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Addition of exogenous diacylglycerol
enhances Wnt/b-catenin signaling through
stimulation of macropinocytosis

Yagmur Azbazdar,1,5 Nydia Tejeda-Munoz,1,2,5 Julia C. Monka,1 Alex Dayrit,1 Grace Binder,1 Gunes Ozhan,3,4

and Edward M. De Robertis1,6,*

SUMMARY

Activation of Wnt signaling triggers macropinocytosis and drives many tumors. We now report that the
exogenous addition of the second messenger lipid sn-1,2 DAG to the culture medium rapidly induces
macropinocytosis. This is accompanied by potentiation of the effects of added Wnt3a recombinant pro-
tein or the glycogen synthase kinase 3 (GSK3) inhibitor lithium chloride (LiCl, which mimics Wnt
signaling) in luciferase transcriptional reporter assays. In a colorectal carcinoma cell line in which muta-
tion of adenomatous polyposis coli (APC) causes constitutive Wnt signaling, DAG addition increased
levels of nuclear b-catenin, and this increase was partially inhibited by an inhibitor of macropinocytosis.
DAG also expanded multivesicular bodies marked by the tetraspan protein CD63. In an in vivo situation,
microinjection of DAG induced Wnt-like twinned body axes when co-injected with small amounts of LiCl
into Xenopus embryos. These results suggest that the DAG second messenger plays a role in Wnt-
driven cancer progression.

INTRODUCTION

Plasma membrane lipid-derived signals such as phosphatidylinositol-3,4,5-triphosphate (PIP3) and diacylglycerol (DAG) are major regulators

of cellular responses to extracellular signaling in physiology and cancer progression.1–3 Wnt canonical signaling is also a major regulator of

carcinogenesis.4 How mutations in these oncogenic pathways crosstalk to each other is an important problem in the integration of

cell signaling. In addition, it has long been known that cancer progression is also influenced by substances that do not mutate the DNA

by themselves but facilitate cancer development, which are called tumor promoters.5–7 The prototype tumor promoter is the phorbol ester

phorbol-12-myristate-13-acetate (PMA), which mimics the secondmessenger DAG on the plasmamembrane. DAG is an activator of the pro-

tein kinase C (PKC) signaling pathway.8–10 We now show that direct addition of DAG dissolved in dimethyl sulfoxide (DMSO) strongly poten-

tiates macropinocytosis and Wnt signaling.

Wnt growth factors bind to their surface membrane receptors Frizzled (Fz) and low-density lipoprotein receptor-related protein 6 (LRP6),

resulting in the stabilization of b-catenin. In the absence of Wnt, b-catenin is degraded by a cytosolic destruction complex containing adeno-

matous polyposis coli (APC), Axin1, casein kinase 1 (CK1), and the key regulator glycogen synthase kinase 3 (GSK3). This destruction complex

is inactivated by Wnt signaling.11,12 Activation of the Wnt pathway is a major driver of cancer.13,14 For example, colorectal carcinoma (CRC)

and hepatocellular carcinoma (HCC) frequently carry loss-of-function mutations in the degradation complex components APC or Axin1, re-

sulting in constitutive b-catenin signaling.15–18

Recent work has shown that in the presence ofWnt, receptor complexes are endocytosed and translocated into the intraluminal vesicles of

multivesicular bodies (MVBs).19,20 Activated Wnt receptors bind components of the destruction complex such as GSK3 and Axin1, which are

endocytosed together with them. The formation of MVBs is part of the normal membrane trafficking machinery, and all plasma membrane

proteins must transit through MVBs/late endosomes to reach lysosomes for degradation. Thus, the Wnt signaling pathway co-opted normal

cellular trafficking to achieve the regulated sequestration of GSK3 and Axin1 from the cytosol.20

Macropinocytosis (Greek, pinein, to drink) is an actin-mediated cell drinking process that involves the uptake of large fluid vesicles carrying

extracellular nutrients into endocytic cups that are several microns in diameter.21–23 A number of signaling pathways, such as EGFR and other

receptor tyrosine kinases, can transiently induce macropinocytosis24 through to the activation of phosphoinositide 3 kinase (PI3K) and the
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formation of patches of PIP3 in lamellipodia.25,26 An important realization has been that canonical Wnt signaling triggers sustained macro-

pinocytosis.27,28 The endocytosed membrane containing Wnt receptor complexes is trafficked into MVBs and lysosomes which become

more acidic.29

An unexpected role for the membrane lipid DAG in Wnt signaling has been uncovered by recent work involving plasma membrane lip-

idomeprofiles in HCC cell lines with or without the addition ofWnt.30 It was found thatWnt3a conditionedmedium significantly reducedDAG

levels in isolated plasmamembranes of three HCC cell lines with activatingmutations in components of theWnt pathway.30 Although seldom

used, DAG is able to activate PKC in intact cells.31 The formation ofmacropinocytic cups is driven by patches of PIP3 in the plasmamembrane,

and subsequently this lipid is converted into DAG through the action of phospholipase C gamma 1 (PLCg1), a step required for macropino-

cytic cup closure.26,32 Importantly, it has long been known that PMA, which DAG would mimic, can stimulate macropinocytosis in macro-

phages, cells in which macropinocytosis is constitutive.33

In the present study, we investigated whether DAG addition stimulates macropinocytosis and Wnt signaling activity in mammalian

cultured cell lines. We report that DAG rapidly induces macropinocytosis and potentiates nuclear b-catenin signaling. This occurs even in

CRC cells mutant for APC that have elevated Wnt/b-catenin signaling. In an in vivo situation, DAG was able to induce Wnt-like twinned

axes when co-injected with low amounts of the GSK3 inhibitor LiCl. The results presented here suggest a critical role for the second

messenger DAG in the induction of cellular macropinocytosis and subsequent activation of the Wnt/b-catenin pathway.

RESULTS

DAG added to the culture medium stimulates macropinocytosis

Figure 1 summarizes in diagrammatic form current knowledge onmacropinocytosis and the new findings reported here with respect to exog-

enous addition on DAG. Macropinocytosis is initiated by PIP3, which is then converted into DAG, a step required for cup closure.26,32 Wnt

signaling, through the inhibition of GSK3, induces actin polymerization andmacropinocytosis activation. In the absence of Wnt, GSK3 activity

represses macropinocytosis,29 which is an ancestral endocytic function present constitutively in amebae and macrophages.23 In the presence

of Wnt, the destruction complex consisting of GSK3, APC, and Axin1 is inhibited by sequestration into MVB/lysosomes. Exogenous DAG

(purple oval) promotes Wnt signaling by increasing macropinocytosis and GSK3 sequestration (see below).

In practical terms, macropinocytosis is currently defined by the uptake of tetramethyl rhodamine-dextran (TMR-dextran) 70 kDa, a dextran

derivative with a hydrated diameter of >200 nm.34 Endocytic vesicles of less than 100 nm are designated as micropinocytosis and do not

incorporate TMR-dextran 70 kDa. As shown in Figures 2A–2C, sn-1,2 DAG added to the culture medium of HEK293 cells strongly stimulated

TMR-dextran uptake after 1 h. Overnight incubation also resulted in smaller but numerous vesicles containing dextran (Figures 2D–2F). This

experiment shows that exogenous DAG is a potent activator of macropinocytosis.

Figure 1. Diagramof the regulation ofmacropinocytosis by PI3K, DAG,Wnt/b-catenin, GSK3, APC, andAxin1 from the literature and the present paper

PI3K activated by RTKs or G-protein coupled receptors leads to the generation of PIP3 in the plasma membrane, which triggers the formation of macropinocytic

cups by the actin cytoskeletal machinery network. PIP3 activates PLCg and is itself converted into DAG, which in turn activates PKC which is required for cup

closure and completion of macropinocytosis.26 In the lower part of the diagram, Wnt signaling, through its Frizzled (Fzd) and LRP6 receptors, inhibits a

destruction complex containing GSK3, APC, and Axin1 by translocating it into MVBs. In the absence of Wnt, GSK3 normally suppresses macropinocytosis.29

LiCl, used in this study, induces macropinocytosis by inhibiting GSK3. Exogenous DAG (purple oval) increases Wnt signaling by sequestration of the GSK3/

APC/Axin1 destruction complex.
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DAG addition stimulates Wnt/b-catenin signaling

Next, we examined the effects of DAG on the activity of b-catenin activation reporter (BAR)35 in a stably transfected HEK293 BAR-luciferase/

Renilla cell line.28 The addition of DAG to cells without any other treatment resulted in small but significant increases in b-catenin transcrip-

tional signaling (Figure 3A). This increase is probably caused by low levels of endogenousWnt signaling present in HEK293 cells, as reported

previously.36 In cells treated overnight with recombinant Wnt3a protein, DAG increased Wnt signaling activity (Figure 3B). LiCl is an inhibitor

of GSK3 that mimics Wnt signaling and also triggers macropinocytosis.29 In the presence of 40 mM LiCl, DAG potentiated Wnt/b-catenin

signaling activity by 20-fold (Figure 3C). In the sameHEK293 cells, addition of 35 mMDAG for 2 h led to a strong stabilization of the tetraspanin

protein CD63, a widely used marker of MVBs/lysosomes (compare Figures 3D–3G). The expansion of the MVB compartment is one of the

downstream consequences of Wnt-induced macropinocytosis.37 Interestingly, the key enzyme GSK3 tended to co-localize with CD63 (Fig-

ure 3I, arrows), and b-catenin protein localized to cytoplasmic vesicles (Figure S1) in HEK293 cells treated with DAG for 2 h. We conclude

that exogenously added DAG promotes Wnt/b-catenin transcriptional signaling and this is accompanied by expansion of the MVB

compartment.

DAG increases nuclear b-catenin in a CRC cell line mutant for APC in a macropinocytosis-dependent manner

Wenext askedwhether DAG addition could further stimulateWnt signaling in cancer cells in which theWnt signaling pathway is constitutively

activated by mutation of the tumor suppressor APC. SW480 is a CRC cell line that, despite decades in culture, can be reverted to a non-ma-

lignant phenotype by transducing full-length APC at endogenous expression levels.38,39 SW480 cells have high nuclear b-catenin, and upre-

gulated basal macropinocytosis and formation of MVBs/lysosomes.28

SW480 cells have elevated levels of nuclear b-catenin and detectable levels of theMVB/lysosomemarker CD63 (Figures 4A–4C). Treatment

with DAG (35 mM) for 1 h greatly increased nuclear b-catenin as well as MVB levels (Figures 4D–4F). These effects were confirmed by western

blot (Figure 4G). In cells transfected with myristoylated-GFP,40 which marks the plasma membrane, DAG addition strongly increased macro-

pinosomeplasmamembrane activity withinminutes (Figure 4, compare panels H and I; Video S1). The increase in macropinosome number on

the plasma membrane is observed almost immediately after addition of DAG (Video S2).

Remarkably, the effect of DAGon nuclear b-catenin was in addition to the constitutive stabilization caused bymutation of APC, which is the

main oncogenic driver of this cancer cell line. Further, the expansion of MVBs positive for CD63 indicates that the DAG effect may be related

to the stimulation of macropinocytosis. 5-N-ethyl-N-isopropyl amiloride (EIPA) is an inhibitor of macropinocytosis that acts by blocking the

Na+/H+ exchanger in the plasma membrane and inhibiting the actin machinery.41 The uptake of TMR-dextran 70 kDa and its inhibition by

Figure 2. Exogenous DAG added to the culture medium stimulates macropinocytosis in HEK293 cells

(A and B) 35 mM DAG, but not DMSO, increases the uptake of TMR-dextran 70 kDa, a marker of macropinocytosis after 1 h of addition.

(C) Quantification of TMR-dextran uptake after 1 h incubation with DAG using ImageJ.

(D and E) After overnight incubation, DAG treated cells contain small but numerous macropinocytic vesicles.

(F) Quantification with ImageJ of TMR-dextran uptake after overnight incubation with DAG. Scale bars, 10 mM; **p < 0.01 and ***p < 0.001. Data are represented

as mean G SD.
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EIPA is considered the modern gold standard to diagnose macropinocytosis.34 It has been previously shown that EIPA and the diuretic ami-

loride (which has been used in medical practice for 60 years), were able to inhibit macropinocytosis in SW480 cells.28 The increase in nuclear

b-catenin levels induced by DAG (compare Figures 5B–5D) were partially inhibited by the co-addition of EIPA (50 mM) for 1 h (compare

Figures 5D–5F). The increase in b-catenin by DAG and its inhibition by EIPA were confirmed by quantification using ImageJ (Figure 5G).

These experiments indicate that exogenousDAG, in addition to inducingmacropinocytosismembrane activity, can increase nuclear b-cat-

enin levels even in a CRC cell line in whichWnt signaling was previously thought to be fully activated bymutation of APC. This has implications

for tumor progression. Given that DAG stimulates macropinocytosis and EIPA partially inhibits the DAG effect, the increase in b-catenin

caused by DAG addition is likely driven by increased MVB trafficking.

DAG microinjection mimics Wnt/b-catenin signaling in Xenopus embryos

To validate in vivo the crosstalk between DAG and b-catenin signaling, we turned to the Xenopus laevis embryo, a model system for the anal-

ysis of the Wnt signaling pathway. Microinjection of small amounts of LiCl (4 nL at 300 mM) into a ventral blastomere (Figure 6A) induces

Figure 3. DAG increases b-catenin activated reporter in HEK293 BAR/Renilla cells, and stabilizes MVB marker CD63

(A) Exogenous DAG stimulated BAR-luciferase even in the absence ofWnt; this is probably due to the previously describedweak background of endogenousWnt

signaling in this cell line.

(B) In the presence of recombinant Wnt3a, 35 mM DAG stimulated the b-catenin transcriptional response.

(C) The response to LiCl, a GSK3 inhibitor that mimics Wnt signaling, was greatly increased by exogenous DAG. Each bar represents a biological triplicate.

(D) The MVB/lysosome marker CD63 was weakly stained in control HEK293 cells.

(E) GSK3b staining of HEK293 control cells.

(F) Merge with DAPI nuclear staining.

(G) CD63 staining was stabilized in HEK293 cells after 2 h DAG treatment.

(H) GSK3b staining in DAG treated HEK293 cells.

(I) Merge with DAPI showed that after DAG induction GSK3b is co-localized with CD63. Scale bars, 10 mM; *p < 0.05, **p < 0.01 and ***p < 0.001. Data are

represented as mean G SD. See also Figure S1.
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dorsalization of embryos through the inhibition of GSK3, whichmanifests itself through enlarged head structures.42 Co-injectionwith LiCl pro-

vides a sensitized assay system that has proven informative in previous studies.37 As shown in Figures 6B–6D, while LiCl alone only caused

expanded head structures, co-injection of 3 mM DAG together with LiCl induced Wnt-like secondary axes, indicating a higher level of dors-

alization activity. In situ hybridization with the pan-neural marker SOX2 confirmed that LiCl injection increased endogenous neural tissue,

while partial ectopic neural axes lacking complete heads were induced only in combination with DAG. We conclude that microinjected

DAG synergized with LiCl to activate the Wnt/b-catenin pathway in vivo.

DISCUSSION

This investigation was prompted by two independent lines of evidence from separate laboratories. First, lipidomic studies in HCC cell lines

showed that Wnt3a signaling was associated with a decrease in 1-palmitoyl-2-oleoyl-sn-glycerol (DG 16:0-18:1) in the plasma membrane,

designated as DAG in this study.30 Second, the emerging realization that macropinocytosis, followed by MVB formation and lysosome acid-

ification, is an essential part of canonical Wnt signaling.28 This led us to formulate the working hypothesis that DAG might increase Wnt

signaling through its function in macropinocytic cup formation as outlined in Figure 1A. Here, we provided evidence that exogenous

sn-1,2 DAG added to the culture medium was able to significantly stimulate macropinocytosis activity in the plasma membrane, expand

the MVB compartment, and increase Wnt/b-catenin transcriptional signaling. DAG increased b-catenin levels in cancer cells mutant for

APC, in which one could have presumed the b-catenin was fully stabilized already. This suggests that macropinocytosis activationmay aggra-

vate tumor progression in Wnt-driven cancers.

Figure 4. Addition of DAG rapidly increases macropinosome-like vesicles in the plasma membrane, and elevates levels of nuclear b-catenin and of the

MVB marker CD63 in SW480 CRC cells

(A) Total b-catenin staining of SW480 control cells treated with DMSO.

(B) CD63 staining of same cells.

(C) Merge with DAPI staining.

(D) The addition of DAG (35 mM dissolved in DMSO) to the culture medium increased nuclear b-catenin levels within 1 h in these cancer cells.

(E) The MVB/lysosome marker CD63 was also elevated by DAG addition, presumably as a consequence of increased macropinocytosis.

(F) Merge with DAPI DNA staining confirming the increase in nuclear b-catenin induced by DAG. Scale bars, 10 mM.

(G) Western blot of SW480 cells treated with DMSO alone or 35 mMDAG in DMSO for 1 h. GAPDH was used as a loading control, note that the ratios of b-catenin

and CD63 to GAPDH are increased by exogenous DAG.

(H and I) Transfected membrane-GFP demarcating the plasma membrane of two SW480 cells. DAG treatment strongly increased macropinocytic-like vesicle

membrane activity (arrowhead and inset) in the plasma membrane. These are still images from a 15 min movie shown in Video S1. See also Video S2

showing that the increase in macropinocytosis occurs within the first few minutes of DAG addition. See also Videos S1 and S2.
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DAG is found abundantly in our diet, where it is present in vegetable oils which consist of triacylglycerol (TAG) and DAG. For example, the

highly beneficial olive oil contains 5.5% DAG.43 There are 3 different isomers of DAG: sn-1,3; sn-2,3; and sn-1,2. Of these, only the sn-1,2 DAG

enantiomer is capable of activating the PKC signaling pathway.3 It is known that sn-1,3 DAGpromotes weight loss in humans when compared

to TAG oils.44 Monoacylglycerol (MAG), TAG and free fatty acids are totally inactive on PKC.9 The length of the fatty acid chain is important,

with short fatty acids unable to stimulate PKC enzymatic activity.31 In this study, we specifically used sn-1-palmitoyl-2-oleoyl-glycerol (DG 16:0-

18:1, with the oleoyl chain having one unsaturated bond) which was identified by plasmamembrane lipidomics.30 Our observation that sn-1,2

DAG can increase b-catenin signals in cells mutant for APCwhen added to the culturemedium suggests that diet lipids could play a role in the

oncogenic progression of benign polyps in familial adenopolyposis.15

The tumor promoter PMA has been proposed to mimic the endogenous DAG second messenger signal. Repeated PMA treatment pro-

vides the classical tumor promoter paradigm in which cancer development can be accelerated by inflammatory agents without additional

mutagenesis of DNA.5–7 In a separate study, we provide evidence that PMA increases Wnt signaling, which can be blocked by inhibitors

of macropinocytosis, MVB formation, membrane trafficking, and lysosome acidification.40 Here, we showed that addition of DAG strongly

Figure 5. The macropinocytosis inhibitor EIPA reduces nuclear b-catenin levels induced by DAG

(A and B) Control SW480 cells were treated with DMSO (3%) for 1 h and counterstained with DAPI.

(C and D) The addition of DAG in the culture medium strongly increased b-catenin levels in SW480 cells in which Wnt/b-catenin is constitutively activated due to

APC mutation.

(E and F) The addition of EIPA (50 mM) partially reduced b-catenin levels, as can be noted in the decreased b-catenin/DAPI ratio in the merged images. Similar

results were obtained in two independent experiments. Scale bars, 10 mM.

(G) Quantification of the increase of b-catenin levels by DAG and its inhibition by EIPA. *p < 0.05, **p < 0.01 and **p < 0.01. Data are represented as meanG SD.
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potentiates macropinocytosis and Wnt signaling. These findings have potential implications for the prevention of cancer progression. Phar-

macological interventions targeting macropinocytosis, the Na+/H+ exchanger (for example using the diuretic amiloride), multivesicular body

formation, or reducing DAG levels, could slow tumor progression. Similarly, lysosomal activity, which is required for Wnt signaling, could be

attenuated with inhibitors of Vacuolar-ATPase (V-ATPase) such as Bafilomycin, or lysosomotropic agents that alkalinize lysosomes.45 Such

therapies would have to be used in combination, and although they have not been successful yet, the results presented here suggest points

of vulnerability for Wnt-driven cancer cells. DAG addition has not been extensively studied in the literature with a few exceptions.30,31 How-

ever, the present study shows that DAG can have potent effects on Wnt/b-catenin signaling and macropinocytosis.

Limitations of the study

Our study on the effect of DAG on macropinocytosis and Wnt signaling focused on the role of DAG in macropinosome formation.26,33 How-

ever, DAG is a second messenger that participates in a myriad of biological processes. In addition to activating PKCs, DAG activates the Ras

pathway through Ras guanyl nucleotide-releasing proteins (RasGRPs).46 Many mutations in enzymes that regulate DAG are associated with

cancer.3 Therefore, what we present here is likely an oversimplification.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

B Cell culture and transfection

B Immunofluorescence staining

B Xenopus embryo microinjection and in situ hybridization

d METHOD DETAILS

B TMR-dextran assay

B Luciferase assay

Figure 6. DAG microinjection into Xenopus embryos causes the development of twinned axes in collaboration with the Wnt-mimic LiCl

(A) Experimental design, a single 4 nL injection into a ventral blastomere at 4 cell stage.

(B) Uninjected control sibling at early tailbud (n = 33).

(C) LiCl injection (300 mM) causes weak dorsalization indicated by expanded anterior structures (n = 27, 100% with enlarged head phenotype).

(D) DAG (3mM) together with LiCl induces the formation of partial double axes of the type caused byWnt signaling (double axes in 62.3% of the embryos, n = 130,

three experiments). Arrows show the first and secondary axes. Injection of DAG without LiCl had no effect (n = 37).

(E) In situ hybridization with the pan-neural SOX2 marker in control embryos.

(F) In LiCl microinjected embryos SOX2 neural staining was stronger, but only single axes were observed.

(G) SOX2 staining in embryos co-injected with DAG and LiCl showing two neural axes (arrows); this indicates a higher level of Wnt signaling in vivo. Scale bar,

200 mM.
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B Western blots

B Time lapse imaging

d QUANTIFICATION AND STATISTICAL ANALYSIS

B Luciferase assay quantification

B Image quantification

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2023.108075.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit anti-b catenin Invitrogen Cat# 71-2700: RRID: AB_2533982

mouse anti-CD63 Santa Cruz Cat# sc5275: RRID: AB_627877

Goat anti-mouse IgG Alexa Fluor 488 Invitrogen Cat # A-11001: RRID: AB_2534069

Goat anti-rabbit-Alexa Fluor 594 Invitrogen Cat # A-11012: RRID: AB_2534079

Chemicals, peptides, and recombinant proteins

Wnt3a Peprotech Cat# 315-20

Lipofectamine 3000 ThermoFisher Cat# L3000001

Lithium chloride (LiCl) Sigma Cat# L4408

Dextran Tetramethylrhodamine (TMR-Dx) 70,000 ThermoFisher Cat# D1818

1-palmitoyl-2-oleoyl-sn-glycerol (DG 16:0-18:1) Avanti Polar Lipids Cat# 800815O

5-(N-Ethyl-N-isopropyl) amiloride (EIPA) Sigma Cat# A3085

Dulbecco’s Modified Eagle Medium (DMEM) Gibco Cat# 11965092

Fetal Bovine Serum (FBS) ThermoFisher Cat#16000044

Pen-Strep antibiotics ThermoFisher Cat#15140122

Glutamine ThermoFisher Cat#25030081

Circular coverslips ibidi Cat#10815

8-well glass-bottom chamber slides ibidi Cat#80827

12-well dish ThermoFisher Cat#150628

10-cm dish ThermoFisher Cat#174903

PBS Fisher Cat# BP339

Bovine Serum Albumin (BSA) ThermoFisher Cat#9048468

Fluoro-shield Mounting Medium with DAPI Abcam Cat# ab104139

Paraformaldehyde Sigma Cat#P6148

Fluoroshield Mounting Medium with DAPI Abcam Cat# ab104139

Critical commercial assays

Dual-Luciferase Reporter Assay System Promega Cat# E1500

Experimental models: Cell lines

SW480 ATCC RRID:CVCL_0546

Experimental models: Organisms/strains

Xenopus laevis Nasco N/A

Recombinant DNA

pCS2-mGFP Addgene RRID:Addgene_14757

b-catenin Activated Reporter (BAR) Addgene RRID:Addgene_12456

Renilla reporter Addgene RRID:Addgene_6218

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/

Zen 2.3 imaging software Zeiss http://www.zeiss.com

Axiovision 4.8 Zeiss http://www.zeiss.com

(Continued on next page)
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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, Dr. EdwardM. De

Robertis (Ederobertis@mednet.ucla.edu).

Materials availability

No new unique reagents were generated.

Data and code availability

Data reported in this paper will be shared by the lead contact upon request.

No custom code, software, or algorithm central to supporting the main claims of the paper were generated in this manuscript.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture and transfection

HEK293 cells were cultured in high glucose DMEM (Dulbecco’s Modified Eagle Medium-CAT:11965092, Gibco) supplemented with 10% FBS

(fetal bovine serum) and SW480 cells were grown in RPMI 1640 (CAT:11875093, Gibco) medium with 10% FBS in a 5% CO2 humidified envi-

ronment at 37�C. Lipofectamine 3000 was used for transfection. Cells were seeded in a 12 well plate or chamber. 24h later, HEK293 cells were

transfected with GSK3b.

Immunofluorescence staining

SW480 cells were seeded on cover glass in 24-well culture plates. Cells were treated with DAG (50 mM) for 1h with or without EIPA (50 mM) at

37�C for 1h. After incubation, cover glasses were removed, and cells washed with PBS. Then they were fixed with 4% PFA in PBS for 15 min.

Next, cells were washedwith PBS three times, 0.2%Tween-20 diluted in PBS for 10min, and further washedwith PBS two times. After that, cells

were incubated with blocking buffer (1% BSA dissolved in PBS) for 1 h. After blocking, cells were incubated with the primary antibodies rabbit

anti-b catenin (CAT:71-2700, Invitrogen,Massachusetts, USA), and anti-CD63,MVBsmarker, (CAT:sc5275, SantaCruz, Texas, USA) in PBS con-

taining 1% for 1h. After incubation, cells were washed three times with PBS and next, incubatedwith the secondary antibodies Alexa Fluor 594

(1:200, ThermoFisher Scientific, MA, USA), and goat anti-mouse IgG Alexa Fluor 488 (1:200, ThermoFisher Scientific, MA, USA) for 1 hour at

room temperature (RT). After that, cells were washed with PBS three times and were mounted using mounting medium including 40,6-diami-

dino-2-phenylindole (DAPI, 0.5 ug/ml, 4083S, Cell Signaling Technology, MA, USA). Immunostainings were imaged with a Carl Zeiss Axio

Observer Z1 Inverted Microscope with Apotome.

Xenopus embryo microinjection and in situ hybridization

Xenopus laevis embryos were generated by in vitro fertilization with dissected testes as described.37 Ventral injection of 4 nL LiCl (300 mM)G

DAG (3mM)was performed at the 4-8 cell stage. Embryoswere fixed using 4%PFA at early tailbud (stage 22) and imaged usingCarl Zeiss Axio

Zoom.V16. In situ hybridizations were performed as described at http://www.hhmi.ucla.edu/derobertis using SOX2 probe.

METHOD DETAILS

TMR-dextran assay

HEK293 cells were seeded on cover glass coverslips overnight. Then cells were incubated with 1 mg/mL TMR for 1 h with or without DAG

(35 mM) in an incubator with 5% CO2 at 37�C. At the end of incubation, cells were washed 3 times for 5 minutes each with PBS (Fisher

BP339, containing 157 mM Na+, 140 mM Cl�, 4.45mM K+, 10.1 mM HPO4
2�, 1.76 mM H2PO4

� at pH 7.4), and fixed using 4% paraformalde-

hyde (PFA) diluted in PBS. Coverslips were mounted using Fluoro-shield Mounting Medium with DAPI (ab104139) from Abcam. Results were

photographed using a Zeiss Imager Z.1 microscope with Apotome.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Other

IM 300 microinjection pump Narishige International USA, Inc N/A

Axio Observer Z1 Inverted Microscope with Apotome Zeiss N/A

Zeiss Observer.Z1 microscope Zeiss N/A
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Luciferase assay

HEK293 BAR/Renilla reporter cells28 were seeded on 24-well culture plates. After 24 h, cells were treated with DAG (17 or 35 mM) with or

without rWnt3a (100 ng/mL) or LiCl (40 mM) overnight at 37�C. Reporter activity was measured using the luciferase reporter assay kit

(Promega, WI, USA).

Western blots

Cells were lysed using RIPA buffer (0.1% NP40, 10% Glycerol, 20 mM Tris/HCl, pH 7.5) containing phosphatase inhibitors (Calbiochem

#524629) and protease inhibitors (Roche #04693132001).

Time lapse imaging

SW480 cells were seeded on the optics of glass in a petri and on the 2nd day, they were transfected with membrane-GFP29 using Lipofect-

amine 3000. 3 days later, cells were filmed and then treated with DAG (125 mM) for 30 min. Videos were taken using Zeiss Observer.Z1 micro-

scope and AxioVision 4.8.2 SP3 software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Luciferase assay quantification

Statistical analysis for Luciferase assays was carried out using Student’s t-test. ***p < 0.001, **p < 0.01, and *p < 0.05; error bars represent

standard deviation (SD).

Image quantification

The data are performed as means and standard deviations (SD) and as a statistical analysis the Student’s t-test was used. p value of <0.05 was

considered statistically significant. The intensity of vesicles in the immunofluorescence was calculated from the red channel using the ImageJ

software and a computer-assisted particle analysis tool and it was divided number of nuclei in each microscope field, using n > 25 per con-

dition. The Graphical Abstract was made using BioRender.
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