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Abstract

Patients with familial adenomatous polyposis (FAP) harbor mutations in the APC gene and will develop adenoma and
early colorectal cancer. There is no validated treatment, and animal models are not sufficient to study FAP. Our aim
was to investigate the early events associated with FAP using the intestinal organoid model in a single-center study
using biopsies from nonadenomatous and adenomatous colonic mucosa of FAP patients and from healthy controls
(HCs). We analyzed intestinal stem cell (ISC) activity and regulation through organoid development and expression of
mRNA and proteins, as well as within colonic crypts. We used several compounds to regulate the signaling pathways
controlling ISCs, such as WNT, EGFR, PI3K-AKT, TGF-B, yes-associated protein (YAP), and protease-activated
receptors. In addition to their high proliferative capacity, nonadenomatous and adenomatous organoids were
characterized by cysts and cysts with buds, respectively, suggesting abnormal maturation. Adenomatous organoids
were enriched in the stem cell marker LGR5 and dependent on EGF and TGF-B for their growth. Downstream of EGFR,
AKT, B-catenin, and YAP were found to be activated in the adenomatous organoids. While the p110p isoform of PI3K
was predominant in adenomatous organoids and essential for their growth, p110a was associated with the immature
state of nonadenomatous organoids. We conclude that organoids offer a relevant model for studying FAP, and this
work highlights abnormal behaviors of immature cells in both nonadenomatous and adenomatous mucosa of FAP
patients, which could be targeted therapeutically.

© 2024 The Author(s). The Journal of Pathology published by John Wiley & Sons Ltd on behalf of The Pathological Society of Great
Britain and Ireland.
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Introduction

Patients with familial adenomatous polyposis (FAP)
harbor mutations in the adenomatous polyposis coli
(APC) gene, with an autosomal-dominant inheritance.
They will develop adenomatous polyps in the colon
during their second decade and colorectal cancer before
the age of 40. Since there is no treatment, they undergo a

colonoscopy follow-up to perform a prophylactic
colectomy when the risk of cancer will be high, that is,
in the presence of high-grade dysplasia, in situ carci-
noma, and large and/or hundreds of polyps [1]. No
model adequately reproduces human FAP. Apc-deficient
mice develop polyps in the small bowel instead of the
colon, as well as with microadenoma, delayed adenocar-
cinoma, and few metastases [2,3]. Organoids have been
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used to study combinatorial oncogenic transformation in
the colon (i.e. APC, P53, KRAS mutations) and to per-
form genetic/epigenetic or pharmacological compari-
sons between healthy controls (HCs) and FAP patients
[4-8]. However, no published organoid model recapitu-
lates the functional and morphological characteristics
of FAP pathology, in particular differences between
adenomatous and nonadenomatous mucosa. Thus, colonic
organoids from FAP patients could be useful to improve
FAP knowledge and to identify effective drug treatments.

The organoid culture is based on intestinal stem cell
(ISC) properties, mainly controlled by the Wnt/APC/
[-catenin pathway and requires several growth factors,
such as WNT3a, EGF, and R-spondin [9,10]. There are
two kinds of ISCs, located at the bottom of the crypt, the
crypt base columnar (CBC) LGR5™ (leucine-rich repeat-
containing G-protein coupled receptor 5) cells and the
cells located at or near the +4 position (+4 ISC) having
high phenotypic plasticity [11]. CBCs are highly prolif-
erative, while +4 ISCs exhibit slow proliferation or
quiescence and are more resistant to injury. ISC prolif-
eration and differentiation are controlled by Wnt and
EGEF signaling [12]. Local gradients result in the control
of CBC proliferation by Wnt/APC/p-catenin pathway
and progenitors located near the +4 position by EGFR
signaling [13].

The transition between CBCs and progenitors of
absorptive or secretory differentiated intestinal epithelial
cells requires a controlled balance between Wnt and
EGF signaling [12]. Such cross-regulation may involve
the transcriptional co-activator yes-associated protein
(YAP), involved in the coordination of cell adhesion
and proliferation [14]. Several signaling pathways, includ-
ing phosphoinositide 3-kinase (PI3K)-AKT-mTOR and
Ras-Raf-MEK-ERK, can be involved downstream of
EGFR and require tight control by phosphatases PTEN
and DUSP6, respectively [15-17]. Interestingly, these
pathways have been implicated in epithelial regeneration
following injury, involving the production of growth fac-
tors, morphogens, and their regulators (EGF, WNT, TGF-
f3, R-spondin) within the crypt microenvironment [18]. The
pathophysiology of FAP involves a supercompetitor
phenotype of APC-mutant ISCs, which inhibits the growth
of normal ISCs by secreting Wnt antagonists while stimu-
lating mutant cells through Wnt and EGF signaling [19].
Indeed, one study demonstrated the necessity of EGFR
signaling in the development of adenomas in Apc™™
mice [20].

Studies have reported that APC inactivation and
EGFR signaling promote the expression of the cycloox-
ygenase COX-2, which contributes to the development
of adenoma and colorectal cancer [21]. COX-2 inhibi-
tors (sulindac or celecoxib) were effective, but they are
not recommended due to their side effects. Thus, new
drugs for FAP chemoprevention should have a plausible
mechanism of action, be well tolerated, and maintain
their effectiveness [22]. Several drugs have been tested
or are currently under investigation in the context of FAP
(https://clinicaltrials.gov), inhibiting Wnt/APC/p-catenin
(pyrvinium, azithromycin), EGFR (erlotinib), mTOR
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(rapamycin), or the metabolism of cancer stem cells
(eflornithine, niclosamide, metformin). However,
clinical trials indicate that the efficacy of these treat-
ments may be limited to particular segments of the gut,
and their potential long-term adverse effects remain
unknown.

Studies with organoids hold the potential to reveal
new targets for preventing the carcinogenic transforma-
tion of ISCs and to perform drug testing [23]. One group
analyzed the gene expression and epigenetic profile of
colonic organoids from several FAP patients [6,7]. FAP
organoids were obtained from nonadenomatous tissue
and these studies have unveiled significant genetic and
epigenetic disparities when contrasted with organoids
from healthy individuals. Here, our objective was to
evaluate the utility of human colonic organoids to study
the early events that occur in FAP pathophysiology and
to identify therapeutic targets. We designed a trial using
colonoscopic biopsies from both adenomatous (A) and
nonadenomatous (NA) areas of FAP patients and from
HCs. We characterized a new structure, a cyst with buds,
representative of adenoma in vitro. Notably, EGF is
important, while its deprivation led to A-organoid mor-
tality and NA-organoid maturation. Moreover, we found
differences downstream of EGFR involving MAPK and
PI3K-AKT pathways, as well as TGF-p.

Materials and methods

Patients

Colonic biopsies were obtained at Toulouse University
Hospital, France, from patients included in the protocol
NCT02874365, approved by a French ethics committee
(the South-West and Oversea IV ethics committee). The
patients and/or their parents provided an inform consent.
During colonoscopy, four biopsies from all
nonadenomatous and adenomatous tissues of the FAP
patients or HCs. The main characteristics of the patients
are shown in supplementary material, Table S1.

Organoid culture experiments

We adapted the protocol of Jung and Sato [9,10].
Biopsies were incubated for 4 X 5 min in antibiotics
and antifungal solutions, then incubated in 3 X 5 min
in baths of dithiothreitol (10 mwm, sterile solution in PBS)
at room temperature. Then the mucosal pieces were
incubated in EDTA, 8 mmM, for 1 h at 4 °C with gentle
agitation. The supernatant was replaced by 10 ml of
PBS. Crypt isolation required strong manual agitation;
2 min at 40x g centrifugation at 4 °C within 5% FCS;
three washes in the base medium (advanced DMEM/F12
supplemented with HEPES 10 mwm, Glutamax 2 mwm, and
5% FCS). Finally, the pellet was resuspended in 5 ml in
order to count the number of crypts.

The crypts were resuspended in a volume of Matrigel
hESC-qualified Matrix (Corning, Amsterdam, the
Netherlands) at 4 °C in order to obtain a concentration
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of 50 crypts in 25 pl, which was deposited in wells of
48-well plates, previously heated to 37 °C. For
immunostaining, 15-well Ibidi plates (CliniSciences,
Nanterre, France) were used in which 10 pl of Matrigel
containing 20 crypts was seeded. The Matrigel was poly-
merized for 20 min at 37 °C, then the day (D) O complete
medium was added (supplementary material, Table S2),
which is a mixture of DMEM/F12 supplemented with
10 mm HEPES, 2 mMm Glutamax, 1x B-27 without
vitamin A, 1x N2, 10 mM nicotinamide, 1 mm N-acety-
lIcysteine, 10 nm PGE2, 50 ng/ml h-EGF, 100 ng/ml
h-Noggin, 1 pg/ml h-R-spondin 1, 10 nm gastrin, 10 pm
SB202190 (p38MAPK inhibitor), and 0.5 pm LY2157299
(TGF-BR inhibitor). Recombinant WNT3a was added to
HC organoid culture only (supplementary material,
Table S2), and in some experiments, WNT3a-conditioned
medium from subcutaneous connective tissue transfected
with a WNT3a expression vector (ATCC®, L WNT-3a,
n°CRL-2648) was added for both FAP and HC organoid
cultures. The medium was changed every 2-3 days for
maintenance medium, i.e. the DO complete medium with-
out N-acetylcysteine and LY2157299 (supplementary
material, Table S2, 250 pl/well in 48-well plates,
50 pl/well in Ibidi plates).

The growth and morphology of organoids were
followed every 2 days from D2 to D9 under a wide-field
transmission microscope (Apotome Zeiss, 10x lens; Carl
Zeiss AG, Jena, Germany). The size (largest diameter) of
the organoids and the width of their epithelial monolayer
were assessed using Imagel (https://imagej.net/ij/, U.S.
National Institutes of Health, Bethesda, MD) Cystic/bud-
ding/dead structures were counted manually using
brightfield microscopy.

Immunostaining

Organoids were fixed at the end of culture with 3.7%
paraformaldehyde for 40 min. Then the permeabi-
lization of structures was performed with 0.5% Triton
x100 (in HBSS) for 40 min followed by blocking of
nonspecific antigenic sites with 3% BSA (in HBSS) for
1.5 h. Wells were washed and incubated with primary
antibodies at 4 °C overnight. Secondary antibodies
were incubated for 1 h at 37 °C. Nuclei and actin were
labeled respectively using DAPI (Thermo Fisher
Scientific, Illkirch, France, ref. D21490, 1/100) and
phalloidin Alexa Fluor-647 (Thermo Fisher Scientific
ref. A22287, diluted to 1/500 in the DAPI solution)
was performed (incubation for 20 min at room tem-
perature). After extensive washing, a drop of liquid
Vectashield mounting medium was applied. The anti-
bodies used are listed in supplementary material,
Table S3.

The slides were examined using a Zeiss 710 confocal
microscope with 20x and 63 x lenses. For each experi-
ment, control wells were incubated under the same con-
ditions, without any antibody (autofluorescence control)
and with secondary antibodies alone. Acquired images
(single plane at the larger diameter of each organoid)
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were analyzed and fluorescence quantified with ImageJ
software.

Proteomic screening, western blotting, and
transcriptomic analysis

At the end of the organoid culture, the medium was
replaced by 250 pl Cell Recovery Solution (Corning
Catalogue No. 354253) and 48-well plates were put on
ice for 45 min. After dissolution of the Matrigel,
organoids from 10 wells of the same assay were col-
lected by pipetting and mixed in 10 ml of the base
medium (DMEM/F12 supplemented with HEPES
10 mm, Glutamax 2 mm) and centrifuged for 5 min at
40x g at 4 °C. The organoid pellet was resuspended in
350 pl of lysis buffer RP1 (Macherey-Nagel, Hoerdt,
France, ref. 740934.50) and stored at —80 °C until pro-
tein and RNA were extracted using a Macherey-Nagel
kit (Macherey-Nagel, ref. 740933.250).

Protein expression of different EGF pathway actors
was quantified using the PathScan® EGFR Signaling
Antibody Array Kit (Cell Signaling Technology,
Catalogue No. 12622, Ozyme, Saint-Quentin-Y velines,
France). The chemiluminescent reaction was measured
using a ChemiDoc™ XRS (Bio-Rad, Marnes-la-
Coquette, France) and presented as heatmap (GraphPad
Prism, Boston, MA, USA). Western blots for Pthr202/
tyr204-ERK1/2, total ERK, and actin were performed as
follows: extracted proteins were quantified and con-
served in Laemmli sample buffer before boiling and
migration on a precast gel stain-free Any Kd™ (Bio-Rad
Catalogue No. 4568125). After transfer to nitrocellulose
membrane (membrane Hybond C-super; Merck Millipore,
Molsheim, France) and blocking of nonspecific sites
with PBS containing 5% fat-free milk powder and 1%
BSA, membranes were probed overnight at 4 °C with
appropriate antibodies (supplementary material,
Table S3) in Tris-buffered saline supplemented with
5% BSA and 0.1% Tween 20. After incubation for 1 h
at room temperature with either anti-mouse or anti-
rabbit IgG antibody coupled to horseradish peroxidase
(supplementary material, Table S3), detection was
achieved using a chemiluminescent substrate (ECL
Cytiva; Thermo Fisher Scientific). Images were cap-
tured and analyzed using Image Lab software from
Bio-Rad.

The quantity and quality of RNAs were assessed using
a Nanodrop (NanoPhotometer® P-330 Implen, Munich,
Germany). The desired amount of RNA (between 0.5 and
5 pg in 14 pl water) was removed and added to 4 pl
reaction buffer and 2 pl enzyme (RT Life Technology
Fermentas, Catalogue No. K1642, Thermo Fisher
Scientific). Reverse transcription was performed using
GeneAmp® PCR System 9700. Quantitative PCR was
performed using Fluidigm technology (GENOTOUL
facility, Toulouse, France). The primers were selected
using PrimerBlast software, ordered from Eurogentec
(Angers, France), and had PCR efficiency >85% (supple-
mentary material, Table S4). The minus delta Ct was
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calculated from reference genes (mean, HPRT, GAPDH). Statistical analysis
Fold-changes of mRNA levels were calculated using the
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Software, Boston, MA, USA). The quantitative variables
were compared by the one-way ANOVA test or
t-test. The graphical representation includes the SEM
or median. The significance threshold was p < 0.05.

Results

Using a WNT3a-conditioned medium, we found a
growth of FAP (A, NA) and HC organoids from D2 to
D9 (Figure 1A). However, the Wnt/APC/p-catenin path-
way remained active in FAP because of the APC muta-
tion. As expected, the growth of A and NA organoids
was not altered by WNT3a starvation, while it was blocked
in HC organoids (Figure 1A). Later, we used only recom-
binant WNT3a for HC organoids (Figure 1B). Regardless
of the culture conditions, A were larger than NA organoids.

Different kinds of colonic organoids have been
reported in the literature for HC patients: cysts,
colonospheres, and colonoids respectively characterized
by a thin monolayer and a thick monolayer of epithelial
cells without or with the presence of buds; maturity
progresses from cyst to colonosphere and to colonoid
(Figure 1C) [24]. Indeed, the thick monolayer corre-
sponds to colonic cells with an apical-basal orientation
and the buds being new crypts in the process of forma-
tion. In the culture of NA organoids, cysts were frequent
(Figure 1C) and associated with high Ki67 (proliferative
marker) and CD44 (immaturity marker) labeling com-
pared to HC (Figure 1D). The NA cystic phenotype was
maintained at 40% of total organoids until D9, whereas
HC and A cystic organoids decreased from D2 (40 and
20%, respectively) to D9 (5 and 10%, respectively)
(Figure 1E). Surprisingly, in A organoid culture, early
on we found a new structure characterized by the pres-
ence of buds in cysts (Figure 1C). A organoids were
highly labeled for Ki67 compared to HC, and buds in
cysts were rich in CD44 (Figure 1D). Of note, budding
cysts were absent in the organoid culture from NA
biopsies (Figure 1F). These data suggest that the
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epithelial maturation may be delayed in NA organoids,
whereas in A organoids, budding is abnormally indepen-
dent of maturation.

A large transcriptomic study allowed to highlight
genes whose mRNA expression varied in a similar fash-
ion in both FAP organoids and crypts compared to HC
(Figure 1G and supplementary material, Figure S1A).
As expected, markers of proliferation (MKI167), of CBC
stem cells (EPHB2, LGRS5), B-catenin transcriptional
targets (AXIN2, CCNDI) and B-catenin interacting part-
ners (NOTCH1, TROP2) were increased in A organoids.
Interestingly, NA organoids were characterized by both
an increase of MKI67 and a decrease of LGR4 and
SPINTI mRNA, two guardians of the crypt integrity
(Figure 1G). [25,26] Further comparison with HC has
shown that the mRNA expression of several genes was
changed only in FAP organoids (supplementary mate-
rial, Figure S1B) or in FAP crypts (supplementary
material, Figure S1C). A organoids displayed increased
expression of genes associated with tumor survival
(NOTCH2, TNFA) and transformation (ITGB2,
PROM1I, VIM). Whereas both NA- and A-crypts had
decreased expression of CDX2 and increased expression
of MUC2 and MYC, they were respectively character-
ized by decreased expression of ALDIHAI, ATOHI,
BMII, ETS2, SOX9 and increased expression of
CDI166, CLDN1, DUSP6, FZD4, IL33, ITGA6, ITGB4,
MUCS5A, PI3, TIMPI, TIMP2. Overall, these observa-
tions are in accordance with the critical role of the
microenvironment in the crypt regulation [13].
The organoid model pointing out the capacities of tumor
transformation of adenomatous ISC, and crypts highlight-
ing defects in the integrity of NA-mucosa and invasive
capacities of A-mucosa. Based on the individualized data
of these changes in gene expression in FAP organoids and
crypts compared to HC (supplementary material, Table S1),
we established a graphic relationship between genes (sup-
plementary material, Figure S1D). Interestingly, from an
immature (LGR5) and proliferative (CCNDI) phenotype
characteristic of the evolution from NA to A and common

Figure 1. Characterization of FAP organoids. (A and B) In contrast to organoids from healthy controls (HCs), FAP-organoid growth (NA,
nonadenomatous; A, adenomatous) was independent of WNT3a-conditioned medium or recombinant WNT3a. (A) n patients: HC = 6,
NA/A = 7 (with WNT3a-conditioned medium), NA/A = 4 (without WNT3a-conditioned medium), organoid size mean + SEM (diameter,
around 200-300 organoids per condition), ANOVA comparison of A to HC:**p < 0.001 ***p < 0.0001, A to NA **p < 0.01 *###p < 0.0001,
NAto HC ¥p < 0.05 ¥ p < 0.01 ¥%%p < 0.0001. (B) n patients: HC = 3, NA/A = 3, percentage variation of organoid size from D2 mean + SEM
(diameter at D2, mean = SEM: HC 144 + 18 um, NA 117 = 16 um, A 76 = 17 um; around 10 organoids per condition), ANOVA comparison:
*p < 0.05*p < 0.01 **p < 0.0001. (C) From D2 to D9 of culture, HC organoids develop as immature forms with a thin monolayer boarding a
central lumen (cysts) to mature forms as colonospheres with a larger and polarized monolayer and then as colonoids with buds of neo-crypts
in formation. NA organoids show a delayed maturation with very large cysts. A organoid culture contains unique structures as cysts with buds.
Scale bar, 100 pum. (D) Expression of proliferation marker Ki67 (immunolabeling) is increased in FAP organoids compared to HC. Labeling of
nuclei by DAPI is shown. CD44 labeling is high in NA organoids and present in buds of A organoids. Representative of two independent
experiments. Scale bar, 50 pum. (E) n patients: HC = 3, NA/A = 3, percentage cysts of total organoids mean = SEM, ANOVA comparison:
*p < 0.05 *p < 0.01. (F) n patients: NAJA = 3, percentage budding structures of total organoids mean + SEM, paired (NA to A) t-test
comparison: *p < 0.05. A typical cyst with buds, structure unique to A organoid culture, is shown. (G) At D7 of culture, mRNA from A
organoids compared to HC and/or NA organoids is enriched in markers of CBC stem cells (EPHB2, LGR5), B-catenin transcriptional targets
(AXIN2, CCND1), marker of cell proliferation (MKI67), and B-catenin interacting partners (NOTCH1, TROP2). Compared to HC, NA organoids
are characterized by both an increase of MKI67 and a decrease of LGR4 and SPINTT mRNA, two guardians of the crypt integrity. n patients:
HC = 3-6, NA/A = 4-7, ANOVA comparison between HC and NA/A: *p < 0.05**p < 0.01 **p < 0.001, paired t-test comparison between NA
and A: *p < 0.05 ®p < 0.01.
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Figure 2. Transcriptional requlation by EGF in FAP organoids. (A) At D7 of culture, data on the EGFR pathway show a decrease of EGFmRNA in
FAP organoids (NA, nonadenomatous; A, adenomatous) but not crypts compared to healthy controls (HCs). Under EGF starvation in the
culture medium from D2, no change in the expression of several genes (EGF, EREG, AREG, ERBB1, ERBB3) was measured, except an increase
for the EGFR regulator LRIGT (NA organoids). (B) Starvation of EGF induced a loss of changes in the mRNA expression associated with the FAP
phenotype: AXIN2, NOTCH2, VIM mRNA in A compared to NA and/or HC organoids; ITGB2, LGR4, SPINT1, TIMPT mRNA in NA compared to A
and/or HC organoids. In FAP organoids, EGF-deprivation increased the expression of genes involved in crypt differentiation (SOX9, A
organoids; ATOH1, CDH1, EFNB2, F10, GSK3B, KRT20, MUC2, NANOG, OCLN, PI3, NA organoids). n patients: crypts, HC = 4, NA/A = 5;
organoids, HC = 3-6, NA/JA = 3-7. ANOVA comparison between HC and NA/A: *p < 0.05 **p < 0.01, paired t-test comparison between NA
and A, NA and NA without EGF, A and A without EGF: *p < 0.05 *p < 0.01.
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to the analyses in crypts and organoids, this analysis points
the attention to potential key molecular actors of this evo-
lution, interacting with the microenvironment or the signal-
ing pathways. Of note, in our study the expression of
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38 genes did not vary in FAP crypts and organoids com-
pared to HC (supplementary material, Figure S1E).

Then we aimed to investigate FAP ISC regulation.
Given the important role of EGFR signaling in the
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Early events of FAP using human organoids

establishment of adenomas in ApcMi“—mice [20], we
investigated the EGF pathway in our organoid model.
First, among EGFR partners (EGF, EREG, AREG,
ERBBI, ERBB3, LRIGI), only EGF was found
decreased in FAP organoids, but not crypts, compared
to HC (Figure 2A), suggesting a strong dependence of
FAP ISCs and progenitors to the EGF supplied by the
microenvironment. Under EGF starvation in the culture
medium from D2, the expression of the aforementioned
genes was not changed, except for an increase in the
EGFR modulator LRIGI in NA organoids (Figure 2A).
Furthermore, whereas starvation of EGF did not change
the expression of most genes studied (supplementary
material, Figure S2), it induced a loss of changes in the
mRNA expression associated with the FAP phenotype:
AXIN2, NOTCH2, VIM mRNA in A compared to NA
and/or HC organoids; ITGB2, LGR4, SPINTI, TIMPI
mRNA in NA compared to A and/or HC organoids
(Figure 2B). In FAP organoids, EGF deprivation
increased the expression of genes involved in crypt
differentiation: SOX9, A organoids; ATOHI, CDHI,
EFNB2, FI10, GSK3B, KRT20, MUC2, NANOG,
OCLN, PI3, NA organoids (Figure 2B). Moreover,
EGF deprivation significantly blocked the growth of A
organoids compared to HC and NA organoids
(Figure 3A). Finally, an important finding was that the
absence of EGF increased the mortality of A organoids
compared to NA organoids (Figure 3B) and HC
organoids (supplementary material, Figure S3A).
Overall, these data strongly suggest that EGF plays a
critical role in the FAP pathogenesis in both NA and
A mucosa.

It was thus important to investigate signaling path-
ways downstream of EGFR. A proteomic screening
(supplementary material, Figure S3B) showed that the
MEK/ERK pathway was strictly dependent on EGF in
HC organoids (Figure 3C). The MEK/ERK activity
declined in NA organoids and was abolished in A
organoids, and the impact of EGF starvation in the
culture medium was limited (Figure 3C). The expression
of the hepatocyte growth factor receptor (MET), capable
of promoting adenoma formation and interfering with
the EGFR signaling pathway [27], decreased in A
organoids but remained at an intermediate level of
expression compared to HC and NA organoids
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(Figure 3C). These findings were confirmed by
immunostaining and western blotting, showing a
decreased activation of ERK in A mucosa compared to
NA mucosa (Figure 3C and supplementary material,
Figure S3C). Further, activated AKT labeling was
increased in A compared to NA and HC organoids and
dependent on the presence of EGF in the culture medium
(Figure 3D), in contrast to HC organoids (supplementary
material, Figure S3D).

We then looked for a possible synergy of EGFR with
signaling partners. It has been shown that cells with APC
mutations could still depend on Wnt/Frizzled signaling
pathway [28]. Accordingly, our data show that the Wnt
signaling potentiator R-spondin 1 is required in the
culture medium to promote FAP-organoid growth
(Figure 4A). Moreover, an inhibitor of Wnt secretion
(IWP12, Sigma-Aldrich Catalogue No. SMLO0677,
Saint-Quentin-Fallavier, France) induced death and
growth inhibition in NA and A organoids, respectively
(Figure 4B). As shown in supplementary material,
Figure S1E, we did not observe changes in WNT5A
mRNA expression in FAP crypts and organoids com-
pared to HC ones. However, the Wnt receptor Frizzled
4, which can mediate the canonical activity of WNT5a,
was found to have increased in A crypts compared to HC
(supplementary material, Figure S1C). Altogether these
data suggest that WNT5a, known to play a critical role in
crypt regeneration, may regulate cell survival and
growth in APC-deficient ISCs of NA and A areas,
respectively [29].

In the intestinal crypt, TGF-f is an important signaling
partner of EGF and WNTS5A. Its role in tumorigenesis
is ambiguous, acting either as tumor suppressor or
prometastatic factor [30]. We did not observe a signifi-
cant difference in its mRNA expression between HC
and FAP crypts/organoids (supplementary material,
Figure S1E). As shown in Figure 4C, the pharmacolog-
ical inhibition of the TGF-§} receptor did not affect the
size of NA organoids, whereas it significantly decreased
by around 40% the size of A organoids. These data show
that growth of adenoma is dependent on both EGF and
TGF-p.

YAP is an important signaling target of morphogens
(WNTs, TGF-f) and EGF in the intestinal crypt,
and its inhibition by Verteporfin (Sigma-Aldrich ref.

Figure 3. EGF dependence of FAP organoids. (A) Compared to healthy controls (HCs) and NA organoids, A organoid growth is greatly more
dependent on the presence of EGF in the culture medium. EGF was starved from D2 of the organoid culture since it was required for organoid
closure between DO and D2. n patients: HC = 6 NA/A = 3, organoid size mean + SEM (diameter, around 100-300 organoids per condition),
ANOVA comparison of +EGF to —EGF:*p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001. (B) EGF starvation induces death in A organoids. The
number of dead organoids (example is shown with brightfield image of black and dense structure in A culture) versus total number of
organoids was calculated at D7 of culture, and variation of this percentage in EGF-starved conditions is shown. n patients: NAJA = 2,
percentage variation mean = SEM (around 50 organoids per condition), NA to A t-test comparison: *p < 0.05. Immunofluorescence (IF):
labeling for active Caspase-3 (yellow) and nuclei by DAPI at D9 of culture is shown. (C) EGF-dependent ERK pathway is decreased in FAP
organoids. Heatmap of protein expression in EGF signaling pathway (D7 of culture) is shown. n patients: HC = 3, NA/A = 2, normalization of
expression to HC MEK1. IF: labeling for Pthr202/tyr204-ERK1/2 (green) and nuclei by DAPI at D7 of culture is shown. WB: western blotting for
Pthr202/tyr204-ERK1/2 (P-ERK), total ERK (Tot. ERK) and actin, and their quantification, in NA and A crypts are shown. (D) EGF-dependent
AKT pathway is increased in FAP organoids. IF: labeling for Pser473-AKT (green) and nuclei with DAPI at D7 of culture is shown and quantified.
n patients: HC = 2, NAJA = 2, NA/A to HC ANOVA comparison, and A-EGF to A t-test comparison: **p < 0.01. Scale bar, 100 pm.
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SML0534) induced specifically growth inhibition and AKT can phosphorylate serine552-f-catenin to pro-
death of A organoids (Figure 4D). Moreover, YAP was  mote its nuclear localization in a context of increased
found at nuclear locations and phosphorylated on the  ISC proliferation, crypt fission, and adenoma formation
residue tyrosine 357 specifically in A organoids [31,32]. Our results show a specific labeling of
(Figure 4E). This regulation of the active form of YAP  Pser552-f-catenin in buds of A organoids, not found in

was abolished by Verteporfin (Figure 4E). NA organoids (Figure 4F). Importantly, both active
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forms of YAP and f-catenin were under the control of
EGF in A organoids (Figure 4G). TGF-p receptor inhi-
bition also blocked Serine-552-f-catenin phosphoryla-
tion (supplementary material, Figure S4). Thus, the
modulation of p-catenin activity in adenoma is depen-
dent on both EGF and TGF-p. Taken together, these data
support a clear role of EGF and its partners in adenoma
formation through the regulation of p-catenin in APC-
deficient ISCs.

AKT is activated downstream of PI3K, and inhibitors
targeting PI3K isoforms are now being considered for
several pathologies [33,34]. A quantitative PCR study of
the expression of pl110a and p110p isoforms of PI3K
showed a specific increase of p1 10f mRNA in FAP crypts,
but not organoids, compared to HC (Figure SA). However,
immunolabeling revealed an enrichment of p110a and
pl110B in NA and A organoids, respectively (Figure 5B).
Furthermore, p110p was specifically enriched in buds of
A organoids (Figure 5B). Pharmacological inhibitors
of pl10a (A66, Selleckchem, Catalogue No. S2636,
Euromedex, Souffelweyersheim, France) and pl110f
(AZD64382, Selleckchem, Catalogue No. S1462) reduced
A-organoid growth (Figures 5C and supplementary
material, S5B). Moreover, A organoid death was
observed by microscopy following AZD treatment
(Figure 5C). In contrast, pl110a inhibition increased
NA organoid growth, associated with epithelial matu-
ration, as evidenced by an enlarged width of epithelial
monolayer (Figure 5C). Of note, the expression of the
regulatory p85 subunit of PI3K, associated with p110
isoforms, was not different between NA and A organoids
and not significantly changed upon treatment with phar-
macological inhibitors of p110 isoforms (supplementary
material, Figure S5A). Taken together, these results sug-
gest p110 isoforms of PI3K are interesting therapeutic
targets in FAP.

Finally, considering the role of the protease-activated
receptor PAR1 in impeding adenoma formation in
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APCM™* mice [35], we measured mRNA expression
of genes encoding PAR1 and PAR?2 (respectively F2R
and F2RLI). Compared to HC, only F2RLI mRNA was
decreased both in NA and A crypts (Figure 5D). Then we
investigated the impact of PARI and PAR2 activation
using agonist peptides (TFLLR-NH2 and SLIGRL-NH2,
respectively; Genscript, Piscataway, NJ, USA) on
p110-isoform expression and FAP-organoid behavior.
Compared to control peptides (reversed sequences,
Genscript or Ezbiolab Inc., Carmel, IN, USA), we
measured a specific decrease of pl10a level in NA
organoids induced by both PAR1 and PAR2 agonist
peptides (Figure 5E). However, only PAR1 activation
proved capable of enhancing NA organoid maturation
(Figure 5F), whereas PAR2 activation was the most
efficient at decreasing the p110p level in A organoids,
which was associated with a decrease in the number of
organoids and budding (Figures SF and supplementary
material, S5C). Once again, these results highlight the
distinct phenotypes between NA and A areas and
strongly suggest that pharmacological tools aimed at
modulating p110-isoform expression/activation could
be of therapeutic interest in FAP.

Discussion

Our results confirmed that the organoid culture was a
relevant model for studying FAP pathophysiology, in
particular in initial events involved in the pathogenesis
and in the nonadenomatous to adenomatous transition.
Our demonstration included (1) delayed maturation of
NA mucosa regulated by EGF, (2) EGF-dependent sur-
vival of adenoma, (3) progressive switch of ERK to
AKT activity from HC to NA and A, (4) EGF control
of P-catenin through AKT in adenomas, (5) specific
implication of pl110p subtype of PI3K in adenoma

Figure 4. Signaling partners of EGF in FAP organoids. (A) R-spondin 1 (RSP) starvation from DO of the culture had a negative impact on FAP
(NA, nonadenomatous; A, adenomatous) organoid growth. n patients: NA/A = 5, organoid size mean + SEM (diameter, around 100-300
organoids per condition), ANOVA comparison of A with RSP to A without RSP and NA with RSP to NA without RSP: *p < 0.05 ***p < 0.001
**¥p < 0.0001. (B) Wnt secretion inhibition using IWP12 (5 pm) impaired survival of NA organoids and growth of A organoids. n patients:
NA/A = 3, percentage variation of organoid death and size between D2 and D7 of culture compared to control (0.02% DMSQ), mean + SEM
calculated through analysis of around 10 organoids per condition, t-test comparison with IWP12 to without IWP12: *p < 0.05,
**¥p < 0.0001. (C) TGF-B receptor is implicated in growth of FAP adenoma. Addition of the TGF-B receptor | inhibitor LY2157299 (LY,
0.5 uwm) along the culture of FAP organoids induced a decrease of A organoid growth. n patients: NA/A = 3, percentage variation of organoid
size between D2 and D7 of culture compared to control (without treatment), mean + SEM calculated through analysis of around 10 organoids
per condition, t-test comparison with LY to without LY: *p < 0.01 A to NA *p < 0.05. (D) YAP controls growth and survival of adenoma.
Addition of YAP inhibitor Verteporfin (VP, 0.5 pm) to FAP organoid culture inhibited growth/survival of A organoids. n patients: NA/A = 2
(growth) NA/A = 3 (survival), percentage variation of organoid size/death between D2 and D7 of culture compared to control (0.02% DMSO),
mean = SEM calculated through analysis of around 10 organoids per condition, t-test comparison with VP to without VP:*p < 0.01 A to NA
*p<0.05 *p<001. (E) YAP was activated (nuclear localization and Ptyr357 phosphorylation) specifically in FAP A organoids.
Immunofluorescence (IF): labeling for YAP or P-YAP (green) and nuclei using DAPI at D7 of culture is shown as well as Verteporfin's (YAP
inhibitor) negative impact on it. n patients: NA/A = 2, images representative of five structures per condition and zoomed to show nuclear
localization of YAP. (F) An activated form of B-catenin (Pser552-B-catenin, P-B CATENIN) is specifically found in A organoids. IF: labeling of
Pser552-B-catenin (green) and nuclei by DAPI at D7 of culture is shown. Representative images from NA/A = 2 patients. (G) Activated forms
of YAP (nuclear localization and Tyr357-phosphorylation) and B-catenin (Pser552-B CATENIN) are dependent on EGF. IF quantification of
total (YAP, BCAT) and phosphorylated forms (P-YAP, P-BCAT) of YAP and B-catenin in FAP A organoids are shown, as well as representative
images of the impact of EGF starvation on that labeling. IF: labeling of YAP/Pser552-B-catenin (green) and nuclei by DAPI at D7 of culture is
shown. n patients: A = 2, t-test comparison: *p < 0.05. Scale bar, 100 pm.
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development, and (6) downregulation of PAR2 (F2RLI)
mRNA in both NA and A, which is among 16 genes
molecular prognostic score is being established for gas-
trointestinal tumors [36].

We identified a specific organoid structure exclusive
to A organoids: a budding cyst. To our knowledge, this

N Laborde, A Barusseaud et al

structure has rarely been described in the literature but
could correspond to the patient-derived organoid type
4 from colorectal cancer enriched in LGRS mRNA [37].
Unlike normal budding linked to epithelial polarization
and differentiation, this early budding could share mech-
anisms with the developmental crypt fission under the

A PIK3CA (Crypts)  PIK3CA (Organoids) B NA A | p110 isoforms
2.04 4
2 . 2 . P110a/ A NA 4 A
% 159, % 3
2 o o s,
VA L 0 B <0.06 dokok
g R - T : 2.5
3 0.5 S S >
3 DT Easalie el s A,
Fool— ol 5204 & —
HC NA A HC NA A .E oA A
i Q
PlefB(Crypts) PIK3CB (Organoids) P110[3/ P110]3/ g 1.5 §AZ A R
0 i 8 8 a
H 2 : 8 1.0- - Sy
% 4 % ¢ 5 s 2
$ P ; 2
& 54 £ 0.5
5, —— s £ 8
E o R E R . . . 1) S
g | . N L 0.0
A p110c p110p
NA CTL NA A66
NA-organoids
600
— *
g 60—
3 —_
N 400 1 5
_'g s
T
H s
=g ]
© 200 E
o
[
[}
=
CTL A66 AZD CTL A66 AZD
D F2R (Crypts) F2R (Organoids) F2RL1 (Crypts) F2RL1 (Organoids) F [ NA-organoids |
* sokiok
Fkkk
ot 2.5+ 1594 = 4 50 P ———y
[9) -
I . 2 g . Q S A
8 3] 0 2.0 o 0 « . = 40+ o
7 o S 3 . 3 34 =
A
4 o £ 1.0+ « P2 5 3
; 2 2 1.5 S ee ° ¢ E 30 vy 2
-1 (] (] o 2- [
(<))
§ =+ 2104 . g . . 2 $2] & g%ﬁ 83
-‘=|’ . . £ — H 5 0.5 - — s . . ° a
21- Lad -.:r o -30_5_ ® o> e >3 . 31‘ hd . g_i_ 510- AAA
[« o . ° o® . o XX = = ﬁ A
'S w w e e®e %
T e A N S . R S 0T T A1 PARe
HC NA A HC NA A HC NA A HC NA A ap b ap
NA-organoids NA-organoids A-organoids A-organoids A -
p110a p1108 p110a p110B | -organoids |
%k
Fkokk '7*
20
8- sokdok 6 5 . R
A A a . A A 4 .
' s [2a 5 %6 54 4. 5o 51—
- 544 & a s £ A v A
Y S s 8 3- = Lo g N
a4 22 & 2y 8 [, g | = ta 44 , E 107 re
g a 8 28 & £ 2 N g | o= . z
S S24 a4 o & a ] S
":_'z:z' a -Aﬁu— a 'E a fes "_21_ A %2‘ — ‘f: 57
3 gn &8 § & a g g R
= a ﬁAA = = =
T T T 0 T T T T T T T T T 0 T T T
CTL PAR1 PAR2 CTL PAR1 PAR2 CTL PAR1 PAR2 CTL PAR1 PAR2 CTL PAR1 PAR2
a.p. ap. ap. a.p. a.p. ap. a.p. ap. ap. a.p. ap. ap. a.p. a.p. a.p.

Figure 5 Legend on next page.

© 2024 The Author(s). The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

J Pathol 2025; 265: 2640
www.thejournalofpathology.com


http://www.pathsoc.org
http://www.thejournalofpathology.com

Early events of FAP using human organoids 37

NON-ADENOMATOUS ADENOMATOUS
INTESTINAL PRIMITIVE CELLS INTESTINAL PRIMITIVE CELLS

LGR4 |

@—@ | & LGR5, TGFB )O00000000000000005H9000
b | LWINTS/FZDA2 0Ll LLLuLLLLLl]

| I )O0000000000000000F0000
i 1
Frlzlzled | EGlFR
LRP |
| ‘ |
Delayed | Proliferation
maturation | Migration

[~ | P
‘ w ATOH1 | /B-catenin\‘

| N | 00000 i);n 000000000000 00000000000000000000000
“ /4 v
| 00000000000000000000000000000000000000000
Metabolic Survival Growth Survival
switch? Migration

Figure 6. Schematic synthesis of data and hypothesis. Organoids from nonadenomatous (NA) and adenomatous (A) biopsies displayed
different phenotypes during investigations, summarized as delayed maturation in intestinal primitive cells from NA and overactive
proliferation and migration in A organoids. Delayed maturation in intestinal primitive cells from NA seems to impact secretory differentiation
(ATOH1 pathway) and may be linked to APC and LGR4 dysfunctions as well as to p110a activation. In the proliferation and migration of
intestinal primitive cells from A, in addition to APC dysfunction, EGFR, and TGF-B (TGF-B), but probably also LGR5- and Wnt-dependent
pathways, play a critical role by regulating p110, B-catenin, and YAP. Notably, both NA and A areas differ in their survival pathways. APC*,
mutant APC. Figure created with BioRender.com

Figure 5. p110 isoforms of PI3K as pharmacological targets in FAP. (A) p110 isoforms (a, PIK3CA; B, PIK3CB) of PI3K were studied through
their mRNA expression in crypts and organoids (D7 of culture). Only PIK3CB was increased in FAP (NA, nonadenomatous; A, adenoma-
tous) crypts compared to healthy controls (HCs). n patients: HC = 6, NA/A = 5 (crypts) or 7 (organoids). (B) Immunolabeling for p110
isoforms in FAP organoids. Immunofluorescence (IF): quantification and representative images of labeling are presented. IF: labeling of
p110a and p110B (green) and nuclei using DAPI at D7 of culture is shown. n patients: NA/A = 2, ANOVA comparison: ***p < 0.0001.
(C) Pharmacological inhibition of p110a (A66, 0.5 pm) and p110B (AZD6482, 0.5 pwm) induces NA organoid maturation and A organoid
death, respectively. Growth (n patients: NAJA = 3, diameter size of around 40 organoids analyzed per condition) and epithelial
monolayer width (n patients: NA = 4) quantifications are shown, as well as representative images at D7 of culture (n patients:
NA/A = 3) of actin labeling and organoid death (brightfield images). IF: labeling of actin (magenta) and nuclei using DAPI is shown.
Organoid size: ANOVA comparison versus control (CTL, 0.005% DMSO0) or between NA with A66 and NA with AZD:*p < 0.05, **p < 0.01,
***1) < 0.0001. Epithelial monolayer width: t-test comparison, *p < 0.05. (D) Protease-activated receptors (PAR1, F2R; PAR2, F2RL1)
were studied through their mRNA expression in crypts and organoids (D7 of culture). Only F2RL1 was decreased in FAP (NA and A) crypts
compared to HCs. n patients: HC = 4 (crypts) and 3-6 (organoids), NA/A = 5 (crypts) and 4-7 (organoids). (E) PAR1 and PAR2 agonist
peptides (PAR1 a.p. and PAR2 a.p., respectively TFLLR-NH2 and SLIGRL-NH2, 100 pwm) or control peptides (Ctl a.p., mixture of reversed
sequences, 100 pum) were added daily from D2 to D5 of organoid culture and IF of p110 isoforms (a, B) and its quantification were
performed. n patients: NA = 3, A = 2. ANOVA comparison: ***p < 0.0001. (F) PAR1 and PAR2 activation was performed as in E. The
measurements of the epithelial monolayer width in NA organoids and of the number of A organoids are shown. n patients: NA = 3,
A = 4, ANOVA comparison: *p < 0.05 **p < 0.01 ***p < 0.0001. Scale bar, 100 pm.
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control of ISCs and Wnt signaling [38]. Indeed, in A
organoids, we found the active B-catenin form phosphor-
ylated on serine552, implicated in crypt fission/
regeneration and polyposis [31,32]. Although mutated
stem cells could promote tumorigenesis by crypt fission,
it seems insufficient to explain the carcinogenic risk [39].
However, we can postulate that a budding cyst might
represent an endpoint, analogous to adenoma in human
histopathology, within FAP organoid culture, which is
useful for assessing the effectiveness of a potential drug.

Our study revealed differences in terms of signaling
pathways involved and ISC fate between NA and A
organoids. According to the aims of treatment, it should
be of importance, either halting the progression to ade-
noma or preventing the transition to adenocarcinoma.
We confirmed previous data showing that the
Wnt/Frizzled signaling pathway was still operative in
APC-mutated cells [28] and controls survival of NA
organoids and growth of A organoids. Interestingly,
the two genes TIMP2 and VIM whose expressions were
respectively increased in A-crypt and A-organoid
analyses have been linked to the consensus molecular
signature 4 (CMS4) of bad tumor prognosis, related to
Wht-receptor signaling, not APC mutation [40].
However, in the absence of EGF or after the blockade
of TGF-PR, we reported a specific and significant effect
on A organoid growth that correlated with decreased P-
Ser552-B-catenin. Moreover, from HC to NA and A
organoids, EGF signaling was progressively switched
from ERK to AKT activity in correlation with delayed
maturation in NA- and PI3K-dependent survival in
A organoids. The specific impact of EGF starvation
on A-organoid survival may result from compensatory
mechanisms in HC and NA organoids such as PGE2-
dependent EGFR transactivation and downstream
MAPK activation [41,42]. Interestingly, we showed
that the expression of the ERK inhibitor DUSP6
increased in A crypts compared to HC and NA and is
an important connective node between genes differentially
expressed between NA and A mucosa (supplementary
material, Figure S1D).

Thus, the strategy could be to target the PI3K/AKT
pathway, in particular p110f (as in other cancers) [43],
when dealing with FAP adenomas and the differentia-
tion process to prevent adenoma development. Here, it
should be noted that we observed no bias in our data
interpretation relative to differences in the ages of FAP
and HC patients. Interestingly, we measured a specific
and EGF-dependent decrease of LGR4 mRNA in NA
organoids, an important regulator of crypt metabo-
lism [25], and others have measured an increase in
IGFLI expression in NA organoids, within the same
age range as HC [6]. Also, it has been shown in an
intestinal organoid model expressing oncogenic
B-catenin and pll10a that the Ilatter supports the
adaptative metabolism of tumor cells [44]. Altogether,
these data suggest that specific metabolic changes could
occur early in APC-deficient ISCs, since it has been
shown that APC controls pyruvate metabolism in mito-
chondria and, therefore, intestinal differentiation [45].
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Metabolic changes occurring in FAP NA areas could be
therapeutically targeted, and our results show that the
inhibition of p110a, as well as PAR1 activation, can
induce the differentiation of NA-ISCs.

Finally, despite limitations of the organoid model, our
work allows us to propose a design for the phenotypes of
FAP organoids (Figure 6). First, survival pathways
differ between NA and A ISCs, with the former relying
on a Wnt receptor pathway and the latter depending on
the EGF receptor pathway. Second, the main defect in
NA ISCs could be a deficiency in their capacities of
differentiation associated with a metabolic switch,
whereas A ISCs display mainly high proliferative and
migratory capacities. Thus, early chemoprevention pro-
posed for FAP patients could be based on strategies
enhancing the differentiation of NA ISCs by targeting
pl10a or metabolic pathways (which require further
investigation). For advanced FAP cases, targeting p110p
and/or TGF-p and/or FZD4 may be considered.
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