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Abstract

Macropinocytosis has emerged as an important pathway of
protein acquisition in cancer cells, particularly in tumors with
activated Ras such as pancreatic and colon cancer. Macropi-
nocytosis is also the route of entry of Bacillus Calmette-Guerin
(BCG) and other microbial therapies of cancer. Despite this
important role in tumor biology and therapy, the fullmechan-
isms by which cancer cells can activate macropinocytosis
remain incompletely defined. Using BCG uptake to assay
macropinocytosis, we executed a genome-wide shRNA screen
for macropinocytosis activators and identified Wnt path-
way activation as a strong driver of macropinocytosis. Wnt-
driven macropinocytosis was downstream of the b-catenin–
dependent canonicalWnt pathway, was PAK1 dependent, and
supported albumin-dependent growth in Ras-WT cells. In cells
with activated Ras-dependent macropinocytosis, pharmaco-

logic or genetic inhibition ofWnt signaling suppressedmacro-
pinocytosis. In a mouse model of Wnt-driven colonic
hyperplasia via APC silencing, Wnt-activated macropinocyto-
sis stimulated uptake of luminal microbiota, a process
reversed by topical pharmacologic inhibition of macropino-
cytosis. Our findings indicate that Wnt pathway activation
drives macropinocytosis in cancer, and its inhibition could
provide a therapeutic vulnerability in Wnt-driven intestinal
polyposis and cancers with Wnt activation.

Significance: The Wnt pathway drives macropinocytosis
in cancer cells, thereby contributing to cancer growth in
nutrient-deficient conditions and, in the context of colon
cancer, to the early phases of oncogenesis. Cancer Res; 78(16);
4658–70. �2018 AACR.

Introduction
Macropinocytosis is an endocytic process by which cells inter-

nalize extracellular fluid and its contents into large vesicles known
as macropinosomes (1). Macropinocytosis is activated in certain
specialized cell types, such as macrophages and immature den-
dritic cells, where it has roles in antigen capture and presentation
(2). Activation of macropinocytosis is also a hallmark of some
cancers, particularly tumors harboring activatingmutations of Ras
(3). Whereas the role of macropinocytosis in cancer was long
unclear, it was recently demonstrated that Ras-transformed can-
cers use macropinocytosis as a route of nutrient uptake (3–5),
suggesting that inhibition of macropinocytosis, thereby starving
tumors of essential nutrients, is a potential therapeutic strategy for
Ras-driven cancers.

Bacillus Calmette-Guerin (BCG), an attenuated strain ofMyco-
bacterium bovis, is used to treat non–muscle-invasive bladder
cancer (NMIBC; ref. 6). Bladder cancer cells are able to internalize
BCG through macropinocytosis (7), a process dependent on
activation of the Ras and PI3K–PTEN pathways upstream of the
kinase PAK1 (7).

However, the relevance of macropinocytosis more broadly in
cancer types without Ras or PI3Kmutation is unclear, and the full
complement of cellular mechanisms that may activate this path-
way has not been examined. In an effort to identify additional
pathways that mediate macropinocytic uptake in tumor cells, we
performed a whole-genome shRNA screen for genes that suppress
macropinocytosis, using BCG uptake by Ras wild-type bladder
cancer cell lines as an assay for macropinocytic uptake (7). Here
we describe this screen, which identified activation of the Wnt
pathway as a driver of macropinocytosis, demonstrate that Wnt-
driven macropinocytosis uses the same machinery as Ras-driven
macropinocytosis, and demonstrate that Wnt pathway activation
in colonic epithelium promotes macropinocytic translocation of
bacteria into the colonic wall, indicating that activation ofmacro-
pinocytosis due to APC inactivationmay be the initiating event in
intestinal polyposis.

Materials and Methods
Whole-genome gain-of-function screenof determinants of BCG
uptake by bladder cancer cell lines

The screen design is shown in Fig. 1A. Three Ras wild-type cell
lines (MGHU3, MGHU4, and VMCUB3) were used. The baseline
ability of these cell lines to internalize a GFP-expressing BCG

1Division of Infectious Diseases, Memorial Sloan Kettering Cancer Center, New
York, New York. 2Immunology Program, Sloan Kettering Institute, Memorial
Sloan Kettering Cancer Center, New York, New York. 3Vanderbilt University
School of Medicine, Nashville, Tennessee. 4Cancer Biology and Genetics Pro-
gram, Sloan Kettering Institute, Memorial Sloan Kettering Cancer Center, New
York, New York. 5Broad Institute of Massachusetts Institute of Technology and
Harvard, Cambridge, Massachusetts.

Note: Supplementary data for this article are available at Cancer Research
Online (http://cancerres.aacrjournals.org/).

Corresponding Author: Michael S. Glickman, Memorial Sloan Kettering Cancer
Center, ZRC 1504 1275 York Ave, New York, NY 10065. Phone: 646-888-2368;
Fax: 646-422-2124; E-mail: glickmam@mskcc.org

doi: 10.1158/0008-5472.CAN-17-3199

�2018 American Association for Cancer Research.

Cancer
Research

Cancer Res; 78(16) August 15, 20184658

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/78/16/4658/2771598/4658.pdf by guest on 19 M

ay 2023

http://crossmark.crossref.org/dialog/?doi=10.1158/0008-5472.CAN-17-3199&domain=pdf&date_stamp=2018-7-28


strain (BCG-GFP)was determinedbyflowcytometry, as described
previously (7). On the basis of these results, we anticipated a
background infection rate of approximately 0.2%–0.5% for 4-
hour infections and 1%–2% for 24-hour infections.We sorted 2.5
� 108 cells for 4-hour infection and 2.5 � 107 cells for a 24-hour
infection, yielding an expected 5 � 105 background positive
events, and representing each shRNA in the librarywith an average
of 2,600 and 260 input cells, respectively.

Cell lines were grown in complete Eagle minimal essential
medium (MEM) supplemented with 10% FBS, 1mmol/L sodium
pyruvate, 2 mmol/L L-glutamine, and 1:100 dilution of 100�
MEM nonessential amino acids solution (NEAA, Thermo Fisher
Scientific). Each cell line was transduced with the Broad Institute
RNAi Consortium (TRC) shRNA library, consisting of approxi-
mately 95,000 pLK0.1 and pLK0.5-based shRNAs targeting nearly
17,000 genes (8). Transduction was performed in the presence of
polybrene 4 mg/mL (Sigma-Aldrich). For each cell line, transduc-
tionwas optimized to achieve amultiplicity of infection (MOI) of

0.3–0.5, corresponding to a <20% chance of cells expressing >1
shRNA.

Optimal concentration of puromycin for antibiotic selection
was optimized for each cell line individually. After selection with
puromycin (Sigma-Aldrich) for 4 days, cells were infected with
BCG-GFP at a MOI of 10:1 for 4 hours or 24 hours and then
washed three times in PBS followed by three washes with com-
plete MEM containing penicillin–streptomycin (Invitrogen) to
remove extracellular BCG. Cells were detached from plates using
trypsin. FACS was used to sort GFP-positive (BCG-infected) cells.
For each cell line, a non-BCG-GFP–infected control was used to
determine the sorting gate. Representative flow plots and gates of
the cell lines used in the screen and infected with BCG-GFP are
shown in Fig. 1B.

Genomic DNAwas extracted from the input shRNA library and
from the sorted cells using QIAamp DNA blood kit (Qiagen). A
two-step PCR was used to amplify the shRNA sequence from the
genomic DNA of transduced cells, as described previously (8).

Figure 1.

A Whole-genome shRNA screen for inhibitors of macropinocytosis identifies inhibitors of Ras and Wnt pathways. A, Screen design. B, Top, flow cytometric
quantitation of BCG-GFP uptake in the three cell lines used in the screen (MGHU3, MGHU4, and VMCUB3) at 4 hours or 24 hours after infection. Bottom, flow
cytometric quantitation of BCG-GFP uptake at 4 hours or 24 hours after infection in the cell line T24, which harbors an HRas G12V activating mutation. Y-axis (PE)
represents an empty channel used for gating purposes. X-axis represents GFP. Results are representative of three independent experiments.
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Positive hits were defined as genes for which at least 3 shRNAs (in
the same replicate or in different replicates) were represented
more than 4-fold in the sorted population of cells compared with
the input pool of the shRNA library.

Pathway analysis of hits was performed using Molecular Sig-
natures Database v6.0 (available at http://software.broadinsti
tute.org/gsea/msigdb/index.jsp; ref. 9).

Cell lines
The bladder cancer cell lines T24, UMUC3, 5637, MGHU3,

MGHU4, and VMCUB3 were a gift from Dr. Dan Theodorescu
(University of Colorado, Denver, Denver, CO) and were authen-
ticated through mass spectrometry–based DNA fingerprinting, as
described previously (10). A549 lung cancer cell line, Panc1
pancreatic cancer cell line, and SW1417 colon cancer cell line
were purchased from ATCC and authenticated by the supplier by
short tandem repeat profiling. Bladder cancer cell lines and
SW1417 were grown in MEM. A549 and Panc1 were grown in
DMEM. Media were supplemented with 10% FBS, 1 mmol/L
sodium pyruvate, 2 mmol/L L-glutamine, and NEAA. Cells were
cultured at 37�C in a humidified atmosphere of 5%CO2 in air. All
cell lines used were confirmed to be negative for Mycoplasma by
annual testing using MycoAlertTMPlus (Lonza). Last date of
mycoplasma testing was January 17, 2018.

BCG-GFP
BCG-GFP was created as described previously (7). BCG was

grown at 37�C in Middlebrook 7H9 media supplemented with
10% albumin/dextrose/saline, 0.5% glycerol, and 0.05% Tween
80, and in the presence of 20 mg/mL kanamycin. To create tittered
stocks for infection, BCG-GFP was grown to mid-log phase
(OD600 0.4–0.6), washed twice in PBS with 0.05% Tween 80,
resuspended in PBS with 25% glycerol, and stored at �80�C. To
measure final bacterial titer, an aliquot was thawed, and serial
dilutions were cultured on 7H10 agar media in the presence of 20
mg/mL kanamycin, and the bacterial titer determined by counting
kanamycin-resistant colonies after 3 weeks of incubation.

BCG infection
Bladder cancer cells were plated a day prior to infection in

antibiotic-freemedia to reach 50%–80% confluence on the day of
infection. BCG was thawed, diluted in antibiotic-free media to
achieve amultiplicity of infection (MOI) of 10:1, and added to the
cells. After an incubation of 4 hours at 37�C, the cells were washed
three times with PBS, three times with media containing 1%
penicillin–streptomycin, rewashedwith PBS, detached using tryp-
sin, and resuspended in PBS for analysis by flow cytometry.

Flow cytometry
Cell suspensions were analyzed on an LSR II flow cytometer

(BD Biosciences), using the FACSDiVa software (BD Biosciences)
according to manufacturer's instructions. Statistical analysis was
performed with the FlowJo software package (Tree Star). GFP was
detected on the FITC channel using a 488 nm laser.

Pharmacologic inhibitors
For BCG infection, cells were pretreated with the inhibitors at

the specified concentrations for 1 hour at 37�C. The media were
then aspirated and replaced with media containing the inhib-
itor at the specified concentration plus BCG at an MOI of 10:1
for 4 hours at 37�C. For experiments involving measurement of

dextran uptake, cells were pretreated with inhibitors at the
specified concentrations for 4 hours prior to addition of dex-
tran. In all experiments utilizing chemical inhibitors, the high-
est concentration of DMSO was used as vehicle control. Phar-
macologic inhibitors used in this study are listed in the Sup-
plementary Methods.

Plasmids and transfections
PLK0.1-based shRNA constructs for knockdown of KREMEN1,

APC, and AXIN1 and miR30-based constructs for knockdown of
DKK1 were constructed by the Memorial Sloan Kettering RNAi &
Gene Editing core facility. pLKO.1-puro nontarget shRNA control
(SHC016, SIGMA) was used as nontargeting control.

AXIN1 cDNA was purchased from MyBioSource and was
cloned into pQCXIP-IRES-puro using the EcoRI and NotI restric-
tion sites. pQCXIN-PAK1(L107F) and pQCXIP-KRAS(G12D)
were constructed as described previously (7).

Lentivirus for shRNA knockdown of KREMEN1, AXIN1, and
APC was made by cotransfecting the respective plasmids with
Mission Lentiviral Packaging Mix (Sigma) into 293T cells using
Lipofectamine 2000 (Invitrogen) as per the manufacturer's
instructions. Lentiviruses for expression of pQCXIP-empty,
pQCXIN-empty, pQCXIP-AXIN1, pQCXIP-KRAS(G12D), E
(beta)P, and pQCXIN-PAK1(L107F) weremade by cotransfecting
the respective constructs with the packaging plasmids VSV-G and
pCPG into 293T cells using Lipofectamine 2000. A day prior to
infection with lentivirus, cell lines were plated in 6-well plates
and allowed to attach overnight. On the day of infection media
was replaced with supernatant from 293T plates, and polybrene
8 mg/mL (Sigma) was added. Plates were spun at 1,100 � g for
30 minutes. The media was replaced with fresh antibiotic-free
media, and the plates were allowed to incubate overnight. The
following day, cells containing the lentiviral insert were selected
using puromycin (Invitrogen) or G418 (Sigma) for 4 days. Cells
that had not been infected with lentivirus were used as control
for selection.

shRNA sequences are listed in the Supplementary Methods.

FISH
FISHwas conducted as described previously (11). Briefly, tissue

sections were deparaffinized twice with xylene (10 minutes each)
and rehydrated by successive 10-minute washes with 95% etha-
nol, 90% ethanol, and water. Bacteria were stained using a
fluorescent universal bacterial probe EUB338 (purchased from
IDT) directed against the 16S rRNA gene (11). Sequence of the
EUB338 probe is as follows: 50[Cy3]/GCTGCCTCCCGTAG-
GAGT/[Cy3]30. Probe was diluted to 10 ng/mL in 0.9 mol/L NaCl,
20 mmol/L Tris-HCl at pH 7.2, and 0.1% SDS. Slides containing
the probe were covered with Frame-Seal hybridization chambers
(Thermo Fisher Scientific). After 3 hours of incubation at 50�C,
sections were washed twice in 0.9 mol/L NaCl, 20 mmol/L Tris-
HCl at pH 7.2 for 10 minutes and counterstained with DAPI for
nuclear staining.

Antibodies
The following antibodies were used for Western blot analysis:

b-actin (Cell Signaling Technology #3700), AXIN1 (Cell Signaling
Technology #2087), PAK1 (Cell Signaling Technology #2602),
human APC (Abcam ab58), mouse APC (Abcam ab15270),
DKK1 (R&D Systems AF1096), and KREMEN1 (R&D Systems
MAB2127).
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Measurement of the macropinocytic index
The macropinocytic index was measured as described previ-

ously (12). Briefly, cells were plated in Nunc Lab-Tek II chamber
slides and allowed to attach for 18–24 hours. Lysine-fixable Texas
Red–labeled dextran molecular weight 70,000 (Thermo-Fisher
Scientific #D1864) was diluted in media to a final concentration
of 1mg/mL and incubated with cells at 37�C for 30minutes. After
washing 5 times with ice-cold PBS, cells were then fixed in 4%
paraformaldehyde for 15 minutes at room temperature and
washed twice with PBS. DAPI (Thermo Fisher Scientific #D1306)
was applied to each well at a concentration of 0.5 mg/mL for 15
minutes, followed by two PBS washes. The slides were mounted
with SlowFade Diamond Antifade Mountant (Thermo Fisher
Scientific #S36972).

Images were acquired on a Zeiss Axiovert inverted 200M wide-
field microscope using a 63� oil objective. Images of 15–20
random fields, each containing 10 to 30 cells, were acquired for
each sample. Images were analyzed using ImageJ software (http://
imagej.nih.gov/ij/) as described previously (12).

Albumin-dependent growth assay
To measure albumin-dependent growth, 2 � 105 cells per well

were plated in in a 6-well plate in complete MEM. After 16 hours
media was removed and the cells washed twice in PBS. Cells were
placed in MEM lacking the essential amino acid leucine and
supplemented with 10% dialyzed FBS, 2 mmol/L L-glutamine
andNEAA,withorwithout the addition of 6%BSA (Sigma; ref. 5).
Themedia were replaced daily. After 72 hours of growth inmedia
lacking leucine, cells were washed with PBS, detached using
trypsin, and counted using a hemocytometer.

Wnt luciferase reporter assay
Cells were stably transduced with the 7TFC Wnt reporter, a

lentiviral vector expressing firefly luciferase under the control of a
Wnt-dependent TCFpromoter (13). The samenumber of cellswas
used for each condition. Luciferase activity in the lysates was
measured using the Promega Luciferase Assay system according to
the manufacturer's instructions.

Animals
Production ofmice and all treatments describedwere approved

by the Institutional Animal Care andUseCommittee atMemorial
Sloan Kettering Cancer Center (New York, NY). Doxycycline was
administered via food pellets (625 mg/kg; Harlan Teklad).

Primers used for genotyping are listed in the Supplementary
Methods.

Dextran uptake in mouse colons
shApc and controlmice were treatedwith oral doxycycline for 8

days. Mice were anesthetized in an isoflurane chamber and a 3.5
French polyurethane catheter (Access Technologies catalog#
CNC-3.5P-60'/LSA22) was inserted through the anus to a distance
of 1 inch. Texas Red fluorescent dextran molecular weight 70,000
(Invitrogen catalog# D1864) was diluted in PBS to a final con-
centration of 1mg/mL, and a volume of 200ml was instilled into
the colon for 45minutes. In experiments using intracolonic ethyl-
isopropyl amiloride (EIPA), EIPA (100 mmol/L) or DMSO (0.1%)
was diluted in PBS. A volumeof 200ml was instilled into the colon
for 45 minutes. The catheter was removed, and a new catheter
inserted, through which, 200 ml of Texas Red dextran 1mg/mL

containing EIPA (100mmol/L) orDMSO (0.1%)was instilled and
kept in the colon for an additional 45 minutes.

Mice were euthanized in a CO2 chamber and the colons were
removed from the level of the rectum to the splenic flexure. The
colons were fixed in 4% PFA overnight and were paraffin-embed-
ded. Slides were submitted for immunofluorescence.

Western blot analysis of mouse colons
shApc and controlmice were treatedwith oral doxycycline for 8

days. Mice were euthanized and their colons were removed.
Colons were cut longitudinally and washed in Hank's Balanced
Salt Solution (HBSS). Colons were incubated in 2 mmol/L EDTA
in HBSS at 37�C for 15 minutes and agitated vigorously. The
supernatant containing epithelial fraction was collected by cen-
trifugation and resuspended in Western blot lysis buffer.

Immunofluorescence
Immunofluorescent staining was performed at the Molecular

Cytology Core Facility ofMemorial SloanKettering Cancer Center
using aDiscovery XT processor (VentanaMedical Systems). Tissue
sectionswere deparaffinizedwith EZPrepbuffer (VentanaMedical
Systems), and antigen retrieval was performed with CC1 buffer
(VentanaMedical Systems). Sections were blocked for 30minutes
with Background Buster solution (Innovex), followed by avidin–
biotin blocking for 8 minutes (Ventana Medical Systems). Mul-
tiplex immunofluorescent staining was performed as described
previously (14).

Sections were incubated with MUC2 antibody (Santa Cruz
Biotechnology, #sc15334, 1 mg/mL) for 5 hours, followed by
1-hour incubation with biotinylated goat anti-rabbit IgG (Vector
Laboratories, #PK6101) at 1:200 dilution. The detection was
performed with Streptavidin-HRP D (part of DABMap kit, Ven-
tana Medical Systems), followed by incubation with Tyramide
Alexa Fluor 488 (Invitrogen, #B40953) prepared according to the
manufacturer's instruction with predetermined dilutions. Next,
sections were incubated with anti-CK8/18 (Abcam #ab53280,
0.12 mg/mL) for 5 hours, followed by 60-minute incubation with
biotinylated goat anti- rabbit IgG (Vector Laboratories, catalog
no. PK6101) at 1:200 dilution. Detection was performed with
Streptavidin-HRPD, followed by incubationwith Tyramide Alexa
647 (Invitrogen #B40958) prepared according to the manufac-
turer's instruction with predetermined dilutions. Staining slides
were the counterstained with DAPI (Sigma Aldrich # D9542,
5 mg/mL) for 10minutes. Coverslips weremounted withMowiol.

Images were obtained on a Zeiss Axio2Imaging upright wide-
field microscope using a 40� objective. Images of 20–30 fields
were acquired for each specimen. Images were analyzed using
ImageJ software.

Statistical analysis
The group means for different treatments were compared, as

indicated, by ANOVAwith Bonferroni multiple comparisons test,
or by a two-sided Student t test analysis. AP�0.05was considered
significant.

Results
A whole-genome gain-of-function screen for activators of
macropinocytosis

A whole-genome shRNA screen for hairpins that enhance
BCG uptake was conducted. The screen design is described in
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detail in the Materials and Methods section and is outlined
in Fig. 1A. Three cell lines were used, all of which express wild-
type Ras and do not engulf BCG by macropinocytosis. Repre-
sentative flow plots showing baseline infection rates for these
cell lines at the two time points used in the screen are shown
in Fig. 1B. T24, a HRAS-G12V-expressing cell line previously
characterized to have an activated macropinocytosis (3), is
shown for comparison.

A total of 570 genes fulfilled our definition of a positive hit
(Table S1). We identified multiple genes involved in vesicular
transport, phosphatidylinositol metabolism, and the Ras path-
way. Although many of these genes have not been extensively
characterized, the identification of a negative regulator of Ras,
the tumor suppressor NF1, validates that the screen can identify
activators of macropinocytosis. To determine which pathways
were overrepresented in the screen hits, we performed pathway
analysis (Supplementary Table S2). Among pathways significant-
ly enrichedwas theWnt signalingpathway. Fiveof the 7Wnt genes
detected as macropinocytic activators were negative regulators of
the Wnt signaling pathway. These included DKK2, KREMEN1,
NKD1, SMAD4, and MAPK9 (15–20).

Activation of the canonical Wnt pathway stimulates
macropinocytic BCG uptake

Signaling through the Wnt pathway commences with binding
of a soluble Wnt ligand to its receptor LRP6. Activation of the
pathway is subject to negative regulation at multiple points in the
pathway, including through internalization of the receptor at the
cell surface and through proteolytic control of the CTNNB1
(b-catenin) transcription factor in the destruction complex
(21). To ascertain whether activation of the Wnt pathway stimu-
lates macropinocytic uptake of BCG, we first focused on KRE-
MEN1 and DKK1. Binding of the secreted protein DICKKOPF1
(DKK1) to its receptor, KREMEN1, results in endocytic removal
of the Wnt receptor LRP6 from the plasma membrane, thereby
blocking signaling via the canonicalWnt pathway (16).Depletion
of KREMEN1 protein by three different KREMEN1 shRNAs
stimulated BCG uptake in three different Ras wild-type bladder
tumor cell lines (Fig. 2A: Supplementary Fig. S1A and S1B).
Similarly, knockdown of DKK1 by four distinct shRNAs activated
macropinocytosis in all three cell lines tested, although to varying
degrees (Fig. 2B; Supplementary Fig. S1C and S1D).

Our prior work determined that the mechanism of BCG
uptake into bladder cells is via a Pak1-dependent macropino-
cytosis pathway in cells harboring activating mutations of Ras
(7). To determine whether Wnt activated uptake uses the same
machinery, we tested the effect of chemical inhibition with
either EIPA, a Na–H pump inhibitor that inhibits macropino-
cytosis (22), or IPA-3, an inhibitor of PAK1 (23) on a Ras
wild-type bladder cancer cell line transduced with either DKK1
or KREMEN1 shRNA. We found that both EIPA and IPA-3
completely abrogated the increase in BCG uptake engendered
by DKK1 or KREMEN1 knockdown (Fig. 2C), confirming that
this uptake is via PAK1-dependent macropinocytosis. Neither
EIPA nor IPA-3 resulted in cell death under the conditions used
here (Supplementary Fig. S1E).

The Wnt pathway is a branched pathway with three arms. In
the canonical Wnt/b-catenin branch, binding of a Wnt ligand to
the Frizzled-LRP5/6 receptor complex results in dissociation
of the b-catenin destruction complex (composed of APC, AXIN,
and GSK3), allowing the accumulation and translocation of

b-catenin into the nucleus and activation of its target genes
(24). The two main noncanonical pathways are the planar cell
polarity (PCP) pathway and the Wnt/Ca2þ pathway, both of
which are independent of the b-catenin destruction complex
(24). Signaling through DKK1 and KREMEN1 primarily affects
the canonical Wnt pathway (25), but may have some Wnt-
independent functions (26). To test whether the increase of
macropinocytic BCG uptake engendered by KREMEN1 or DKK1
knockdown is dependent onWnt activation of nuclear b-catenin,
we tested the effect of ICG001, an inhibitor of the interaction
between b-catenin and cyclic AMP response element-binding
protein (27), on BCG uptake in a Ras wild-type cell line trans-
duced with nontargeting shRNA, KREMEN1 shRNA or DKK1
shRNA. We found that the increase in BCG uptake engendered
by KREMEN1 or DKK1 knockdown was completely abrogated by
treatment with ICG001, indicating that the effect of KREMEN1 or
DKK1 knockdown is mediated through the canonical Wnt path-
way and b-catenin–driven transcription (Fig. 2D).

To further test whether the stimulation of macropinocytosis
observed with DKK1/KREMEN1 loss proceeds through the
canonical Wnt pathway we focused on adenomatous polyposis
coli (APC), a vital component of the b-catenin destruction
complex and a key tumor suppressor gene, most notably in
colon cancer (28). To test the role of APC in BCG uptake, we
transduced Ras wild-type cells with APC shRNA and tested the
effect on uptake of BCG-GFP. Loss of APC resulted in a 2- to
5-fold increase in BCG uptake that paralleled the expected
increase in Wnt pathway activation in three different Ras WT
bladder tumor cell lines, as measured by a luciferase reporter
(Fig. 2E and F; Supplementary Fig. S1F–S1H). Taken together,
these data demonstrate that the canonical Wnt pathway is
sufficient to activate the Pak1-dependent macropinocytosis
pathway in Ras wild-type cancer cells.

Activation of theWnt pathway is sufficient to support albumin-
dependent cell growth

To further characterize Wnt-driven macropinocytosis, we
used a quantitative macropinocytosis assay that measures
uptake of fluorescent high molecular weight dextran by fluo-
rescence microscopy to yield the macropinocytic index (3, 12).
We validated the assay by demonstrating inhibition of uptake
of fluorescent dextran with EIPA treatment (Supplementary Fig.
S2A and S2B).

Treatment with recombinant Wnt3A protein (rWnt3A), which
activates the canonical Wnt pathway (Fig. 3A), significantly
increased the macropinocytic index (Fig. 3B and C; Supplemen-
tary Fig. S3). Similarly, expression of E(beta)P, a constitutively
activated form of b-catenin (13), significantly increased the
macropinocytic index (Fig. 3D–F; Supplementary Fig. S4). More-
over, the increase in dextran uptake engendered by E(beta)P was
abrogated by chemical inhibition with IPA-3, suggesting that it
was dependent on PAK1 (Fig. 3G). Next, we tested the effect of
DKK1 knockdown on dextran uptake and found that knockdown
of DKK1 resulted in a 33% to 325% increase in the uptake of
fluorescent dextran by all cell lines tested (Fig. 3H; Supplementary
Fig. S5A and S5B). Interestingly, knockdown of DKK3 was pre-
viously shown to induce cell death due to activation of macro-
pinocytosis in the Ras-mutant cell line T24 (29). Knockdown of
DKK1, however, did not cause cell death to the cell lines used in
our assays (Supplementary Fig. S5C). AXIN1 is a member of the
b-catenin destruction complex that negatively regulates the Wnt
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pathway (30). Accordingly, AXIN1 knockdown increased uptake
of dextran by the cell lines tested by 46% to 710% (Fig. 3I and J;
Supplementary Fig. S5D–S5G). EIPA abrogated the dextran
uptake stimulated by AXIN1 knockdown, confirming it is through
the macropinocytosis pathway (Fig. 3K).

Cancers harboring activating mutations of Ras utilize
macropinocytosis for uptake of extracellular fluid proteins,
such as albumin. Albumin uptake by macropinocytosis is the
first step in a complex metabolic rewiring that can allow cancer
cells to proliferate using extracellular protein as a source of
essential amino acids (3–5, 31). To determine whether the
increase in macropinocytosis resulting from Wnt pathway
activation is sufficient to support albumin-dependent cell
growth, we made use of a recently described assay in which
cells are grown in medium lacking leucine, an essential amino
acid, in the absence or presence of BSA (5). We found that

treatment with rWnt3A, expression of E(beta)P or knockdown
of AXIN1 supported cell growth in leucine-free media in the
presence of BSA (Fig. 3L–N; Supplementary Fig. S5H). To
determine whether the magnitude of macropinocytic activa-
tion conferred by WNT activation is comparable with that
observed in cells carrying an activated Ras allele, we directly
compared T24 cells with three different Ras WT cells with
AXIN1 knockdown. We observed that the absolute macropi-
nocytic index in WNT-activated cells was higher than in T24,
confirming that WNT activation alone supports robust macro-
pinocytosis (Supplementary Fig. S5I).

Taken together, these experiments indicate that activation of
the canonical Wnt pathway via nuclear b-catenin is sufficient to
drive macropinocytosis in cancer cells and can support tumor
cell growth by uptake of exogenous protein as a source of
essential amino acids.

Figure 2.

Activation of the canonical Wnt pathway stimulates macropinocytic BCG uptake A, The bladder cancer cell line MGHU4 was transduced with nontargeting
(NT) or three distinct KREMEN1 shRNAs (1–3) and incubated with BCG-GFP for 4 hours. Uptake of BCG-GFP was measured by flow cytometry.
Knockdown of KREMEN1 for each shRNA is shown by Western blot analysis, with b-actin as a loading control. The data correspond to the mean of
three independent experiments � SEM. B, MGHU4 cells were transduced with nontargeting or four distinct DKK1 shRNAs and incubated with BCG-GFP
for 4 hours. Uptake of BCG-GFP was measured by flow cytometry. Knockdown of DKK1 for each shRNA is shown by Western blot analysis, with b-actin as a
loading control. The data correspond to the mean of three independent experiments � SEM. C, MGHU4 cells were transduced with nontargeting
shRNA, DKK1 shRNA#2, or KREMEN1 shRNA#3 and incubated with BCG-GFP for 4 hours in the presence of IPA-3 (Pak1 inhibitor), EIPA (macropinocytosis
inhibitor), or DMSO (vehicle control). Uptake of BCG-GFP was measured by flow cytometry. The data corresponds to the mean of three independent
experiments � SEM. D, MGHU4 cells were transduced with nontargeting shRNA, DKK1 shRNA#2, or KREMEN1 shRNA#3 and incubated with BCG-GFP
for 4 hours in the presence of ICG001 or DMSO (vehicle control). Uptake of BCG-GFP was measured by flow cytometry. The data corresponds to the
mean of three independent experiments � SEM. E, MGHU4 cells were transduced with nontargeting or two different APC shRNAs and incubated with
BCG-GFP for 4 hours. Uptake of BCG-GFP was measured by flow cytometry. Knockdown of APC for each shRNA is shown by Western blot analysis, with
b-actin as a loading control. The data corresponds to the mean of three independent experiments � SEM. F, MGHU4 cells stably expressing the Wnt
reporter construct 7TFC were transduced with nontargeting or APC shRNA. Luciferase expression in cell lysates was measured by luminometry. The
data corresponds to the mean of three independent experiments � SEM. P values derived by ANOVA with Bonferroni correction, P < 0.05; �� , P < 0.005;
��� , P < 0.0005.
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Figure 3.

Activation of theWnt pathway is sufficient to support albumin-dependent cell growth A, VMCUB3 cells were transduced with theWnt reporter construct 7TFC and
were then treated with indicated concentrations of rWnt3A for 4 hours. Lysates were assayed by luminometry to determine relative luciferase activity. The data
correspond to the mean of three independent experiments � SEM. B, VMCUB3 cells were treated with indicated concentrations of rWnt3A for 4 hours and
Texas Red dextran was added for 30 minutes in presence of rWnt3A. Cells were washed and fixed. Macropinocytic index was measured by analysis of microscopy
images. The data correspond to the mean of three independent experiments� SEM. C, Representative microscopic images of B. Scale bars, 18 mm. Cell borders are
outlined in green. D, MGHU4 cells were transduced with the Wnt reporter construct 7TFC and were transduced with E(beta)P or with an empty construct.
Lysateswere assayedby luminometry to determine relative luciferase activity. The data correspond to themean of three independent experiments� SEM.E,MGHU4
cells were transduced with E(beta)P or with an empty construct. Texas Red dextran was added for 30 minutes. Cells were washed and fixed. Macropinocytic
index was measured by analysis of microscopy images. The data correspond to the mean of three independent experiments � SEM. F, Representative
microscopic images of E. Scale bars, 12 mm. Cell borders are outlined in green. G, MGHU4 cells were transduced with E(beta)P or with an empty construct
and treated with IPA-3 or DMSO for 4 hours, followed by 30minutes with Texas Red dextran in the presence of IPA-3 or DMSO. Macropinocytic index wasmeasured.
The data correspond to the mean of three independent experiments � SEM. H, VMCUB3 cells were transduced with nontargeting (NT) or DKK1 shRNA.
Texas Red dextran was added for 30 minutes and the macropinocytic index was measured. The data correspond to the mean of three independent
experiments � SEM. I, VMCUB3 cells were transduced with nontargeting or AXIN1 shRNA. Texas Red dextran was added for 30 minutes and the
macropinocytic index was measured. Knockdown of Axin1 was confirmed by Western blot analysis, with b-actin as a loading control. The data correspond to
the mean of three independent experiments � SEM. J, VMCUB3 cells transduced with the Wnt reported construct 7TFC were transduced with a nontargeting or
AXIN1 shRNA. Lysates were assayed by luminometry to determine relative luciferase activity. The data correspond to the mean of three independent
experiments � SEM. K, VMCUB3 cells were transduced with NT or AXIN1 and treated with EIPA or DMSO for 4 hours, followed by 30 minutes with Texas
Red dextran in the presence of EIPA or DMSO. Themacropinocytic index wasmeasured. The data correspond to themean of three independent experiments� SEM.
L, VMCUB3 cells were grown for 72 hours in leucine-free growth medium in the presence or absence of 6% BSA, with or without addition of rWnt3A. After 72 hours,
cells were counted. The data correspond to the mean of three independent experiments � SEM. M, MGHU4 cells were transduced with E(beta)P or with an
empty construct and grown for 72 hours in leucine-free growth medium in the presence or absence of 6% BSA. After 72 hours, cells were counted. The data
correspond to the mean of three independent experiments � SEM. N, MGHU4 cells were transduced with nontargeting or with Axin1 shRNA#2 and grown for
72 hours in leucine-free growth medium in the presence or absence of 6% BSA. After 72 hours, cells were counted. The data correspond to the mean of
three independent experiments� SEM. P values forA,B,G–Nderived byANOVAwith Bonferroni's correction. P values forD and E derived by Student t test. rWnt3A,
recombinant Wnt3A; EIPA, ethyl-isopropyl amiloride; DMSO, dimethyl sulfoxide; NS, nonsignificant.
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Wnt pathway activation is an essential cofactor in Ras-driven
macropinocytosis

The data presented above demonstrated that activation of the
Wnt pathway is sufficient to drive macropinocytosis and sup-
port albumin dependent cell growth. To determine the corre-
lation between BCG uptake by macropinocytosis and Wnt
pathway activation across a range of Ras WT and Ras mutant
cells lines, we transduced a panel of bladder cancer cell lines in
which BCG uptake had been previously determined (7) with
the b-catenin transcriptional reporter construct and measured
levels of Wnt activation. We found that T24, UMUC3, 5637 and
SW1710 cells, all of which are permissive for BCG uptake by
macropinocytosis, had significantly higher basal levels of Wnt
activation than MGHU3, MGHU4 and VMCUB3, which are
non-permissive for BCG uptake by macropinocytosis (7), sup-
porting a correlation between macropinocytosis and Wnt path-
way activation (Fig. 4A).

Next, we explored the effect of inhibition of the canonical Wnt
pathway on cells with activated macropinocytosis by exploiting a
panel of small-molecule inhibitors that included BML286, an
inhibitor of disheveled (32), IWR1, a tankyrase inhibitor (33),
and ICG001. In nearly all cases, the three inhibitors decreased
macropinocytic uptake of BCG (Fig. 4B, Supplementary Fig. S6A,
S6B, S6C). ICG001, which of the three inhibitors targets the most
downstream part of the canonical Wnt pathway, had the most
profound effect on BCGuptake in the cell lines tested. None of the
inhibitors caused significant cell death under these conditions
(Supplementary Fig. S6D).

To ask whether Wnt pathway activation is broadly relevant to
macropinocytosis in cell lines from diverse tumor types har-
boring activating mutations of Ras, we used the quantitative
macropinocytosis assay in Ras mutant cells of pancreatic, lung,
colon, and bladder origin. All of these cell lines, which display
activated macropinocytic index, showed dose-dependent inhi-
bition of dextran uptake by WNT pathway inhibition by
ICG001 (Fig. 4C–E, Supplementary Fig. S7, S8A). ICG001 also
inhibited dextran uptake in a Ras-wild-type cell line transduced
with a cDNA encoding KRAS G12D, a mutant form of Ras (Fig.
4F). Moreover, the effect of ICG001 was abrogated by expres-
sion of a cDNA encoding PAK1(L107F), a constitutively acti-
vated form of PAK1 (Fig. 4G). These results indicate that
inhibition of the Wnt pathway by ICG001 abrogates Ras-driven
macropinocytosis across diverse Ras mutant tumor types in a
Pak1 dependent manner.

As small-molecule inhibitors such as ICG001 may have off-
target effects, we next sought to genetically inhibit Wnt signal-
ing using ectopic gene expression. We overexpressed AXIN1 in
our panel of cell lines harboring activating Ras mutations, and
tested the effect on the macropinocytic index. AXIN1 over-
expression inhibited dextran uptake by macropinocytosis by
the bladder cancer cell lines T24 and UMUC3 and by the lung
cancer cell line A549, and abrogated the albumin dependent
cell growth in leucine free media (Fig. 4H–J, Supplementary
Fig. S8B-D, S9).

Finally, to determine whether the inhibition of macropinocy-
tosis by AXIN1 overexpression is mediated through PAK1, we
transduced cells harboring AXIN1 overexpression with a cDNA
encoding PAK1(L107F). PAK1(L107F) rescued the macropinocy-
tic defect engendered by AXIN1 overexpression, indicating that
the effect of AXIN1 on macropinocytosis was upstream of PAK1
(Fig. 4K). Interestingly, overexpression of AXIN1 increased PAK1

protein, suggesting that AXIN1 may stabilize PAK1 protein or
affect PAK1 gene expression in a yet unknown fashion.

Altogether, these findings indicate that inhibition of the canon-
ical Wnt pathway in cancer cells harboring activating Ras muta-
tions reducesmacropinocytosis in a PAK1dependentmanner and
impairs the ability of these cells to utilize protein as a source of
essential amino acids.

Wnt pathway activation drives macropinocytic uptake of
colonic luminal microbiota

Activation of the Wnt pathway, most commonly due to null
mutation of APC, is a hallmark of early colorectal cancer and
the genetic disorder familial adenomatous polyposis, and is a
key step in colorectal oncogenesis (34, 35). Another important
determinant of colorectal oncogenesis is the intestinal micro-
biome. In mouse models of colonic Wnt pathway activation,
significantly fewer tumors are seen in germ-free or antibiotic-
treated mice, and it has been suggested that loss of the integrity
of the epithelial barrier in colon tumors results in increased
translocation of bacteria and their products from the lumen
into wall of the colon, giving rise to an inflammatory response
that promotes oncogenesis (36–38). However, the specific
mechanisms that control this barrier defect are unknown. We
hypothesized that the activation of macropinocytosis we have
shown with Wnt pathway activation would, when present in
the colonic epithelium, stimulate macropinocytic uptake of
bacteria and their products into the colonic wall.

To test this hypothesis, we utilized the shApcmousemodel (39,
40). shApc mice possess in the Rosa26 locus a reverse tet-trans-
activator (rtTA), which drives expression of a tetracycline respon-
sive element (TRE)-regulated miR30-based APC shRNA (39, 40).
Treatment of shApc mice with doxycycline causes robust deple-
tion of APC and activation of Wnt-dependent transcription (40),
providing a model to test the effect of acute Wnt pathway
activation on macropinocytosis in vivo. We treated mice with
doxycycline for 8 days, a time point at which the shApc mice
have robust activation of the Wnt pathway in their colon epithe-
liumbut are not yet ill-appearing or lethargic (40). As controls, we
used doxycycline-treated Rosa26-rtTA mice, which possess the
reverse tet-transactivator but lack the APC shRNA.

To quantitatively assess the effect of Wnt activation on colonic
macropinocytosis, we adapted the fluorescent-dextran–based
macropinocytosis assay to measure macropinocytic uptake of
dextran by the colonic epithelium. shApc and control mice
received intracolonic instillation of Texas Red fluorescent high
molecular weight dextran. After incubation, the colons were
removed and sections were stained by immunofluorescence for
cytokeratins 8/18 to delineate the colonic epithelial cells. Dextran
uptake was quantitated by measuring the area of Texas Red
fluorescence as a fraction of total area positive for cytokeratin
8/18 staining (Supplementary Fig. S10A).Quantitation of colonic
epithelial dextran uptake revealed greater than 10-fold increase
in Texas Red fluorescent dextran in the colonic wall of shApc
mice as compared with control mice (Fig. 5A and B; Supplemen-
tary Fig. S10B), indicating a strong effect of APC knockdown on
barrier function.

Increased uptake of dextran by colon cells in shApc mice could
be due to activation ofmacropinocytosis, but could also be due to
an increase in colonic wall permeability through disruption of
epithelial junctions. Others have demonstrated the early colonic
adenomas are characterized by disruption of tight junction and
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Figure 4.

WNT is an essential cofactor in Ras-driven macropinocytosis A, T24, UMUC3, 5637, and SW1710 (permissive for BCG-uptake by macropinocytosis) and MGHU3,
MGHU4, and VMCUB3 (nonpermissive for BCG-uptake by macropinocytosis) cells were transduced with the Wnt reporter construct 7TFC. Luciferase
expression in cell lysates was measured by luminometry. The data are representative of five independent experiments. Bars, mean � SEM. B, 5637 cells
(Ras WT) were incubated with BCG-GFP for 4 hours in the presence of DMSO (vehicle control) or various concentrations of BML286 (disheveled inhibitor),
IWR1 (tankyrase inhibitor), or ICG001 (b-catenin-cyclic AMP response element-binding protein inhibitor). Uptake of BCG-GFP was measured by flow cytometry.
The data corresponds to the mean of three independent experiments � SEM. (Continued on the following page.)
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reduced production of mucin, both of which could increase the
permeability of the colonic wall and result in increased uptake of
dextran and translocation of bacteria (37). To measure mucin
production, we stained colons forMUC2, one of the predominant
mucins produced in the gut. We found that shApc colons had a
small but significantly decreased MUC2 staining compared with
control colons (Fig. 5B; Supplementary Fig. S10C). However,
EIPA significantly reversed the elevated dextran uptake resulting
from Wnt activation (Fig. 5C and D), indicating that the stimu-
lation of dextran uptake in the colons of shApc mice is due to
macropinocytosis and not due to altered epithelial integrity of
altered mucin production.

To directly determinewhetherWnt activation affects the uptake
of intestinal bacteria into the colonic epithelium, we enumerated
bacteria within colonic epithelial cells by FISH with a eubacterial
16S ribosomal RNA (rRNA) probe, as described previously (11).
We identified nearly 9-fold more bacteria per mm2 in the colonic
wall of shApc mice than in control mice (Fig. 5E and F). Taken
together, these results demonstrate that activation of the Wnt
pathway in the colon drives colonic macropinocytic uptake of
luminalmicrobiota, the initiating event in colonic tumorigenesis.

Discussion
Using BCG as a probe for macropinocytosis, we find that the

canonical Wnt pathway drives PAK1-dependent macropinocyto-
sis and can support tumor cell growthwith extracellular protein as
a source of essential amino acids. In addition, we show that
activation of the Wnt pathway induces macropinocytosis in vivo
and that this is associated with increased translocation of intra-
luminal bacteria into the colonic wall.

Our results indicate that the effect of the Wnt pathway on
macropinocytosis is mediated through the kinase PAK1. PAK1 is
downstream of several pathways, most notably the Ras and PI3K–
PTEN pathways (41, 42). Several mechanisms of interaction
between Ras and the Wnt pathway have been described (43).
One means of crosstalk is stabilization of Ras in a manner
dependent on glycogen synthase kinase 3b (GSK3b) and the
subsequent recruitment of b-TRCP–E3 ligase (44). Our findings,
however, suggest that the effect of the Wnt pathway on macro-
pinocytosis is downstream of the Wnt destruction complex and
requires nuclear b-catenin. Our findings suggest that transcrip-
tional targets of theWnt pathway are responsible for activation of
macropinocytosis via PAK1, although the identity of these targets

remains to be determined. Some potential candidates that have
been identified as transcriptional targets of Wnt-dependent tran-
scription factors include RAB5, PDK1, and PAK1 itself (45, 46).

Takenmost narrowly, our findingsmay be of relevance for BCG
therapy of bladder cancer. We have previously proposed that the
efficacy of BCG therapy of bladder cancer depends on uptake of
BCG by bladder cancer cells due to the presence of oncogenic
aberrations in the Ras and PTEN–PI3K pathways, which lead to
activation of macropinocytosis (7). Activating mutations in these
two pathways are present only in a subset of bladder cancers,
however, a substantial fractionof bladder cancers exhibit evidence
of Wnt pathway activation (47, 48). Our results suggest that Wnt
activation in bladder cancers could promote uptake of BCG and
could contribute to their susceptibility to BCG therapy.

More broadly, these findings expand the spectrum of tumor-
promoting mutations that stimulate macropinocytosis to fuel
tumor growth and may be pertinent to treatment of cancers with
activating Rasmutations. Targeting activatingmutations of Ras in
cancer has been a major challenge. It was proposed that Ras-
mutant tumors could be targeted by inhibition of macropinocy-
tosis, thereby starving the cancer of crucial nutrients (3).However,
there are no current pharmacologic inhibitors to systemically
inhibit macropinocytosis. Our data indicate that inhibition of
theWnt pathway in tumors harboring activatingmutations of Ras
results in downregulation of macropinocytosis and abrogation of
albumin-dependent cell growth. Multiple inhibitors of the Wnt
pathwayhavebeendeveloped todate, someofwhich are currently
in clinical trials. Wnt inhibitors might therefore be effective in
treatingRas-mutant cancers, even in the absence of detectableWnt
pathway mutational activation.

The earliest stage of oncogenesis in colorectal cancer is Wnt
pathway activation, most often due to loss of APC (34, 35). It has
been shown that APC loss is sufficient to disrupt the colonic
epithelial barrier via decreased production of mucin and aberrant
tight junction production with accompanying translocation of
bacteria and their products and resulting in IL23/IL17-driven
tumor inflammation (37). Several bacterial species, including
Fusobacterium nucleatum and Bacteroides fragilis, have been identi-
fied within the epithelial layer in precancerous lesions in patients
with familial adenomatous polyposis, as well as in primary and
metastatic colorectal tumors, and are thought to directly partic-
ipate in oncogenesis (49, 50). However, the specific mechanisms
that control translocation of bacteria into the epithelial layer were
not clear. Our data suggest that APC loss in the colonic epithelium

(Continued.) C, T24 cells (HRas G12V) were treated with DMSO (vehicle control) or the indicated concentrations of ICG001 for 4 hours, followed by 30minutes with
Texas Red dextran in the presence of DMSO or ICG001. Macropinocytic index was measured. The data correspond to the mean of three independent
experiments� SEM.D,Representative images ofC. Scale bars, 12mm. Cell borders are outlined in green. E, T24 cellswere transducedwith theWnt reporter construct
7TFC and incubatedwith DMSO (vehicle control) or various concentrations of ICG001 for 4 hours. Luciferase expression in cell lysateswasmeasured by luminometry.
Thedata corresponds to themeanof three independent experiments�SEM.F,VMCUB3cellswere transducedwith pQCXIP-KRAS(G12D)orwith an empty construct.
Texas Red dextran was added for 30 minutes and the macropinocytic index was measured. The data correspond to the mean of three independent experiments �
SEM. G, T24 cells were with pQCXIN-Pak1(L107F) or with an empty construct. Cells were treated with DMSO (vehicle control) or the indicated concentrations of
ICG001 for 4 hours, followed by 30 minutes with Texas Red dextran in the presence of DMSO or ICG001. The macropinocytic index was measured. The data
corresponds to themean of three independent experiments� SEM.H, T24 cells were transducedwith pQCXIP-AXIN1 or with an empty construct. Texas Red dextran
was added for 30 minutes and the macropinocytic index was measured. Expression of Axin1 was confirmed by Western blot analysis, with b-actin as a loading
control. The data correspond to the mean of three independent experiments � SEM. I, Representative images of H. Scale bars, 18 mm. Cell borders are outlined in
green. J, T24 cells were transducedwith an pQCXIP-AXIN1 or with an empty construct and grown in leucine-freemedia for 72 hours in the absence or presence of 6%
BSA. At the end of this period, cells were detached and counted. The data correspond to the mean of three independent experiments � SEM. K, T24 cells were
transduced with pQCXIP-AXIN1, pQCXIN-PAK1(L107F) or both. Texas Red dextran was added for 30 minutes and the macropinocytic index was measured.
Expression of Axin1 and Pak1 was confirmed by Western blot analysis, with b-actin as a loading control. The data correspond to the mean of three independent
experiments � SEM. P values for panels B, C, E, F, G, J, and K derived by ANOVA with Bonferroni correction. P value for A and H derived by Student t test. NS,
nonsignificant; DMSO, dimethyl sulfoxide.
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Figure 5.

Wnt pathway activation drives macropinocytic uptake of colonic luminal microbiota. A, R26-rtTA TG-Apc.3374 (shApc) mice or R26-rtTA controls were
treated with oral doxycycline for 8 days. Mice were anesthetized and Texas Red dextran was instilled into their colons and allowed to dwell for 45 minutes.
Colons were removed, fixed, and paraffin-embedded. Sections were stained with antibodies against cytokeratin 8–18 and MUC2. Uptake of dextran
was quantified. Results represent four mice per group in two independent experiments. Bars, mean � SEM. B, Representative images of A. C, R26-rtTA
TG-Apc.3374 (shApc) mice or R26-rtTA controls were treated with oral doxycycline for 8 days. Mice were anesthetized and PBS with EIPA or with
DMSO (vehicle control) was instilled into their colons. After 30 minutes of incubation, catheters were removed and Texas Red dextran with EIPA or
with DMSO was instilled into the colons for an additional 45 minutes. Colons were removed, fixed, and paraffin-embedded. Sections were stained with
antibodies against cytokeratin 8–18. Uptake of dextran was quantified. Results represent three mice per group in two independent experiments. Bars
represent mean � SEM. D, Representative images of C. E, R26-rtTA TG-Apc.3374 (shApc) mice or R26-rtTA controls were treated with oral doxycycline for
8 days. Colons were removed, fixed, and paraffin embedded. Sections were stained with a pan-bacterial FISH probe. Uptake of bacteria into the colon
wall was quantified by ImageJ as a ratio of number of bacteria in the colon wall to the colon wall area. Results represent three mice per group in two
independent experiments. Bars, mean � SEM. F, Representative images of E. P values derived by ANOVA with Bonferroni correction.
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drives macropinocytic bacterial uptake and that this is the critical
mediator of increased colonic permeability, rather than altered
mucin production or defective tight junctions. The permeability
defect is reversed by a topical macropinocytosis inhibitor, both
confirming themechanismof uptake and suggesting a therapeutic
strategy for polyposis driven by APC inactivation. These data raise
the possibility that Wnt-induced macropinocytosis in early colo-
rectal tumors drives the oncogenic process by contributing to the
translocation of luminalmicrobiota and their products. However,
due to the experimental limitations in delivery of EIPA into the
colon for extended periods of time, we were unable to directly
show an effect of inhibition ofWnt-inducedmacropinocytosis on
tumorigenesis in the colon.

In conclusion, we propose that theWnt pathway is a previously
unappreciated driver of macropinocytosis in cancer.
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