0 < 0.5 were

excluded and (ii) the correlation of LBPA and cholesterol intensities

across the wells of replicate plates was determined; outliers were

rejected and the plate repeated.

Candidate genes were corrected for the influence of population

context as described [14]. Briefly, in this modeling approach, the

cellular population was binned into classes based on general cellular

parameters (e.g. cellular size or cell density) to allow the direct

comparison of parameters in cells of a similar state and environ-

ment, thus reducing the influence of indirect changes in population

context induced by each siRNA. For pathway analysis, all data

points for each gene in each screen were averaged (6 data points for

Library 1–3 siRNAs in duplicate, two data points for Library 2–1

pooled siRNA of three siRNAs in duplicate) after filtering for low cell

number and z normalization per plate. Hits from each screen were

determined defining a hit as genes with a z-score > 1.7–2.2 and

then combined into one dataset for further analysis. Enrichment in

various biological pathways was determined using the Database

for Annotation, Visualization and Integrated Discovery (DAVID)

annotation enrichment Web service v6.7 [43] and the Reactome

pathway database [44,45].

Fluorescent light microscopy

Cells were fixed in 3% paraformaldehyde for 20 min before treat-

ment with filipin (50 lg/ml), RNase (200 lg/ml) followed by

propidium iodide (5 lg/ml), BODIPY-493/503 (1:1,000; 1 mg/ml in

ethanol stock) and anti-PLIN2 or anti-LBPA antibodies followed by

CY5 anti-mouse secondary antibodies (1:500; 1.5 mg/ml stock). The

intrinsic ability of filipin was used to permeabilize cells where pres-

ent [25], but when necessary, a 10-min treatment of 0.1% saponin

in PBS was used instead. Cells were either mounted in Mowiol 4-88

mounting medium (Life Technologies AG; Basel, Switzerland) and

imaged with a Zeiss 700 confocal microscope (Carl Zeiss AG;

Oberkochen, Germany) using a 63× objective or were left in PBS

and imaged in multi-well imaging plates (BD Falco; cat# 353219) by

an ImageXpress Micro XL automated microscope (Molecular

Devices LLC; Sunnyvale, CA) using a 60× air objective. When neces-

sary, nuclei were stained with 5 lg/ml DAPI in the mounting

medium or in PBS. For the Rab5Q79L experiments, cells were

transiently transfected with a mCherry-tagged version of the mutant

and expression levels were separated into four bins based on

cellular mCherry intensity overall range, and the average number of

lipid droplets per cell in each bin determined (22–300 cells per bin).

The LBPA antibody uptake experiments were as described [12].

When appropriate, images were quantified using CellProfiler [42].

Briefly, LDs were quantified by filtering the image using the enhance

speckle module set for objects of lipid droplet size, and the filtered

image was processed using the standard object identification

module of CellProfiler. LD size was estimated inferring the volume

of a sphere from the manually measured diameter of the BODIPY

493/503 signal [20].

Gas chromatography mass spectrometry

Cells were grown to near confluence on 6-cm plastic plates

before washing with, and then scraped into, cold PBS followed by

centrifugation for 5 min at 300 g at 4°C. Cell pellets were

resuspended in 100 ll cold water before addition of 360 ll methanol

and the internal standard ergosterol (20 nmol). Next, 1.2 ml of

2-methoxy-2-methylpropane (MTBE) was added and the samples

vortexed at 4°C for 10 min followed by 1 h shaking at room temper-

ature to allow complete lipid partitioning. A total of 200 ll of water

was added to induce phase separation, and the upper phase was

collected and dried. On the day of reading, samples were resus-

pended in chloroform/methanol (1:1), sonicated for 5 min and

diluted (1:2) with the same solvent. They were flushed with

nitrogen gas and run on a Varian 320 ms gas chromatography mass

spectrometer (Agilent Technologies; Santa Clara, CA). Membrane

cholesterol and cholesteryl ester amounts were normalized and
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calibrated using the total phosphate content and the integrated

signal of a spiked ergosterol standard.

Cellular experiments

A recombinant vesicular stomatitis virus (VSV-PeGFP) [33,46] was

used to infect cells seeded in 96-well imaging plates as described

[32,33]. After staining cells with DAPI, VSV binding or infection was

quantified by CellProfiler and machine learning with CellProfiler

Analyst [42,47]. To study fluid-phase endocytosis, cells were

incubated with 10 mg/ml Texas Red Dextran for the indicted times

[48]. The nuclei were stained with DAPI (0.5 lg/ml), and fluores-

cence was measured by automated microscopy, using cells not

exposed to dextran as background, which was subtracted from the

values. Alternatively, cells were incubated with 2 mg/ml of HRP, a

post-nuclear supernatant was prepared and HRP was quantified

biochemically [49]. To study LDL binding to the plasma membrane,

cells were seeded on coverslips or in 96-well plates for 6 h, and

then, the medium was replaced with control-conditioned or Wnt3a-

conditioned media, and cells were further incubated for 24 h. After

washing three times with PBS, cells were incubated with 5 lg/ml

DiI-labeled human LDL (Life Technologies AG; Basel, Switzerland)

in HEPES-buffered (10 mM; pH 7.4) GMEM for 1 h at 4°C.

Cells were washed three times with PBS, fixed with PFA and

counterstained with DAPI for microscopy.

Pathway analysis of existing datasets

Gene expression array datasets from the Gene Expression Omnibus

(GEO; [50]) were analyzed for Wnt3a-perturbed genes using the

GEO2R online tool (http://www.ncbi.nlm.nih.gov/geo/geo2r/), an

implementation of the GEOquery and limma packages from the

Bioconductor project [51,52]. Genes significantly different between

the control and Wnt3a-treated conditions (P < 0.05) were taken and

compared to the indicated ontology categories and compared with a

hypergeometric distribution to determine the significance of the

observed pathway enrichment. Previously described Wnt3a datasets

used included OP9 murine stromal cells (GSE30791), CHRF288-11

human megakaryocytes (GSE42071), C57MH murine mammary

epithelial cells (GSE32096), HeLa human cells, G1 phase (GSE50248)

and B16 murine melanoma cells (M-TAB-3012).

Sample preparation for microarray analysis

HeLa-MZ cells were seeded for 5 h before addition of control- or

Wnt3a-conditioned media for 24 h before direct lysis into RNeasy

Lysis Buffer (Qiagen). Both conditions were assayed in independent

biological triplicates, and cells were prepared in parallel for BODIPY

staining to confirm the presence of the LD phenotype as a control

for activity of the media. Purification of total RNA was done with

the RNeasy Mini Kit from Qiagen according to the manufacturer’s

instructions. The concentration, purity and integrity of the RNA

were measured with the Picodrop Microliter UV-Vis Spectrophotometer

(Picodrop) and the Agilent 2100 Bioanalyzer (Agilent Technologies),

together with the RNA 6000 Series II Nano Kit (Agilent) according to

the manufacturer’s instructions.

We used the Human Gene 2.0 ST Array Reagent kit (Affyme-

trix) for microarray target amplification and the GeneChip Whole

Transcript Sense Target Labeling Assay (Affymetrix) for labeling.

Target preparation as well as hybridization, washing and scan-

ning was performed according to the manufacturer’s instructions,

as described. In general, all samples were processed simulta-

neously except for cleanup steps and the hybridization till

scanning procedure. Sample preparation was according to the

100 ng Total RNA Labeling Protocol. Differing from the protocol,

we used 200 ng of total RNA as starting material for the first-

strand cDNA synthesis. The raw microarray data files were

generated with the Affymetrix GeneChip Operating Software.

Normalization [according to the RMA (robust multiarray averag-

ing) procedure] [53] was done with Partek Genomics Suite

v6.5. The Wnt3a microarray data are available in the ArrayEx-

press database (www.ebi.ac.uk/arrayexpress) under accession

number E-MTAB-2872. The U18666a gene array analysis was as

described [20].

Gene array pathway analysis

Normalized microarray data were analyzed for pathway representa-

tion by testing for statistical enrichment of Gene Ontology (GO)

biological process. The dataset of gene with expression significant

perturbed (P < 0.01) by Wnt3a-treatment was collected and tested

using V1: GeneGo (MetaCore from Thomson Reuters; V6.16) and

V2: DAVID (Database for Annotation, Visualization and Integrated

Discovery annotation enrichment Web service v6.7) [43]. In paral-

lel, this gene list was submitted to STRING (Search Tool for the

Retrieval of Interacting Genes/Proteins; V9.05) to determine known

and predicted interactions in the gene set [54].

Other methods

For Western blotting, cells were lysed with RIPA buffer plus

protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 10 lg/ml

aprotinin, 1 lM pepstatin, 10 lM leupeptin) for 20 min. The

lysates were sonicated and clarified by centrifugation at 18,000

g for 10 min at 4°C, and aliquots of 60 lg of protein were sepa-

rated by SDS–PAGE and blotted on nitrocellulose membrane. RT–

PCR was carried out essentially as described [20,55], after total

RNA extraction using TRIzol Reagent (Life Technologies AG;

Basel, Switzerland) according to manufacturer’s recommendation

from monolayers of HeLa-MZ or L cells. Newly synthesized CEs

and TAGs were analyzed by thin-layer chromatography after incu-

bating L cells with [9,10-3H] oleic acid (45 Ci/mmol, 10 lCi/point)
in a complex with fatty acid-free BSA, for 14 h, scraped from

the TLC plates and quantified by scintillation counting using a

b-scintillation counter (Beckman LS6500) [20]. Unless otherwise

stated, all statistical tests for significance were performed with

Student’s t-distribution with a two-tailed distribution using

unequal variance test. Boxplots show the interquartile range with

or without the outliers.

Data availability

Primary data

Scott CC, Schaad O, Gruenberg J (2015). Wnt directs the endosomal

flux of LDL-derived cholesterol and lipid droplet homeostasis.

ArrayExpress E-MTAB-2872.
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