
Article
Suppression of Membrano
us LRP5 Recycling, Wnt/
b-Catenin Signaling, and Colon Carcinogenesis by
15-LOX-1 Peroxidation of Linoleic Acid in PI3P
Graphical Abstract
Highlights
d Colonic 15-LOX-1 expression inhibits colon cancer

promotion by linoleic acid in mice

d Dietary linoleic acid upregulates LRP5 to enhance colonic

Wnt/b-catenin activation

d 15-LOX-1 peroxidation of linoleic acid in PI3P promotes

PI3P_13-HODE formation

d Low affinity of PI3P_13-HODE for SNX17 inhibits LRP5

recycling
Liu et al., 2020, Cell Reports 32, 108049
August 18, 2020 ª 2020 The Authors.
https://doi.org/10.1016/j.celrep.2020.108049
Authors

Fuyao Liu, Xiangsheng Zuo, Yi Liu, ...,

Lovie Ann Valentin, Daoyan Wei,

Imad Shureiqi

Correspondence
ishureiq@umich.edu

In Brief

Whether Western diet enrichment with

linoleic acid promotes colorectal

carcinogenesis is poorly understood. Liu

et al. identify a mechanism by which 15-

lipoxygenase-1 peroxidation of linoleic

acid in phosphatidylinositol-3-phosphate

(PI3P_LA), to induce PI3P_13-HODE

formation, attenuates PI3P binding to the

SNX17-LRP5 complex. This inhibits LRP5

recycling, Wnt/b-catenin activation, and

colorectal carcinogenesis.
ll

mailto:ishureiq@umich.edu
https://doi.org/10.1016/j.celrep.2020.108049
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2020.108049&domain=pdf


OPEN ACCESS

ll
Article

Suppression of Membranous LRP5 Recycling,
Wnt/b-Catenin Signaling, and Colon Carcinogenesis
by 15-LOX-1 Peroxidation of Linoleic Acid in PI3P
Fuyao Liu,1,6 Xiangsheng Zuo,1,6 Yi Liu,1,6 Yasunori Deguchi,1 Micheline J. Moussalli,2 Weidong Chen,1 Peiying Yang,3

Bo Wei,3 Lin Tan,4 Philip L. Lorenzi,4 Shen Gao,1 Jonathan C. Jaoude,1 Amir Mehdizadeh,1 Lovie Ann Valentin,1

Daoyan Wei,5 and Imad Shureiqi1,7,*
1Department of Gastrointestinal Medical Oncology, The University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA
2Department of Pathology, The University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA
3DepartmentofPalliative,Rehabilitation, and IntegrativeMedicine, TheUniversityofTexasMDAndersonCancerCenter,Houston,TX77030,USA
4Department of Bioinformatics and Computational Biology, The University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA
5Department of Gastroenterology, Hepatology, and Nutrition, The University of TexasMD Anderson Cancer Center, Houston, TX 77030, USA
6These authors contributed equally
7Lead Contact

*Correspondence: ishureiq@umich.edu

https://doi.org/10.1016/j.celrep.2020.108049
SUMMARY
APCmutationactivationofWnt/b-catenindrives initiationofcolorectal carcinogenesis (CRC).Additional factors
potentiate b-catenin activation to promote CRC. Western diets are enriched in linoleic acid (LA); LA-enriched
diets promote chemically induced CRC in rodents. 15-Lipoxygenase-1 (15-LOX-1), the main LA-metabolizing
enzyme, is transcriptionally silenced during CRC. Whether LA and 15-LOX-1 affect Wnt/b-catenin signaling is
unclear.We report that high dietary LA promotes CRC inmice treatedwith azoxymethane orwith an intestinally
targeted Apcmutation (ApcD580) by upregulating Wnt receptor LRP5 protein expression and b-catenin activa-
tion. 15-LOX-1 transgenic expression in mouse intestinal epithelial cells suppresses LRP5 protein expression,
b-catenin activation, and CRC. 15-LOX-1 peroxidation of LA in phosphatidylinositol-3-phosphates (PI3P_LA)
leads to PI3P_13-HODE formation, which decreases PI3P binding to SNX17 and LRP5 and inhibits LRP5 recy-
cling from endosomes to the plasmamembrane, thereby increasing LRP5 lysosomal degradation. This regula-
tory mechanism of LRP5/Wnt/b-catenin signaling could be therapeutically targeted to suppress CRC.
INTRODUCTION

Colorectal cancer is the third leading cause of cancer deaths in

the United States (Siegel et al., 2020). APC mutations, which

occur early in most colorectal cancers (Losi et al., 2005), in-

crease b-catenin activation, driving the initiation of colorectal

carcinogenesis (CRC) (Fearon and Vogelstein, 1990; Clevers

and Nusse, 2012). b-Catenin activation varies significantly even

within the same colorectal cancer case that has the same APC

mutation (Vermeulen et al., 2010; Brabletz et al., 1998). This vari-

ability has been attributed to modifiable factors that can strongly

affect CRC progression via b-catenin hyperactivation (He et al.,

2005; Suzuki et al., 2004; Vermeulen et al., 2010). The identifica-

tion of these modifiable factors could open important therapeu-

tic targeting opportunities, unlike APC mutations, which are un-

modifiable by current therapeutic approaches.

Linoleic acid (LA) is the most commonly consumed n-6 poly-

unsaturated fatty acid (PUFA) in Western diets (Adam et al.,

2008; Shureiqi et al., 2010) and promotes chemically induced

CRC in rodents (Deschner et al., 1990; Lipkin et al., 1999). Never-

theless, human diets, especially in the United States, have been

increasingly enriched with LA during the past six decades, in
This is an open access article under the CC BY-N
response to the notion that LA decreases the risk for coronary

artery disease (Farvid et al., 2014; Blasbalg et al., 2011). This

notion has recently been challenged by new findings showing

that substitution of dietary saturated fats with LA increased car-

diovascular disease risk (Ramsden et al., 2013). While this

debate continues, the effect of dietary LA on CRC risk remains

poorly defined. Results of dietary LA studies in human CRC

remain inconclusive (Jandacek, 2017), possibly because they

depend on participants’ recall of dietary intake. In preclinical

models, however, in which dietary factors can be strictly

controlled, LA promoted azoxymethane (AOM)-induced CRC in

rodents (Lipkin et al., 1999; Deschner et al., 1990). Oxidative

metabolism of n-6 PUFAs such as LA influences their ability to

promote AOM-induced CRC in rodents (Bull et al., 1989). LA’s

oxidative metabolism occurs mainly through a pathway regu-

lated by 15-lipoxygenase-1 (15-LOX-1) to generate 13-S-hy-

droxyoctadecadienoic acid (13[S]-HODE). 15-LOX-1 is downre-

gulated inmore than 60%of advanced colorectal adenomas and

100% of human invasive CRCs (Yuri et al., 2007; Shureiqi et al.,

1999), and re-expression of 15-LOX-1 suppresses CRC in

various preclinical models (Shureiqi et al., 2003, 2005; Nixon

et al., 2004; Wu et al., 2008; Zuo et al., 2012; Mao et al., 2015).
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Whether this alteration in LA oxidativemetabolismvia 15-LOX-1

affects aberrant Wnt/b-catenin signaling in CRC is poorly

understood. The few available findings are from studies of 12/

15Lox in non-cancer mouse models, and these studies have

produced conflicting results, suggesting that 12/15Loxmay either

inhibit (Almeida et al., 2009) or stimulate (Kinder et al., 2010) b-cat-

enin transcriptional activity. Experimental modeling of 15-LOX-1

via its murine homolog, 12/15Lox, is suboptimal because 12/

15Lox is a hybrid enzyme of 15- and 12-LOX, whose products

have opposing biological effects, especially in tumorigenesis

(Liu et al., 1995; M€uller et al., 2002). Thus, important questions

remain: do LA and its oxidative metabolism by 15-LOX-1 affect

Wnt/b-catenin signaling and subsequently CRC? If so, by what

mechanisms? These questions are important because increasing

dietary LA intake could inadvertently enhance the risk for CRC,

especially when 15-LOX-1 is downregulated, as commonly oc-

curs in CRC (Yuri et al., 2007; Shureiqi et al., 1999). The necessity

of addressing these questions is further supported by the recent

report that LA has an alternative 15-LOX-1-independent oxidative

metabolism pathway via cytochrome P450 monooxygenases to

produce 12,13-epoxyoctadecenoic acid, which promotes CRC

(Wang et al., 2019).

The findings of this study address these questions: (1) high

dietary LA promoted CRC by upregulating the expression of a

Wnt receptor, low-density lipoprotein (LDL) receptor-related

protein 5 (LRP5), and thus increasing aberrant b-catenin acti-

vation in intestinal epithelial cells (IECs), and (2) 15-LOX-1

re-expression in IECs suppressed CRC by promoting peroxida-

tion of LA in phosphatidylinositol-3-phosphate (PI3P_LA) into

PI3P_13-HODE, which decreased PI3P binding to sorting nexin

17 (SNX17) and LRP5 and subsequently inhibited LRP5 recycling

from endosomes to the plasma membrane, thus increasing

LRP5 lysosomal degradation.

RESULTS

15-LOX-1 Suppresses LA Promotion of AOM-Induced or
Apc Mutation-Induced CRC and Aberrant b-Catenin
Activation in Mice
We first examined the effects of 15-LOX-1 transgenic expres-

sion (Figure S1A) on dietary LA promotion of AOM-induced
Figure 1. 15-LOX-1 Suppresses Linoleic Acid (LA) Promotion of Colore

(A–C) 15-LOX-1modulation of LA’s effects on azoxymethane (AOM)-induced colo

12/15-LOX-knockout (12/15LoxKO), 12/15LoxKO plus villin promoter-driven 12-L

promoter-driven 15-LOX-1 expression in intestines (12/15LoxKO/15-LOX-1) mice

kg) via six weekly intraperitoneal injections to induce CRC. CRCwas evaluated 20

and tumor size distributions (B) for the indicated groups (n = 17–19 per group) ar

groups (n = 10 per group).

(D–F) ApcD580(+/�) (designated as ApcD580) and ApcD580 (+/�)-15-LOX-1(+/+) (design

CO and euthanized 10 weeks later (n = 14 mice per group). Representative colon

and size distributions per mouse (F) of the indicated mouse groups are shown.

(G) Survival curves of ApcD580 and ApcD580-15-LOX-1 littermates at 4 weeks fed e

(n = 14–20 mice per group). The survival time was calculated using the Kaplan-M

(H and I) Representative immunohistochemistry staining images (H) and quantita

localization in normal colonic tissues from the indicated mouse groups as descr

(J and K) Representative immunohistochemistry staining images for cell proliferat

colonic tissues from the indicated mouse groups as described in (D)–(F) (30 cryp

Values represent mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.
CRC by feeding 15-LOX-1 mice (with 15-LOX-1 transgenic

overexpression in IECs) (Zuo et al., 2012) and their wild-type

(WT) littermates with standardized iso-caloric diets in which

corn oil (containing 50%–55% LA) comprised either 5% of

diet weight, considered low, or 20% of diet weight, which sim-

ulates the high LA content of Western diets (Deschner et al.,

1990; Yang et al., 1996) (Table S1). In WT mice, AOM induced

significantly more colorectal tumors per mouse in those fed

20% corn oil than in those fed 5% corn oil (Figures S1B and

S1C; Table S2). In contrast, in 15-LOX-1 mice, the number of

tumors per mouse was similar between those fed 20% corn

oil and those fed 5% corn oil. Moreover, the 15-LOX-1 mice

fed 20% corn oil had significantly fewer tumors per mouse

than did the corresponding WT littermates fed the same diets

(Figure S1C; Table S2).

To simulate 15-LOX-1 expression downregulation in human

CRC (Shureiqi et al., 1999, 2010; Nixon et al., 2004; Yuri et al.,

2007), we sought to generate a mouse model with 15-LOX-1

loss of function in IECs. The generation of a 15-LOX-1-knockout

(KO) mouse model has been difficult because the 15-LOX-1 ho-

molog inmice is 12/15Lox, which has hybrid enzymatic functions

that can produce both 15-LOX-1 and 12S-LOX products (i.e., 13

[S]-HODE and 12[S]-hydroxyeicosatetraenoic [HETE]) (M€uller

et al., 2002; Liu et al., 1995; Grossi et al., 1989). 12/15Lox-KO

(12/15LoxKO) mice have significantly reduced 13(S)-HODE and

12-HETE levels (Middleton et al., 2006). To compensate for the

decreased 12-HETE levels in 12/15LoxKO mice and thus

generate mice with more selective 15-LOX-1 loss of function,

we bred 12/15LoxKO mice with a 12-LOXmousemodel that spe-

cifically expresses 12S-LOX in IECs via villin promoter (12-LOX

mice), generated by nuclear injection of a construct of villin pro-

moter-directed human 12S-LOX expression into ICEs (Figures

S1A and S1D–S1G). Breeding of 12/15LoxKO and 12-LOX mice

generated 12/15LoxKO/12-LOX mice. Additionally, we bred

12/15LoxKO mice with 15-LOX-1 mice to generate 12/15LoxKO/

15-LOX-1 mice (Figures S1H and S1I) to assess the effects of

restoring 15-LOX-1 function in 12/15LoxKO mice on CRC.

We found that in IECs, 12/15LoxKO mice had significantly

decreased 12-HETE levels compared with WT mice, and these

levels were significantly increased by 12-LOX expression

(12/15LoxKO/12-LOX) (Figure S1J). 12/15LoxKO mice also had
ctal Carcinogenesis and Aberrant b-Catenin Activation in Mice

rectal carcinogenesis (CRC) inmice. FVBwild-type (WT), germline homozygous

OX expression in intestines (12/15LoxKO/12-LOX), and 12/15LoxKO plus villin

were fed either a 5% or a 20% corn oil (CO) diet and treated with AOM (10 mg/

weeks after completion of AOM injections. The number of tumors per mouse (A)

e shown. (C) Representative colon images are shown for the indicated mouse

ated as ApcD580-15-LOX-1) littermates at 4 weeks were fed either 5% or 20%

images (D), colonic tumor volumes per mouse (E), and colonic tumor numbers

ither 5% or 20% CO. The median survival age (weeks) for each group is shown

eier method and compared between groups using the log rank test.

tive composite expression scores (CES) (I) of active b-catenin expression and

ibed in (D)–(F) (n = 6–8 mice per group).

ion marker Ki-67 (J) and corresponding proliferation zone lengths (K) in normal

ts from three mice per group were counted).

0001; two-sided Poisson (A, B, and F) and two-way ANOVA (E, I, and K).
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significantly decreased 13-HODE levels in IECs compared with

WT mice, and these levels were significantly increased by

15-LOX-1 but not 12-LOX expression (Figure S1K). 15-HETE

levels were similar between WT and 12/15LoxKO mice but signif-

icantly increased by 15-LOX-1 expression (Figure S1L).

12/15LoxKO mice had significantly more tumors on the 5%

corn oil diet and trended toward more tumors on the 20%

corn oil diet than WT mice fed the same diets (Figure 1A).

12/15LoxKO/12-LOX mice had further increases in tumor

numbers when fed 5% or 20% corn oil, and these effects were

reversed in 12/15LoxKO/15-LOX-1 mice (Figures 1A–1C; Table

S2). These changes were more evident for large tumors (diam-

eter > 3 mm) (Figure 1B).

To ensure that LA promotion of CRC and its modulation by

15-LOX-1 are not limited to the AOM carcinogenesis model,

we examined the effects of 15-LOX-1 and the same low and

high corn oil diets on Apc mutation-driven CRC using ApcD580

mice without and with transgenic 15-LOX-1 expression in IECs

(Apc D580-15-LOX-1 mice) (Figures S2A–S2C). In ApcD580 mice,

increasing the corn oil content from 5% to 20% significantly

increased tumor volume per mouse at age 14 weeks (Figures

1D and 1E; Table S2). In contrast, ApcD580-15-LOX-1 mice fed

either 5% or 20% corn oil had a lower tumor volume per mouse

and fewer large tumors (diameter > 3 mm) per mouse than did

the ApcD580 mice on the same diets (Figures 1E and 1F), despite

a body weight increase in those fed 20% corn oil compared with

those fed 5% corn oil (Figure S2D). In a longitudinal follow-up

survival experiment, ApcD580-15-LOX-1 mice lived significantly

longer than did the corresponding ApcD580 littermates fed the

same diets; at 47 weeks, none of the ApcD580 mice were alive,

whereas 53% of the ApcD580-15-LOX-1 mice fed 5% corn oil

and 25% of the ApcD580-15-LOX-1 mice fed 20% corn oil

were still alive (Figure 1G). To determine whether 15-LOX-1

impacts b-catenin and CRC even in the absence of dietary LA

variation, we fed ApcD580-15-LOX-1mice and their ApcD580 litter-

mates the same 7% corn oil diet. At age 25 weeks, ApcD580-15-

LOX-1 mice had markedly higher 13-HODE levels but lower

active b-catenin levels and lower colorectal tumor multiplicity,

especially for large tumors (diameter > 3 mm) (Figures S2E–

S2H; Table S2), than did ApcD580 littermates.

ApcD580 mutation induces aberrant b-catenin activation to

initiate CRC in ApcD580 mice (Hinoi et al., 2007). We therefore

examined whether dietary LA and 15-LOX-1 further modulated

b-catenin activation. b-catenin levels in both normal-appearing
Figure 2. 15-LOX-1 Suppresses Linoleic Acid (LA) Upregulation of LRP

of ApcD580 Mice and in Human Colorectal Cancer Cells

(A) Western blot images showing 15-LOX-1, LRP5, and active b-catenin protein

Figures 1D–1F (n = 3 per group).

(B and C) Band density ratios of LRP5 (B) and active b-catenin (C) to b-actin corres

(D–G) Active b-catenin and LRP5 protein levels as measured using western blot a

15-LOX-1 lentivirus and treated with LA at the indicated concentrations in culture

(F and G).

(H and I) Representative immunofluorescence staining images of active b-catenin

in SW480 cells treated with 5 mM LA for 48 h. n = 3 repeats with similar results. V

(J–M) Axin2 and cyclin D1 mRNA expression in SW480 cells stably transduced w

concentrations in culture medium supplemented with 5% dialyzed fetal bovine se

M), measured using reverse transcription real-time quantitative polymerase chai

Values are mean ± SD. *p < 0.05, ***p < 0.001, and ****p < 0.0001; two-way ANO
mucosa (Figures 1H, 1I, 2A, and 2C) and tumor mucosa (Figures

S3A and S3B) were increased by high dietary corn oil but

decreased by 15-LOX-1 transgenic expression in IECs.

15-LOX-1 expression also decreased active b-catenin levels in

AOM-induced CRC (Figures S3C and S3E). Apc mutations

have been reported to expand the colonic crypt proliferative

zones as an important mechanism to drive CRC (Barthold and

Beck, 1980; Boman and Fields, 2013); in our study, colonic crypt

proliferative zones as measured using Ki-67 immunohistochem-

ical analyses were increased by high dietary corn oil but

decreased by transgenic 15-LOX-1 expression in IECs (Figures

1J and 1K). Together, these data suggest that 15-LOX-1 sup-

pressed b-catenin-driven CRC promotion, especially in relation

to high dietary LA.

15-LOX-1 Suppresses LA Upregulation of LRP5 and
Active b-Catenin in IECs of ApcD580 Mice and in Human
Colorectal Cancer Cells
LRPs have dual receptor roles: (1) LA-enriched LDL endocytosis

and subsequent degradation (Spiteller and Spiteller, 2000) and

(2) transduction of Wnt signals to activate b-catenin (Tortelote

et al., 2017). In their LDL-related role, LRPs recruit 12/15-LOX

to the cell membrane to oxidize LDL (Zhu et al., 2003). We there-

fore examined the effects of LA and 15-LOX-1 on LRPs.

LRP5 and active b-catenin levels were lower in ApcD580-15-

LOX-1 mice than in ApcD580 mice at age 6–8 weeks, which pre-

cedes the development of CRC in these mice (Figure S3D). In

contrast, LRP6 protein levels were not significantly changed by

15-LOX-1 transgenic expression (Figure S3D); thus, our further

studies were focused on LRP5. LRP5 and active b-catenin levels

were higher in 12/15LoxKO mice compared with WT mice, and

further increased in 12/15LoxKO/12-LOX mice, but decreased

in 12/15LoxKO/15-LOX-1 mice; however, cleaved PARP levels

were altered in the opposite direction (Figure S3E). Similarly,

LRP5 and active b-catenin levels in ApcD580 mice at age

14 weeks were upregulated by the LA-enriched high corn oil

diet and downregulated by transgenic 15-LOX-1 expression

in IECs (Figures 2A–2C). Also, mRNA levels of b-catenin

downstream targets (Axin2 and cyclin D1) were increased by

higher LA dietary content in ApcD580 mice but decreased by

15-LOX-1 transgenic expression in IECs (Figures S3F and S3G).

We next sought to determinewhether ourmouse findingswere

applicable to human CRC by re-expressing 15-LOX-1 via lenti-

virus infection in SW480 and LoVo cells, which, like other
5 and Active b-Catenin Expression in Intestinal Epithelial Cells (IECs)

expression in normal IECs from the indicated mouse groups as described in

ponding to (A), measured using ImageJ. Values in (B) and (C) are mean ± SEM.

nalysis in SW480 and LoVo cells stably transduced with either control (Ctrl) or

media for 72 h (D and E) or treated with 5 mM LA at the indicated time points

(H) and quantification of cells positive for active b-catenin nuclear localization (I)

alues are mean ± SD.

ith either control (Ctrl) or 15-LOX-1 lentivirus and treated with LA at different

rum for 48 h (J and K) or treated with 5 mMLA at the indicated time points (L and

n reaction (n = 3 replicates/condition).

VA (B, C, I, and J–M).
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Figure 3. 15-LOX-1 Inhibits Colonic Stem Cell Self-Renewal in Intestinal Epithelial Cells of ApcD580 Mice and Human Colorectal Cancer Cells

(A–C) ApcD580 and ApcD580-15-LOX-1 littermates were euthanized at 6 weeks and isolated colonic mucosa cells from two littermates (Lm) of the indicated mice

were cultured for primary organoids for 8 days and then analyzed for LRP5, active b-catenin, and 15-LOX-1 protein expression levels (A), as well as Axin2 (B) and

cyclin D1 (C) mRNA expression.

(D–F) Primary (P0) (D) and secondary (P1) (E) organoid formation efficacies at 8 days of culture. (F) Representative bright-field light microscopic (P0 and P1) and

hematoxylin and eosin (H&E) staining of images (P1) of organoids for the indicated mice.

(legend continued on next page)
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colorectal cancer cells, lack 15-LOX-1 expression (Moussalli

et al., 2011). In the control SW480 and LoVo cells, LA supple-

mentation increased protein levels of LRP5 and active b-catenin,

which peaked at 2 and 5 mM LA, respectively, after 48–72 h (Fig-

ures 2D–2G). b-Catenin nuclear localization (Figures 2H, 2I, S4A,

and S4B) and Axin2 and cyclin D1 mRNA levels increased after

LA supplementation in a time- and concentration-dependent

manner (Figures 2J–2M and S4C–S4F). All these effects were in-

hibited by 15-LOX-1 re-expression in SW480 and LoVo cells

(Figures 2D–2M and S4A–S4F). These observations implicate

15-LOX-1 as a negative modulator of LA-increased LRP5 protein

expression and b-catenin activation.
15-LOX-1 Inhibits Colonic Stem Cell Regeneration in
Organoids Derived from ApcD580 Mice and Human
Colorectal Cancers
We assessed the biological significance of 15-LOX-1’s suppres-

sion of LRP5 and b-catenin signaling by examining how

15-LOX-1 affects colonic tumor stem cell self-renewal, which is

strongly enhanced by aberrant b-catenin activation (Schwitalla

et al., 2013). Colonic organoids derived from IECs of ApcD580-

15-LOX-1mice had significantly lower expression of LRP5, active

b-catenin, Axin2, and cyclin D1 (Figures 3A–3C) and yielded fewer

primary and secondary organoid numbers, especially primitive

spheroids, than did the organoids derived from IECs of ApcD580

mice (Figures 3D–3F). More important, 15-LOX-1 re-expression

via lentiviral infection in human organoids derived from patients’

colorectal cancer tissues reduced LRP5, active b-catenin,

Axin1, and cyclin D1 protein levels (Figures 3G and 3H);

decreased Axin2 and cyclin D1 mRNA expression (Figures 3I

and 3J); and repressed the organoids’ self-renewal, as measured

using organoid formation assay (Figures 3K and 3L).
15-LOX-1 Downregulates LRP5 Protein Expression via
13-HODE
To identify themolecular mechanisms bywhich 15-LOX-1 down-

regulates LRP5 expression, we first examined the oxidative lipid

profiles of IECs via liquid chromatography-tandem mass spec-

trometry to determine the relationship between 15-LOX-1 enzy-

matic products and their suppression of CRC in ApcD580 mice. In

ApcD580-15-LOX-1 mice, the dominant oxidative lipid products

were 13-HODE and 15-HETE acid (Figure 4A), whereas in

ApcD580 mice, the dominant products were prostaglandin E2

and 12-HETE (Figures 4A andS5A). Lipoxin A4 (LXA4) and lipoxin

B4 (LXB4) levels were also significantly higher in ApcD580-15-

LOX-1 mice than in ApcD580 mice (Figure 4A). Levels of these

15-LOX-1 enzymatic products (13-HODE, 15-HETE, LXA4, and

LXB4) were significantly negatively correlated with tumor vol-

umes in both ApcD580 and ApcD580-15-LOX-1 mice (Figures

4B–4E). In contrast, levels of non-15-LOX-1 enzymatic products
(G–L) LRP5, active b-catenin, 15-LOX-1, Axin1, and cyclin D1 protein expression

images of active b-catenin (H); and mRNA expression of Axin2 (I) and cyclin D1 (J

reaction performed in triplicate in human colorectal cancer tissue-derived organ

passages. (K) Organoid formation efficacies and (L) representative bright-field lig

transduced with either control or 15-LOX-1 lentivirus (n = 6 cases).

Values are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; u
(prostaglandin E2, 5-HETE, 12-HETE, and LTB4) did not signifi-

cantly correlate with tumor volumes (Figures S5B–S5E).

We then determined the mechanistic relevance of those cor-

relations to the previously observed effects of 15-LOX-1 on

stem cell regeneration (Figures 3D–3F). Treatment with 13(S)-

HODE inhibited regeneration of ApcD580 IEC-derived organoids

in a concentration-dependent manner (Figure 4F). In contrast,

other 15-LOX-1 enzymatic products (15[S]-HETE, LXA4, and

LXB4), administered at concentrations proportional to their

levels relative to 13-HODE levels in IECs of the ApcD580

mice as measured using liquid chromatography-tandem

mass spectrometry (Figure 4A), had no effect on regeneration

of colonic organoids from IECs of ApcD580 mice (Figure 4G).

Furthermore, treatment with 13(S)-HODE at the concentrations

that repressed organoid regeneration also decreased LRP5

and active b-catenin protein levels in ApcD580 IEC-derived or-

ganoids (Figure 4H).

Next, we investigated the relevance of our mouse findings to

human CRC. Re-expression of 15-LOX-1 in SW480 and LoVo

cells via lentiviral infection significantly increased 13-HODE

levels and inhibited LRP5 and active b-catenin protein levels

(Figures 4I–4K). Treatment of SW480 and LoVo cells with

13(S)-HODE, at the same concentrations that inhibited cell pro-

liferation (Figures S5F and S5G), also downregulated LRP5 and

active b-catenin protein levels (Figure 4L). In contrast, treatment

with other 15-LOX-1 products, such as 15(S)-HETE, LXA4, and

LXB4, did not affect LRP5 or active b-catenin protein levels in

either SW480 or LoVo cells (Figures S5H and S5I). Together,

these results suggest that 13-HODE mediates 15-LOX-1-

induced downregulation of LRP5 protein expression.

15-LOX-1 Regulates LRP5 Expression in the Cell
Membrane
Membranous LRPs are tightly regulated at the protein stability

level, as their fate is balanced during their endocytosis with LDL

between lysosomal degradation and recycling to the cell mem-

brane (van Kerkhof et al., 2005). When we tested 15-LOX-1’s

effects on LRP5 protein stability in SW480 and LoVo cells,

15-LOX-1 re-expression decreased LRP5 protein stability

following treatmentwith cycloheximide (Figures5Aand5B; Table

S3). Because LRP5 promotes 15-LOX-1membranous transloca-

tion to oxidize LA-enriched LDL (Zhu et al., 2003), we investigated

whether LA supplementation to LoVo and SW480 cells is suffi-

cient to trigger 15-LOX-1 membranous re-localization and

whether this re-localization affects LRP5 protein internalization

and subsequently itsmembranous abundance. LA supplementa-

tion to LoVo and SW480 cells increased 15-LOX-1 protein distri-

bution from the cytoplasm to the cell membrane, when 15-LOX-1

was re-expressed in cancer cells; this 15-LOX-1 redistribution

was associated with increased LRP5 protein localization from

the cell membrane to the cytoplasm (Figures 5C–5F, S6A, and
levels, measured using western blot analysis (G); immunofluorescence staining

) measured using reverse transcription real-time quantitative polymerase chain

oid cells transduced with control (Ctrl) or 15-LOX-1 lentivirus for at least five

ht microscopic images of human colorectal cancer tissue-derived organoids

npaired t test (B–E, I–K).
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Figure 4. 15-LOX-1 Downregulates LRP5 Protein Expression via 13-HODE

(A) Eicosanoid metabolite profile of the IECs from ApcD580 and ApcD580-15-LOX-1 mice, as described in Figures 1D–1F, measured using liquid chromatography-

tandem mass spectrometry (LC-MS/MS) (n = 14 mice per group). Values are mean ± SEM.

(B–E) Spearman correlation analysis of colonic tumor volumes and levels of 13-HODE (B), 15-HETE (C), LXA4 (D), and LXB4 (E) in IECs from themice as described

in (A) (n = 56 for all four groups).

(legend continued on next page)
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S6B). To examine whether this observed LRP5 redistribution is

due to increased LRP5 internalization, we measured LRP5 inter-

nalization using imaging flow cytometry with immunofluores-

cence-labeled LRP5protein. The number of cellswith LRP5 inter-

nalization was larger in SW480 cells stably transduced with

15-LOX-1 lentivirus than in those transduced with control lenti-

virus with the same LA treatment (Figures 5G and 5H; Table S4).

To investigate whether this 15-LOX-1-induced increase in

LRP5 internalization augments LRP5 lysosomal degradation,

we transfected 293T cells with mCherry-labeled LRP5 expres-

sion vector to trace LRP5 distribution in endosomes and lyso-

somes labeled with green fluorescent protein (GFP) via

incubation with CellLightEarly Endosomes-GFP BacMam 2.0

or CellLight Lysosomes-GFP BacMam 2.0. Doxycycline-

induced 15-LOX-1 expression or treatment with 13(S)-HODE

increased LRP5 redistribution to the cell endosomes and lyso-

somes (Figures 5I–5L). Furthermore, treatment with E-64d, an

irreversible broad-spectrum cysteine protease inhibitor that

suppresses lysosomal protein degradation, increased both

membranous and cytoplasmic LRP5 protein levels in 293T cells

transfected with control vector. In contrast, transfection with 15-

LOX-1 vector in 293T cells reduced LRP5 levels, especially in the

membranous compartment; E-64d blocked that effect (Figures

5M and 5N). Similar results were obtained in SW480 cells (Fig-

ures S6C and S6D). These findings demonstrate that 15-LOX-1

downregulates LRP5 protein expression levels by increasing

LRP5 cell internalization and subsequent LRP5 lysosomal

degradation.

15-LOX-1 Inhibits SNX17-Mediated LRP5 Recycling to
the Cell Membrane
SNX17 binds membranous phosphatidylinositol 3-phosphate

(PI3P) for anchorage to direct LRPs away from lysosomal degra-

dation and recycle them into their membranous pools (van

Kerkhof et al., 2005). We sought to examine whether 15-LOX-1

modulates SNX17’s role in rescuing LRP5 from lysosomal degra-

dation to be recycled to the membrane. We first examined

whether SNX17 affects LRP5 and subsequently active b-catenin

protein and found that SNX17 overexpression increased LRP5

and active b-catenin protein levels in 293T and SW480 cells (Fig-

ure 6A). In complementary experiments, SNX17 downregulation

by small interfering RNA (siRNA) reduced LRP5 and active b-cat-

enin protein levels (Figure 6B). Rescue experiments, to ensure

that the effects of SNX17 siRNA were not a result of off-target

effects, showed that overexpression of the mutant SNX17

sequence, which is resistant to degradation by SNX17 siRNA

(McNally et al., 2017), blocked LRP5 downregulation by SNX17
(F and G) Cell viability of colonic organoids derived from the IECs of ApcD580 mice

(3 mM), 15(S)-HETE (2.15 mM), LXA4 (8.86 nM), or LXB4 (36.24 nM) for 6 days (G),

Values are mean ± SEM. *p < 0.05 and **p < 0.01 (one-way ANOVA).

(H) LRP5 and active b-catenin protein expression levels in organoid cells treated w

(I and J) Levels of 13-HODE in SW480 (I) and LoVo (J) cells stably transduced w

triplicated measurements. Values are mean ± SD. ***p < 0.001 (unpaired t test).

(K) 15-LOX-1, LRP5, and active b-catenin protein levels in SW480 and LoVo cells

analysis.

(L) LRP5 and active b-catenin protein levels measured using western blot analy

concentrations in cell culture media for 48 h.
siRNA (Figures S6E and S6F). Next, we used immunoprecipita-

tion and immunoblotting to determine whether LRP5 binds to

SNX17 to promote LRP5 protein recycling. When Myc-tagged

LRP5 was expressed in 293T and SW480 cells, SNX17 was

detected by immunoblotting in immunoprecipitated products

with anti-c-Myc antibody (Figure 6C). Additionally, when FLAG-

tagged SNX17 was expressed in 293T and SW480 cells, LRP5

was also detected by immunoblotting in immunoprecipitated

products with anti-FLAG antibody (Figure 6D). These findings

demonstrate the ability of LRP5 to bind SNX17.

To examine whether SNX17 affects 15-LOX-1’s modulation of

LRP5 protein stability, we performed an LRP5 cycloheximide

pulse-chase assay with SNX17 and 15-LOX-1 overexpression.

SNX17 overexpression reduced LRP5 degradation following

treatment with cycloheximide and, furthermore, blocked the

augmentation of LRP5 degradation by 15-LOX-1 re-expression

in SW480 cells with LA supplementation (Figure 6E). We next

examined whether 15-LOX-1 affects LRP5 or SNX17 binding to

LA using a chemical ligation proximity assay. 15-LOX-1 re-

expression markedly decreased the colocalization of alkynyl

LA with SNX17 or with LRP5 in SW480 cells (Figures 6F–6H).

In co-immunoprecipitation studies, 15-LOX-1 re-expression

in SW480 cells with LA supplementation or treatment of

SW480 cells with 13(S)-HODE inhibited LRP5 binding to

SNX17 (Figure 6I), suggesting that 15-LOX-1 conversion of LA

to 13(S)-HODE suppresses SNX17 binding to LRP5.

15-LOX-1-Mediated Peroxidation of PI3P_LA to
Generate PI3P_13-HODE Inhibits PI3P Binding to SNX17
and thus Suppresses LRP5 Recycling to the Cell
Membrane
Within endosomes, PI3P anchors SNX17 to recycle LRPs (van

Kerkhof et al., 2005); we therefore examined the role of PI3Ps

in LRP5 recycling by SNX17 using a specific PI3P inhibitor,

VPS34-IN-1. VPS34-IN-1 specifically inhibits vacuolar protein

sorting 34 (VPS34), which phosphorylates endosomal phospha-

tidylinositol to generate PI3P (van Kerkhof et al., 2005; Bago

et al., 2014). VPS34-IN-1 decreased LRP5 protein expression,

especially when 15-LOX-1 was re-expressed, in SW480 and

LoVo cells (Figures 7A and 7B), suggesting that PI3P increases

LRP5 protein expression and that 15-LOX-1 might inhibit these

PI3P’s effects. Given that PI3P-SNX17 plays a critical role in

mediating the trafficking of LRP5 by endosomes and the fate

of LRP5 (van Kerkhof et al., 2005), we tracked LRP5 protein

expression using mCherry red fluorescence in 293T and

SW480 cells treated with VPS34-IN-1. LA increased whereas

VPS34-IN-1 or 13(S)-HODE decreased LRP5 levels (Figures 7C
treated with 13(S)-HODE at 0, 3, 6, or 13.5 mM (F) or treated with 13(S)-HODE

measured using CellTiter-Glo Luminescent Cell Viability Assay (n = 3 repeats).

ith 13(S)-HODE at the indicated concentrations for 6 days, as described in (F).

ith either control (Ctrl) or 15-LOX-1 lentivirus, measured using LC-MS/MS in

transduced with either Ctrl or 15-LOX-1 lentivirus, measured using western blot

sis in SW480 and LoVo cells supplemented with 13(S)-HODE at the indicated
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and 7D). Additionally, compared with LA, VPS34-IN-1 increased

LRP5 lysosomal localization (Figures S7A and S7B), which

further supported the significance of PI3P in rescuing LRP5

from being trafficked for degradation in the lysosomes.

PI3P contains fatty acid residues that include LA, which could

influence the biological functions of PI3P (Gu et al., 2013). We

found that LA increased cellular PI3P production in SW480 cells,

and this was not altered by 15-LOX-1 re-expression (Figures 7E

and S7C), suggesting that 15-LOX-1 does not change PI3P

abundance to regulate LRP5. To evaluate whether 15-LOX-1

instead alters PI3P composition, we measured PI3P_LA and

PI3P_13-HODE relative abundance in IECs of ApcD580 mice us-

ing liquid chromatography-high-resolution mass spectrometry

(LC-HRMS). PI3P(18:0/18:2)_LA levels showed an upward trend

with high dietary LA (20% versus 5% corn oil), and this trend

was decreased by 15-LOX-1 transgenic expression in IECs

(Figure 7F). In contrast, PI3P (18:0/18:2 OH)_13-HODE

levels decreased with high dietary LA but were increased by

15-LOX-1 transgenic expression in IECs (Figure 7G). Similar

changes to those in the PI3P(18:0/18:2)_LA species were seen

in PI3P (18:1/18:2)_LA (Figure 7H), and similar changes to those

in the PI3P (18:0/18:2 OH)_13-HODE species were seen in

PI3P (18:1/18:2 OH)_13-HODE (Figure 7I) and PI3P (16:0/18:2

OH)_13-HODE (Figure S7D) in IECs of ApcD580 and ApcD580-

15-LOX-1 mice.

To examine the human relevance of the effect of 15-LOX-1 on

PI3P species that contain LA, we performed LA-d11 metabolic

tracing analyses in SW480 cells using LC-HRMS. We found

that 15-LOX-1 re-expression considerably increased PI3P

(18:1/18:2 OH)_13-HODE-d11 levels (Figure 7J) and decreased

PI3P (18:1/18:2)_LA-d11 levels (Figure 7K), but these effects

were not significant for PI3P (18:0/18:2)_LA-d11 and PI3P

(18:0/18:2 OH)_13-HODE-d11 production (Figures S7E and

S7F).

To elucidate whether PI3P_13-HODE has differential binding

affinity to SNX17 compared with PI3P_LA, we examined using

LC-HRMS the levels of PI3P species that were bound to immu-
Figure 5. 15-LOX-1 Decreases Cell Membranous LRP5 Levels

(A and B) LRP5 protein expression in SW480 (A) and LoVo (B) cells stably tran

cycloheximide (CHX) for 0, 2, and 4 h. The whole-cell lysates were analyzed usin

(C and D) Cytoplasmic (C) and membranous (M) LRP5 and 15-LOX-1 protein exp

15-LOX-1 lentivirus and treated with 10 mM linoleic acid (LA) for 2 h. The cells w

analyzed using western blot.

(E and F) Two hour to 0 h ratios of cytoplasmic protein band densities normalized

K+-ATPase for 15-LOX-1 (E) and LRP5 (F) expression in SW480 cells transduced

SEM. ***p < 0.001 (two-way ANOVA).

(G andH) SW480 cells stably transduced with Ctrl or 15-LOX-1 lentivirus were trea

imaging flow cytometry assay. Representative images (G) and cell internalization

0 were counted as internalization positive) are shown (n = 3 repeats with similar

(I–L) 293T cells stably transfected with Tet-on 15-LOX-1 inducible vector were tr

LOX-1) or without (Ctrl) doxycycline (2 mg/mL) or treated with 13(S)-HODE (27 mM)

or CellLight Lysosomes-GFP, BacMam 2.0 for another 24 h. Representative micr

with GFP-traced cytoplasmic endosomes (I and J) or lysosomes (K and L) are s

localization of mCherry and GFP fluorescence out of mCherry-positive cells from

(M and N) 293T cells were co-transfected with mCherry-tagged LRP5 expressio

(15-LOX-1) for 48 h and then treated with E-64d (10 mM) or dissolvent (Ctrl) for 1

trans-localization traced with mCherry fluorescence protein from six random fiel

Values are mean ± SD. ***p < 0.001, ****p < 0.0001, n.s., no significant differenc

results.
noprecipitated FLAG-tagged SNX17 protein ectopically overex-

pressed in SW480 cells with or without 15-LOX-1 re-expression.

The relative enrichments of PI3P (18:0/18:2)_LA and PI3P (18:1/

18:2)_LA as measurements of their binding abilities to SNX17

were significantly higher than those of PI3P (18:0/18:2 OH)_13-

HODE and PI3P (18:1/18:2 OH)_13-HODE (Figures 7L and 7M).

Together, our results demonstrate that 15-LOX-1 mediates con-

version of PI3P_LA to PI3P_13-HODE, which decreases PI3P

binding to SNX17 and, consequently, inhibits LRP5 recycling

from lysosomes to the cell membrane.

DISCUSSION

We found that (1) 15-LOX-1 suppressed LA promotion of CRC

induced by AOM or by ApcD580 mutation in mice; (2) 15-LOX-1

downregulated LRP5 protein expression and b-catenin activa-

tion in ApcD580 mouse IECs, ApcD580 IEC-derived organoid cells,

human colorectal cancer cells, and human colorectal cancer tis-

sue-derived organoid cells; (3) 15-LOX-1 suppressed CRC stem

cell self-renewal in mice and humans; (4) 13(S)-HODE, the pri-

mary 15-LOX-1metabolic product, downregulated LRP5 protein

expression and b-catenin activation in ApcD580 IECs and human

colorectal cancer cells; and (5) 15-LOX-1 promoted PI3P_LA

conversion to PI3P_13-HODE, which markedly reduced PI3P

binding to SNX17 and subsequently inhibited LRP5 recycling

from lysosomal degradation to the cytoplasmic membrane

pool. These findings identify a mechanism by which 15-LOX-1

oxidative metabolism of LA residue within PI3P decreases

LRP5 protein recycling, which inhibits Wnt/b-catenin signaling

and subsequently CRC.

High dietary LA promoted AOM-induced and ApcD580 muta-

tion-driven CRC in mice, which was inhibited by IECs’ 15-LOX-

1 transgenic expression. High dietary LA, which is typical of

Western-type diets (Yang et al., 1996), has been reported to

promote AOM-induced CRC in mice (Deschner et al., 1990).

Our findings show that LA promotion of CRC is not limited to

CRC induction by AOM but also applies to CRC induction by
sduced with control (Ctrl) or 15-LOX-1 lentivirus and treated with 10 mg/mL

g western blot.

ression in SW480 (C) and LoVo (D) cells stably transduced with control (Ctrl) or

ere processed into cytoplasmic and membranous protein fractions and then

to b-actin and ratios of membranous protein band densities normalized to Na+-

with Ctrl or 15-LOX-1 lentivirus, corresponding to (C) (n = 3). Values are mean ±

tedwith 10 mMLA for 2 h. The cells were analyzed for LRP5 internalization using

distribution (H) of 5,000 examined cells (cells with internalization score R1 >

results).

ansfected with mCherry-tagged LRP5 expression vector and treated with (15-

for 24 h and then incubated with CellLight Early Endosomes-GFP, BacMam 2.0

ophotographs and quantitative results of mCherry-labeled LRP5 colocalization

hown. Quantification was evaluated as percentages of the cells that had co-

six random fields under a confocal microscope. Arrows indicate colocalization.

n plasmid with pCMV5-IRES-GFP (Ctrl) or with pCMV5-15-LOX-1-IRES-GFP

h. Representative microphotographs (M) and quantitative results (N) of LRP5

ds under a confocal microscope are shown.

e; one-way ANOVA (J and L), two-way ANOVA (N). n = 3 repeats with similar
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Figure 6. 15-LOX-1 Reduces Membranous LRP5 Levels by Inhibiting SNX17-Mediated LRP5 Recycling to the Cell Membrane

(A) SNX17, LRP5, and active b-catenin expression in 293T or SW480 cells transfectedwith control vector (Ctrl) or FLAG-tagged SNX17 expression vector for 48 h,

then processed for western blot analysis.

(B) SNX17, LRP5, and active b-catenin expression levels in 293T or SW480 cells transfected with control (Ctrl) or pooled SNX17 siRNA for 72 h, measured using

western blot analysis.

(C) SNX17 and LRP5 interaction assessment in 293T cells or SW480 cells transfected with Myc-tagged LRP5 expression vector for 48 h. Cell lysates were

immunoprecipitated (IP) by anti-Myc antibody or rabbit immunoglobulin G (IgG) and then analyzed using immunoblotting with anti-SNX17 or anti-LRP5 antibody.

(D) LRP5 and SNX17 interaction assessment in 293T cells or SW480 cells transfected with FLAG-tagged SNX17 expression plasmid for 48 h. Cell lysates were

immunoprecipitated by anti-FLAG antibody or rabbit IgG and then analyzed using immunoblotting with anti-LRP5 or anti-SNX17 antibody.

(legend continued on next page)
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other experimental approaches, such as the intestinally targeted

ApcD580mutation in mice, which closely mimics human CRC (Hi-

noi et al., 2007), further confirming the deleterious effects of

excess dietary LA. More important, these data identify LA

enhancement of aberrant b-catenin activation as a mechanism

to promote CRC, which can be strongly suppressed by LA’s

oxidative metabolism via 15-LOX-1. Furthermore, our experi-

mental simulation in mice of 15-LOX-1 downregulation in human

CRC shows how this 15-LOX-1 loss enhances CRC promotion,

especially when coupled with excess dietary LA. 15-LOX-1’s

repression of b-catenin activation was associated with

enhanced apoptosis in IECs. These findings are consistent

with prior reports showing that aberrant b-catenin activation re-

presses, whereas 15-LOX-1 enhances, apoptosis in colonic cells

(He et al., 2005; Shureiqi et al., 2003).

That 15-LOX-1 suppressed CRC progression beyond its initi-

ation by ApcD580 mutation in mice is supported by the following

observations. First, 15-LOX-1 transgenic expression repressed

primarily large colorectal tumor formation, which is associated

with CRC progression (Oshima et al., 2015). Second, 15-LOX-1

repressed intestinal crypt proliferative zone expansion, which is

also associated with CRC progression (Wong et al., 2002; van

de Wetering et al., 2002). Finally, 15-LOX-1 repressed colo-

rectal cancer stem cell self-renewal, a critical phenotypic

feature by which colorectal cancer stem cells promote CRC

progression (Brabletz et al., 2005). These results demonstrated

that 15-LOX-1 suppression of b-catenin signaling significantly

modulates CRC progression beyond CRC initiation by APC

mutations.

15-LOX-1 inhibited Wnt/b-catenin signaling via downregula-

tion of LRP5. LRP5 is a key component of the LRP5/LRP6/Friz-

zled co-receptor group that acts as a Wnt receptor, which

when activated stabilizes cytoplasmic b-catenin to potentiate

its downstream signaling (MacDonald and He, 2012; Tortelote

et al., 2017). LRP5 also functions as an endocytic receptor of

LDL to mediate LDL internalization for intracellular processing

via the endosomal/lysosomal system (Krieger and Herz, 1994;

Herz et al., 2009; Tortelote et al., 2017). Cells tightly control

LRPs’ membrane abundance, and subsequently Wnt signaling,

by balancing their lysosomal degradation and recycling to the

cell membrane through SNX proteins (e.g., SNX17) (van Kerkhof

et al., 2005). LDL binding to LRPs has also been demonstrated to

promote 15-LOX-1 translocation from the cytoplasm to the cell

membrane to oxidize LA incorporated in complex lipids to form

13(S)-HODE (Zhu et al., 2003). Our results demonstrate that

15-LOX-1 translocation and oxidization of LA to 13-HODE affect

LRP5membranous abundance and subsequentlyWnt/b-catenin
(E) SW480 cells stably transduced with control (�) or 15-LOX-1 (+) lentivirus were

treated with 5 mM linoleic acid (LA) for 48 h, followed by treatment with cyclohe

expression levels were measured by western blot analysis.

(F–H) SW480 cells stably transduced with control (Ctrl) or 15-LOX-1 lentivirus were

proximity ligation assay using the click chemistry reaction of alkynyl LA with SNX1

(G) and their corresponding quantitative intensity (H) are shown. Values in (H) are

(I) Effects of 15-LOX-1 or 13(S)-HODE on LRP5 binding to SNX17. SW480 cells s

with Myc-tagged LRP5 expression plasmid and FLAG-tagged SNX17 expression

type SW480 cells were co-transfected with LRP5 and SNX17 expression plasm

lysates were immunoprecipitated by anti-Myc antibody or anti-FLAG antibody an
signaling. LA upregulated LRP5 in colorectal cancer cells, which

agrees with a previous report of LA upregulating LRP5 protein

expression in peritoneal macrophages (Schumann et al., 2015).

Our present findings, however, demonstrate that LA upregula-

tion of LRP5 augments aberrant b-catenin activation beyond

its activation by APC mutations in mouse models and human

colorectal cancer cells. More important, these findings identify

15-LOX-1 as a negative regulator of LRP5 augmentation of aber-

rant b-catenin activation.

15-LOX-1 downregulated LRP5 via 13-HODE. 15-LOX-1

transgenic expression in mouse IECs increased 13-HODE as

the predominant oxidative metabolite compared with 15-LOX-

1’s other known metabolites of arachidonic acid (15-HETE,

LXA4, and LXB4) (Brash, 1999; Serhan et al., 2008). Although

the levels of these various 15-LOX-1 products negatively corre-

lated with the tumor burden in ApcD580 mice, 13(S)-HODE was

the only one among these metabolites to suppress ApcD580

mutant colonic stem cell self-renewal and to downregulate

LRP5 and b-catenin activation. These findings indicate the spe-

cific mechanistic contribution of 13(S)-HODE to 15-LOX-1’s

downregulation of LRP5 to suppress hyperactivation of Wnt/

b-catenin signaling.

15-LOX-1 re-expression inhibited LRP5 protein recycling to the

cell membrane via PI3P_13-HODE. LRPs bind to SNX17, and

SNX17 is anchored via PIPs, especially PI3P in early endosomes,

to promote subsequent LRP recycling to the cell membrane (van

Kerkhof et al., 2005). PI3Ps are critical regulators of cell signaling,

particularly via membrane trafficking events that affect cell health

and disease (e.g., cancer) status. Our data uncover the biological

significance of oxidative metabolism of LA, as a part of PI3Ps,

which aremembrane-bound complex lipids.Most of the research

attention in studying the effects of LA and other n-6 PUFA oxida-

tive products on cell signaling has been focused on the free form

of these products (e.g., PGE2). 15-LOX-1 is unique among

mammalian lipoxygenases in its ability to catalyze lipid peroxida-

tion evenwhen the substrate is bound by an ester linkagewithin a

complex biological structure (Kuhn et al., 1990; Schewe et al.,

1975). Our findings demonstrate that modulation of LA as a

PI3P lipid residue via 15-LOX-1 to form PI3P_13-HODE reduced

SNX17 binding to LRP5, shifting LRP5 fate to lysosomal degrada-

tion and thus reducing its membranous recycling and subse-

quently suppressing Wnt signaling and CRC. This 15-LOX-1 reg-

ulatory mechanism of LRP5 membranous abundance in normal

colonic cells prevents excessive activation of Wnt/b-catenin

signaling. In contrast, cancer cells ubiquitously silence 15-

LOX-1 expression (Moussalli et al., 2011; Il Lee et al., 2011), which

could increase LRP5 membranous abundance to hyperactivate
transfected with either SNX17 expression vector (+) or control vector (�) and

ximide (CHX; 10 mg/mL) for 0, 2, and 4 h. SNX17, LRP5, and active b-catenin

treated with 100 mMalkynyl LA for 36 h, and the cells were then analyzed using

7 or with LRP5. Representative clickmicrophotographs for SNX17 (F) and LRP5

mean ± SEM. **p < 0.01 (unpaired t test).

tably transduced with control (Ctrl) or 15-LOX-1 lentivirus were co-transfected

plasmid for 48 h, then treated with 10 mM LA for an additional 24 h (left). Wild-

ids for 48 h, then treated with 27 mM 13(S)-HODE for another 24 h (right). Cell

d then analyzed using immunoblotting with anti-SNX17 or anti-LRP5 antibody.
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Wnt/b-catenin signaling, especially in the presence of excess di-

etary LA, to drive CRC progression.

In summary, our findings demonstrate that increasing dietary

LA intake promotes CRC by increasing Wnt/b-catenin activation

via increased LRP5 recycling to the cell membrane and that 15-

LOX-1 represses LRP5 membranous recycling by promoting the

conversion of PI3P_LA to PI3P_13-HODE. This previously un-

known regulation of Wnt/b-catenin signaling via 15-LOX-1meta-

bolism of PI3P_LA represents a modifiable mechanism, beyond

APC mutations, by which Wnt/b-catenin signaling can be thera-

peutically targeted for CRC prevention and treatment.
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Antibodies

Mouse polyclonal anti–b-actin (WB) Santa Cruz Biotechnology Cat# sc-47778; RRID:AB_626632

Rabbit monoclonal anti–active b-catenin

(WB/IHC/IF)

Cell Signaling Technology Cat# 8814; RRID:AB_11127203

Rabbit monoclonal anti-LRP5 (WB/IP) Cell Signaling Technology Cat# 5731, RRID:AB_10705602

Rabbit polyclonal anti-LRP5 (IF/CCA) NovoPro Cat# 112323

Rabbit polyclonal anti-15-LOX-1 (WB) Generated by our laboratory N/A

Rabbit polyclonal anti-SNX17 (WB/CCA) Proteintech Cat# 10275-1-AP; RRID:AB_2192394

Rabbit monoclonal anti–Na-K-ATPase (WB) Cell Signaling Technology Cat# 3010; RRID:AB_2060983

Rabbit polyclonal anti-PI3P (IF) Echelon Biosciences Cat# Z-P003; RRID:AB_427221

Rabbit monoclonal anti–Ki-67 (IHC) Lab Vision Cat# RM-9106-S1; RRID:AB_149792

Rabbit monoclonal anti-cyclin D1 (WB) Cell Signaling Technology Cat# 2978; RRID:AB_2259616

Rabbit monoclonal anti-Axin1 (WB) Cell Signaling Technology Cat# 2087; RRID:AB_2274550

Anti-mouse immunoglobulin G (IgG),

horseradish peroxidase (HRP)–linked antibody

Cell Signaling Technology Cat# 7076S; RRID:AB_330924

Anti-rabbit IgG, HRP-linked antibody Cell Signaling Technology Cat# 7074S; RRID:AB_2099233

Biotinylated goat anti-rabbit IgG antibody Vector Laboratories Cat# BA-1000; RRID:AB_2313606

Goat anti-rat IgG (H+L) secondary antibody,

Alexa Fluor 594 conjugated

Thermo Fisher Scientific Cat# A-11007; RRID:AB_10561522

Goat anti-rabbit IgG (H+L) secondary antibody,

Alexa Fluor 488 conjugated

Thermo Fisher Scientific Cat# A-11034; RRID:AB_2576217

Goat anti-rabbit IgG (H+L) secondary antibody,

Alexa Fluor 594 conjugated

Thermo Fisher Scientific Cat# A-11012; RRID:AB_141359

Goat polyclonal anti-biotin (CCA) Sigma-Aldrich Cat# B3640; RRID:AB_258552

Mouse polyclonal anti–Myc (IF) OriGene Cat# TA150121; RRID:AB_2622266

Anti-rabbit PLUS (CCA) Sigma-Aldrich Cat# DUO92002; RRID:AB_2810940

Anti-goat MINUS (CCA) Sigma-Aldrich Cat# DUO92006

Biological Samples

Human colon cancer tissues MD Anderson Cancer Center tissue bank N/A

Chemicals, Peptides, and Recombinant Proteins

13(S)-HODE Cayman Chemical Cat# 38610

Linoleic acid Cayman Chemical Cat# 90150

Alkynyl linoleic acid Kerafast Cat# EVU112

15(S)-HETE Cayman Chemical Cat# 34720

Lipoxin A4 Cayman Chemical Cat# 90410

Lipoxin B4 Cayman Chemical Cat# 90420

Linoleic acid d-11 Cayman Chemical Cat# 9002193

Chlorhexidine Cayman Chemical Cat# 17343

E-64d Cayman Chemical Cat# 13533

VPS34-IN1 Cayman Chemical Cat# 17392

PI3P (18:1/18:1) Avanti Polar Lipids Cat# 850150

10% buffered formalin Thermo Fisher Scientific Cat# 23-245-685

4% paraformaldehyde solution Thermo Fisher Scientific Cat# AAJ19943K2

Advanced Dulbecco modified Eagle medium Thermo Fisher Scientific Cat# 12634010

(DMEM)/Ham F-12 medium
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RPMI 1640 medium Thermo Fisher Scientific Cat# 11875119

McCoy 5A (modified) medium Thermo Fisher Scientific Cat# 16600082

Antigen unmasking solution Vector Laboratories Cat# H3300

Collagenase, type IV Sigma-Aldrich Cat# C5138

DMEM medium Thermo Fisher Scientific Cat# 11995073

Dimethyl sulfoxide Sigma-Aldrich Cat# D2650

ECL western blotting substrate Thermo Fisher Scientific Cat# PI32209

Eosin-Y Thermo Fisher Scientific Cat# 7111

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich Cat# E9884

Fetal bovine serum Atlanta Biologicals Cat# S12450H

GlutaMAX (100 3 ) Thermo Fisher Scientific Cat# 35050061

Normal goat serum Cell Signaling Technology Cat# 5425S

Hexadimethrine bromide (Polybrene) Santa Cruz Biotechnology Cat# SC-134220

Hydrogen peroxide Sigma-Aldrich Cat# H3410

Matrigel Corning Cat# 356231

Mayer hematoxylin Agilent Dako Cat# S330930-2

Nonidet P-40 Sigma-Aldrich Cat# 74385

N-acetyl-L-cysteine Sigma-Aldrich Cat# A7250

Penicillin-streptomycin-glutamine (100 3 ) Thermo Fisher Scientific Cat# 10378016

Phenylmethylsulfonyl fluoride Sigma-Aldrich Cat# P7626

Recombinant murine Wnt-3a EMD Millipore Cat# GF154

TRIzol Thermo Fisher Scientific Cat# 15596018

Trypsin-EDTA Thermo Fisher Scientific Cat# 25300062

Recombinant human Wnt-3a protein R&D Systems Cat# 5036-WN-010

cOmplete protease inhibitor cocktail Roche Cat# 11697498001

Critical Commercial Assays

iScript cDNA Synthesis Kit Bio-Rad Cat# 1708891BUN

FastStart Universal Probe Master (ROX) Roche Cat# 4914058001

CellTiter-Glo Luminescent Cell Viability Assay kit Promega Cat# G7570

Mouse IgG-Ab magnetic beads Cell Signaling Technology Cat# 5873

Pierce Myc-Tag Magnetic IP/Co-IP Kit Thermo Fisher Scientific Cat# 88844

Detection Reagents FarRed Kit Sigma-Aldrich Cat# DUO92013

Anti-FLAG M2 magnetic beads Sigma-Aldrich Cat# M8823

ProLong Gold Antifade Mountant with DAPI Thermo Fisher Scientific Cat# P36935

Lipofectamine RNAiMax Thermo Fisher Scientific Cat# 13778030

jetPRIME Polyplus-transfection Cat# 114-07

CellLight Lysosomes-GFP, BacMam 2.0 Thermo Fisher Scientific Cat# C10507

CellLight Early Endosomes-GFP, BacMam 2.0 Thermo Fisher Scientific Cat# C10586

Experimental Models: Cell Lines

Human: LoVo ATCC CCL-229

Human: SW480 ATCC CCL-228

Human: HEK293T/17 ATCC CRL-11268

Experimental Models: Organisms/Strains

Mouse: B6.Cg-Tg (CDX2-Cre)101Erf/J Jackson Laboratory Stock# 009350

Mouse: C57BL/6J (B6) Jackson Laboratory Stock# 664

Mouse: FVB/N Charles River Laboratories Strain Code 207

Mouse: ApcD580-flox Donated by Dr. Kenneth E. Hung N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Human HPRT1 (VIC/MGB) endogenous control Thermo Fisher Scientific 4Cat# 326321E

Human Axin2 (FAM/MGB) Thermo Fisher Scientific Hs00610344_m1

Human cyclin D1 (FAM/MGB) Thermo Fisher Scientific Hs00765553_m1

Mouse b-actin (FAM/MGB) endogenous control Thermo Fisher Scientific Mm02619580_g1

Mouse Axin2 (FAM/MGB) Thermo Fisher Scientific Mm00443610_m1

Mouse cyclin D1 (FAM/MGB) Thermo Fisher Scientific Mm00432359_m1

ON-TARGETplus human SNX17 siRNA SMARTpool Dharmacon Cat# L-013427-01-0005

Individual ON-TARGETplus human SNX17 siRNA Dharmacon Cat# J-013427-12-0002

Control/non-targeting siRNA Dharmacon Cat# D-001810-10-05

Recombinant DNA

pcDNA3.1-LRP5-Myc-His Donated by Dr. Matthew

Warman in Boston

Children’s Hospital

N/A

pcDNA3.1-Lrp5-mCherry This paper N/A

p12.4Kvill-12-S-LOX This paper N/A

Precision LentiORF 15-LOX-1 in pLOC Dharmacon OCat# HS5898-224632216

Precision LentiORF RFP in pLOC Dharmacon Cat# OHS5832

pECE-M2-SNX17 Addgene 6Cat# 9811

M2-SNX17 (siRNA resistant) This paper N/A

pAdenoVator-CMV5-IRES-GFP This paper N/A

pAdenoVator-CMV5-15-LOX-1-IRES-GFP This paper N/A

Tet-One Inducible Expression System Clontech Cat# 634301

Software and Algorithms

Thermo Trace Finder Thermo Fisher Scientific N/A

GraphPad Prism 7 GraphPad Software Inc. SCR_002798

ImageJ NIH: Open source image

processing software

SCR_003070

SAS software 9.4 SAS Institute https://www.sas.com/genome.html

Adobe Illustrator CC 2017 Adobe Inc. SCR_010279
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Imad Shur-

eiqi (ishureiqi@mdanderson.org).

Materials Availability
Unique reagents and materials generated in this study are available after completing an institutionally required Material Transfer

Agreement.

Data and Code Availability
The reported studies did not generate any unique datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture
Human colon cancer cell lines SW480 and LoVo and human embryonic kidney cell line 293T were purchased from ATCC and were

maintained in McCoy 5A, RPMI 1640, and Dulbecco modified Eagle (high-glucose) media, respectively. All culture media were sup-

plemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin, and all cell lines were cultured in a humidified atmo-

spherewith 5%CO2 at 37
�C. The cell lines were authenticated by short tandem repeat analyses and routinely tested formycoplasma.
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Animals
Mouse care and experimental protocols were approved by and conducted in accordance with the guidelines of the Animal Care and

Use Committee of The University of TexasMDAnderson Cancer Center. We generated the twomousemodels using targeted human

15-lipoxygenase-1 (15-LOX-1) or 12S-lipoxygenase (12-LOX) overexpression in IECs via a villin promoter, designated as 15-LOX-1

mice as described previously (Zuo et al., 2012) and 12-LOX mice, respectively. B6.129S2-Alox15tm1Fun/J homozygous mice (12/

15Lox(�/�), designated as 12/15LoxKO, #002778) and B6.Cg-Tg (CDX2-Cre) 101Erf/J mice (CDX2-Cre, #009350) were purchased

from Jackson Laboratory. 12/15LoxKO mice with the C57/BL6 background were crossbred into the FVB/N background by breeding

with FVB/NWTmice for at least 10 generations before theywere used for the experiments.ApcD580-floxmice, in whichApc exon 14 is

flankedwith loxP sites, were a gift fromDr. Kenneth E. Hung at TuftsMedical Center (Hung et al., 2010). Breeding ofApcD580-floxmice

with Cre recombinase–expressing mice (CDX2-Cre) generated ApcD580-flox(+/�); CDX2-Cre (+/�) mice (ApcD580(+/�), designated as

ApcD580 mice in this work), in which one allele has an Apc codon 580 frameshift mutation (Hung et al., 2010, Liu et al., 2019).

METHOD DETAILS

Mouse intestinal tumorigenesis evaluation and survival experiments
1) Four-week-old 15-LOX-1mice and their WT littermates were fed diets containing 5% or 20% corn oil (Envigo) for 4 weeks and then

treated with AOM via intraperitoneal injection (7.5 mg/kg) once per week for 6 weeks (n = 6-10 mice per group). The mice were

sacrificed at 20 weeks after the last injection of AOM. 2) Several steps of breeding 12/15LoxKO mice with 12-LOX or 15-LOX-1 mice

were done to generate 12/15LoxKO/12-LOX or 12/15LoxKO/15-LOX-1, respectively. Four-week-old WT, 12/15LoxKO, 12/15LoxKO/

12-LOX, or 12/15LoxKO/15-LOX-1 mice were fed diets containing 5% or 20% corn oil (Envigo) for 4 weeks and then treated with

AOM via intraperitoneal injection (10 mg/kg) once per week for 6 weeks (n = 17-19 mice per group). The mice were sacrificed at

20 weeks after the last injection of AOM. 3) Several steps of breeding ApcD580 mice with 15-LOX-1 mice were done to produce

ApcD580 (+/�);15-LOX-1(+/+) mice, designated as ApcD580–15-LOX-1 mice. Four-week-old ApcD580 and ApcD580–15-LOX-1 littermates

were fed diets containing 5% or 20% corn oil (Envigo) for 10 consecutive weeks (n = 14 mice per group). The mice were sacrificed

at age 14 weeks. The colons from the rectum to the cecumwere removed and washed with phosphate-buffered saline (PBS) and pho-

tographed, tumors were counted, and tumor sizes were measured. The tumor volumes were calculated using the formula volume =

(length3 width2)/2 (Szot et al., 2018). The distal one-third of colons were collected in 10% neutral formalin for hematoxylin and eosin

staining and immunohistochemical staining, and the other two-thirds of colons were scraped to harvest colonic epithelial cells for

further analyses (e.g., RNA, protein, and mass spectrometry) as described in the corresponding Supplementary Methods sections.

Survival experiments were also performed for ApcD580 and ApcD580–15-LOX-1mice (n = 14-20mice per group) on a diet containing

5% or 20% corn oil. The mice were followed until they required euthanasia on the basis of at least one of the following preset criteria:

(1) persistent rectal bleeding for 3 consecutive days and (2) weight loss of more than 20%.

Immunohistochemical analysis
Immunohistochemical staining was performed as described previously (Zuo et al., 2017, Liu et al., 2019). Colon tissues from the indi-

cated experimental mice were fixed in 10% buffered formalin, embedded in paraffin, and cut into 5-mm sections. The tissue sections

were deparaffinized and rehydrated, and antigen retrieval was performed with antigen unmasking solution (Vector Laboratories), and

then the sections were incubated in blocking buffer (PBS with 1.5% goat serum and 0.3% Triton X-100) for 1 hour at room temper-

ature and incubated with primary antibodies in a humidified chamber at 4�C overnight. For immunohistochemistry staining,

the following primary antibodies were used: active b-catenin (#8814; Cell Signaling Technology) and Ki-67 (#RM-9106-S1; Invitro-

gen). Subsequently, the tissue sections were incubated with biotinylated secondary antibodies (VECTASTAIN ABC kit; Vector Lab-

oratories) for 1 hour, followed by incubation with avidin-coupled peroxidase (Vector Laboratories) for 30 minutes. 3,30-diaminoben-

zidine (DAB; Agilent Dako) was used as the chromogen, and the slides were counterstained with Mayer’s hematoxylin (Agilent Dako).

Composite expression scores for immunohistochemical quantification were recorded as described previously (Zuo et al., 2017).

Cell immunofluorescence assay
Cells were seeded on coverslips in a 6-well or 12-well plate and cultured for 24 hours. The cells were fixed in cold 4% paraformal-

dehyde for 15 minutes and then simply rinsed with PBS. The cells were incubated with 0.1% Triton X-100 PBS on ice for 10 minutes,

blocked in blocking buffer of 5% goat serum PBS containing 0.1% Triton X-100 at 37�C for 30 minutes, and then incubated with

primary antibody at 4�C overnight. Subsequently, the cells were incubated with fluorochrome-conjugated secondary antibody at

room temperature for 2 hours and then stained andmounted by ProLong Gold AntifadeMountant with 40,6-diamidino-2-phenylindole

(DAPI) (Thermo Fisher Scientific). For fluorescence image quantitative analysis, fluorescence intensities were measured from six

random areas under a fluorescence microscope (NIS-Element software, Nikon), and then relative fluorescence intensity per

cell was calculated. Cells with higher fluorescence in the nucleus than in the cytoplasm were evaluated as cells positive for

active b-catenin nuclear localization and counted from six random fields under a fluorescence microscope. For quantitative analysis

of colocalization fluorescence images, the cells that had mCherry and GFP fluorescence co-localization from six random areas

were counted under a confocal microscope, and then the percentages of dual-fluorescence co-localization–positive cells in mCherry

cells were calculated.
Cell Reports 32, 108049, August 18, 2020 e4



Article
ll

OPEN ACCESS
RNA isolation and reverse transcription real-time quantitative polymerase chain reaction (RT-qPCR) assay
Total RNAs from the cultured cells, IECs from colons, or three-dimensionally cultured colonic organoids were extracted using

TRIzol reagent (Invitrogen), and then cDNA was synthesized using the Bio-Rad cDNA Synthesis Kit (Bio-Rad Laboratories).

RT-qPCR was performed using FastStart Universal Probe Master (ROX) (Roche) and the StepOnePlus PCR system (Applied

Biosystems) as described previously (Liu et al., 2019). An HPRT probe for human cells and b-actin probe for mouse cells

were used as endogenous controls, and the mRNA expression levels of indicated targets were calculated using the comparative

cycle threshold method (ddCt). All probes were purchased from Applied Biosystems. All experiments were performed in

triplicate.

Western blot analysis
Western blot analysis was performed as described previously (Zuo et al., 2017). Briefly, the cultured cells or the IECs scraped from the

mice colons were lysed in the lysis buffer (Zuo et al., 2017) with sonication in ice water. The blots were probed with primary and sec-

ondary antibodies. The blots were then imaged using enhanced chemiluminescence (Thermo Fisher Scientific).

Eicosanoid metabolite profiling of IECs in the mice
Four-week-old ApcD580 and ApcD580-15-LOX-1 littermates were fed diets containing 5% or 20% corn oil (Envigo) for 10 consecutive

weeks. The mice (n = 14mice per group) were euthanized at age 14 weeks. The colon crypts were scraped for eicosanoid metabolite

profiling by liquid chromatography–tandem mass spectrometry measurements as described previously (Shureiqi et al., 2010).

Generation of stable 15-LOX-1–overexpressing cell lines
Precision LentiORF 15-LOX-1 in pLOC plasmid (#OHS5898-224632216, clone ID: PLOHS_ccsbBEn_05805; Dharmacon) and

Precision LentiORF RFP in pLOC vector (#OHS5832; Dharmacon) were packaged into lentivirus particles by MD Anderson’s shRNA

and ORFeome Core Facility. LoVo and SW480 cells were transduced with lentiviral particles (10 MOIs) with 8 mg/mL hexadimethrine

bromide. Twelve hours later, the culture medium was replaced with fresh medium containing blasticidin (15 mg/mL for SW480 cells,

20 mg/mL for LoVo cells). The medium was changed every 72 hours. The cells after blasticidin selection for 2 weeks were collected

and expanded under blasticidin selection for further analyses.

Generation of stable Tet-on 15-LOX-1 cell line using Tet-One system
The Tet-One Inducible Expression system was purchased from Clontech (#634303). The stable Tet-One inducible 15-LOX-1 over-

expression clones were generated according to the manufacturer’s instructions. Briefly, 15-LOX-1 full-length cDNA was subcloned

into pTetOne vector, and then the subcloned 15-LOX-1 construct was co-transfected with a linear puromycin marker (supplied in

the kit) into 293T cells. Forty-eight hours later, cells were selected using 1 mg/mL puromycin. The medium was changed every 72

hours. Single cell clones were collected after puromycin selection for 2 weeks and expanded under puromycin selection. The positive

clones were screened by treatment with doxycycline (2 mg/mL) for 48 hours and examined for 15-LOX-1 expression by western blot

analysis.

Plasmid constructions
Flag-tagged SNX17 expression plasmid (pECE-M2-Snx17) was purchased from Addgene (#69811). Myc-tagged LRP5 expression

plasmid (pcDNA3.1-Lrp5-myc-His) was a gift from Dr. Matthew Warman at Boston Children’s Hospital. pAdenoVator-CMV5-

IRES-GFP and pAdenoVator-CMV5-15-LOX-1-IRES-GFP were obtained as described previously (Shureiqi et al., 2003). To subclone

the mCherry coding sequence into the C terminus of pcDNA3.1-Lrp5-myc-His vector, we performed fusion PCR methods

as follows: a pair of primers (Lrp5-F: 50-CTCCCTCGAGACCAATAACAAC-30; Lrp5-R: 50-CTCGCCCTTGCTCACGGATGAGTCCGTG

CAGGGGG-30) was used to amplify the C terminus of Lrp5, and another pair of primers (mCherry-F: 50-CTGCACGGACTCATCCGT

GAGCAAGGGCGAGGAGGA-30; mCherry-R: 50-CCAGTTTAAACTTACTTGTACAGCTCGTCCATGCC-30) was used to amplify

mCherry cDNA. The fusion PCR products were then amplified by primers of Lrp5-F and mCherry-R using C terminus of Lrp5 and

mCherry cDNA fragments as the PCR templates. The fusion PCR products were constructed into pcDNA3.1-Lrp5-Myc-His using

XhoI and PmeI restriction sites to generate the pcDNA3.1-Lrp5-mCherry plasmid.

An SNX17 expression plasmid that is resistant to an individual SNX17 siRNA (Dharmacon, #J-013427-12-0002) was con-

structed by modifying SNX17 cDNA from 1359-CAGT-1362 to 1359-ATCC-1362 in the pECE-M2-SNX17 plasmid using GeneArt

Site-Directed Mutagenesis PLUS System (A14604; Thermo Fisher Scientific) using methods similar to those described previ-

ously (McNally et al., 2017). To construct this plasmid (siRNA resistant M2-SNX17), we used the following two primers:

SNX17-MF 50- CAGATGCCAGTGCATCCGATGTCCACGGCAATTTCGC-30, SNX17-MR 50-TGCCGTGGACATCGGATGCACT

GGCATCTGTGCTGGG-30.

siRNA transient transfection
Cells were seeded and cultured to 60%confluence and then transiently transfectedwith 100nMON-TARGETplus siRNASMARTpool

[human SNX17 (Dharmacon #L-013427-01-0005) or control/non-targeting (Dharmacon #D-001810-10-05)] using Lipofectamine
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RNAiMax (#13778030, Thermo Fisher Scientific) transfection reagent following the manufacturer’s protocol. The cells were further

analyzed 48-72 hours after transfection.

Cell proliferation and viability assay
The cells were seeded into a 96-well plate (3 3 103/well). Twenty-four hours later, the cells were treated with 13(S)-HODE (#38610,

Cayman) or dissolvent in 5% dialyzed FBS of the medium. The cell proliferation and viability were analyzed at 0, 24, 48, and 72 hours

after treatment unless otherwise specified using MTT assay.

15-LOX-1 and LRP5 translocation analysis
SW480 and LoVo cells stably transduced with 15-LOX-1 or control lentivirus were seeded in a six-well plate (5 3 105/well).

Twenty-four hours later, the cells were cultured in serum-free medium for another 24 hours, followed by treatment with

10mM LA dissolved in 5% dialyzed FBS of the medium for 2 hours. Cells were lysated in chilled lysis buffer (50mM HEPES

[4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid], 150mM NaCl, 3mM MgCl2 in PBS, pH 7.5) with proteinase inhibitor cock-

tail (#11697498001; Roche). After the pellets were discarded by spinning down at 1000g for 3 minutes, the supernatants were

centrifuged at 4�C at 21,460g for 1 hour. The supernatants/cytoplasmic proteins were added with a final 1% sodium dodecyl

sulfate, and membrane/cytoskeleton protein pellets were then re-suspended with 1% sodium dodecyl sulfate in the same lysis

buffer as mentioned above. Cytoplasmic and cell membranous 15-LOX-1 and LRP5 protein expression levels were measured

by western blot analysis.

Organoid culture for mouse colon epithelial cells and human CRC tissues and organoid cell viability assay
Six-week-old ApcD580 and ApcD580–15-LOX-1 littermates (n = 6 per group) were sacrificed, and their colons were harvested and di-

gested for three-dimensional organoid culture using themethod described by Clevers and colleagues, with somemodifications (Sato

et al., 2011, Liu et al., 2019). Human CRC tissues for three-dimensional organoid culture were obtained from CRC surgery from

patients at MD Anderson, with Institutional Review Board approval. Briefly, the glands were isolated with 10mM ethylenediaminete-

traacetic acid by incubation for 10 minutes at room temperature. Equal amounts of glands (500 glands/well) were seeded in growth

factor–reduced Matrigel (Corning) with the organoid culture medium (Sato et al., 2011) in 24 wells of plates. Mouse primary organoid

cells were digested into single cells with TrypLE (Thermo Fisher Scientific), seeded onto Matrigel, and cultured using the same

method as described above. On day 8 of the culture, primary and secondary organoids were imaged, counted, and harvested for

further analyses. In addition, mouse organoid cells were treated with 13(S)-HODE (0mM, 3mM, 6mM, and 13.5mM), 15-HETE

(2.15mM), LXA4 (8.86nM), and LXB4 (36.24nM) in the organoid culture medium, and the medium was changed every 3 days. On

day 7 of treatment, organoid cell viability wasmeasured using CellTiter-Glo Luminescent Cell Viability Assay kit (Promega) according

to the manufacturer’s manual.

Human CRC organoids were passaged at least five generations and then digested into single cells with TrypLE (Thermo Fisher

Scientific) and plated in 24-well plates with the Ultra-Low attachment surface (Corning). The cells were then transduced with

15-LOX-1 or control lentivirus particles. Twelve hours after lentivirus transduction, the organoid cells were seeded onto Matrigel

and cultured using the same method as described above. On day 7 of culture, the organoids transduced with 15-LOX-1 or control

lentivirus were imaged, counted, and harvested for further analyses.

Image flow cytometry for LRP5 internalization analysis
SW480 cells stably transduced with 15-LOX-1 or control lentivirus were seeded in 6-cm dishes (13 106 per dish). Twenty-four hours

later, the cells were starved in a culture of serum-free medium for another 24 hours, then treated with 10mMLA in 5% dialyzed FBS of

the medium for 2 hours. Then, the cells were digested and fixed in 4% paraformaldehyde on ice for 15 minutes, followed by incuba-

tion with blocking buffer with 0.1% Triton X-100 at room temperature for 1 hour. Subsequently, cells were incubated with anti-LRP5

primary antibody (1:200, Novopro) for 1 hour and Alexa Fluor 594 secondary antibody (1:250, #A-11012; Invitrogen) for 30 minutes at

room temperature. Before the analysis, the cells were stained with DAPI (5 mg/mL) (#D9542, Sigma-Aldrich) for 5minutes. LRP5 inter-

nalization analysis was performed using Amnis FlowSight and ImageStreamX (Luminex) according to the manufacturer’s

instructions.

Immunoprecipitation and co-immunoprecipitation assays
293T cells or SW480 cells were seeded in six-well plates (5 3 105/well). Twenty-four hours later, the cells were transiently trans-

fected with Flag-tagged SNX17 expression plasmid (pECE-M2-Snx17-Flag), Myc-tagged LRP5 expression plasmid (pcDNA3.1-

Lrp5-myc-His), or their control plasmids using jetPRIME transfection reagent (#114-07, Polyplus-transfection) and were har-

vested 48 hours after transfection for immunoprecipitation or co-immunoprecipitation assays. These assays were performed

using anti-Flag M2-tagged magnetic beads (#M8823; Sigma-Aldrich) and/or Pierce Myc–tagged magnetic IP/Co-IP Kit

(#88844; Thermo Fisher Scientific) according to the manufacturer’s protocol instructions. The same amount of the lysates

was incubated with magnetic bead–conjugated mouse immunoglobulin G (#5873, Cell Signaling Technology) as a control.
Cell Reports 32, 108049, August 18, 2020 e6



Article
ll

OPEN ACCESS
The subsequently precipitated proteins were immunoblotted using the indicated antibodies as described in the corresponding

figure legends.

Click chemistry assay
A click chemistry assay was performed as described previously (Gao and Hannoush, 2016), except LA alkyne (Alk-LA) was

used instead of Alk-C16, and anti-SNX17 or anti-LRP5 antibody was used instead of anti–Wnt-3a antibody. Briefly, SW480

cells stably transduced with 15-LOX-1 or control lentivirus were seeded on micro coverslips (#10026-136, VWR) in a

12-well plate and cultured in 10% FBS of McCoy 5A medium. The cells were treated with 100 mM Alk-LA for 36 hours.

Then, the cells were fixed with pre-chilled methanol at �20�C for 10 minutes, followed by incubation with 0.1% Triton

X-100 PBS for 5 minutes at room temperature. The mixture solution of 5mM biotin-azide, 50mM Tris (2-carboxyethyl) phos-

phine hydrochloride (Sigma-Aldrich), and 50mM CuSO4 in PBS was added to the cells and incubated at room temperature for

1 hour. The cells were then incubated with blocking buffer (5% bovine serum albumin and 0.3% Triton X-100 in PBS) at room

temperature for 1 hour, probed with either anti-SNX17 antibody (1:200; Proteintech) or anti-LRP5 antibody (1:200; NovoPro) at

4�C overnight, then probed with anti-biotin antibody (1:3000, #ab36406; Abcam) at room temperature for 1 hour, and then

incubated with the oligonucleotide-conjugated secondary antibody solution by mixing Duolink In Situ PLA Probe Anti-Rabbit

PLUS and Anti-Goat MINUS (#DUO92002 and #DUO92006, respectively; Sigma- Aldrich) together in blocking buffer at

37�C for 1 hour. Finally, the cells were incubated with ligation solution (#DUO92013; Sigma-Aldrich) in water, then with ampli-

fication solution (#DUO92013, Sigma-Aldrich) at 37�C for 100 minutes in a dark area, and then the cells were mounted with

ProLong Gold Antifade Mountant with DAPI (Thermo Fisher Scientific).

Treatment with cycloheximide for protein degradation analysis
SW480 and LoVo cells stably transduced with 15-LOX-1 and control lentivirus were seeded in six-well plates (6 3 105 per well). The

cells were starved with serum-free medium for another 24 hours before 10 mg/mL cycloheximide (#14126, Cayman Chemical) dis-

solved in dimethyl sulfoxide was added. The cells were harvested at 0, 2, and 4 hours after treatment for further analyses by western

blot.

In vitro PI3-kinase VPS34 inhibition assay
SW480 and LoVo cells stably transduced with 15-LOX-1 and control lentivirus were seeded in 6-well plates (33 105 per well). Twenty-

four hours later, the cells were treated with 10mM LA in 5% FBS of the cell culture medium or an equal amount of dissolvent (dimethyl

sulfoxide) for 48 hours, then treated with 1mMclass III phosphoinositide 3-kinase vacuolar protein sorting 34 inhibitor 1 (VPS34-IN-1) in

serum-free medium for 2 hours. Then, the cells were harvested and measured for LRP5 protein expression by western blot analysis.

Analysis of PI3P profile by LC–HRMS
The following experiments were performed for LC-HRMS. 1) Colonic epithelial cells were scraped from ApcD580 and ApcD580-

15-LOX-1 mice at 14 weeks fed with diets containing either 5% or 20% corn oil for 10 weeks (n = 3-4 mice per group). 2) For

the tracing-combined assay, SW480 cells stably transduced with 15-LOX-1 and control lentivirus were seeded in 10-cm dishes

to reach 80% confluence, then treated with 100 mM LA–d11 (Cayman Chemical) in 5% dialyzed FBS of McCoy 5A medium for

24 hours. The cells were quickly washed with pre-chilled PBS to remove medium completely and then harvested. 3) For

the immunoprecipitation-combined assay, SW480 cells stably transduced with 15-LOX-1 and control lentivirus were seeded

in 10-cm dishes and transfected with Flag-tagged SNX17 expression plasmid (pECE-M2-Snx17-Flag) using jetPRIME for

48 hours. The cells were then treated in 100 mM LA for another 24 hours and harvested for processing immunoprecipitation

using anti-Flag M2 magnetic beads. Then, precipitated samples were collected.

The samples collected from the three experiments described above were extracted for lipid metabolites using cold chloro-

form/methanol/water acidified with hydrochloric acid (Kim et al., 2010). The extracted samples were centrifuged at 4�C at

17,000g for 5 minutes, and organic layers were transferred to clean tubes followed by evaporation to dryness under nitrogen.

Samples were reconstituted in 90/10 acetonitrile/water and injected into a Thermo Fisher Scientific Vanquish liquid chromatog-

raphy system containing a SeQuant ZIC-pHILIC 4.6 3 100 mm column with a 5-mm particle size. Mobile phase A was

acetonitrile containing 95/5 of acetonitrile/200mM ammonium acetate, pH 5.8. Mobile phase B (MPB) was 90/5/5 of water/

acetonitrile/200mM ammonium acetate, pH 5.8. The flow rate was 300 mL/minute at 35�C, and the gradient conditions

were initially 15% MPB, increased to 95% MPB at 10 minutes, held at 95% MPB for 5 minutes, and returned to initial con-

ditions and equilibrated for 5 minutes. The total run time was 20 minutes. Data were acquired using a Thermo Fisher Scientific

Orbitrap Fusion Tribrid mass spectrometer with electrospray ionization negative mode at a resolution of 240,000. Then, the raw

files were imported to TraceFinder software for final analysis (Thermo Fisher Scientific). The fractional abundance of each iso-

topologue is calculated by the peak area of the corresponding isotopologue normalized by the sum of all isotopologue areas.

The isotopic relative enrichments of PI3Ps incorporated with LA or OH_13-HODE were calculated by comparing the peak

areas normalized by the standard concentration of PI3P (18:1/18:1) and protein levels of each sample.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significancewas determined by the unpaired Student t test, Poisson test, or analysis of variance (one-way or two-way) with

Bonferroni adjustments for all multiple comparisons. The significance of correlations was determined by the Spearman correlation

coefficient. Survival time was calculated using the Kaplan-Meier method and compared between groups using the log-rank test. All

tests were two-sided, and significancewas defined as p < 0.05. Data were analyzed using SAS software, version 9.4 (SAS Institute) or

GraphPad Prism 7.01 (GraphPad Software).
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Figure S1. 15-LOX-1 suppresses linoleic acid (LA) promotion of azoxymethane (AOM)-induced colorectal carcinogenesis (CRC) 
in mice, related to Figure 1. 
(A) Schematic of villin-15-LOX-1 (15-LOX-1) and villin-12-S-LOX (12-LOX) mice. Dashed lines indicate the promoter region, followed by 
the indicated gene-coding region.  
(B, C) 15-LOX-1 homozygotes and sex- and age-matched wild-type (WT) littermates were fed either 5% or 20% corn-oil (CO) diets and 
then treated with 7.5 mg/kg AOM via intraperitoneal injection once per week for 6 consecutive weeks. Mice were sacrificed 20 weeks after 
the last AOM injection and examined for tumor formation (n=8-10 mice per group). Representative colonic images (B) and the number of 
colonic tumors per mouse (C) are shown for the indicated mice groups. Values in C are mean ± SEM. **** P < .0001 (2-sided Poisson).  
(D) 12/15Lox relative mRNA expression in intestinal epithelial cells (IECs) of WT, 12/15Lox (+/-), and 12/15Lox (-/-) mice, measured by 
reverse transcription real-time quantitative polymerase chain reaction (RT-qPCR). Values are mean ± SEM. **** P < .0001 (one-way 
ANOVA with Bonferroni multiple-comparisons).  
(E-G) Generation and characterization of the novel villin-12-LOX (12-LOX) mouse line. Identification of villin-12-LOX founders: qPCR was 
used to measure levels of genomic human platelet 12-LOX cDNA in littermates after pronuclear injection of purified villin-12-LOX 
construct into fertilized oocytes. The genomic levels of 12-LOX coding DNA were calculated relative to the level of a calibrator sample 
(Founder 1). Neg indicates no detectable genomic 12-LOX coding DNA. Genotyping results of transgene villin-12-LOX mice are shown 
(E). 12-LOX relative mRNA and protein expression levels in the indicated organs of 6-week-old 12-LOX mice and their WT littermates 
were measured by RT-qPCR (F) and Western blot analysis (G), respectively. Values in E and F are mean ± SEM. **** P<.0001 (one-way 
ANOVA for E and two-way ANOVA for F with Bonferroni multiple-comparisons) 
(H, I) Characterization of 12/15LoxKO/15-LOX-1 mouse line. 12/15LoxKO mice were bred with villin-15-LOX-1 (15-LOX-1) mice to generate 
mice with 12/15LoxKO with targeted human 15-LOX-1 expression in intestines (12/15LoxKO/15-LOX-1). Shown are 15-LOX-1 relative 
mRNA and protein expression levels in IECs of the indicated mouse groups, measured by RT-qPCR (H) and Western blot analysis (I), 
respectively. Values in H are mean ± SEM. **** P<.0001 (one-way ANOVA with Bonferroni multiple-comparisons). 
(J-L) FVB mice (WT, 12/15LoxKO, 12/15LoxKO/12-LOX, or 12/15LoxKO/15-LOX-1) were fed a 20% CO diet and treated with AOM as 
described in Figures 1A and B. Shown are eicosanoid metabolite profiles [12-HETE (J), 13-HODE (K), and 15-HETE (L)] in IECs 
measured by liquid chromatography–tandem mass spectrometry (n=9-11 mice per group). Values are mean ± SEM. *P<.05, **P<.01 and 
**** P<.0001 (one-way ANOVA with Bonferroni multiple-comparisons). n.s.: no significant difference.  
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Figure S2. 15-LOX-1 suppresses linoleic acid (LA) promotion of Apc mutation-induced colorectal carcinogenesis (CRC) in mice, 
related to Figure 1.  
(A) Schematic of ApcΔ580–15-LOX-1 mice. ApcΔ580 mice were bred with 15-LOX-1 mice to produce ApcΔ580;15-LOX-1, designated as 
ApcΔ580–15-LOX-1 mice.  Dashed lines indicate the promoter region, followed by the indicated gene-coding region. Arrow represents Apc 
exon 14 flanked with loxP sites. 
(B) Genotyping of mice carrying ApcΔ580-flox alleles, in which Apc exon 14 is flanked with loxP sites by regular PCR. Apc WT band: 320 
bp. ApcΔ580 flox band: 430 bp. M represents DNA ladder marker.  
(C) Cre genotyping for CDX2-Cre mice. Genomic Cre-recombinase coding DNA levels were measured by quantitative PCR. WT had no 
detectable genomic Cre-recombinase coding DNA.  
(D) ApcΔ580 and ApcΔ580 –15-LOX-1 mice at 4 weeks were fed 5% or 20% corn oil (CO) diets, and the body weights of the mice were 
assessed every week until age 35 weeks. Body weight curves of the four mouse groups are shown (n=14-20 per group).  
(E, F) Normal colonic epithelial cells of ApcΔ580-flox, ApcΔ580, and ApcΔ580–15-LOX-1 mouse groups were scraped and harvested at age 20 
weeks for measuring 15-LOX-1 and active β-catenin levels by Western blot analysis (E) and 13-HODE levels by liquid chromatography–
tandem mass spectrometry (F). Values are mean ± SEM. *** P<.001 (unpaired t test). 
(G, H) 15-LOX-1 expression inhibited CRC in ApcΔ580 mice. ApcΔ580 mice and ApcΔ580 –15-LOX-1 mice fed a standardized diet with fixed 
LA content (7% CO) were followed for 25 weeks and evaluated for tumor formation (n=5 per group). Representative colon photographs 
(G) and the colonic tumor numbers per mouse with tumor size distributions (H) of ApcΔ580 and ApcΔ580–15-LOX-1 mice are shown. Values 
are mean ± SEM. * P < .05 (2-sided Poisson).  
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Figure S3. 15-LOX-1 suppresses active β-catenin and LRP5 expression in normal and tumor colonic epithelial cells, related to 
Figures 1 and 2. 
(A, B) Representative immunohistochemistry (IHC) staining images (A) and quantitative active β-catenin IHC composite expression 
scores (CES) (B)  in tumor colonic tissues from the indicated mouse groups, as described in Figures 1D-F (n=6-8 mice per group). 
Values are mean ± SEM. * P < .05 and **** P < .0001 (two-way ANOVA with Bonferroni multiple-comparisons).   
(C) Representative IHC staining images of active β-catenin in normal and tumor colonic tissues from the indicated mouse groups as 
described in Figures S1J-L. 
(D) LRP5 and active β-catenin (top) and LRP6 (bottom) protein levels in normal IECs of ApcΔ580 and ApcΔ580-15-LOX-1 littermates at age 
4 weeks were measured by Western blot analysis (n=3 pairs).  
(E) LRP5, active β-catenin, and cleaved PARP protein levels for the indicated mice fed with 20% corn oil (CO) as described in Figure 1A 
were measured by Western blot analysis (n=3 per group). 
(F, G) ApcΔ580 and ApcΔ580 –15-LOX-1 mice at 4 weeks were fed 5% or 20% CO diets for 16 weeks. The mRNA expression levels of Axin2 
(F) and cyclin D1 (G) in the IECs of the mice were measured by reverse transcription real-time quantitative polymerase chain reaction. 
Values are mean ± SEM. **P<.01, ***P<.001 and **** P<.0001 (two-way ANOVA with Bonferroni multiple-comparisons). 
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Figure S4. 15-LOX-1 suppresses active β-catenin and LRP5 expression in human colorectal cancer cells, related to Figure 2. 
(A, B) Immunofluorescence staining of active β-catenin in LoVo cells stably transduced with either control (Ctrl) or 15-LOX-1 lentivirus and 
treated with 5µM LA for 48 hours.  The cells with more fluorescence in the nucleus than cytoplasm were scored as positive cells for active 
β-catenin nuclear localization; positive and total number of cells were counted in six random fields by fluorescence microscopy. 
Representative immunofluorescence images (A) and quantitation of active β-catenin nuclear localizations (B) are shown. Values are 
mean ± SD. ** P<.01, *** P<.001 and **** P<.0001 (two-way ANOVA with Bonferroni multiple-comparisons). Three repeated experiments 
showed similar results. 
(C-F)  Axin2 and cyclin D1 mRNA expression in LoVo cells stably transduced with either control (Ctrl) or 15-LOX-1 lentivirus and treated 
with LA at different concentrations in culture media supplemented with 5% dialyzed fetal bovine serum for 48 hours (C, D) or treated with 
5µM LA at different time points (E, F), measured by RT-qPCR. Values are mean ± SD. *P<.05, **P<.01, *** P<.001 and **** P<.0001 (two-
way ANOVA with Bonferroni multiple-comparisons). 
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Figure S5. Profile analysis of 15-LOX-1–mediated eicosanoid metabolites in ApcΔ580 mice and 13(S)-HODE suppression of 
human colorectal cancer proliferation, related to Figure 4. 
(A-E) ApcΔ580 and ApcΔ580-15-LOX-1 littermates at 4 weeks were fed either 5% or 20% corn oil (CO) diets, sacrificed at age 16 weeks, and 
examined for tumor formation (n=14 mice per group). (A) Eicosanoid metabolite profiles of the normal intestinal epithelial cells (IECs) of 
the indicated ApcΔ580 mouse groups were measured by liquid chromatography–tandem mass spectrometry. (B-E) Spearman correlation 
analysis of colonic tumor volumes and levels of PGE2 (B), 5-HETE (C), 12-HETE (D), and LTB4 (E) in IECs of all examined ApcΔ580 and 
ApcΔ580-15-LOX-1 mice (n=56).  
(F, G) 13(S)-HODE suppresses human CRC proliferation. SW480 (F) and LoVo (G) cells were treated with 0, 27, and 54μM 13(S)-HODE 
for 0, 1, 2, 3, and 4 days. Cell viability and proliferation were measured by MTT assay as presenting absorbance of optical density (OD) at 
590 nm. Values are mean ± SD. *P<.05 and *** P<.001 compared with Ctrl (two-way ANOVA with Bonferroni multiple-comparisons). 
(H, I) SW480 (H) and LoVo (I) cells were treated with 20μM 15(S)-HETE, 100nM LXA4, and 200nM LXB4 for 48 hours, and the cells were 
harvested and examined for LRP5 and active β-catenin expression by Western blot analysis.  
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Figure S6. 15-LOX-1 reduces cell membranous LRP5 levels, related to Figures 5 and 6.  
(A, B) LoVo cells stably transduced with control (Ctrl) or 15-LOX-1 lentivirus treated with 10µM linoleic acid (LA) for 2 hours were 
processed for cytoplasmic (C) and membranous (M) protein fractions and then analyzed for LRP5 and 15-LOX-1 protein expression by 
Western blot analysis. The 2-hour to 0-hour ratios of cytoplasmic protein band densities normalized to β-actin and membranous protein 
band densities normalized to Na+-K+-ATPase for 15-LOX-1 (A) and LRP5 (B) in LoVo cells transduced with Ctrl or 15-LOX-1 lentivirus, 
corresponding to Figure 5D, are shown. Values are mean ± SEM. *P<.05 and *** P<.001 (two-way ANOVA with Bonferroni multiple-
comparisons). 
(C, D) SW480 cells were co-transfected by mCherry-tagged LRP5 expression vector with control vector or 15-LOX-1 expression vector for 
48 hours, followed by treatment with E-64d (10µM) for 1 hour. Representative microphotographs (C) and quantification (D) of LRP5 
localization traced with mCherry fluorescence protein from six random fields under a confocal microscope are shown. Values are mean ± 
SD. *** P<.001 and **** P<.0001 (two-way ANOVA with Bonferroni multiple-comparisons). n.s.: no significant difference. Three repeated 
experiments showed similar results. 
(E, F) 293T (E) and SW480 (F) cells were transfected with SNX17 siRNA or control siRNA for 24 hours and then transfected with an 
siRNA resistant M2-SNX17 expression vector or control vector for another 24 hours. Cells were harvested and then analyzed for SNX17 
and LRP5 protein expression by Western blot. 
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Figure S7. Linoleic acid (LA) increases phosphatidylinositol 3-phosphate (PI3P) production, and 15-LOX-1 increases PI3P_13-S-
HODE production, related to Figure 7.  
 (A, B) 293T cells were transfected with mCherry-tagged LRP5 expression vector for 24 hours, then incubated with CellLight Lysosome-
GFP, BacMam 2.0. Twenty hours later, cells were treated with 100μM LA or 1μM VPS34-IN-1 for 4 hours. Representative 
microphotographs of mCherry-tagged LRP5 localization into GFP-tagged lysosomes (A) and quantitative results for the percentage of 
cells with mCherry and GFP fluorescence colocalization out of total mCherry positive cells that were counted in six random fields by 
confocal microscopy (B) are shown. Values are mean ± SD. ***P<.001 and ****P<.0001 (one-way ANOVA with Bonferroni multiple-
comparisons). Three repeated experiments showed similar results. 
(C) Immunofluorescence staining of PI3P in SW480 WT cells treated with 5μM LA or solvent for 48 hours. Representative images are 
shown.  
(D) ApcΔ580 and ApcΔ580-15-LOX-1 littermates at age 4 weeks fed 5% or 20% corn oil (CO) diets were sacrificed at age 14 weeks. The 
intestinal epithelial cells (IECs) of these mice were scraped and examined for patterns of PI3P incorporated with (16:0/18:2 OH)_13-
HODE by liquid chromatography–high resolution mass spectrometry (n=3-4 mice per group). Values are mean ± SEM. **P<.01 (two-way 
ANOVA with Bonferroni multiple-comparisons). 
(E, F) SW480 cells stably transduced with control (Ctrl) or 15-LOX-1 lentivirus were treated with 100µM LA-d11 in culture medium 
containing 5% dialyzed fetal bovine serum for 36 hours. PI3P profiling was traced with d11 labeling by liquid chromatography–high 
resolution mass spectrometry (LC-HRMS). The percentage of d11-labeled PI3P incorporated with (18:0/18:2)_LA over total PI3P 
incorporated with (18:0/18:2)_ LA (E), or d11-labeled PI3P incorporated with (18:0/18:2 OH)_13-HODE over total PI3P incorporated with 
(18:0/18:2 OH)_13-HODE (F), was calculated and presented. Values are mean ± SEM. n.s.: no significant difference (unpaired t test). 



Table S1. 5%- and 20% corn oil diets, related to Figure 1. 

 

Dietary component 5% corn oil 20% corn oil 
Corn oil, % 5 20 
DL-methionine, g/100 g 0.30 0.353 
Dextrose, g/100 g 65 44.682 
Cellulose, g/100 g 5 5.88 
Casein, g/100 g  20 23.55 
Choline bitartrate, g/100 g 0.2 0.235 
AIN-76A mineral mixture, g/100 g 3.50 4.12 
AIN-76A vitamin mixture, g/100 g 1.00 1.18 
BHT, % 0.02 0.02 
BHQ, % 0.02 0.02 
Kcal/g 3.85 4.53 



Table S2. Tumor incidence of CRC in the indicated mouse experiments, related to Figure 
1. 
 
Corresponding to Figures S1B and C 

Mouse group Diet (Corn oil, %)  
Mice numbers at 
the end  

Mice bearing colon 
tumors (incidence, %) 

WT 5 6 100 
WT 20 9 100 
15-LOX-1 5 10 90 
15-LOX-1 20 8 87.5 

 
 
Corresponding to Figures 1A-C 

Mouse group Diet (Corn oil, %)  
Mice numbers at 
the end  

Mice bearing colon 
tumors (incidence, %) 

WT 5 19 100 
12/15LoxKO 5 18 100 
12/15LoxKO/12-LOX 5 18 100 
12/15LoxKO/15-LOX-1 5 17 76.5 
WT 20 18 100 
12/15LoxKO 20 17 100 
12/15LoxKO/12-LOX 20 19 100 
12/15LoxKO/15-LOX-1 20 19 84 

 
 
Corresponding to Figures 1D-F 

Mouse group Diet (Corn oil, %)  
Mice numbers at 
the end  

Mice bearing colon 
tumors (incidence, %) 

ApcΔ580 5 14 71 
ApcΔ580-15-LOX-1 5 14 36 
ApcΔ580 20 14 86 
ApcΔ580-15-LOX-1 20 14 64 

 
 
Corresponding to Figures S1S and T 

Mouse group Mice numbers at the end  
Mice bearing colon 
tumors (incidence, %) 

ApcΔ580 5 100 
ApcΔ580-15-LOX-1 5 40 

 



Table S3. The quantitative data of the band densities of LRP5 normalized to β-actin for 
Figures 5A and B, related to Figure 5.  
 
Corresponding to Figure 5A for SW480 cells 
Group  The change percentage at 

2 hours: (2h-0h)/0h 
The change percentage at 
4 hours: (4h-0h)/0h 

Control  -35% -65% 
15-LOX-1  - 50% -85% 

 
Corresponding to Figure 5B for LoVo cells, 
Group  The change percentage 

at 2 hours: (2h-0h)/0h 
The change percentage at 
4 hours: (4h-0h)/0h 

Control  +10% -42% 
15-LOX-1  - 3% -62% 

 

 

 

 
Table S4. Representative cell internalization distribution presenting as percentage of 
50000 examined cells with R1>0 by imaging flow cytometry, corresponding to Figure 5H, 
related to Figure 5. 
Group  LA-0 hour LA-2 hour 
Control  21% 19% 
15-LOX-1  32% 45% 
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