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ABSTRACT The increasing prevalence of adult and adolescent obesity and its associated risk of colorectal cancer reinforces
the urgent need to elucidate the underlying mechanisms contributing to the promotion of colon cancer in obese individuals. Adi-
ponectin is an adipose tissue-derived adipokine, whose levels are reduced during obesity. Both epidemiological and preclinical
data indicate that adiponectin suppresses colon tumorigenesis. We have previously demonstrated that both adiponectin and
AdipoRon, a small-molecule adiponectin receptor agonist, suppress colon cancer risk in part by reducing the number of
Lgr5þ stem cells in mouse colonic organoids. However, the mechanism by which the adiponectin signaling pathway attenuates
colon cancer risk remains to be addressed. Here, we have hypothesized that adiponectin signaling supports colonic stem cell
maintenance through modulation of the biophysical properties of the plasma membrane (PM). Specifically, we investigated the
effects of adiponectin receptor activation by AdipoRon on the biophysical perturbations linked to the attenuation of Wnt-driven
signaling and cell proliferation as determined by LEF luciferase reporter assay and colonic organoid proliferation, respectively.
Using physicochemical sensitive dyes, Di-4-ANEPPDHQ and C-laurdan, we demonstrated that AdipoRon decreased the rigidity
of the colonic cell PM. The decrease in membrane rigidity was associated with a reduction in PM free cholesterol levels and the
intracellular accumulation of free cholesterol in lysosomes. These results suggest that adiponectin signaling plays a role in
modulating cellular cholesterol homeostasis, PM biophysical properties, and Wnt-driven signaling. These findings are note-
worthy because they may in part explain how obesity drives colon cancer progression.
SIGNIFICANCE The biophysical properties of the plasma membrane (PM) determined by the composition and
compartmentalization of lipid-ordered domains and their associated proteins has been recently recognized to be relevant
to the fields of cell biology, cancer biology, and cellular biophysics. Alterations in the organization of PM lipids through the
activation of the adiponectin signaling pathway indicates a potential therapeutic regulation of aberrant Wnt signaling in the
highly susceptible obese population. This study draws a novel, to our knowledge, link between AdipoRon, alteration of PM
cholesterol homeostasis, and canonical Wnt signaling. The broad findings of this work support the development of plasma-
membrane-targeted therapies in cancer.
INTRODUCTION

The plasma membrane (PM) is a dynamic cellular structure
composed of a myriad of lipids and proteins (1). Free
cholesterol is an important component of the PM that influ-
ences the dynamic lipid-driven assemblies of specialized
membrane environments in the lateral dimension also
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referred to as nanodomains or ordered membrane domains
(2,3). These membrane components are exquisitely orga-
nized through various forms of interactions (4,5). The
nomenclature used to describe these interactions varies
(6); however, what is known is that perturbations to this or-
ganization can lead to disruption of cellular events (7,8).
Thus, the PM functions as the crucial interface between
cells and environmental signals influencing stemness, cell
division, and intracellular membrane trafficking.

Wnt/b-catenin signaling originates at the PM via the
initial binding of canonical Wnt ligands to Wnt receptors
(9–11). At the base of colonic crypts, Lgr5þ stem cells are
highly dependent on Wnt signaling as a key determinant
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of stem cell homeostasis, proliferation, and differentiation
(12–14). Wnt receptor Frizzled and coreceptor low-density
lipoprotein receptor-related protein 6 (LRP6) and its close
relative LRP5, are distributed throughout the PM. However,
binding of canonical Wnt ligands occurs in ordered PM do-
mains (15). Specifically, phosphorylation of LRP6, which is
necessary for activation of Wnt/b-catenin signaling, occurs
in liquid-ordered PM domains (16,17). In the absence of
Wnt pathway activating ligands, cytoplasmic b-catenin pro-
tein is degraded by the ‘‘destruction complex’’ composed of
the scaffolding protein Axin, the tumor suppressor adeno-
matous polyposis coli protein, casein kinase 1, and glycogen
synthase kinase 3 (GSK3). Casein kinase 1 and GSK3
sequentially phosphorylate the amino terminal region of
b-catenin, resulting in b-catenin recognition by an E3 ubiq-
uitin ligase subunit, b-Trcp, and subsequent b-catenin ubiq-
uitination and proteasomal degradation (18,19). Typically,
dysregulation of Wnt/b-catenin signaling leads to congen-
ital defects/disorders and promotes cancer risk (9,20).

Colorectal cancer is the second leading cause of cancer-
related mortality in the United States (21), and up to 20%
of all cancer-related deaths may be attributed to obesity
(22). The relative risk of colon cancer increases proportion-
ally to body mass index (BMI) (23). An abundant body of
epidemiological evidence suggests that the risk of colon
cancer is strongly associated with increasing BMI (24),
whereas an increase in BMI is inversely associated with
circulating adiponectin levels in men and women (25). Adi-
ponectin is an �30-kDa monomeric adipokine secreted
from adipose tissue into the bloodstream at circulating
levels of 3–30 mg/mL (26,27). Interestingly, human epide-
miological and preclinical data suggest that low levels of
adiponectin are correlated with increased risk of colon can-
cer (28–31). Supporting evidence for the protective role of
adiponectin against colon cancer has been reported both in
mice and cell culture studies (31–38). Thus, there is an ur-
gent need to elucidate the link between adipose-derived adi-
pokines and colon cancer risk.

AdipoRon is a synthetic, orally active small-molecule
adiponectin receptor agonist that ameliorates obesity-
related diseases such as diabetes (39) and cardiovascular
complications (40). Furthermore, AdipoRon suppresses
pancreatic tumor growth (41) and has been proposed as a
possible colorectal cancer prevention strategy (42).
Recently, we demonstrated that AdipoRon reduces the num-
ber of colonic Lgr5þ stem cells in a mouse colonic organoid
model (43); however, the mechanism underlying this effect
is not known. Based on these findings, we hypothesized that
AdipoRon may serve as a modifier of Wnt signaling.

Here, we demonstrate that AdipoRon suppresses stem
cell proliferation through attenuation of canonical Wnt
and R-Spondin-1-dependent Wnt signaling. Because Wnt
signaling originates from rigid domains in the PM, we
probed the effects of AdipoRon on the biophysical proper-
ties of the PM. Using multiple cell membrane models, for
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example, isolated giant PM vesicles (GPMVs), two-dimen-
sional cell lines and three-dimensional (3D) colonic organo-
ids, we provide evidence that AdipoRon reduces PM
rigidity. This decrease in PM rigidity is associated with an
influx of extracellular cholesterol and the depletion and sub-
sequent migration of the PM pool of free cholesterol intra-
cellularly. The results of this influx are 1) a large increase
in the number of lysosomal-like vesicles, which are enriched
in free cholesterol, 2) the upregulation of cholesterol
biosynthesis and esterification pathways, and 3) the suppres-
sion of Wnt signaling. Collectively, our results suggest that
adiponectin signaling plays a role in modulating cellular
cholesterol homeostasis, PM biophysical properties, and
Wnt-driven signaling in the intestine. These findings are
noteworthy because they may in part explain how obesity
drives colon cancer progression.
MATERIALS AND METHODS

Cell culture

Conditionally immortalized young adult mouse colonic (YAMC) epithelial

cells (Research Resource Identifier: CVCL_6E40) were originally obtained

from R.H. Whitehead of the Ludwig Cancer Institute (Melbourne,

Australia). YAMC cells (passages 12–20) were cultured under permissive

conditions; 33�C and 5% CO2 in Roswell Park Memorial Institute

(RPMI) 1640 medium, no glutamine (21870076; Gibco, Carlsbad, CA),

supplemented with 5% fetal bovine serum (FBS; SH300084.03; HyClone,

Logan, UT), 2 mM GlutaMAX (35050061; Gibco), 5 mg/mL insulin,

5 mg/mL transferrin, 5 ng/mL selenious acid (354351; Corning, Corning,

NY), and 5 IU/mL of murine interferon-g (11276905001; Roche, Basel,

Switzerland). YAMC cells were authenticated (07/24/15) by STR profiling

(CellCheck Plus) by IDEXX BioResearch (Westbrook, Maine). DKOB8

human colorectal adenocarcinoma cells were acquired (09/19/03) from

Dr. Patrick Casey (Duke University) who maintained them for Dr. Gideon

Bollag of Onyx Pharmaceuticals (San Francisco, California) (44). DKOB8

cells (passages 7–12) were maintained at 37�C and 5% CO2 in Dulbecco’s

Modified Eagle Medium (DMEM), high glucose, GlutaMAX medium

(10569010; Gibco) supplemented with 5% FBS. All cell lines used tested

negative for mycoplasma bacteria (05/09/18) as assessed by a universal my-

coplasma detection kit (30-1012K; American Type Culture Collection,

Manassas (ATCC), VA). Select cultures were treated for 24 or 48 h with

5, 10, 20, or 50 mM AdipoRon (SML0998; Sigma-Aldrich, St. Louis,

MO) or 0.1% dimethylsulfoxide (DMSO, 4-X; ATCC). Select cultures

were treated for 24 h with 5 or 10 mg/mL of recombinant mouse full-length

adiponectin (ALX-522-059-C050; Enzo Life Sciences, Farmingdale, NY).

In addition, select cultures were incubated with complete media containing

10 mM methyl-b-cyclodextrin (MbCD, C4555; Sigma-Aldrich) for 30 min

to deplete cholesterol from the PM.
Wnt reporter assay

Leading Light Wnt Reporter 3T3 mouse fibroblasts were obtained (02/05/

19) from Enzo Life Sciences. For culturing purposes, 3T3 cells (passages

1–20) were maintained at 37�C and 5% CO2 in DMEM without phenol

red, containing 4.5 g/mL glucose, and 4 mM glutamine supplemented

with Leading Light Wnt Reporter Growth Medium Concentrate (ENZ-

60003-0001; Enzo Life Sciences). The luciferase activity assay was con-

ducted with some modification to the manufacturer’s protocol. Cells were

pretreated with AdipoRon or DMSO before adding Wnt activators: recom-

binant murine Wnt3a (315-20; PeproTech, Rocky Hill, NJ), recombinant
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murine R-Spondin-1 (315-32; PeproTech), LiCl (Wnt-LICL-0500; Enzo

Life Sciences), or CHIR99021 (04-0004; Stemgent, Cambridge, MA). Pro-

tein concentration was measured by Pierce BCA protein assay kit (23225;

Thermo Fisher Scientific, Waltham, MA). Luciferase luminescence and

protein absorbance was measured on a CLARIOstar microplate reader

(BMG LABTECH, Cary NC).
Organoid culture

Isolated mouse colonic crypts from wild-type or Lgr5-EGFP-IRES-

creERT2 (Lgr5-GFP) mice were counted and embedded in Matrigel

(356231; Corning) at three to six crypts per microliter and cultured in

crypt culture medium containing Advanced DMEM/F12 (12634010;

Gibco) supplemented with 2 mM GlutaMAX, 10 mM HEPES (H0887;

Sigma-Aldrich), 50 ng/mL EGF (PMG8045; Life Technologies, Carlsbad,

CA), 0.2 mM LDN-193189 (C5361-2s; Cellagen Technology, San Diego,

CA), 10% R-spondin-1 conditioned medium, 1 mM N-acetyl-L-cysteine

(A9165; Sigma-Aldrich), 1X N2 (17502048; Life Technologies), 1X B27

(17504044; Life Technologies), and 50% Wnt conditioned medium as

described previously (45). Isolated intestinal crypts were centrifuged for

3 min at 500 � g, resuspended in the appropriate volume of Matrigel

(30 mL) containing 10 mM Y-27632 (Y0503; Sigma-Aldrich) and 1 mM

Jagged-1 (AS-61298; AnaSpec, Fremont CA) in flat-bottom 24-well plates.

After Matrigel polymerization, cells were overlaid with 500 mL of crypt

culture medium supplemented with 10 mM Y-27632, 1 mM Jagged-1, and

2.5 mM CHIR99021. Y-27632, Jagged-1, and CHIR99021 were withdrawn

from crypt culture medium 2 days after plating. The crypt media was

changed every 2 days. For AdipoRon-related treatments, 0.1% DMSO or

10 mM AdipoRon was added to cultures for 48 h. To measure organoid

metabolic activity, CellTiter-Blue Cell Viability Assay (G8080; Promega,

Madison, WI) was used according to manufacturer’s instructions. Fluores-

cence was measured on a CLARIOstar microplate reader.
Crypt isolation

Mouse colons were removed, washed with ice-cold Dulbecco’s phosphate

buffered saline (DPBS; 14190144; Gibco) without calcium and magnesium,

everted on a disposable mouse gavage needle (FTP-20-38; Instech Labora-

tories, Plymouth Meeting, PA), and incubated in 15 mM EDTA (ED4SS;

Sigma-Aldrich) in DPBS at 37�C for 35 min as previously described

(46). Subsequently, after transfer to chilled DPBS, crypts were mechani-

cally separated from the connective tissue by rigorous vortexing. Crypts

were embedded in Matrigel and overlaid with crypt culture media as previ-

ously described (46).
GPMV generation and isolation

GPMV generation was performed as described previously (47). In brief,

plated cells were washed with the GPMV buffer (10 mM HEPES,

150 mM NaCl, 2 mM CaCl2 (pH 7.4)) twice, then GPMV buffer containing

vesiculation agents (25 mM paraformaldehyde (PFA; 15713-S; Electron

Microscopy Sciences, Hatfield, PA), 2 mM dithiothreitol (DTT; D0632;

Sigma)) was added for at least 1 h at 37�C. The GPMV-rich solution was

then transferred to a 1.7-mL tube and centrifuged at 100 � g for 10 min

to pellet cell debris. After centrifugation, the GPMV supernatant was trans-

ferred to a new 1.7-mL tube. GPMVs were stored at 4�C for 1–2 days

without visible degradation or used immediately for staining.
Membrane order measurement via confocal
microscopy and image-based flow cytometry

Cells were stained with 5 mMDi-4-ANEPPDHQ (Di4; D36802; Invitrogen,

Carlsbad, CA) for membrane order determination as previously described
(48–53). In brief, cells were seeded into an eight-chamber cell imaging

cover glass (0030742036; Eppendorf, Hamburg, Germany; or C8-1.5H-N;

Cellvis, Mountain View, CA), gently washed with DPBS, then Di4 in live

cell imaging solution (A14291DJ; Invitrogen) was added and cells immedi-

ately imaged to avoid dye internalization. For experiments involving orga-

noids, organoids were gently removed from the Matrigel by the addition of

cold DPBS. Collected organoids were gently spun down at 100 � g for

3 min at 4�C and resuspended in cold live cell imaging solution before

the addition of Di4 and transfered to an eight-chamber cell imaging cover

glass. Imaging experiments were conducted using a Leica DMi8 confocal

microscope (Wetzlar, Germany). YAMC and DKOB8 cells were imaged

with a 1.15 NA 40� plan apochromat oil objective, whereas organoids

were imaged with a 0.30 NA 10� plan apochromat air objective at room

temperature. Laser light at 488 nm was used to excite Di4, and emission

wavelengths were collected in two channels representing ordered (O:

500–580 nm) and disordered (D: 620–700 nm). GPMVs were stained

with 5 mM C-laurdan (CL; T0001-SFC; SFCprobes, South Korea) and

imaged with a 1.3 NA 40� plan apochromat oil objective at room temper-

ature. Laser light at 405 nm was used to excite CL, and emission wave-

lengths were collected in two channels representing ordered (O:

415–455 nm) and disordered (D: 490–530 nm). Generalized polarization

(GP) was calculated using the equation below:

GP ¼ ðIntensityðOÞ�G � IntensityðDÞÞ=
ðIntensityðOÞþG � IntensityðDÞÞ

Here, G is a calibration factor determined using a solution of 500 mMDi4

or 50 mMCL in DMSO following a procedure described previously (52). A

reference value of �0.85 and 0.207 was used for Di4 and CL, respectively.

The same laser power and detector settings were used for every experiment.

Image processing was conducted using Fiji/ImageJ (National Institutes of

Health) software, with a GP plugin and a custom-built macro. Briefly, im-

ages were converted to eight-bit tiffs, combined into RBG images. A

threshold was applied to exclude background pixels and converted into

GP images. The average GP was determined from the region of interest

of cells. Additionally, GPMVs were stained with 1 mM Di4 and imaged

via image-based flow cytometry via Amnis FlowSight (Luminex, Austin,

TX) (53). Laser light at 488 nm was used to excite Di4, and emission wave-

lengths were collected in two preset channels representing ordered (O:

480–560 nm) and disordered (D: 640–745 nm). Because there is no way

to acquire a calibration image, the G factor was omitted, and GP was calcu-

lated as stated above using Amnis IDEAS software.
Lysotracker staining

DKOB8 cells were grown in normal 5% FBS or in 5% lipoprotein-depleted

FBS (880100; Kalen Biomedical, Germantown, Maryland) before staining

with LysoTracker Red DND-99 (L7528; Invitrogen). After treatment and

before fixation, 50 nM LysoTracker was utilized to stain cells for 30 min

at 37�C as suggested by the manufacturer. After 30 min, cells were washed

twice with DBPS and fixed. Cells were imaged on a Leica DMi8 confocal

microscope.
Filipin III staining

Cells were fixed in 4% PFA for 15 min at room temperature. Subsequently,

cells were washed with DPBS, and 50 mg/mL Filipin III (F4767; Sigma-

Aldrich) was added for 45 min at room temperature in the dark as previ-

ously described (54). After 45 min, excess Filipin III was removed by

washing with DPBS twice. GPMVs were also stained with 50 mg/mL Fili-

pin III for 45 min at room temperature in the dark. Cells were imaged on a

Leica DMi8 confocal microscope when costained with LysoTracker or on a

Keyence BZ-X710 all-in-one fluorescence microscope (Itasca, IL) when
Biophysical Journal 118, 885–897, February 25, 2020 887
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imaging Filipin III alone. Quantitative image analysis was conducted using

BZ-X Analyzer Hybrid Cell Count software (Keyence).
Phalloidin staining

After fixation, cells were washed twice with DPBS and permeabilized with

0.1% Triton X-100 (X-100-500ML; Sigma-Aldrich) in DPBS for 5 min. Af-

ter permeabilization, cells were washed twice with DPBS and stained with 1

unit or 5 mL (stock: 200 units/mL) Alexa Fluor 488 Phalloidin (A12379; In-

vitrogen) in DPBS containing 1% Blocker bovine serum albumin (BSA;

37525; Thermo Fisher Scientific) per coverslip for 20 min according to

the manufacturer’s instructions. After 20 min, cells were washed twice

with DPBS and imaged on a Leica DMi8 confocal microscope.
Annexin V and SYTOX staining

An Annexin V-Alexa Fluor 647 conjugate assay (A23204; Invitrogen) was

used to measure cell apoptosis. SYTOX Green (S7020; Invitrogen) was

used to identify dead cells. Cells were seeded in a glass-like polymer cover-

slip bottom 24-well plate (P24-1.5P; Cellvis). 24 h after seeding, cells were

treated with AdipoRon or vehicle control (0.1% DMSO). Annexin V stain-

ing was performed according to the manufacturer’s protocol. Fluorescence

was measured directly from the plate on a Keyence BZ-X710 all-in-one

fluorescence microscope. Quantitative image analysis was conducted using

BZ-X Analyzer Hybrid Cell Count software (Keyence).
GPMV PM and actin staining

YAMC cells were seeded into an eight-chamber cell imaging cover glass.

After 24 h, cells were incubated with 1:1000 CellMask Green PlasmaMem-

brane Stain (C37608; Invitrogen) and 1 mM SiR-actin (CY-SC001; Cyto-

skeleton, Denver, CO) in live cell imaging solution for 30 min at 37�C.
After staining, cells were rinsed with GPMV buffer and incubated with

GPMV vesiculation buffer for �1 h before imaging with the Leica DMi8

confocal microscope.
EdU staining

Colonic mouse organoids from Lgr5-EGFP-IRES-creERT2 mice were

incubated with 10 mM EdU for 1 h and harvested from Matrigel. Organoids

were dissociated with 0.25% trypsin-EDTA (25200056; Gibco) and filtered

through a 30-mm cell strainer (04-0042-2316; Sysmex Partec, Kobe, Japan).

Subsequently, the Click-iT Plus EdUAlexa Fluor 647 Cell Proliferation Kit

(Invitrogen, C10640) was utilized to determine the S-phase cell population,

and nuclei were stained with Hoechst 33342 (H3570; Invitrogen) according

to the manufacturer’s instructions. Cell cycle profiling was assessed by

running cells through the Amnis FlowSight imaging system.
RNA-seq and ingenuity pathway analysis

DKOB8 cells were treated with 20 mM AdipoRon or vehicle control (0.1%

DMSO) for 24 h before RNA was extracted using the Zymo Quick-RNA

Miniprep Kit (11-327; Genesee Scientific, San Diego, CA). RNA quality

was assessed using an Agilent bioanalyzer (Santa Clara, CA). Only RNA

quality of RIN R 8 was used. QuantSeq 30 mRNA-seq library prep lot

for Illumina from Lexogen (Vienna, Austria) was used. Sequencing was

performed on a NextSeq 500 (Illumina, San Diego, CA). After the removal

of all genes with counts per million values less than 1, publicly available R

software, EdgeR, was used to identify differentially expressed genes (55).

Ingenuity Pathway Analysis (Qiagen, Hilden, Germany) was conducted

on all differently expressed genes (56). This in silico analysis is based on

prior knowledge of expected effects between transcriptional regulators
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and their target genes stored in the Ingenuity Knowledge Base and the

observed effects as seen in the differentially expressed gene data.
Amplex-based cholesterol quantification

Cells were grown in a T-175 flask (0030712129; Eppendorf), and GPMVs

were isolated as described above. After pelleting cell debris, the GPMV-rich

supernatant was then transferred into several 1.7-mL tubes and centrifuged

at 20,000 � g for 1 h at 4�C to pellet the GPMVs. Lipids were extracted

from GPMVs by the Folch (2:1, v/v, chloroform/methanol) method. Briefly,

1 mL methanol was added and transferred between tubes, then transferred

to a glass vial. Subsequently, 2 mL chloroform and 0.6 mL cold KCl (0.1M)

was added to the GPMV lysate, vortexed, and centrifuged to generate two

layers. The lower phase was collected and set aside, then an additional 2 mL

chloroform was added to the original mixture, and the extraction was

repeated. The lower phase was once again collected and added to the first

collection. The combined lower phases were then dried under nitrogen

and resuspended in 1 mL Folch. 600 and 300 mL of the sample was used

for cholesterol and phosphate assays, respectively. Free and esterified

cholesterol concentrations were determined using an Amplex Red Choles-

terol Assay Kit (A12216; Invitrogen) according to the manufacturer’s in-

structions. The cholesterol concentration was normalized to the

phospholipid concentration using an inorganic phosphate assay (57).

Briefly, 300 mL of the lipid extract was mixed with 30 mL 10%

Mg(NO3)2-6H2O in MeOH (w/v) in a disposable borosilicate glass tube

and dried with N2. Using a Bunsen burner in a fume hood, individual tubes

were flamed for �30 s until the solution had dried and formed a white res-

idue. The tubes were allowed to cool at room temperature and then 100 mL

of 1 N HCl was added to dissolve the precipitate. An additional 600 mL of

ddH20 was added, and the sample was vortexed for 2 min to completely

dissolve the precipitate. Inorganic phosphate was determined using 200

mL of this solution in triplicate using the Phosphate Colorimetric Assay

Kit (K410; BioVision, Milpitas, CA), according to the manufacturer’s

instructions.
Statistics

Two-tailed Student’s t-tests or one-way analysis of variance (ANOVA) with

Dunnett’s multiple comparisons test were used to assess statistical signifi-

cance of the differences between means across experimental treatments.

All data are presented as mean 5 standard error (SE), and all analyses

were conducted using Prism 7 statistical software (GraphPad Software).
RESULTS AND DISCUSSION

Lgr5þ stem cells are considered the cells of origin of intes-
tinal cancer (58). We previously established that AdipoRon,
like adiponectin, reduces the number of Lgr5þ stem cells in
mouse colonic organoids (43), supporting its use as a
possible colorectal cancer chemoprevention strategy (42).
However, the mechanism underlying AdipoRon’s effect on
stemness has not been investigated. Thus, we determined
the effect of AdipoRon on canonical stem cell signaling
and the downstream mechanism of action.
AdipoRon reduces Wnt-driven signaling

Wnt/b-catenin signaling plays a critical role in maintaining
intestinal stem cells. To assess the ability of AdipoRon to
modulate Wnt/b-catenin signaling, we utilized a mouse
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fibroblast (Leading Light 3T3) cell line stably expressing an
LEF luciferase reporter vector. Cells treated with physiolog-
ically relevant levels (5–20 mM) of AdipoRon (39) for 24 h
dose dependently reduced the Wnt3a-stimulated increase in
reporter activity (Fig. 1 A). To investigate the causative link
between AdipoRon and canonical Wnt/b-catenin signaling,
we used GSK3b inhibitors, LiCl and CHIR99021, to acti-
vate Wnt/b-catenin signaling downstream of Wnt3a core-
ceptor complex formation at the level of cytosolic
destruction complex inactivation. AdipoRon had no effect
on LiCl- or CHIR99021-mediated Wnt/b-catenin signaling
(Fig. 1 B). These results indicate that AdipoRon inhibits
Wnt signaling upstream of the formation of the destruction
complex. Because the Lgr5 receptor is essential for the bind-
ing of R-Spondin-1 and Rnf43/Znrf3 and potentiates Wnt
signaling by allowing Wnt3a-Frizzled/LRP6 receptor com-
plexes to persist on the PM (59), we subsequently deter-
mined the effect of AdipoRon on R-Spondin-1 enhanced
Wnt signaling. Interestingly, cotreatment of cells with
R-Spondin-1 and Wnt3a generated a threefold higher
response than Wnt3a alone, whereas AdipoRon suppressed
the ability of R-Spondin-1 to enhance Wnt signaling (Fig. 1
B). Furthermore, AdipoRon had no effect on downstream
GSK3b-mediated modulation of Wnt signaling (Fig. 1 B).
These results demonstrate that AdipoRon attenuates both
canonical Wnt- and R-Spondin-1-dependent Wnt signaling,
both of which originate at the PM cell surface.

To investigate the physiological importance of Adi-
poRon-mediated suppression of Wnt signaling, we used
mouse colonic organoids whose growth is highly dependent
on Wnt signaling. After a 48 h incubation period, AdipoRon
reduced organoid metabolic activity as compared to the con-
trol (Fig. 1 C). To address if AdipoRon specifically impacts
stem cell proliferation, we performed an EdU-based cell
proliferation assay on organoids derived from Lgr5-GFP
mice. AdipoRon treatment induced a�33 and�51% reduc-
tion of proliferating total cells and stem cells, respectively
(Fig. S1).

The attenuation of Wnt-dependent signaling and stem-
cell-dependent proliferation by AdipoRon is in agreement
with our previous studies (43) yet contradicts a previous
report conducted in mouse embryonic fibroblast in which
adiponectin, but not AdipoRon, reduced Wnt/b-catenin
target gene expression (60). The timing of AdipoRon treat-
ment in these studies may explain the apparent disparate
results: AdipoRon treatment was conducted for a total of
24 h in our study versus 2 h in the aforementioned study.
Furthermore, high-molecular-weight forms of adiponectin
also bind PAQR3 (61) and T-cadherin; however, the impact
of their interaction on cell signaling is unclear (62). Collec-
tively, these results demonstrate that AdipoRon attenuates
both Wnt-dependent signaling and stem-cell-dependent
phenotypes.
PM biophysical properties are altered by
AdipoRon

The binding of Wnt3a to its coreceptors occurs in compart-
mentalized PM ordered domains (15). These ordered do-
mains are referred to as ‘‘lipid rafts’’ and are rigid (highly
ordered) as compared to fluid ‘‘nonraft’’ domains. To
explore the effects of AdipoRon on membrane rigidity, we
performed ratiometric confocal imaging of the polarity sen-
sitive dye Di-4-ANEPPDHQ (Di4) (52,53). Di4 was
selected over other dyes, for example, Laurdan, because
Di4 exhibits slower internalization kinetics in live cells
FIGURE 1 AdipoRon suppresses Wnt-driven

signaling. (A) Quantification of luciferase reporter

activity from mouse fibroblasts (Leading Light

3T3) cells stably expressing an LEF luciferase re-

porter vestor. Cells were pretreated with 0.1%

DMSO or indicated doses of AdipoRon for 12 h

before stimulation, with 100 ng/mL of recombinant

murine Wnt3a for 12 h in the presence of DMSO or

AdipoRon (n ¼ 3 wells per treatment). (B) Quanti-

fication of luciferase reporter activity. Mouse fibro-

blasts were pretreated with 0.1% DMSO or 10 mM

AdipoRon for 12 h before stimulation with Wnt

pathway activators (100 ng/mL Wnt3a, 500 ng/

mL R-Spondin-1, 50 mM LiCl, or 2.5 mM

CHIR99021) for 12 h in the presence of DMSO

or AdipoRon (n ¼ 3 wells per treatment). (C) Mu-

rine colonic organoid metabolic activity assessed

by CellTiter-Blue Cell Viability Assay (n ¼ 3 wells

per treatment per time point). Unless otherwise

indicated, data are mean 5 SE; statistical signifi-

cance between treatments (*p < 0.01) was deter-

mined using (A) one-way ANOVA with Dunnett’s

multiple comparisons test or (B and C) an unpaired

t-test. To see this figure in color, go online.
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and therefore provides a more representative measure of
PM-specific organization (63,64). Furthermore, we imaged
the cells immediately after the addition of the dye to prevent
its eventual internalization (64).

Our initial experiments were conducted with YAMC cells
because this nontransformed cell model faithfully recapitu-
lates the in vivo effects of dietary lipids (65–67) and allows
for lipidomic and proteomic studies under well-controlled
conditions (68). Cells treated with AdipoRon (10 mM) for
24 or 48 h exhibited a reduction in PM rigidity, as indicated
by a reduction of D GP (Fig. 2, A–C). We verified that these
biophysical effects were not specific to murine cells by per-
forming similar experiments using DKOB8 human colo-
rectal adenocarcinoma cells (Fig. 2, D–F). Because cells
grown in a two-dimensional environment do not always
recapitulate effects seen in 3D environments, we recapitu-
lated these effects using mouse colonic 3D organoids
(Fig. 2, G–I). Importantly, treatments that reduced organoid
metabolic activity and proliferation (Figs. 1 C and S1) also
reduced organoid PM rigidity (Fig. 2, H and I). Di4 is a
leaflet-selective dye, which specifically reports on the bio-
physical properties of the outer leaflet when used as
described above (69); therefore, it is critical to rule out the
contribution of apoptosis-driven outer and inner leaflet lipid
scrambling from the observations (70). Apoptotic lipid
FIGURE 2 Plasma membrane (PM) biophysical properties are altered by Ad

(YAMC) epithelial cell stained with Di-4-ANEPPDHQ: DIC, ordered, disordere

rigidity DGP (sample � control) values. Cells were treated with 0.1% DMSO

DGP values of cells treated for 48 h (n ¼ 8–16 fields of view per treatment).

(F) 48 h (n ¼ 7–10 fields of view per treatment). (G) Mouse colonic organoids

organoids per treatment). Unless otherwise indicated, data are mean 5 SE; sta

an unpaired t-test. Scale bars, (A) 20 mm, (D) 50 mm, and (G) 100 mm. To see
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scrambling was detected using Annexin V, which binds PS
exposed on the exoplasmic leaflet. We ruled out the contri-
bution of apoptosis-driven lipid scrambling because Adi-
poRon only increased Annexin V staining at a high
(50 mM) dose (Fig. S2). Stimulation of cells with Wnt3a
causes the translocation of free cholesterol from the outer
to the inner leaflet (71), which reduces the rigidity of the
outer leaflet (15). Therefore, reduced activation of the Wnt
pathway itself may alter cholesterol leaflet asymmetry and
impact membrane order. Further work is required to deter-
mine the specific contribution of Wnt-mediated biophysical
interactions to AdipoRon’s observed effects. We next per-
formed a set of complementary experiments to verify that
the observed reduction in membrane rigidity was not an arti-
fact of stimulation of the adiponectin receptors by a syn-
thetic ligand. In comparison to AdipoRon, physiologically
relevant doses of adiponectin (26,27), the natural ligand
for the adiponectin receptors, produced similar effects on
membrane rigidity (Fig. S3).

The biophysical properties of the PM are mediated by the
combination of lipid-lipid and lipid-protein interactions,
such as phospholipid-cholesterol and phospholipid-cyto-
skeleton, respectively (72,73). Therefore, we investigated
whether AdipoRon-mediated changes to PM order are direct
(lipid-lipid) or indirect (protein-lipid) in nature. We initially
ipoRon. (A) Representative confocal images of young adult mouse colonic

d, and generalized polarization (GP). (B) Quantification of cell membrane

or 10 mM AdipoRon for 24 h (n ¼ 8–16 fields of view per treatment). (C)

(D) DKOB8 cells, (E) 24 h (n ¼ 5–10 fields of view per treatment), and

, (H) 24 h (n ¼ 30–62 organoids per treatment), and (I) 48 h (n ¼ 73–91

tistical significance between treatments (*p < 0.01) was determined using

this figure in color, go online.
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addressed this question by performing a qualitative assess-
ment of cytoskeletal structure using confocal imaging of
cellular filamentous actin labeled with phalloidin. Treat-
ment of YAMC cells with AdipoRon had no obvious effect
on cytoskeletal structure (Fig. 3, A and B). To further assess
the PM-specific effects of AdipoRon, we complemented our
live cell experiments with studies using a PM model system
consisting of cytoskeletal free membrane blebs termed
GPMVs (47). GPMVs are microscopic (�5–15 mm) PM
spheres harvested from live cells after chemical treatment
(74). This model has been used to probe PM biological pro-
cesses by minimizing the number of cellular variables (e.g.,
cytoskeleton), thus decreasing experimental complexity,
while retaining the functionality of the PM (75). The F-actin
binding probe SiR-actin and a green PM stain were used to
assess the cytoskeletal characteristics of GPMVs. Under
basal conditions, the fluorescent signal from GPMVs gener-
ated from YAMC cells labeled with a PM stain displayed
sharp outlines along the GPMV border and very little signal
from SiR-actin (Fig. S4). These results indicate that GPMVs
derived from YAMC cells are largely devoid of a structured
cytoskeleton. GPMVs generated from YAMC, DKOB8, and
3T3 cells incubated with AdipoRon (0–20 mM) were subse-
quently assessed for membrane order using image-based
flow cytometry (Amnis FlowSight) (53,76). GPMVs derived
from all cell types exposed to AdipoRon displayed reduced
FIGURE 3 The effect of AdipoRon on PM rigidity is independent of cytoskele

AdipoRon for 48 h, fixed in 4% PFA, permeabilized and stained for F-actin (pha

generated from YAMC cells stained with Di-4-ANEPPDHQ: brightfield (BF), ord

for 24 h before GPMV generation (n¼ 5,797–24,448 GPMVs per treatment). (E

generation (n¼ 5,797–24,448 GPMVs per treatment). (F) DGP values of 3T3 GP

GPMVs per treatment). Unless otherwise indicated, data are mean5 SE; statistic

using an (D and E) unpaired t-test or (F) one-way ANOVAwith Dunnett’s multi

20 mm. To see this figure in color, go online.
membrane order (Fig. 3, C–F). This effect was consistent
with previous observations in live YAMC and DKOB8
whole cells (Fig. 2, A–F). Because the GP value determined
by Di4 can be influenced by the experimental conditions
including laser power, camera gain, and the choices of filters
used (64), we verified that the results obtained using image-
based flow cytometry on GPMVs were comparable to those
produced in live cells (Fig. S5, A–C). Furthermore, to rule
out probe-specific effects (63,77), we conducted a set of ex-
periments on GPMVs labeled with a complementary polar-
ity sensitive probe, C-laurdan (78,79) (Fig. S6).

The reduction of membrane rigidity may explain the
observed decreases in Wnt signaling because these domains
are required for the formation of the Wnt signaling complex
(15,80). Future work is required to determine if intracellular
trafficking (81) or the nanoscale PM localization (82,83) of
relevant Wnt receptors is impacted by AdipoRon. Further-
more, the adiponectin receptors were shown to be capable
of remodeling PM composition and rigidity in that knock-
down of the adiponectin receptors in a variety of mammalian
cells increased the rigidity of the PM through increased lipid
saturation (84). This is highly relevant because an increase in
PM rigidity and lipid saturation through lipid remodeling has
been linked to tumorigenesis (85,86). Therefore, follow-up
experiments are needed to determine the impact ofAdipoRon
on the lipid composition and unsaturation index of the PM.
tal influences. YAMC cells were treated with (A) 0.1% DMSO or (B) 10 mM

lloidin-Alexa Fluor 488). (C) A representative FlowSight image of GPMV

ered, and disordered. (D)DGP values of YAMCGPMVs. Cells were treated

) DGP values of DKOB8 GPMVs. Cells were treated for 24 h before GPMV

MVs. Cells were treated for 24 h before GPMV generation (n¼ 367–1,868

al significance between treatments (*p< 0.05, **p< 0.01) was determined

ple comparisons test. Scale bars, (A and B) 100 mm, 10 mm (zoom), and (C)
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Overall, these findings underscore the ability of AdipoRon to
induce a robust reduction of PM rigidity independent of cyto-
skeletal influence.
AdipoRon alters cholesterol trafficking

We next investigated the mechanism by which AdipoRon
reduces PM order. Free cholesterol plays a major role in
regulating PM rigidity (87,88). To assess the role of free
cholesterol involvement in membrane order in our model
systems, we utilized the cholesterol-depleting agent
MbCD (3,89) and Filipin III, which specifically binds free
cholesterol and not the esterified storage form of cholesterol
(90,91). As expected, MbCD reduced the levels of free
cholesterol (up to 50%), subsequently decreasing membrane
order (Fig. S7). To assess the effect of AdipoRon on PM free
cholesterol, we performed image-based flow cytometry on
Filipin-III-stained GPMVs (76). Filipin III intensity of
GPMVs generated from AdipoRon-treated YAMC and
DKOB8 cells was reduced (Fig. 4, A–C). In addition to
cholesterol, Filipin III can bind other molecules (92). There-
fore, we used a complementary Amplex-Red-based method
to quantify the levels of free cholesterol in isolated GPMVs.
Similar to our Filipin-III-based observations, AdipoRon
reduced the level of free cholesterol (Fig. S8). These data
support the hypothesis that AdipoRon reduces membrane ri-
gidity by decreasing PM free cholesterol levels.
892 Biophysical Journal 118, 885–897, February 25, 2020
Because cholesterol is not degraded in mammalian cells
and is readily shuttled between different cellular compart-
ments (93), the reduction of membrane rigidity could be ex-
plained by transport of cholesterol out of the PM to an
intracellular compartment. Thus, we labeled whole cells
with Filipin III to monitor cholesterol trafficking. Interest-
ingly, AdipoRon treatment (10 mM) of YAMC and
DKOB8 cells resulted in an overall increase in intracellular
Filipin III staining (Fig. 4, D and E). The observed increase
in intracellular free cholesterol was unexpected because the
PM is typically its primary location (�90%) in the cell
(94,95), whereas the remaining �10% associated with the
endocytic pathway (96,97). It is important to note that the
accumulation of intracellular cholesterol can also be found
in an esterified form and stored along with other neutral
lipids (98), which cannot be detected by Filipin III (99,100).

The majority of Filipin III staining, that is, free choles-
terol accumulation, after AdipoRon exposure was localized
to intracellular vesicle-like structures, resembling a Nie-
mann-Pick type C (NPC) disease phenotype (101). In
NPC disease, accumulated intracellular free cholesterol co-
localizes with lysosomes (102,103). To determine if Adi-
poRon (10 mM) produced similar effects, we performed
colabeling studies with Filipin III and LysoTracker. Lyso-
Tracker intensity was dramatically increased in cells treated
with AdipoRon (Fig. 5 A). Furthermore, LysoTracker signal
strongly colocalized with Filipin III staining (Fig. 5 A).
FIGURE 4 AdipoRon alters cholesterol traf-

ficking. (A) A representative image of GPMV

derived from YAMC cells and stained with Filipin

III is shown. Filipin III intensity values of GPMVs

derived from (B) YAMC and (C) DKOB8 cells

treated with 0.1% DMSO or 10 mM AdipoRon for

24 h before GPMV generation (n ¼ 1126–7910

GPMVs per treatment) are shown. (D) YAMC

and (E) DKOB8 cells were treated with 0.1%

DMSO or 10 mM AdipoRon for 24 h. Cells were

then fixed in 4% PFA for 15 min, followed by label-

ing of free cholesterol with 50 mg/mL Filipin III for

45 min at room temperature in the dark (n¼ 9 fields

of view per treatment). Unless otherwise indicated,

data are mean 5 SE; statistical significance be-

tween treatments (*p< 0.01) was determined using

an unpaired t-test. Scale bars, (A) 20 mm, (D and E)

100, and 20 mm (zoom). To see this figure in color,

go online.



FIGURE 5 AdipoRon reroutes PM and extracellular cholesterol into lysosomes. (A) YAMC cells were treated with 0.1% DMSO or 10 mM AdipoRon for

48 h before staining lysosomes with 50 nM LysoTracker Red DND-99 for 30 min before fixing with 4% PFA for 15 min. After fixation, free cholesterol was

stained with 50 mg/mL Filipin III for 45 min at room temperature in the dark. Zoom scale bar, 2 mm. DKOB8 cells were treated with 0.1% DMSO or 10 mM

AdipoRon for 24 h in either (B) 5% FBS or (C) 5% cholesterol-depleted FBS then stained and fixed as described above. To see this figure in color, go

online.
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These data indicate the AdipoRon treatment induced the for-
mation of free cholesterol enriched lysosomes.

Cholesterol accumulation can be a result of upregulated
synthesis or altered uptake/export. To explore which route
AdipoRon influences, we conducted a series of experiments
using lipoprotein-depleted FBS. Lipoprotein-depleted FBS
contains 35 times less cholesterol than standard FBS accord-
ing to the manufacturer. Under these conditions, cholesterol
accumulation would primarily be a result of synthesis and
not uptake. The use of lipoprotein-depleted FBS drastically
attenuated the ability of AdipoRon to accumulate intracel-
lular free cholesterol and reduced the amount of lysosomal
vesicles versus normal FBS (Fig. 5, B and C). These data
indicate that under normal growth conditions, AdipoRon
increased the uptake of extracellular cholesterol and redir-
ected the pool of PM free cholesterol into intracellular
lysosomal-like vesicles. Interestingly, even under lipo-
protein-depleted FBS conditions, AdipoRon treatment
increased the levels of intracellular free cholesterol and ly-
sosomes although not to the extent as normal FBS (Fig. 5,
B and C). We then used RNA-seq to investigate differential
gene expression in AdipoRon-treated DKOB8 cells. The In-
genuity Pathway Analysis was used to assign differentially
expressed genes to functional networks. Pathways involving
cholesterol biosynthesis were identified as the top hits
(Fig. S9; Tables S1 and S2). Interestingly, the induction of
cholesterol synthesis seems counterintuitive for a cell that
is presumably overloaded with cholesterol. We interpret
this as the cell losing its ability to accurately sense intracel-
lular cholesterol. Furthermore, ACAT2, a critical mediator
of cholesterol esterification, was upregulated (Table S2),
which may be a response of the cell to reduce the pool of
free cholesterol (Fig. S8). Further work is needed to assess
the contribution of cholesterol synthesis to AdipoRon-
induced intracellular free cholesterol accumulation.

Finally, the intracellular accumulation of free cholesterol
has been proposed as a mechanism by which chemothera-
peutic drugs, for example, itraconazole, attenuates Wnt
signaling (104). Because cells treated with itraconazole
show a similar cholesterol phenotype to AdipoRon and
NPC1 cells, it is possible that itraconazole’s effects are
mediated by a decrease in PM cholesterol. Interestingly,
Wnt signaling is also attenuated in NPC1 cells (15); how-
ever, PM rigidity is increased (105). This highlights the
need to determine if the effects of AdipoRon are solely
mediated by a reduction in PM free cholesterol or are in
part driven by intracellular free cholesterol accumulation.
Collectively, these results demonstrate that AdipoRon re-
duces the PM-specific pool of free cholesterol while
increasing the intracellular accumulation of free cholesterol
into lysosomal-like vesicles.
CONCLUSION

In this study, we characterized the effect of AdipoRon on
Wnt signaling and PM biophysical properties. We show
that AdipoRon treatment attenuates canonical and R-Spon-
din-1 enhanced Wnt signaling, both of which are important
Biophysical Journal 118, 885–897, February 25, 2020 893



FIGURE 6 Summary diagram highlighting the effect of AdipoRon onWnt signaling. AdipoRon treatment attenuates canonical and R-Spondin-1 enhanced

Wnt signaling by redirecting plasma membrane (PM) free cholesterol to intracellular pools, thereby decreasing PM rigidity. To see this figure in color, go

online.
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for maintaining stemness. Through the use of quantitative
fluorescent microscopy techniques, we demonstrate that
AdipoRon reduces PM rigidity in multiple cell types. The
reduction in membrane order was caused by a reduction in
PM levels of free cholesterol. This was the result of a redi-
rection of PM free cholesterol and extracellular cholesterol
into intracellular lysosomal-like vesicles (Fig. 6).

The complex relationship between obesity and cancer
progression is not fully understood; however, our data sup-
port the hypothesis that adiponectin signaling plays an
important role by influencing Wnt signaling through main-
tenance of membrane fluidity (31). Therefore, we postulate
that obese individuals, with low levels of circulating adipo-
nectin, will exhibit an increased cell membrane rigidity and
enhanced Wnt signaling phenotype, making them suscepti-
ble to tumorigenesis. This is in part supported by observa-
tions that erythrocytes from obese individuals have more
rigid membranes (106,107), which suggests an opportunity
to normalize these changes by PM-targeted countermea-
sures (53,108,109). Collectively, our novel, to our knowl-
edge, findings pave the way for future experiments
exploring the link between obesity, PM rigidity, Wnt
signaling, and colon tumorigenesis.
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