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Chapter 6

ABSTRACT

The scaffold protein PEAK1 acts downstream of integrin adhesion com-
plexes and the EGF receptor to coordinate signaling events that control 
cell proliferation and cytoskeletal remodeling. PEAK1 was found to be 
more phosphorylated on Y635 in colorectal adenomas than carcinomas 
in a phosphoproteomic screen that was employed to identify potential 
drivers of the adenoma-to-carcinoma progression. In this study, the role 
of PEAK1 in CRC was investigated by deleting PEAK1 by CRISPR/Cas9 in 
different in vitro and in vivo models that mimic the stepwise pathogene-
sis of CRC. The data show that PEAK1 does not regulate the proliferation 
of SW480 and HT29 cells, nor does it regulate tumor development in 
CRC mouse models driven by oncogenic KRAS or loss of PTEN. However, 
PEAK1 does promote EGF-induced Caco-2 cell proliferation and regu-
lates spheroid polarization and lumenization, possibly by regulating 
expression of Scribble. These data indicate that PEAK1 does not play a 
major role in CRC progression, although it might regulate cell polarity 
and growth during early adenoma formation.
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INTRODUCTION

Colorectal cancer (CRC) is one of the most prevalent forms of cancer and the second 
most common cause of cancer-related deaths in the western world [1-3]. The disease 
begins with the formation of a benign adenoma, which can progress into an invasive
cancer (carcinoma) and eventually become metastatic. Common events in the multi-
step progression of CRC are mutational inactivation of tumor suppressor genes (APC, CC
PTEN,N TP53) and activation of oncogenes (RAS,S BRAF,FF PIK3CA) [4-6]. Despite extensive 
knowledge of the genomic aberrations in CRC, it is still unclear how these affect the 
expression and activation status of proteins and signaling events that drive the adeno-
ma-to-carcinoma progression. Because only 5% of the colorectal adenomas progress 
into carcinomas, there is a strong need to understand the biology of CRC development 
in order to predict which adenomas will progress and prevent patient over- or under-
treatment [7].
The scaffold protein pseudopodium-enriched atypical kinase 1 (PEAK1) associates with 
integrin adhesion complexes and acts downstream of the epidermal growth factor 
receptor (EGFR) to coordinate signaling events that control cell proliferation, migration
and cytoskeletal remodeling (chapter 5) [8, 9]. Integrins are cell adhesion receptors 
that are known to regulate a diverse array of cellular processes crucial to the forma-
tion and progression of solid tumors [10, 11]. In addition, EGFR signaling is an important 
player in CRC initiation and progression [4]. Because PEAK1 acts downstream of these 
two receptor families, it could be a potential candidate in the regulation of colorectal 
adenoma-to-carcinoma progression. In fact, PEAK1 was found to be phosphorylated 
on Y635, which is a binding site for both Grb2 and tensin-3, in colorectal adenomas but 
hardly in carcinomas (Beatriz Carvalho, personal correspondence; chapter 5). Multiple
studies have described increased levels of PEAK1 in human malignancies and showed 
how PEAK1 promotes disease progression of breast, lung, and pancreatic cancer [9, 12-
20]. Yet, in gastric cancer, positive PEAK1 expression is correlated with higher patient
survival [21]. Controversy exists as to whether PEAK1 functions as a promoter or sup-
pressor of CRC, as two studies on this subject reported contradicting findings [22, 23].
In this study, we examined the role of PEAK1 in CRC disease progression by deleting 
PEAK1 in different in vitro and o in vivo models in which lesions are combined that are 
frequently altered in human patients [4]. Our results indicate that PEAK1, in combination 
with loss of APC, regulates cell polarity and promotes proliferation of cells stimulated
with EGF.
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RESULTS

PEAK1 promotes Caco-2 cell proliferation upon EGF stimulation

To determine whether PEAK1 plays a role in CRC development, we first selected different
microsatellite stable CRC cell lines with mutations in genes (APC,CC KRAS,S BRAF,FF PIK3CA)
that are often found in patients to use as in vitro models (Fig. 1o A) [4, 24, 25]. Caco-2,
SW480, and HT29 PEAK1-deficient cell lines were generated by CRISPR/Cas9 genome 
editing. For each CRC cell line, we obtained two PEAK1 knockouts that were generated
using different guide RNAs (Fig. 1B).
Next, we compared the proliferation of PEAK1-deficient versus wild-type CRC cells 
(Fig. 1C-E). No significant differences in proliferation were observed between wild-
type and PEAK1-deficient cell lines. Because PEAK1 plays a role in EGFR signaling [8], we
wondered whether PEAK1 exerts a regulatory effect on EGF-induced cell proliferation. 
To this end, we repeated the proliferation assays using EGF-supplemented cell culture
medium and observed reduced proliferation of PEAK1-deficient Caco-2 cells compared 
to the wild-type cells (Fig. 1F). For SW480 cells we could observe a small decrease in 
proliferation of PEAK1-defecient cells for one of the two knockout cell lines (Fig. 1G). There 
was no significant difference in proliferation of HT29 wild-type versus PEAK1 knockout
cells (Fig. 1H).  Taken together, PEAK1 can promote CRC cell proliferation, although this
requires EGF stimulation and depends on the genetic background of the cells.

PEAK1 contributes to lumen formation of Caco-2 spheroids

Next, we investigated if deletion of PEAK1 also affected cell growth in 3D by growing
wild-type and PEAK1-deficient CRC cells as spheroids in Matrigel. For both Caco-2 and 
SW480 cells we observed reduced size of PEAK1-deficient spheroids after growing the
spheroids for 4-7 days in Matrigel (Fig. 2A,B). The HT29 spheroids, both wild-type and
PEAK1-deficient, started to disintegrate after 4-7 days of culture in Matrigel and were 
not taken along in this analysis. To assess whether the spheroid size could be used as 
a read-out for proliferation, we analyzed the number of cells and morphology of the 
spheroids by isolating spheroids out of the gel on day 7 and staining the cell nuclei, 
cell-cell contacts, and actin cytoskeleton. While the SW480 spheroids were composed
of a solid mass of cells, the Caco-2 spheroids formed a polarized cell layer surrounding
a lumen (Fig. 2C), in line with previous studies [26, 27]. Therefore, the size differences 
between the SW480 wild-type and PEAK1-deficient spheroids can provide an indication
of reduced cell proliferation in 3D upon loss of PEAK1. However, Caco-2 spheroid size 
might not provide reliable information about the proliferative capacity of wild-type
versus PEAK1 knockout cells in 3D due to the formation of the cystlike structures. The 
reduced size of the PEAK1-deficient Caco-2 spheroids can be the result of reduced cell 
proliferation and/or impaired lumen formation.
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Fig. 1. PEAK1 promotes proliferation of Caco-2 cells stimulated with EGF. (A) Mutation status 
in CRC critical genes for the selected CRC cell lines. All cell lines contain mutations in APC andC
TP53. Adapted from Ahmed et al., Oncogenesis. 2013. (B) Western blots confirm deletion of PEAK1 
in Caco-2, SW480, and HT29 cells that were transfected with CRISPR gRNAs 1-3. The number of 
the PEAK1 knockout (KO) indicates the gRNA used. GAPDH was used as loading control. (B-G)
Proliferation assays were performed three times in triplicate. Cells were fixed on the indicated 
time points, stained with crystal violet, and absorbance was measured at 595 nm. Cell culture 
medium was supplemented without (C-E) or with 50 ng/ml EGF (F-H) at day 0. t-test was per-
formed to determine statistical significance. ***, P < 0.001. ****, P < 0.0001. ns, not significant. 
Plots show mean with s.d.
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Fig. 2. Decreased size of PEAK1-deficient Caco-2 and SW480 spheroids. (A,B) Caco-2 (A) or 
SW480 (B) cells were seeded in Matrigel and imaged on day 1, 4 and 7. Data were obtained
from three independent experiments. In total, 300 -330 spheroids analyzed were analysed per 
condition. Mann-Whitney U-test was used to calculate statistical significance. *P < 0.05; ***P 
< 0.001; ****P < 0.0001. Violin plots range from the smallest to largest value; lines indicate the
median and 25th to 75th percentiles. (C) Confocal microscopy z-stack images of spheroids iso-
lated from the Matrigel on day 7, showing E-cadherin (Caco-2) or β-catenin (SW480), actin, and 
the cell nuclei (stained with DAPI). Scale bar, 20 μm.

To determine whether PEAK1 can play a role in proliferation driven by activated Wnt 
signaling, we employed genetically engineered mouse models that either express or 
lack PEAK1 (Peak1-/-) and in which a tamoxifen-inducible, intestinal epithelium-specific 
Cre-Recombinase (VilCreERT2) excises floxed Apc alleles (c Apcfl/fl) to drive proliferationflfl

[28, 29]. Intestinal hyperproliferation in the VilCreERT2; Apc2 fl/fl and fl VilCreERT2; Apc2 fl/fl; fl

Peak1-/- mice upon intraperitoneal (IP) injection of tamoxifen was compared by scoring 
proliferating cells in the small intestinal crypts based on BrdU staining (Fig. 3A,B). No
significant differences were observed between the proliferating intestinal crypt cells of 
the two mouse strains (Fig. 3B,C).
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Fig. 3. PEAK1 does not play a role in vivo in proliferation driven by loss of Apc.o (A) Timeline of 
the short-term VilCreERT2; Apc2 fl/fl mouse models.fl (B) BrdU incorporation in the small intestine of 
VilCreERT2; Apc2 fl/fl (WT) andfl VilCreERT2; Apc2 fl/fl; Peak1fl -/- (Peak1-/-) mice, visualized by immunohisto-
chemistry. Scale bar, 200 μm. (C). The average percentages of BrdU-positive cells per crypt are
shown. Each point represents the average percentage per mouse (n=6 mice per group; at least 
25 crypts per sample were scored). Mann-Whitney U test was performed to determine statistical
significance. ns, not significant.
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Fig. 4. Lumen size decreased in PEAK1-deficient Caco-2 spheroids. (A) Caco-2 cells were 
seeded in Matrigel and imaged on day 7 using bright field microscopy (left panels). Scale bar,
200 μm Subsequently, spheroids were isolated from the gels, stained for E-cadherin, PAR3, and 
the cell nuclei using DAPI, and imaged using confocal microscopy (right panels). Scale bar, 20 
μm. Cell culture medium was supplemented with 50 ng/ml EGF as indicated. (B). Quantifications
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of the lumen size as a percentage of the total spheroid size. Data were obtained from at least 3
independent experiments. Total number of spheroids analysed: 38 (WT); 50 (KO2); 50 (KO3); 42
(WT+EGF); 38 (KO2+EGF); 53 (KO3+EGF). Box plots range from the 25th to 75th percentile; central
line indicates the median; whiskers show smallest to largest value. Mann-Whitney U test was
performed to determine statistical significance. **, P < 0.01.****, P < 0.0001.
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Fig. 5. Scribble expression reduced in PEAK1-deficient Caco-2 cells. (A) Immunofluorescence
analysis of cell-cell junctions in Caco-2 cells seeded on coverslips. EGF (50 ng/ml) was added to 
the cell culture medium as indicated and cells were fixed after 3 days. Scale bar, 20 μm. (B) Rep-
resentative western blots showing the expression of Scribble, PAR3, and E-cadherin in PEAK1 wild-
type and deficient Caco-2 cells treated with or without 50 ng/ml EGF for 4 days. GAPDH was used 
as loading control. (C). Quantifications of Scribble signal intensities normalized to GAPDH levels
are shown (n=3 for WT and KO2 samples; n=4 for WT and KO3 samples; bars show mean with s.d.).
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To assess whether PEAK1 plays a role in the establishment of apical-basal polarity, we 
analyzed the ability of Caco-2 wild-type and PEAK1-deficient cells to form lumenized
spheroids by isolating the spheroids after 7 days of culture in Matrigel and visualizing 
cell-cell contacts and the apical surface. We observed reduced lumen formation in 
PEAK1-deficient Caco-2 spheroids based on staining of PAR3, which forms an apical 
polarity complex with PAR6 and aPKC [30] (Fig. 4A,B). Upon addition of EGF, all Caco-2
spheroids showed loss of lumen formation (Fig. 4A,B).
No obvious changes were observed in cell morphology and assembly of cell-cell junc-
tions between wild-type and PEAK1-deficient Caco-2 cells seeded on coverslips (Fig. 5A).
To gain more insight into how PEAK1 regulates spheroid lumenization mechanistically, 
we analyzed the expression of PAR3, E-cadherin, and the apical polarity protein Scribble 
[31, 32]. Expression of Scribble, but not of PAR3 or E-cadherin, was reduced in the two
PEAK1 knockout cell lines, both in untreated and EGF-treated cells (Fig. 5B,C).
In summary, PEAK1 promotes Caco-2 spheroid polarization and lumenization, possibly 
by regulating the expression of the polarity protein Scribble.

PEAK1 plays no role in tumorigenesis in vivo

Finally, we examined the role of PEAK1 in CRC progression by using different CRC mouse 
models (VilCreERT2; Apc2 fl/+, VilCreERT2; Apc2 fl/+; Kras+ G12D/+, and+ VilCreERT2; Apc2 fl/+; Pten+ fl/+)
that develop spontaneous intestinal tumors upon induction with tamoxifen [28, 29, 33]. 
Currently, the animal experiments for the VilCreERT2; Apc2 fl/+ model are still ongoing. The +

first results of the VilCreERT2; Apc2 fl/+; Kras+ G12D/+ and+ VilCreERT2; Apc2 fl/+; Pten+ fl/+ models show +

no differences in survival time and tumor burden in the small intestine between PEAK1
wild-type and deficient mice (Fig. 6A-D, Fig, 7A-C), indicating that PEAK1 most likely
does not contribute to CRC progression.

6
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Fig. 6. PEAK1 does not affect Apc-deficient, oncogenic Kras-driven tumorigenesis. (A) Timeline
of the long-term VilCreERT2; Apc2 fl/+; Kras+ G12D/+ mouse models. Mice were injected with tamoxifen 
and sacrificed when they showed symptoms of intestinal tumors (Endpoint). (B) Kaplan-Meier 
survival plots comparing VilCreERT2; Apc2 fl/fl; Krasfl G12D/+ (WT) and VilCreERT2; Apc2 fl/fl; Krasfl G12D/+; Peak1+ -

/- (Peak1-/-) mice after induction. (C). The number of tumors in the small intestine was scored
macroscopically at the endpoint of the experiment. (D). The tumor burden was defined as the
sum of the area (πr2) of all tumors. n=14 mice per group. Mann-Whitney U test was performed 
to determine statistical significance. ns, not significant.

Fig. 7. PEAK1 does not affect tumorigenesis driven by loss of Apc and Pten. (A) Kaplan-Meier 
survival plots comparing VilCreERT2; Apc2 fl/fl; Ptenfl fl/+ (WT) and VilCreERT2; Apc2 fl/fl; Ptenfl fl/+; Peak1+ -/-

(Peak1-/-) mice. Animals were injected with tamoxifen and sacrificed when they showed symptoms
of intestinal tumors, similar to the mouse model described in Fig. 6. (B). The number of tumors in
the small intestine was scored macroscopically at the endpoint of the experiment. (C). The tumor
burden was defined as the sum of the area (πr2) of all tumors. n=14 mice per group. Mann-Whit-
ney U test was performed to determine statistical significance. ns, not significant.
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DISCUSSION

In this study, we investigated the role of PEAK1 in the colorectal adenoma-to-carcinoma 
progression. The results indicate that PEAK1 is not involved in the regulation of intestinal 
cell proliferation driven by activated Wnt signaling due to loss of APC nor in promoting 
tumorigenesis driven by oncogenic KRAS or loss of PTEN. However, PEAK1 does promote 
Caco-2 cell proliferation upon EGF stimulation. In addition, PEAK1 regulates Caco-2 
spheroid polarization and lumenization. The obtained results indicate that PEAK1 could 
be involved in the regulation of colorectal cancer cell proliferation and polarity. Howev-
er, based on our in vivo studies, it does not seem to play a major role in the colorectal o
adenoma-to-carcinoma progression.
Cell proliferation was decreased in both PEAK1-deficient Caco-2 cell lines treated with 
EGF, while this effect on proliferation was only minor in SW480 cells and not present in 
HT29 cells. Preliminary flow cytometry experiments showed that the HT29 cells express 
the EGFR at higher levels than the Caco-2 cells (data not shown), indicating that the 
differences in cell proliferation upon EGF stimulation are not caused by differences 
in expression level of the EGFR. In contrast to the Caco-2 cells, SW480 and HT29 cells 
harbor oncogenic mutations in the KRAS and S BRAF/PIK3CA genes, respectively (Fig. 1A A)
[24, 25]. PEAK1 acts downstream of the EGFR and binds the adaptor proteins Shc1 and 
Grb2 directly (chapter 5) [8, 34]. Possibly, PEAK1 could act upstream of KRAS and BRAF 
and, subsequently, deletion of PEAK1 in the SW480 and HT29 cells might not have a 
major effect on signaling events downstream of the EGFR that regulate cell prolif-
eration. In contrast to the 2D proliferation assays, PEAK1-deficient SW480 spheroids 
show reduced growth compared to wild-type spheroids. The proliferation differences 
observed in 2D versus 3D can be attributed to distinct activation of signaling events 
[35, 36]. However, PEAK1 does not contribute to tumor incidence and growth in the 
VilCreERT2; Apc2 fl/+; Kras+ G12D/+ CRC mouse model and thus does not play a major role in
oncogenic KRAS-driven CRC progression. Based on the 2D Caco-2 proliferation assays,
PEAK1 might drive EGF-stimulated colorectal adenoma growth. The ongoing animal 
experiments with the VilCreERT2; Apc2 fl/+ model will shed light on the role of PEAK1 in this
stage of colorectal tumorigenesis.
The potential role of PEAK1 in driving colorectal adenoma growth seems in apparent
contrast to its function in regulating Caco-2 spheroid polarization and lumenization. Loss 
of epithelial polarity is a characteristic of malignant carcinomas [37, 38], which would
indicate that PEAK1 might act as a tumor suppressor that establishes and/or maintains 
apical-basal polarity. However, spheroid lumenization is lost upon treatment with a
high (50 ng/ml) EGF concentration, in line with previous studies that demonstrate that
EGFR signaling suppresses the formation of apical domains [39, 40]. Further research
is needed to understand how PEAK1 would regulate cell polarity. Our data indicates 
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that the expression of the polarity protein Scribble is partially controlled by PEAK1. 
Both PEAK1 and Scribble were identified in the proximitome of integrin β1 (chapter 5)
and as core components of integrin adhesion complexes [41]. Scribble was not found 
as a direct interactor of PEAK1 but these two proteins could be connected via Shroom2,
which is associated with cell-cell junctions, the actin cytoskeleton, and binds both PEAK1
and Scribble (chapter 5) [42, 43]. Of interest, a region on the X chromosome (Xp22.2), 
which appears to be within the distal promoter region of SHROOM2, was identified as2
a CRC risk locus [44]. In addition, other interactions between PEAK1 and components of 
its interactome might be worth studying in the context of CRC, as the PEAK1-associated 
proteins MCC, PRAG1 (Sgk223; Pragmin), RASAL2, and ASAP proteins contribute to CRC
disease progression [45-51].
So far, we mainly focused on examining the role of PEAK1 in cell proliferation and sphe-
roid/tumor growth. Future studies are required to determine whether PEAK1 could regu-
late cancer cell invasion/migration and play a role in the formation of invasive carcino-
mas and metastasis. In vitro transwell invasion assays could be performed comparingo
invasion of wild-type versus PEAK1-deficient SW480 and HT29 cells. Finally, functional
studies should be conducted that compare wild-type to PEAK1 knockout and PEAK1-
Y635F mutant CRC cell lines to unravel the implications of the differential PEAK1 phos-
phorylation on Y635 in adenoma formation.
In summary, PEAK1 regulates cellular processes in a cell type-specific and context-de-
pendent manner. PEAK1 might regulate polarity and EGF-induced proliferation in 
colorectal adenomas that lack APC but do not harbor mutations in the oncogene KRAS
or tumor suppressor PTEN. Future studies are required to elucidate whether PEAK1 plays
a role in the early formation of colorectal adenomas.

MATERIALS AND METHODS

Antibodies

Primary antibodies used are listed in Table 1. Secondary antibodies were as follows: 
goat anti-rabbit Alexa Fluor 488, goat anti-mouse Alexa Fluor 568, goat anti-rabbit 
or anti-mouse Alexa Fluor 647 (Invitrogen), stabilized goat anti-mouse or anti-rabbit
HRP-conjugated (Bio-Rad) and rabbit anti-goat HRP-conjugated (Zymax).
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Table 1: Primary antibody list

Antibody Clone Obtained from Host Application

PEAK1 D4G6J Cell Signaling Technology
(#72908)

Rabbit IF: 1:100
WB: 1:1000

GAPDH 6C5 EMD Millipore (#CB1001) Mouse WB: 1:5000

β-catenin BD Trans. (#610154) Mouse IF: 1:100

BrdU Dako (#M 0744) Mouse IHC: 1:100

E-cadherin 36 BD Biosciences Mouse IF: 1:100
WB: 1:2000

PAR3 H-70 Santa Cruz (#sc-98509) Rabbit IF: 1:50
WB: 1:500

Scribble C-20 Santa Cruz (#sc-11048) Goat WB: 1:500

ZO-1 Zymed (#61-7300) Rabbit IF: 1:100

Cell lines

Caco-2, HT29, and SW480 cell lines were kindly provided by Beatriz Carvalho. All cell 
lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% 
heat-inactivated fetal bovine serum and antibiotics and maintained at 37°C in a hu-
midified, 5% CO2 atmosphere.

Generation of PEAK1-deficient cells

The target gRNAs against human PEAK1 (exon4; 5’-GTGGGCTTCACAGCTATAGT-3’, 1
5’-TGTGAAGCCCACTATGATAG-3’, and 5’-TGCCCGTGTTCCTGATGCGG-3’, referred to 
as gRNA1, gRNA2, and gRNA3, respectively) were cloned into pX330-U6-Chimeric_BB-
CBh-hSpCas9 (a kind gift from Feng Zhang [52]; Addgene plasmid #42230). Cells were 
transfected with this vector using lipofectamine® 2000 (Invitrogen) and selected with 
2.5 μg ml-1 puromycin for 3 days following transfection.

Western blotting

Cells were washed in cold PBS, lysed in RIPA buffer (20 mM Tris-HCl (pH 7.5), 100 mM
NaCl, 4 mM EDTA (pH 7.5), 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate) supplemented 
with a protease inhibitor cocktail (Sigma), 1.5 mM Na3VO4, and 15 mM NaF (Cell Signaling 
Technology), and cleared by centrifugation at 14.000 x g for 30 min at 4°C. Lysates werer
mixed with sample buffer (50 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 12.5 mM EDTA,
0.02% bromophenol blue) containing a final concentration of 2% β-mercaptoethanol
and denatured at 95°C for 10 min. Proteins were separated by electrophoresis using 
Bolt Novex 4–12% gradient Bis-Tris (Invitrogen) or homemade 6% polyacrylamide gels, 
transferred to Immobilon-P transfer membranes (Millipore Corp) and blocked for at

6
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least 30 min in 2% BSA in TBST buffer (10 mM Tris (pH 7.5), 150 mM NaCl, and 0.3% Tween-
20). Primary antibody (diluted in 2% BSA in TBST buffer) incubation took place overnight
at 4°C. After washing twice with TBST and twice with TBS buffer, blots were incubated 
for 1 h hour at room temperature with horseradish peroxidase–conjugated secondary 
antibodies (diluted 1:3.000 in 2% BSA in TBST buffer). After subsequent washing steps,
the bound antibodies were detected by enhanced chemiluminescence using Clarity™
Western ECL Substrate (Bio-Rad) as described by the manufacturer. Signal intensities 
were quantified using ImageJ [53, 54].

Proliferation assays

Cells were seeded in 96-well plate (SW480 and HT29: 10.000 cells/well; Caco-2: 7,500
cells/well) in triplicate. Cells were fixed after 1, 2, 3, or 4 days with 2% paraformaldehyde 
for 10 min, gently washed 3 times with H2O and air-dried. Fixed cells were stained with
100 μl of 5 mg/ml crystal violet (dissolved in 2% ethanol) at room temperature on a plate
shaker for 10 minutes, rinsed three times with H2O and then air- dried. Subsequently, the
DNA-bound crystal violet was solubilized with 100 μl of 2% SDS in H2O and its absorb-
ance was measured at 595 nm on a microplate reader (Bio-Rad) using MPM5 software.

Spheroids

Cells (5 × 103 cells/well) were mixed with 2% Matrigel in culture medium and seeded 
in a 96-wells plate coated with Matrigel (70 μl/well). Images were taken 1, 4 and 7 
days after seeding, using a Zeiss Axiovert 200M microscope with an A-Plan 10×/0.25
Ph1 M27 objective. Spheroids were isolated after 7 days, by incubating the gels with
100 μl recovery solution (Corning) for 1 hour at 4°C. The spheroid-containing gels were
resuspended and transferred to an Eppendorf tube, washed three times with cold PBS
and cleared by centrifugation at 1200 rpm for 3 min at 4°C, spheroid suspensions were
placed in a square drawn with Dako (hydrophobic) pen on poly-L-lysine (0.1% w/v in 
H2O; ChemCruz)-coated slides and fixed with 4% paraformaldehyde for 10 min. Image 
analysis was performed using Fiji (ImageJ) [53, 54].

Immunofluorescence

Subconfluent cells were fixed with 2% paraformaldehyde for 10 min, permeabilized 
with 0.2% Triton-X-100 for 5 min, and blocked with PBS containing 2% BSA (Sigma) for
at least 30 min. Next, cells were incubated with the primary antibodies for 1 h at room 
temperature (for 2D experiments) or overnight at 4°C (for spheroids). Cells were washed 
three times before incubation with the secondary antibodies for 1 h. Additionally, the
nuclei were stained with DAPI and filamentous actin was visualized using Alexa Fluor 
488 or 647-conjugated phalloidin (Biolegend; AAT Bioquest). After three washing steps 
with PBS, the coverslips were mounted onto glass slides in Mowiol. Images were ob-
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tained using a Leica TCS SP5 confocal microscope with a 63x (NA 1.4) oil objective (2D 
experiments) or 63x (NA 1.2) water objective (spheroids).

Animal experiments

All animal studies were performed according to the Dutch guidelines for care and use 
of laboratory animals and were approved by the animal welfare committee of the 
Netherlands Cancer Institute.
The (conditional) PEAK1 knockout mice were generated using CRISPR/Cas9 genome ed-
iting by pronuclear microinjection of 50 ng/μl in vitro transcribed Cas9 mRNA, 25 ng/μl
gRNAs targeting the Peak1 intronic regions flanking exons 4-7 (5’-GGGATTGATTTTTAG1 -
CGCACTGG-3’ and 5’-TGCTATATGAGTAGCCACTCTGG-3’) and two single-stranded 
oligodeoxynucleotides repair templates containing the loxP site (5’-ATAACTTCGTATP -
AGCATACATTATACGAAGTTAT-3’) flanked by 60 bp homology arms (Integrated DNA 
Technologies). After backcrossing to the FVB/N background, mice were obtained with 
a floxed Peak1 allele (1 Peak1+/fl) and complete deletion (flfl Peak1+/-). After at least 4 back-
crosses to FVB/N background, the heterozygous Peak+/- mice were intercrossed to obtain
homozygous Peak1-/- mice. The genotypes were analyzed by PCR on genomic DNA using 
the following primers: P1: 5’-CCCGGGTTTGCCTTTGATAC-3’, P2: 5’-GCCTGGCGATGG-
CAAGAATA-3’, and P3: 5’-CCATCTCCTCTAGCTGACCCTT-3’. In one PCR reaction, primers 
P1 and P2 were combined to detect a WT band (218 bp) and P2 and P3 were combined 
to detect a KO band (189 bp).
No embryonic lethality or pathological alterations related to the genotype were ob-
served in Peak1-/- mice. These mice were intercrossed with VilCreERT2; Apc2 fl/fl; Krasfl G12D/+

or VilCreERT2; Apcfl/+; Pten+ fl/+ (kindly provided by William Faller) to obtain the strains 
described in the figures. The animals were kept in a pathogen-free, temperature-con-
trolled environment with a 12 h dark / 12 h light cycle. Mice received standard chow and
acidified water ad libitum. Roughly equal numbers of male and female animals were 
used. Male and female mice were housed separately, and 2–5 mice were housed per 
cage. Mice used for experiments were of mixed FVB/N - C57BL/6J background.
Sample size calculations were performed using two-sample t test, powered to detect a 
mean difference of 30% at a power of 0.85 to a p-value of 0.05 assuming a 25% group
standard deviation using a Java Applet for Power and Sample Size (Lenth, R. V. (2006-9). 
Retrieved March 2020, from http://www.stat.uiowa.edu/~rlenth/Power). For short-term 
studies to analyze hyperproliferation of the intestinal epithelium, 6 animals per group 
were used. For long-term studies of spontaneous tumor development, 14 animals per 
group were used.
All animals were injected intraperitoneally with 80 mg/kg of tamoxifen dissolved in 
sunflower oil on day 1 to induce Cre-Lox recombination. For tumor studies, animals 
were monitored 2-3 times a week until they showed signs of tumor formation, which 

6
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included weight loss, hunching, paling feet from anaemia, and/or development of a
prolapse. Animals were injected intraperitoneally with 50 mg/kg BrdU 2h before dis-
section. Tumors were scored macroscopically by counting the numbers of visible tumors
after fixation of the opened intestinal tissue in ethanol glacial acetic acid mixture (3:1), 
containing 2% of formaldehyde (EAF).
For short-term experiments, animals were injected with a second dose of tamoxifen
on day 2 and BrdU on day 5, 2h before dissection. Intestinal tissues were fixed in EAF,
embedded in paraffin, and BrdU was visualized by immunohistochemistry. Images were
taking on an Aperio ScanScope, using ImageScope software version 12.0.0 (Aperio). No 
randomization was used and researchers were blinded to genotypes during the mac-
roscopical tumor scoring and counting of the BrdU-positive cells per crypt.

Statistical analysis

Mann-Whitney U or t-test (two-tailed P value) was performed using GraphPad Prism
(version 9). In figures, statistically significant values are shown as *P < 0.05; **P < 0.01; ***P 
< 0.001; ****P < 0.0001. Graphs were made in GraphPad Prism and show all data points.
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