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Cholesterol activates the Wnt/PCP-YAP signaling in
SOAT1-targeted treatment of colon cancer
Huanji Xu1, Hongwei Xia1, Sheng Zhou1, Qiulin Tang1 and Feng Bi1

Abstract
Intracellular free cholesterol can be converted to cholesteryl ester and stored as lipid droplets through SOAT1-
mediated esterification. Compelling evidence implicate targeting SOAT1 as a promising therapeutic strategy for cancer
management. Herein, we demonstrate how targeting SOAT1 promotes YAP expression by elevating cellular
cholesterol content in colon cancer cells. Results revealed that cholesterol alleviates the inhibitory effect of LRP6 on
the Wnt/PCP pathway by impeding the interaction of LRP6 with FZD7. Subsequently, FZD7-mediated PCP signaling
directly elevated YAP expression by activating RhoA. Nystatin-mediated cholesterol sequestration significantly
inhibited YAP expression under SOAT1 inhibition. Moreover, nystatin synergized with the SOAT1 inhibitor avasimibe in
suppressing the viability of colon cancer cells in vitro and in vivo. The present study provides new mechanistic insights
into the functions of cholesterol metabolism on growth signaling pathways and implicates a novel strategy for
cholesterol metabolic-targeted treatment of colon cancers.

Introduction
Cancer cells reprogram metabolic pathways to meet

their abnormal demands for proliferation and survival1.
Cholesterol, regarded as the basic component of the
plasma membrane, regulates its integrity and physical
properties2. Cancer cells acquire cholesterol via endo-
genous biosynthesis and exogenous uptake. Several can-
cers drive reprogrammed cholesterol biosynthesis and
uptake3. Enhancing cholesterol availability, either in form
of a diet supplement or stimulating its biosynthesis, pro-
motes tumorigenesis and tumor progression of colon
cancer, breast cancer, and liver cancer4–6. However,
information on the direct effect of cholesterol on onco-
genic signaling pathways in cancer remains scanty.
Through sterol O-acyltransferase 1/2 (SOAT1/2)-

mediated esterification, excess cellular cholesterol is
converted into cholesteryl ester and stored as lipid dro-
plets7. SOAT1 is ubiquitously expressed in most tissues,

whereas SOAT2 expression is restricted to the liver and
small intestine8. In recent years, a wealth of studies has
revealed that SOAT1 is highly expressed in numerous
tumors, among them, pancreatic carcinoma, hepatocel-
lular carcinoma (HCC), and prostatic cancer3,9,10. The
transcription factor, SREBPs, precisely regulate intracel-
lular cholesterol levels. Notably, a slight rise in cholesterol
content would induce feedback inhibition of SREBPs
activities11. Further reports demonstrated that targeting
SOAT1 could inhibit SREBP1-mediated fatty acid meta-
bolism by increasing intracellular free cholesterol level,
consequently inhibiting tumor growth10,12. Additionally,
elevated membrane cholesterol levels induced by SOAT1
inhibition could enhance the killing effect of CD8+
T cells on melanoma13. Following these previous findings,
SOAT1 is a promising therapeutic target for cancer
management. Therefore, it is indispensable to explore the
oncogenic signaling pathways affected by SOAT1 inhibi-
tion and approaches to sensitize cells to SOAT1-targeted
therapy in cancer.
Hippo/YAP pathway plays a critical role in regulating

organ size, tissue regeneration, tumor formation, and
stem cell function14. Excessive YAP activation is
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implicated in various human malignant tumors and drug
resistance15. Herein, we demonstrate that targeting
SOAT1 promotes YAP expression by elevating cellular
cholesterol content in colon cancer cells. Besides, cellular
cholesterol functions via the PCP (planar cell polarity)/
RhoA pathway to regulate YAP expression. Nystatin-
mediated cholesterol sequestration could sensitize colon
cancer cells to SOAT1 ablation. Notably, these findings
could avail new mechanistic insights into the role of
cholesterol in the Hippo/YAP pathway, uncover the basis
of intrinsic resistance to SOAT1-targeted therapy, and
suggest a novel approach for cholesterol metabolic-
targeted treatment of colon cancers.

Results
SOAT1 is highly expressed in colon cancer
Through immunohistochemistry (IHC) analysis,

SOAT1/2 levels were assessed in a colon cancer tissue
microarray (TMA) comprising 66 matched pairs of carci-
noma and normal tissue samples. Compared to normal
tissues, SOAT1 expression was significantly higher in
colon tumor tissues. Besides, in colon cancers, much lower
SOAT2 was expressed than SOAT1 (Fig. 1A). As choles-
teryl ester is stored in lipid droplets (LDs), we performed
Oil Red O staining to detect LDs in 40 matched pairs of
colon cancer and normal tissues. Notably, LDs were highly
prevalent in colon cancer tissues, but nearly undetectable
in normal tissues (Fig. 1B). Furthermore, SOAT1 was
inhibited by siRNA or avasimibe in SW1116 cells to elu-
cidate whether it regulated LDs in colon cancer. LDs
staining by Bodipy 493/503 demonstrated significantly
decreased LDs levels. Moreover, cholesterol staining using
Filipin III and cholesterol detection kit revealed high
intracellular cholesterol content (Fig. 1C). Similar findings
were reported in previous studies on other tumor
types9,10,12, whereby SOAT1-mediated cholesterol ester-
ification was markedly enhanced in colon cancer.

Targeting SOAT1 promotes YAP expression via cellular
cholesterol in colon cancer cells
Elevated intracellular free cholesterol content could

inhibit SREBPs activities16. Upon evaluating the effect of
SOAT1 inhibition on cholesterol biosynthesis, we found
that SOAT1 siRNA or avasimibe lowered the expression
levels of HMGCR (Fig. 2A, B). As inhibition of the
mevalonate (MVA) pathway could suppress YAP activ-
ity17, we assessed the YAP expression and activity post
SOAT1 siRNA transfection or avasimibe treatment in
SW480 and SW1116 cells. Of note, the expression levels
of YAP and its downstream target CYR61 were rather
elevated following SOAT1 inhibition (Fig. 2C, D).
Reports have implicated cholesterol as an unique signaling

molecule, regulating multiple oncogenic pathways, including
the canonical Wnt pathway and Hedgehog pathway11,18–20.

To validate whether targeting SOAT1 potentially elevates
intracellular free cholesterol content as a mechanism for
regulating YAP expression, we used β-cyclodextrin (β-CD)
to extract cholesterol from colon cancer cells. Results
demonstrated that β-CD could reverse the elevated expres-
sion of YAP, induced by SOAT1 silencing or avasimibe
(Fig. 2E, F). Thus, we deduced that targeting SOAT1 was
dependent on cellular cholesterol to promote YAP expres-
sion in colon cancer cells.

Cholesterol promotes YAP expression independent of
LATS and β-Catenin in colon cancer cells
To prove the potential regulatory role of cholesterol on

YAP expression, we incubated SW1116 and SW480 cells
with exogenous cholesterol. The result showed that the
expression levels of YAP and CYR61 were increased
(Fig. 3A, S1). Notably, the expressions of pLATS1 and
pYAPSer127 were elevated upon stimulation with exogen-
ous cholesterol, demonstrating that Hippo/LATS cascade
was also activated (Fig. 3A). qPCR assays revealed that
cholesterol elevated the mRNA levels of YAP and CYR61
(Fig. 3B). Based on these findings, cholesterol-regulated YAP
expression at the transcriptional level rather than by inhi-
biting Hippo/LATS-mediated phosphorylation-dependent
degradation. Also, the activation of the Hippo/LATS cas-
cade is a potential feedback mechanism in response to YAP
activation21. Introducing β-CD to directly eliminate cellular
cholesterol could also lower YAP and CYR61 expressions.
Thus, we suggested that cellular cholesterol could regulate
YAP expression (Fig. 3C).
Previous studies had noted that cholesterol could

directly activate the canonical Wnt pathway18; herein, we
explored the effect of cholesterol on the canonical Wnt
pathway under our experimental conditions. Notably,
cholesterol elevated the expressions of β-Catenin and its
downstream target c-Myc in SW1116 and SW480 cells
(Fig. 3A, S1). Additionally, the activation markers of
canonical Wnt signaling pLRP6Ser1490 and GSK-3βSer9
were up-regulated (Fig. 3D). LRP5/6 silencing reversed
the high expression levels of β-Catenin and c-Myc
(Fig. 3E), further demonstrating the potential role of
cholesterol in canonical Wnt/β-Catenin pathway activa-
tion. β-Catenin/TCF4 complexes could bind the DNA
enhancer element of the YAP gene, promoting YAP
expression22. However, cholesterol still elevated YAP
expression in the absence of β-Catenin in SW1116 cells
(Fig. 3F, S2). Thus, we suggested that cholesterol pro-
moted YAP expression via a Hippo/LATS and β-Catenin-
independent mechanism in colon cancer cells.

Cholesterol activates the FZD7-PCP pathway to promote
YAP expression in colon cancer cells
An existing report found that the non-canonical Wnt/

PCP pathway could be mediated by RhoA to promote the
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Fig. 1 SOAT1 is highly expressed in colon cancer. A Representative pictures of SOAT1/2 staining in clinical samples of normal and colon cancer
tissues. The graphs indicate the IHC scores of SOAT1/2 expression. ***p < 0.001 using Student’s t test (two-tailed). Scale bar: 100/15 μm. B Detecting
lipid droplets in 40 pairs of colon cancer tissues and normal tissues by Oil Red O staining. The graph indicates statistical result of lipid droplet content
scores. ***p < 0.001 using Student’s t test (two-tailed). Scale bar: 50 μm. C SW1116 cells were transfected with SOAT1 siRNA for 48 h or treated with
avasimibe 10 μM for 16 h, and then stained by Filipin III. The graph indicates the quantitative result of intracellular cholesterol content. **p < 0.01
using Student’s t test (two-tailed). Scale bar: 20 μm; SW1116 were transfected with SOAT1 interfering RNA for 72 h or treated with avasimibe 10 μM
for 24 h. Bodipy 493/503 was used for lipid droplets staining.

Xu et al. Cell Death Discovery            (2021) 7:38 Page 3 of 13

Official journal of the Cell Death Differentiation Association



expression and activity of YAP23. To uncover the specific
FZD receptor in the PCP pathway that potentially drives
cholesterol-mediated regulation of YAP, the receptors
FZD1/2/5/7/8 were silenced, respectively. Results revealed
that FZD7 deletion, solely down-regulated YAP expres-
sion (Fig. 4A, S3), and reversed the effect of cholesterol on
YAP expression (Fig. 4B, S4).
Cholesterol activated the activities of c-Jun and RhoA,

two downstream proteins of the PCP pathway (Figs. 3D,
4C). Moreover, RhoA silencing reversed the up-regulation
of YAP and CYR61, induced by cholesterol stimulation
(Fig. 4D). Collectively, cholesterol potentially up-
regulated YAP expression via the FZD7/PCP pathway
activation.

Cholesterol alleviates the inhibitory effect of LRP6 on the
PCP pathway to promote YAP expression in colon cancer
cells
Cholesterol activated canonical Wnt/β-Catenin signaling

and non-canonical Wnt/PCP signaling simultaneously;

thus, we supposed that it could induce Wnt protein
secretion. However, cholesterol further up-regulated the
expression of YAP and β-Catenin when pretreated with
LGK974, an inhibitor for Wnt proteins secretion (Fig. S5).
Thus, it was suggested that cholesterol regulation of YAP
expression was independent of stimulated Wnt proteins
secretion.
Of note, following LRP5/6 silencing, we found that YAP

and CYR61 expressions were significantly up-regulated;
also, the effect of cholesterol on YAP expression faded
(Fig. 3E). We concluded that regulation of the PCP/YAP
axis by cholesterol is may depend on LRP5/6.
To further establish the regulatory effect of LRP6 on

YAP expression in colon cancer cells, three siRNAs with
different sequences (siLRP6, siLRP6#1, and siLRP6#UTR)
were administered to SW1116 cells, whereas siLRP6#UTR
targeted the 5′-untranslated region (5′-UTR) of LRP6
mRNA. Notably, results demonstrated high expression
levels of YAP and phosphorylated c-Jun following trans-
fection with the three LRP6 siRNA, respectively (Fig. 4E).

Fig. 2 Targeting SOAT1 regulates YAP in a cholesterol-dependent manner in colon cancer cells. A SW1116 and SW480 cells were transfected
with control siRNA or siSOAT1 for 72 h, respectively. B SW1116 and SW480 were incubated with DMSO or avasimibe (10 μM) for 24 h. C SW1116 and
SW480 were transfected with negative control siRNA or SOAT1 siRNA for 48 h, respectively. D SW1116 and SW480 cells were treated with different
concentration of avasimibe (5–20 μM) for 16 h. E SW1116 were transfected with negative control or SOAT1 siRNA for 48 h, and then treated with
β-cyclodextrin (25 μM) for 4 h. F SW1116 cells were treated with DMSO or avasimibe (10 μM) for 12 h, and then β-cyclodextrin (25 μM) was incubated
for 4 h. The expressions of HMGCR, YAP, and CYR61 were detected by Western Blot.
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To illuminate the underlying mechanism, a stable cell
line SW1116plent-shLRP6#UTR expressing siLRP6#UTR
persistently was constructed. Vectors over-expressing
LRP6 and LRP6 truncated mutants (LRP6-ΔC, LRP6-
ΔN, LRP6-ΔE, and LDLR) were then transfected into
SW1116plent-shLRP6#UTR (Fig. 4F). Based on the results,
recovering the expressions of LRP6, LRP6ΔC, LRP6ΔE or
LDLR could down-regulate YAP and CYR61 expressions,
whereas only LRP6-ΔN did not influence YAP expression
(Fig. 4G). In a nutshell, it was implicated that the LRP6

extracellular region, especially the LDLR region, poten-
tially mediates the regulation of YAP.
Previous studies found that LRP6 could inhibit Wnt/

PCP pathway24–26. It was thought that LDLR, the extra-
cellular segment of LRP6, directly binds to the non-
canonical Wnt pathway receptor FZD, as a mechanism to
inhibit its mediated PCP signaling26. Herein, we were
prompted to speculate that LRP6 might bind to FZD7 and
disrupt its mediated PCP-YAP signaling. This hypothesis
was supported by the phenomenon that the elevated

Fig. 3 Cholesterol promotes YAP expression independent of LATS and β-Catenin in colon cancer cells. A SW1116 and SW480 were starved in
serum-free medium for 24 h, and then treated with increasing concentration (1–10 μM) of cholesterol for 2 h. B SW1116 were starved for 24 h, and
then treated with cholesterol (5 μM) for 2 h. The mRNA levels of YAP and CYR61 were detected by qPCR. ***p < 0.001 using Student’s t test (two-
tailed). C Increasing concentration of β-cyclodextrin (25–100 μM) was incubated in SW1116 and SW480 cells for 4 h. (D): SW1116 and SW480 cells
were starved for 24 h, incubated with increasing concentration of cholesterol (1–10 μM) for 2 h. E SW1116 and SW480 were transfected with negative
control siRNA or LRP5/6 siRNA for 48 h, then starved for 24 h, and incubated with DMSO or cholesterol (1–5 μM) for 2 h. F SW1116 were transfected
with negative siRNA or β-Catenin siRNA for 48 h, then starved for 24 h, and then incubated with DMSO or cholesterol (5 μM) for 2 h. Western blot
analysis was performed to detect the expression of proteins.
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Fig. 4 Cholesterol alleviates the inhibitory effect of LRP6 on FZD7-PCP pathway to promote YAP expression in colon cancer cells. A
SW1116 and SW480 were transfected with negative control siRNA or FZD7 siRNA for 72 h, respectively. B SW1116 and SW480 were transfected with
negative control siRNA or FZD7 siRNA for 48 h, and starved in serum-free medium for 24 h, then incubated with DMSO or cholesterol (5 μM) for 2 h,
respectively. C SW1116 cells were starved for 24 h, then incubated with DMSO or cholesterol (5 μM) for 2 h. RhoA activity was detected by GST pull-
down assay. D SW1116 and SW480 were transfected with negative control siRNA or RhoA siRNA for 48 h, then starved for 24 h, and incubated with
DMSO or cholesterol (5 μM) for 2 h, respectively. E SW1116 were transfected with siLRP6, siLRP6#1, and siLRP6#UTR (targeting 5’-untranslated region
of LRP6 mRNA) for 72 h. F Schematic diagram of LRP6 and LRP6 deletion mutants. G SW1116 stably expressing shLRP6#UTR was constructed by
lentiviral vector. SW1116 stable cell line were transfected with control vector or LRP6 and deletion mutants vectors for 72 h. H SW1116 was
transfected with negative control siRNA or siLRP6, in the presence or absence of FZD7 deletion. I SW1116 was transfected with vectors expressing
LRP6 and FZD7 for 48 h, followed by starvation for 24 h, and then treated with cholesterol (5 μM) or DMSO for 2 h. Co-IP assay was performed to
detect the interaction between LRP6 and FZD7.
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expressions of phos-c-Jun and YAP induced by
LRP6 silencing were rescued via FZD7 knockdown
(Fig. 4E, H). In addition, we validated the interaction of
LRP6 with FZD7, which was inhibited by cholesterol
(Fig. 4I).
Collectively, these findings imply that LRP6 inhibits

FZD7-mediated PCP-YAP signaling, potentially via its
direct binding to FZD7. However, such interaction is
impeded by cholesterol in colon cancer cells.

Nystatin synergizes with targeting SOAT1 in suppressing
the viability of colon cancer cells
Nystatin is a polyene antifungal drug for managing

cutaneous or mucosal candidiasis27. Nystatin could
directly bind to cholesterol and inhibit its functions,
particularly disrupting cell membrane structure and lipid
raft stability. Previous reports had demonstrated the
potential role of nystatin in enhancing the anti-tumor
effect of cetuximab and endostatin via cholesterol
sequestration28–30.

Cholesterol-regulated signaling potentially mediates the
resistance of colon cancer cells to SOAT1 inhibition. Thus,
nystatin-mediated cholesterol sequestration may sensitize
cells to SOAT1 inhibition. We found that high nystatin
concentration significantly induced cell death in colon
cancer cells, which could be partially rescued by cholesterol
as a supplement (Fig. S6). As intravenous administration of
nystatin tends to induce acute liver injury and renal toxi-
city, we administered a low dose of nystatin in our
experimental conditions. Although the CCK-8 and colony
formation assays demonstrated that a low dose of nystatin
did not significantly impact the viability of SW1116 and
SW480 cells, it could sensitize cells to SOAT1 knockdown
or avasimibe, obviously (Fig. 5A–C).
Mechanistically, we found that nystatin had no obvious

effect on YAP expression (Fig. 5D); however, it significantly
lowered YAP expression under avasimibe or SOAT1 siRNA
in colon cancer cells (Fig. 5E, F). Unexpectedly, no sig-
nificant decrease in β-Catenin expression after the com-
bined treatment was reported. Also, β-Catenin expression

Fig. 5 Targeting SOAT1 synergizes with nystatin in suppressing the viability of colon cancer cells in vitro. A SW1116 and SW480 were treated
with control siRNA or siSOAT1 in the presence or absence of nystatin (20 μM). Cell proliferation activity was detected by CCK-8 after 72 h. B SW1116
and SW480 were treated with DMSO or avasimibe (10 μM) in the presence or absence of nystatin (20 μM). Cell proliferation activity was detected by
CCK-8 after 72 h. C SW1116 and SW480 were incubated with DMSO or avasimibe (10 μM) in the presence or absence of nystatin (20 μM) for 5 d,
respectively. The cell proliferation ability was detected by the colony formation assay. D SW1116 and SW480 were treated with nystatin (10–30 μM)
for 16 h. E SW1116 and SW480 were transfected with negative control siRNA or SOAT1 siRNA for 48 h, respectively. The cells were then incubated
with DMSO or nystatin (20 μM) for 16 h. F SW1116 and SW480 were incubated with DMSO or avasimbie (10 μM) in the presence or absence of
nystatin (20 μM) for 16 h, respectively. The expression of proteins was detected by Western blot.

Xu et al. Cell Death Discovery            (2021) 7:38 Page 7 of 13

Official journal of the Cell Death Differentiation Association



was not up-regulated via SOAT1 silencing or avasimibe;
this implied that the canonical Wnt/β-Catenin signaling
might be suffered to a more complex regulation following
SOAT1 inhibition and nystatin treatment (Fig. 5E, F).
Similar to the nystatin effect, direct inhibition of YAP
function by verteporfin promoted the inhibitory effect of
avasimibe on the survival of SW480 and SW1116 cells (Fig.
S7). Moreover, restoration of YAP expression rescued the
inhibition of cell survival induced by the combination of
avasimibe and nystatin (Fig. S8). These findings provide
evidence that cholesterol-regulated YAP signaling mediated
the resistance of colon cancer cells to SOAT1 inhibition.
To further validate the synergistic effect of avasimibe

and nystatin, we performed in vivo experiment in the
xenograft model of SW480 cells. Results demonstrated
that nystatin synergized with avasimibe in suppressing the
tumor growth (Fig. 6A). IHC analysis revealed that ava-
simibe slightly elevated YAP expression in the xenografts,
which was significantly lowered following combined
treatment (Fig. 6B). When we injected avasimibe and
nystatin in the mouse models of AOM/DSS-induced
inflammation-associated colorectal cancer, nystatin
synergized with avasimibe in suppressing the formation
and growth of the tumor (Fig. 6C). Notably, the body
weights of the xenograft model and the AOM/DSS mouse
model exhibited no statistical difference between groups
(Fig. S9).

Discussion
The interplay between the Hippo pathway and cholesterol
metabolism
There exist an interplay between the Hippo pathway

and metabolism. Metabolic factors, including glucose and
hormones, have been revealed to regulate the Hippo
pathway. Conversely, the Hippo pathway also regulates
metabolic processes, such as glycolysis and glutamino-
lysis31. Although the direct evidence regarding the reg-
ulation of cholesterol metabolism by YAP/TAZ is still
lacking, LATS2 has been reported to inhibit SREBP
activity and suppress hepatic cholesterol accumulation32.
MVA pathway is the first to be reported as a link

between the Hippo pathway and cholesterol metabo-
lism17. Geranylgeranyl diphosphate, an intermediate
metabolite of the MVA pathway, is utilized for protein
geranylgeranylation, an essential modification for RhoA
membrane anchorage and activation. RhoA inhibits LATS
activity, activating YAP, potentially by modulating the
actin cytoskeleton or activating ROCK1/2; however, the
specific mechanism is yet to be elucidated33. Bile acids,
the derivatives of cholesterol, also promotes YAP activa-
tion by down-regulating the expressions of MST and
LATS34.
In recent years, increasing number of studies have

implicated cholesterol as an important signaling molecule,

regulating several pathways. For instance, cholesterol could
enhance the signal transduction of various membrane
receptors, such as integrin and c-Met, by maintaining lipid
rafts stability35,36. Cholesterol modification of Hedgehog
and Smoothened is crucial in the activation of Hedgehog
signaling19,20,37. Besides, cholesterol exhibit a high affinity
to Dishevelled (Dvl), promoting its membrane localization
and activating the canonical Wnt pathway18. Another study
revealed that cholesterol was an endogenous ligand of
ERRα, a critical regulator of multiple cancers38. Recently,
increased hepatocyte cholesterol was found to block the
proteasomal degradation of TAZ, the core protein in the
Hippo pathway via the adenylyl cyclasee-RhoA pathway,
and promotes fibrotic non-alcoholic steatohepatitis39.
In the present study, we revealed that intracellular

cholesterol could promote YAP expression via the FZD7/
PCP/RhoA pathway in colon cancer cells. Notably, this
validated the regulatory effect of cholesterol on the Hippo/
YAP pathway. Contrary to previous reports, LATS activity
is not decreased post cholesterol treatment, demonstrating
that cholesterol-RhoA signaling potentially regulates YAP
via alternative LATS independent mechanisms in colon
cancer cells40,41.

Cholesterol coordinated Wnt signaling
With the discovery of 19 Wnt proteins and over 15

receptors and co-receptors, the signal transduction of
Wnt pathways (canonical Wnt pathway, PCP pathway,
and Wnt/Ca2+ pathway) is extremely complex. PCP sig-
naling and canonical Wnt signaling are known for their
antagonistic characteristics, whereby inhibiting one gen-
erally up-regulates the other42. For example, Wnt5A
could competitively inhibit Wnt3A binding to FZD2,
consequently suppressing the canonical Wnt signaling
upon activation of the PCP pathway43. Moreover, the
canonical Wnt signaling promotes the assembly of active
LRP5/6-FZD receptor complexes that recruit Dvl and
actively impede the contribution of Dvl in the PCP sig-
naling25. LRP5/6 can also directly bind to FZD receptors
in a Wnt-independent manner, subsequently inhibiting
the FZD-mediated PCP pathway26.
Canonical Wnt and PCP pathways both play critical

roles in tumor formation and progression44. The
mechanisms for alleviating the antagonistic effects of
these two pathways in cells are suggested to be vital for
tumors, although they remain elusive. In this study, we
found that cholesterol could activate the canonical Wnt
and PCP pathways, simultaneously. Mechanistically,
cholesterol alleviated the inhibitory effect of LRP6 on the
FZD7-PCP pathway, thereby promoting PCP-RhoA-YAP
signaling. Similarly, the dissociation of LRP6-FZD7
induced by cholesterol may also promote the assembly
of canonical Wnt receptor complexes, thus inducing
canonical Wnt signaling.
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Fig. 6 (See legend on next page.)
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Of note, canonical Wnt signaling triggers caveolin-
mediated endocytosis; here, the LRP5/6-FZD receptor
complexes are essentially localized in lipid rafts45–47. A
wealth of reports demonstrated that blocking caveolin-
mediated endocytosis of LRP5/6 inhibits canonical Wnt
signaling46,48. Conversely, the localization of ROR1/2-
FZD receptor complexes in non-lipid raft domains and
clathrin-mediated endocytosis may potentiate PCP sig-
naling43,49,50. Therefore, it is conceivable that cellular
cholesterol, especially membrane cholesterol may pro-
mote LRP5/6 transfer from non-lipid raft domains to lipid
rafts, perhaps by stabilizing lipid rafts or via direct bind-
ing; subsequently, the canonical Wnt pathway is activated.
Meanwhile, this transfer inhibits the association of LRP5/
6 with FZD7 in non-lipid raft domains; as a result, FZD7 is
release to mediate the PCP pathway (Fig. 6D). In sum-
mary, the above findings demonstrated a novel function of
cholesterol in coordinating Wnt signaling, which is
potentially vital for tumor progression.

Targeting SOAT1 in cancer
Sterol O-acyltransferase (SOAT1/2) catalyzes the for-

mation of cholesteryl esters from cholesterol and long-
chain fatty acids in cells7. Notably, several studies have
reported high SOAT1 expression in prostate cancer,
pancreatic cancer, malignant glioma, and some other
tumors, accompanied by high cholesteryl esters con-
tent3,9,10,12. Although the mechanisms driving the high
SOAT1 expression in tumors remain elusive, targeting
SOAT1 has proved to be a promising therapeutic strategy
for managing cancers.
In malignant glioma and prostate cancer, avasimibe-

mediated SOAT1 inhibition could elevate intracellular
cholesterol content, consequently impeding SREBP1
activity and SREBP1-modulated fatty acids synthesis and
uptake10,12. Additionally, avasimibe could promote the
apoptosis of pancreatic cancer cells via cholesterol-
induced ER stress9. Hepatocellular carcinoma character-
ized by high levels of SOAT1 expression was found to be
associated with poor prognosis; notably, avasimibe could

exert a therapeutic effect in such tumors3. Also, targeting
SOAT1 via avasimibe could enhance the killing effect of
CD8+T cells on melanoma by elevating membrane
cholesterol content; thus, promoting T-cell receptor
(TCR) aggregation and immune synapse formation13.
As previously reported, increased intracellular choles-

terol content may induce the inhibitory effect of targeting
SOAT1 by blocking lipid metabolism. However, some
oncogenic signaling may be promoted by increased cho-
lesterol content, especially in the membrane, that poten-
tially desensitizes cancer cells to avasimibe. In the present
study, we found that targeting SOAT1 could activate the
PCP-YAP axis in a cholesterol-dependent manner,
whereas nystatin sensitized cancer cells to avasimibe via
cholesterol sequestration. Interestingly, nystatin could
solely inhibit YAP expression under SOAT1 inhibition. It
is supposed that the compensatory pathways, including
the MVA pathway, potentially are enhanced to maintain
YAP expression post nystatin treatment; notably, this
could be reversed by targeting SOAT1. Meanwhile, tar-
geting SOAT1 may not only promote nystatin binding to
cells but also block the update of cholesterol in the
membrane following nystatin binding. Elevated mem-
brane cholesterol content might also promote other
oncogenic signaling. Thus, nystatin-driven cholesterol
inhibition should be superior to the inhibition of the PCP-
YAP pathway.
In conclusion, the present study uncovered a novel

function of cholesterol in PCP-YAP pathway regulation.
Notably, cholesterol alleviates the inhibitory effect of LRP6
on the PCP pathway by impeding the association of LRP6
with FZD7. Also, targeting SOAT1 promotes YAP
expression by elevating cellular cholesterol content in
colon cancer cells, whereas nystatin-mediated cholesterol
sequestration inhibits YAP expression in the absence of
SOAT1. In vitro and in vivo results further, demonstrate
that nystatin synergizes with avasimibe-associated SOAT1
targeting in suppressing the viability of colon cancer cells.
Collectively, these findings offer a novel strategy for cho-
lesterol metabolic-targeted treatment of colon cancers.

(see figure on previous page)
Fig. 6 Targeting SOAT1 synergizes with nystatin in suppressing the viability of colon cancer cells in vivo. A SW480 cells were implanted
subcutaneously in nude mice, and randomly divided into 4 groups (N= 6). Each group was intraperitoneal injection with control solvent (normal
saline, PEG300, and DMSO), avasimibe (15 mg/kg.d), nystatin (4 mg/kg.d) and combined drugs. After 4 weeks, the xenografts were measured and
weighed. The bar graphs indicate tumor volume and weight of each group. B Representative pictures of YAP staining in xenograft tumor tissues. The
graph indicates the IHC scores of YAP expression. Scale bar: 20 μm. C Mouse models of AOM/DSS-induced colorectal cancer were described in
‘Materials and methods’ section. The mice were randomly divided into 4 groups (N= 5), each group was intraperitoneally injected with control
solvent, avasimibe (15 mg/kg.d), nystatin (4 mg/kg.d) and combined drugs during the period of drinking normal water. The graphs showed the
average number and tumor area of each group. Statistical methods: one-way ANOVA followed by Tukey post hoc test, *p < 0.05, **p < 0.01, ***p <
0.001, NS indicates no significant difference. D The model of regulation of YAP by cholesterol in colon cancer. LRP6 is released from the cholesterol-
rich membranes (lipid rafts) and directly binds to FZD7, resulting in the inactivation of PCP-YAP pathway and classical Wnt pathway when lack of
cholesterol. After membrane cholesterol levels increased, LRP6 is transfered to cholesterol-rich area, alleviating the inhibitory effect of LRP6 on PCP-
YAP pathway, and activating classical Wnt pathway simultaneously.
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Materials and methods
Cell culture and reagents
SW1116, SW480 were originally obtained from ATCC and

reserved in our laboratory. Filipin III (Santa Cruz), Bodipy
493/503 (Thermo Fisher), Cholesterol, β-Cyclodextrin,
and AOM (Sigma), Avasimibe and LGK974 (Selleck),
Nystatin (MCE), DSS (MP Biomedicals). Antibody against
YAP, pYAPSer127, β-Catenin, c-Myc, FZD8, RhoA, c-Jun,
GST were all from Abcam. Antibody against LRP6,
pLRP6Ser1490, GSK-3β, pGSK-3βSer9, pLATS1Ser909,
LATS1 were from CST. Antibody against pc-JunSer63,
FZD1, CYR61 were from Sangon Biotech. Antibody against
LDLR, HMGCR, SOAT2, FZD2, FZD5, FZD7, Myc were
from Proteintech. Anti-SOAT1 was from Abclonal. Anti-
GAPDH was from ZSGB-Bio.

Filipin III and Bodipy 493/503 staining
Cells were fixed with 4% paraformaldehyde for 15 min

following 1.5 mg/mL Glycine for 30min. Rinse cells three
times with PBS. Cells were incubated with 100 μg/mL
Filipin III for 2 h, or 1 μg/mL Bodipy 493/503 for 30 min
at room temperature. Immunofluorescence was detected
using fluorescence microscope (Eclipse 80i, Nikon) at
×200 magnifications. The quantitative result of cellular
cholesterol content was analyzed by Cholesterol Assay Kit
(Abcam) according to the protocol.

Oil Red O staining
Prepare fresh-frozen tissue sections. Incubate slide in

100% isopropanol for 5 min. Incubate slide in Oil Red O
solution for 10min. Differentiate section in 85% iso-
propanol for 3 min. Rinse slide twice in water. Incubate in
hematoxylin for 1–2min, rinse slide three times in water.
Coverslip with glycerogelatin. The fresh-frozen human
colon cancer tissues were obtained from Biological Spe-
cimen Bank of West China Hospital. All the patients
signed informed consent forms. This study was approved
by the Ethics Committee of West China Hospital. The
percentage of lipid droplets positive cells was scored as 0
(<1%), 1 (1–25%), 2 (26–50%), 3 (51–75%), or 4 (>75%).

Transfection
SiRNAs targeting SOAT1, RhoA, β-Catenin, LRP5/6,

FZD1/2/5/7/8, and negative control were synthesized by
GenePharma. The sequences of siRNAs used in this study
are provided in the supplementary file. LRP6 and deletion
mutants vectors were gifts from Prof. Weidong Zhu
(Tongji University School of Medicine, China). FZD7
plasmid was obtained from Public Protein/Plasmid
Library. Lipofectamine 2000 (Invitrogen) was used for
transfection according to the manufacturer’s instructions.
The lentiviral vector expressing shLRP6#UTR was con-
structed by Vigenebio, and was transfected in cells
according to the protocol.

RhoA pull-down assay
Glutathione S-transferase (GST)-fusion peptides (Rhote-

kin Rho-binding domain) were expressed in E.coli BL21 and
purified by glutathione beads (Sigma). Cells of each group
were lysed in cell lysis buffer. Transfer the supernatant to a
new tube. Add 40 µL of resuspended beads with the bound
proteins to the tube. Incubate the tube at 4 °C for 1 h with
gentle agitation. Wash the bead 3 times with cell lysis buffer.
Pellet the beads and carefully remove all the supernatant.
Resuspend the beads in 40 µL of 2X SDS-PAGE buffer. Boil
each sample for 5min. Centrifuge each sample, and use the
supernatant to perform western blot analysis.

RNA extraction, cDNA synthesis, and Quantitative Real-
Time PCR
PCR primers used in this study are provided in Fig. S4.

Gene expression levels for genes of interest were nor-
malized to GAPDH and calculated as ΔCT values (ΔCT=
CT gene of interest–CT GAPDH). Log2 fold changes in
expression between treatment group and control group
were calculated using the formula: log2 fold change=
–ΔΔCT= –[ΔCT treatment group – ΔCT control group].
RNA extraction and cDNA synthesis were performed
according to the protocol.

Immunoprecipitation assays
Cells were lysed with Immunoprecipitation (IP) lysis

buffer (Beyotime). The lysate was then incubated with
antibody against LRP6 overnight at 4°C. Precipitate the
antibody-protein complex by protein A/G magnetic beads
(Selleck). The immunoprecipitates were washed five
times, and then subjected to Western Blotting analysis.

In vivo xenograft experiments
Female BALB/c nude mice (5–6 weeks old, from HFK

Bioscience) were subcutaneously injected with SW480
cells (1.0×107). Ten days after implantation, mice with
tumors were randomly assigned to four groups (n= 6),
and intraperitoneal injected with control solvent (normal
saline, PEG300, and DMSO), avasimibe (15 mg/kg.d),
nystatin (4 mg/kg.d), and combined drugs for 28 days.
Tumor volumes were calculated using the following
formula: V= (L×W2)/2, where L and W represent length
and width. Details of cell proliferation assays and colony
formation assays in vitro were described in our previous
report15.

Mouse models of AOM/DSS-induced colorectal cancer
Male C57BL/6 mice (5–6 weeks old, from HFK

Bioscience) were intraperitoneally injected with azox-
ymethane (AOM, 10mg/kg) at day 1. Fill the water bottles
with 1.25% (wt/vol) dextran sulfate sodium (DSS)-con-
taining water for 7 days. Empty the remaining DSS solu-
tion from the bottles at day 8 and refill with normal water.
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Two weeks later, fill with DSS solution for another 7 days.
Three cycles of DSS treatment were needed during the
progress. At day 30, mice were randomly assigned to four
groups (n= 5), and intraperitoneal injected with control
solvent (normal saline, PEG300, and DMSO), avasimibe
(15 mg/kg.d), nystatin (4 mg/kg.d), and combined drugs
during the period of drinking normal water. After
3 months, the mice were sacrificed and dissected, and the
tumors were counted and measured. All experiments
regarding nude mice and C57BL/6 mice were performed
in accordance with the institute guidelines and were
approved by the animal ethics committee of the China
Institute of Science.

Colon cancer tissue microarray
The human colon cancer tissue microarrays were pre-

pared by Shanghai Outdo Biotech, China. All the patients
signed informed consent forms. This study was approved
by the Ethics Committee of Taizhou Hospital of Zhejiang
Province. IHC was performed on human colon cancer
samples and xenograft tumor tissues according to the
protocol. IHC score was based on the multiplied result of
percentage positivity and staining intensity. The percentage
of positive cells was scored as 0–4 (<1%, 1–25%, 26–50%,
51–75%, >75%). Staining intensity was scored as 0–3 (no
staining, weak staining, moderate staining, strong staining).

Statistical analysis
Student’s t test (two-tailed) and one-way ANOVA fol-

lowed by Tukey post hoc test were used for comparison
between groups by GraphPad Prism 5. Statistical sig-
nificance was set at *p < 0.05, **p < 0.01, and ***p < 0.001.
No statistical methods were used to predetermine sample
size. All experiments were performed using at least three
biological replicates.
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