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SUMMARY

The early mechanisms of spontaneous tumor initiation that precede malignancy are largely unknown. We
show that reduced aPKC levels correlate with stem cell loss and the induction of revival and metaplastic
programs in serrated- and conventional-initiated premalignant lesions, which is perpetuated in colorectal
cancers (CRCs). Acute inactivation of PKCA\/u in vivo and in mouse organoids is sufficient to stimulate JNK
in non-transformed intestinal epithelial cells (IECs), which promotes cell death and the rapid loss of the intes-
tinal stem cells (ISCs), including those that are LGR5™. This is followed by the accumulation of revival stem
cells (RSCs) at the bottom of the crypt and fetal-metaplastic cells (FMCs) at the top, creating two spatiotem-
porally distinct cell populations that depend on JNK-induced AP-1 and YAP. These cell lineage changes are
maintained during cancer initiation and progression and determine the aggressive phenotype of human CRC,

irrespective of their serrated or conventional origin.

INTRODUCTION

Colorectal cancer (CRC), the second leading cause of cancer-
related deaths in the USA, " typically develops from two different
histological premalignant states: conventional adenomas (CAs)
and serrated adenomas (SAs).”® SA-derived CRCs can be defi-
cient or proficient in mismatch repair (MMR) proteins, either mi-
crosatellite instable (MSI) or stable (MSS), and might be accom-
panied by BRAF or, to a lesser extent, KRAS mutations.*® By
contrast, CAs are always driven by Adenomatous polyposis
coli (APC) inactivation with the consequent constitutive stimula-
tion of the WNT pathway and are associated with mutations in
several drivers, including p53 and, in many cases, KRAS. These
tumors are MMR-proficient, MSS, and often present with chro-
mosomal instability (CIN).>” Several mouse models recapitulate
at least partially different aspects of both mechanisms, providing
critical insights into how tumors progress once initiated by the
loss of suppressors like APC and p53 or the expression of onco-
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genes such as mutant KRAS, BRAF, or NOTCH.®'° However, in-
formation on the chronological sequence of spontaneous mech-
anisms of initiation before the alterations in the expression of
tumor suppressors or oncogenes occur must be better under-
stood. This is important for identifying potential targets for pre-
vention before the initial neoplastic lesions acquire a malignant
phenotype. In that regard, a hypothesis to explain how tumors
initiate through the serrated pathway posits that this is driven
by a poorly characterized mechanism of metaplastic alteration
of the cells at the top of the crypt that creates a preneoplastic
serrated event in response to a still undefined chronic tissue-
damaging signal.’""'? By contrast, neoplastic initiation through
the CA pathway is characterized by a process involving the acti-
vation and expansion of the stem cell compartment at the bot-
tom of the crypt triggered by APC inactivation.'"'? Given the
tremendous heterogeneity of CRC, these two alternative initia-
tion mechanisms are likely an oversimplification of more com-
plex cellular and molecular processes.
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We have recently reported that the simultaneous genetic inac-
tivation of the two atypical protein kinase C (aPKC) isoforms,
PKCWM and PKCY, in the mouse intestinal epithelium results in
the spontaneous development of SAs that progress to advanced
cancer without additional exogenously induced genotoxic or
oncogenic insults.’® The interrogation of several gene expres-
sion datasets and the histological analysis of large cohorts of pa-
tient CRC specimens supported the human relevance of aPKCs
as repressors of serrated tumorigenesis.'*™'® Therefore, this
mouse model offers a unique opportunity to study the kinetics
of the mechanisms of spontaneous tumor initiation in an onco-
genic-agnostic system.'® Mouse and human CRC tumors defi-
cient in the aPKCs are characterized by the existence of cancer
cells with a metaplastic-fetal phenotype (termed tumor fetal-
metaplastic cells [TFMCs]) as well as a different clusterin
(CLU)-expressing population of cancer cells with features remi-
niscent of the revival stem cells (RSCs) (termed tumor RSCs
[TRSCs]) reportedly shown to arise upon intestinal damage.'®'”
However, the impact that the loss of aPKCs has on the adult in-
testinal stem cell (ISC) compartment, as well as on the sequence
of signaling mechanisms that control metaplasia, remains to be
determined. Given that the accumulation of TFMCs correlates
with the worst prognosis in CRC, identifying the signaling cas-
cades whereby the loss of aPKCs drives the generation of this
type of invasive cells is of paramount importance.

In this study, we have addressed how aPKCs regulate the ISC
compartment and the metaplastic process during preneoplasia.
Our results identify that JNK activation by aPKC deficiency in the
intestinal epithelium regulates ISC homeostasis and that its
cooperation with YAP is a critical event in promoting metaplasia.

RESULTS

aPKC deficiency drives stem cell loss and metaplasia in
mouse-serrated tumors

To test the hypothesis that potential defects in the stem cell
compartment could underlie the initial steps on tissue damage
and metaplastic activation characteristic of aPKC-deficient in-
testinal tumors, we stained the intestine of Prkci® fPrkczf/f;\/illin-
Cre mice with markers of ISCs (OLFM4), RSC (CLU), and fetal-
metaplastic cells (FMCs) (ANXA10 in the small intestine and
MUCS5AC in the colon). Tumors from these mice were completely
devoid of OLFM4-expressing stem cells, which correlated with
the presence of two other cell populations expressing CLU
(TRSC) or ANXA10 (TFMC), respectively (Figure 1A). OPAL-
multiplex immunofluorescence (OMI) demonstrated the absence
of OLFM4™ cells and the mutually exclusive presence of TFMCs
and TRSCs in Prkci”"Prikcz""Villin-Cre tumors (Figure 1B). In situ
hybridization (ISH) showed that LGR5" cells were absent in
Prkci”*Pricz%;Villin-Cre tumors concomitant with the complete
deletion of aPKCs (Figures 1C and S1A).

We next analyzed single-cell RNA sequencing (scRNA-seq)
data of tumor and non-tumor areas from Prkci”*Prkcz";Villin-
Cre intestinal tissues integrated with data from wild-type (WT)
mice (pool of samples from Prkci”, Prkcz”, and Prkci”Prikcz™
mice). This analysis identified a robust reduction of ISC markers
(Olfm4, Lgr5, Ascl2, and Gkn3) in Prkci”"Prikez"";Villin-Cre tumors
(Figures 1D-1F and S1B-S1F). Stem-related and stem-subsets
signatures from a recent study defining a gradient of stemness
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(ISC-I > ISC-Il > ISC-IIl) in normal ISCs'® showed a clear reduc-
tion of these signatures in aPKC-deficient tumors (Figures 1G
and 1H), which is not a consequence of tumorigenesis since a
similar phenotype was observed in the non-tumor region (Fig-
ures 1D-1H and S1B-S1F). These initial observations suggested
that serrated tumor initiation is not only associated with a strong
metaplastic response but also with the loss of the ISC
compartment.

Stem cell loss in human premalignant lesions and CRC
associates with aPKC deficiency
We next investigated whether aPKC loss, its association with de-
fects in the stem cell compartment, and the activation of the
metaplastic programs are early events during tumor initiation in
human CRC. The analysis of premalignant lesions in a large
cohort of 54 colonic dysplastic adenomas (including 28 conven-
tional and 23 serrated) from 35 human patients identified that
aPKC expression was reduced in 100% of SAs and 71% of
CAs (Figures 2A-2C and S2A-S2C). This suggests that human
SAs cannot initiate in the context of high aPKC, but although
CAs can exist despite high aPKC levels, the majority occur in
aPKC-low conditions. OLFM4 was negative in 100% of SAs
and 90% of the aPKC-deficient CAs (Figures 2B, 2C, and
S2B). In this regard, 50% of the aPKC-proficient adenomas (all
being conventional) are OLFM4-deficient, indicating that while
SAs are aPKC/OLFM4 double-negative, approximately half of
CAs are OLFM4-deficient tumors through a mechanism that is
independent of aPKC deficiency (Figure S2B). Nonetheless,
combining SA and CA, nearly 100% of all the aPKC-low cases
are OLFM4-defective. These data indicate that OLFM4 tumor
positivity is incompatible with aPKC deficiency, irrespective of
the adenoma histological type. Also, of all the aPKC-low cases,
about 67% are MUC5AC™, and only 10% of the aPKC-high le-
sions are MUC5AC™, indicating that metaplasia is under the strict
control of aPKCs (Figures 2B, 2C, and S2C). These observations
support the conclusion that aPKC deficiency, the ensuing loss of
stem cells, and the resulting metaplastic response occur at an
early step during tumorigenesis in human patients. The reduced
OLFM4 levels in aPKC-deficient CAs were consistent with the
analysis of mouse tumors in which APC was selectively deleted
in the intestinal epithelial cells (IECs) with or without the com-
pound deletion of both aPKCs. Like in human CAs, aPKC defi-
ciency in mouse CAs resulted in the lack of OLFM4™* cells and
the concomitant accumulation of ANXA10* cells (Figure S2D).
To establish the relevance for advanced CRC, two large inde-
pendent cohorts of surgically resected CRC specimens were
analyzed by OMI. Among the 490 CRC patients in the tissue mi-
croarray (TMA), 438 with available clinical information were strat-
ified according to PKCM1 and PKCY expression levels (Figures
2D-2F). Contingency analysis identified that CRC patients with
high PKC\/1 expression showed more OLFM4* cases than those
with low PKCML, irrespective of the levels of PKCY (Figures 2G
and 2H). Consistently, multivariate logistic regression analysis
demonstrated that high PKC). expression correlated with
OLFM4™* cases independent of other pathological features (Fig-
ure S2E), indicating that PKC\/\ plays a major role in maintaining
the stem cell pool in CRC human tumors. In agreement with the
phenotype of the mutant mice, most PKC)\/i-low tumors are also
PKC¢-low (approximately 80%), whereas very few tumors that
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Figure 1. aPKC deficiency drives stem cell loss

(A) Immunohistochemistry (IHC) for OLFM4, CLU, and ANXA10 in Prkci®"Prkcz";Villin-Cre tumors.

(B) Immunofluorescence (IF) for OLFM4 (cyan), CLU (yellow), and ANXA10 (magenta) in non-tumor and tumoral regions of Prkci”'Prkcz";Villin-Cre mice.

(C) ISH for Lgr5 in non-tumor and tumoral regions of Prkci”'Prikcz"; Villin-Cre mice.

(D and E) Dotplot (D) and violin plot (E) of stem cell markers from scRNA-seq data of Prkci”*Prkcz";Villin-Cre tumors (Tumor) and non-tumoral stem cells of
Prkci”Pricz™Villin-Cre (DKO) and Prkci”*Prkcz"" (WT) mice.

(F) Uniform manifold approximation and projection (UMAP) plots colored by Lgr5 or Olfm4 expression.

(G and H) Dotplot (G) and violin plot (H) of stem-related signatures.

Scale bars: 100 um in (A)~(C). Quantitative data (E) and (H) presented as median values (horizontal lines). p values were calculated by unpaired t test. **p < 0.001.
See also Figure S1.
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Figure 2. Low aPKC levels are associated with stem cell loss in human premalignant lesions and CRCs
(A-C) Analysis of colonic adenomas. Experimental design (A); IF for OLFM4 (yellow), aPKCs (magenta), and MUC5AC (cyan) (B); and contingency analyses of the

correlation between expression of aPKCs and OLFM4 or MUC5AC (C).
(D-H) Analysis of colorectal cancer (CRC) samples. Experimental design (D); baseline clinical and pathological characteristics and the expression levels of PKCM/u

and PKCY (E); IF for OLFM4 (yellow), PKCM1 (magenta), and PKCY (cyan) (F); contingency analysis of the correlation between expression of OLFM4 and PKC\ /1
within the PKCY high cases (G); and expression of OLFM4 in the four groups classified by PKCA. and PKCZ expression (H).

Scale bars: 100 um in (B) and (F). Chi-squared test (C) and (G). **p < 0.01, ***p < 0.001, ***p < 0.0001.

See also Figure S2.

are PKCM-low are PKC¢-high (approximately 20%) (Figure 2H).  PKC\/. critically regulates stem cell transcriptional
These results are consistent with a dual role of PKCA/u defi- programs

ciency, whereby it triggers a preneoplastic cascade that is We next analyzed the non-tumor part of the intestinal epithelium
thwarted by the simultaneous activation of a PKCZ-dependent  of Prkci”*Prkcz"":Villin-Cre mice compared with mice in which
interferon-driven anti-tumor CD8" T cell response.'® Therefore, PKCM. (Prkci™;Villin-Cre) or PKCY (Prkcz”"; Villin-Cre) were singly
like in mice, both aPKCs must be simultaneously reduced forin-  and selectively inactivated. We found a reduction in OLFM4* and
testinal tumor development to proceed in humans. LGR5" cells in non-tumor intestinal tissues, which were
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Figure 3. PKC\/\ is a critical regulator of stem cell transcriptional programs

(A and B) IF for OLFM4 (cyan), CLU (yellow), and ANXA10 (magenta) in small intestine (A) and quantification (B).

(C and D) ISH for Lgr5 in small intestine (C) and quantification (D).

(E and F) Staining of aPKC, PKC)/\, and PKC{ in intestinal sections (F) and quantification (E).

(G) UMAP of epithelial cells colored by epithelial cell types in scRNA-seq of small intestinal epithelial cells (IECs) from WT, Prkcz"%Villin-Cre (ZKO), Prikci™;Villin-
Cre (LKO), and Prkci”*Prkcz™;Villin-Cre (DKO) mice. TA: transient amplifying; cTA: cycling TA; EE: enteroendocrine.

(H) Epithelial-cell-type percentage relative to total epithelial cells.

(l) Dotplot of stem cell markers in the stem cell compartment.

(J) UMAP plots colored by Lgr5 or Olfm4 expression.

(legend continued on next page)
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substituted by CLU™* cells at the bottom of the crypts in not only
Prkci”"Prikcz"",Villin-Cre but also in Prkci”Villin-Cre mice
(Figures 3A-3C). These crypts showed a distorted morphology
and hyperplastic appearance, with ANXA10 expression at the
top positions (Figure 3A), consistent with the notion that the
metaplastic response is a primary event preceding intestinal
tumorigenesis. Immunofluorescence analysis using isotype-
specific antibodies demonstrated the selective loss of each
aPKC isoform in the corresponding knockout in the IECs (Figures
3E and 3F). CLU and MUC5AC were preferentially expressed in
the non-tumor regions of the proximal but not distal colon
(Figures S3A and S3B), in agreement with Prkci”"Prikcz";Villin-
Cre mice showing a preference for developing tumors in that
same colonic region, replicating the right-side characteristics
of serrated neoplasia in humans.'® Moreover, although aPKC-
deficient tumors rely on intestinal inflammation,’® treatment
with a combination of broad-spectrum antibiotics to reduce
microenvironmental inflammation did not revert the stem cell
loss or the induction of metaplasia (Figures S3C-S3E), demon-
strating that the impact of aPKC deficiency in intestinal homeo-
stasis is intrinsic to their loss in the intestinal epithelium.
scRNA-seq data analysis of intestinal crypt-enriched epithelial
cells from different genotypes identified nine major epithelial cell
types (Figures 3G and S3F-S3J). Differences in the progenitor

populations were found in the Prkci”%:Villin-Cre mice, which

were even more significant in Prkci”"Prkcz"%;Villin-Cre mice (Fig-
ures 3G and 3H). In keeping with previous observations,”® we
also found a significant increase in ISC markers and stem-
related signatures in the PKC{-deficient stem cells (Figures 31—
3M and S3K). By contrast, the remaining PKCM- and aPKC-
deficient ISCs showed a robust reduction in stem transcriptional
programs (Figures 31-3M and S3K), indicating that PKC2\/\ and
PKC{ play antagonistic roles in stem cell homeostasis but that
PKCM deletion dominates the stem cell function when simulta-
neously inactivated with PKCY. Consistently, CytoTRACE scores
demonstrated that PKCMi- and aPKC-deficient ISCs were
skewed toward a low stem potential (Figure 3N). These results
established that the loss of PKC)\/u in the intestinal epithelium,
either alone or in combination with that of PKCY, reduces the
stem cell pool, which we posit is an integral part of the chronic
damage-regeneration cycle underlying tumor initiation in
serrated carcinogenesis.

Stem cell defects by aPKC inactivation precede
epithelial cell metaplasia

To investigate the spatiotemporal relationship between aPKC
loss, the defects in the ISC compartment, and the metaplastic
response in the early steps of tumor initiation, we induced the
short-term deletion of PKCMu or both aPKCs in IECs. To that
end, we generated new mouse lines in which either Prkci or
both aPKCs can be inducibly and acutely deleted by tamoxifen
(TAM; Prkci”;Villin-CreERT2 or Prkci”'Prkcz”;Villin-CreERT2).
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We found that the simultaneous deletion of both aPKCs
gives a strong reduction in the stem cell population as early as
day 3, remaining low at day 7 post-deletion (Figures 4A-4E).
By contrast, CLU* cells were undetected until day 4, and
ANXA10* cells were undetected until day 5 (Figures 4B and
4C). CLU* cells appeared at the bottom of the crypts, while
ANXA10* cells localized at the crypt-top positions (Figure 4B),
paralleling increased Ki67* proliferative cells and crypt deforma-
tion (Figures S4C and S4D). Furthermore, gPCR analysis demon-
strated the decrease in Lgr5 and Olfm4 transcripts and the
increased expression of Clu and Anxa710 concomitant with the
efficient knockout of both aPKCs (Figure 4F). When the same
type of experiment was carried out in Prkci”Villin-CreERT2
mice, we found that the single loss of PKC\/ was sufficient to
phenocopy the deletion of both aPKCs (Figures 4G-4L and
S4E-S4G). These data demonstrated that losing LGR5" stem
cells in PKCM. or aPKC-deficient IECs precedes crypt damage
and the induction of CLU* RSCs, which are chronologically fol-
lowed by the appearance of ANXA10* FMCs.

To determine the effect of Prkci deletion directly and selec-
tively in LGR5* ISCs, we generated Prkci”;Lgr5-EGFP-IRES-
CreERT2 mice. In this mouse line, LGR5" cells are GFP labeled,
and PKCM is selectively deleted in GFP* cells upon TAM treat-
ment (Figure 4M). Histological evaluation showed an inducible
reduction in the Lgr5-GFP* stem cells upon Prkci deletion,
concomitant with a reduction in GFP and OLFM4 expression
(Figures 4N-4P), demonstrating that PKC3/u is required to main-
tain the ISC population. Furthermore, we found reduced levels of
enterocyte differentiation, as determined by alkaline phospha-
tase (ALP) staining, and abnormal differentiation of the secretory
lineage with the accumulation of an intermediate immature
globet-cell-like phenotype, as shown by double LYZ/AB staining
(Figure S4H). These results are in agreement with previous data
showing that enterocytes in intestinal crypts can dedifferentiate
to replace lost LGR5* stem cells.?' The observed defect in Pan-
eth differentiation is fully consistent with our previous report
demonstrating a similar phenotype upon deletion of PKCMu
in the Villin-Cre model.>®> Notably, the selective deletion of
PKCMu in LGR5" cells was insufficient to unleash the induction
of the RSC or FMC populations, not even at day 24 post-in-
duction (Figure 4P). These results demonstrated that the loss
of ISCs and the subsequent induction of the revival-metaplastic
response are two separate events controlled by the loss
of aPKCs.

To further assess that the role of PKCMuin ISCs is functionally
relevant for the regenerative potential of the intestinal epithelium
in vivo, Prkci”:Villin-Cre and Prkci” mice were subjected to
10 Gy of whole-body ionizing irradiation (Figure S4l). Whereas
Prkci” (WT) mice started to regain their body weight at day 5
post-irradiation, Prkci”";Villin-Cre mice never recovered, demon-
strating an impairment in the regeneration of PKCM-deficient
tissues after damage (Figure S4J). Histological evaluation

(K-N) Violin plot of Lgr5 or Olfm4 (K), dotplot of stem-related signatures (L), violin plots of stem-related signatures (M), and ridge plots of CytoTRACE score

distributions (N) of stem cells.

Quantitative data are presented as mean + SEM (B), (D), and (E) or median (K) and (M): horizontal lines). n = 10 (B), 10 (D), or 6 (E) fields. p values were calculated
with one-way ANOVA and post hoc Tukey’s test (B), (D), and (E) or unpaired t test (K) and (M). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Scale bars: 50 umin

(A) and (C) and 100 um in (F).
See also Figure S3.
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showed that PKCM-deficiency resulted, under these condi-
tions, in massive scar areas, ruptures of the epithelial barrier,
reduced Ki67* cells, and increased TUNEL staining (Figures
S4K-S4M). Consistent with a site preference in the damage of
aPKC-deficient intestines, irradiation affected the proximal areas
of the colon more than the distal ones (Figure S4N). Furthermore,
the exposure of Prkci”’;Lgr5-EGFP-IRES-CreERT2 mice to a
similar irradiation protocol showed a drop in Lgr5-GFP* stem
cells associated with severe intestinal damage (Figures S40-
$4Q), consistent with a critical role for PKCM\ 1 in LGR5" cell func-
tion and intestinal regeneration.

Cell-autonomous regulation of stem cell function by

the aPKCs

Ex vivo experiments demonstrated that intestinal organoids from
Prkci”%:Villin-CreERT2 and Prkci”Prkcz",Villin-CreERT2 mice
responded poorly to WNT3A stimulation and failed to form viable
organoids from single cells (Figures 5A-5F). Concomitant with
the reduced expression of Lgr5 and OIlfm4, there was a robust
expression of Clu and Anxa10 (Figures 5G and 5H). Similar re-
sults were obtained when this experiment was carried out in co-
lon organoids, which showed disintegration upon aPKC deletion,
indicative of an abnormal stem cell function (Figures S5A-S5C).
In agreement with these observations, gene set enrichment anal-
ysis (GSEA) of transcriptomic profiling of colonic organoids iden-
tified that the simultaneous deletion of PKC\/1 and PKC{ re-
sulted in a decrease in signatures related to LGR5* stem cell
function while increasing signatures associated with intestinal
regeneration and metaplastic-fetal programs (Figures S5D-
S5F). These analyses also consistently identified Clu as the
most significantly upregulated gene along with Lgr5 reduction
(Figure S5@G), identifying a profound cell-autonomous impair-
ment of stem cell function and the activation of the regenerative
and metaplastic signatures in vitro, both in the small intestine
and in the colon.

PKC)\/\ deletion in the intestinal epithelium drives AP-1
activation and cell death

To unravel the molecular mechanisms whereby the loss of
aPKCs impairs ISC homeostasis and drives metaplasia, we
investigated the chromatin accessibility landscape of IECs
from mice of the four genotypes by genome-wide assay for tra-
nsposase-accessible chromatin with sequencing (ATAC-seq).
Hypergeometric optimization of motif enrichment (HOMER)
analysis showed significant enrichment of AP-1 transcription
factors (TFs) in the open chromatin regions of PKCMi- and
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aPKC-deficient IECs (Figure S5H). Footprinting analysis also
predicted increased activity in TFs with AP-1 motifs (Figure 5I).
Interrogation of chromatin-accessible genomic areas showed
increased binding of JUN and FOS as homo and heterodimers
in PKCVi- and aPKC-deficient IECs (Figure S5I). Analysis of
ATAC-seq, together with RNA-seq data, identified several AP-
1-related TFs as the top regulators in PKC)\/1- and aPKC-defi-
cient IECs (Figures 5J, 5K, S5J, and S5K). Enrichment analysis
of genes with predicted binding of JUN family proteins as the
top factors in ATAC-seq identified their potential role in regu-
lating cell death in IECs (Figure 5L). Further analysis of our
scRNA-seq data demonstrated that the remaining LGR5* stem
cells in Prkci”:Villin-Cre and Prkci”Prkcz"";Villin-Cre mice ex-
pressed high levels of Jun signatures (Figures 5M and 5N).
Consistently, transcriptomic interrogation of colonic organoids
identified that the simultaneous deletion of PKCA\/1 and PKC{ re-
sulted in the activation of AP-1 and cell death transcriptional pro-
grams (Figure 50).

JNK activation by aPKC deficiency is necessary for stem
cell death and metaplasia

To investigate the mechanisms of cell death driven by aPKC defi-
ciency in the LGR5" population, we next determined JNK activity
since this kinase system is an upstream regulator of the JUN
pathway and cell death.?* > Our data show that on day 1 after
TAM injection in Prkci”;Lgr5-EGFP-IRES-CreERT2 mice, a
time point before LGR5" cells have been depleted, we found
simultaneous staining for p-c-JUN and caspase-3 activity, and
TUNEL in the GFP-labeled cell population (Figures 6A-6C).
TAM-injected Prkci®%;Villin-CreERT2 and Prkci”'Prkcz";Villin-
CreERT2 mice showed that PKC/1- and aPKC-deficient crypts
had massively increased p-c-JUN staining in both the small
intestine and proximal colon (Figures 6D-6F and S6A-S6G).
Interestingly, and consistent with the lack of activation of
the revival-metaplastic responses in Prkci”;Lgr5-EGFP-IRES-
CreERT2 mice (Figure 4P), cleaved caspase-3 or p-c-JUN was
not activated upon deletion of PKCM\ /. selectively in LGR5" cells
even 5 days after TAM injection (Figure S6H). These results sup-
port the conclusion that increased JNK activation by PKCM
deficiency causes ISC death and the independent activation of
metaplasia in the non-ISC.

In keeping with the cell-intrinsic role of the aPKCs in ISC
function, PKC3/ deletion alone or combined with PKC{ loss in
organoids resulted in increased JNK and caspase-3 activity
(Figures 6G and 6H). All these effects were accompanied by
reduced organoid viability (Figures 61, S6l, and S6J), which

Figure 4. Stem cell defects by aPKC inactivation precede epithelial cell metaplasia

(A=F) Prkci”*Prkcz"" mice and Prkci”'Prkcz"%; Villin-CreERT2 mice treated with TAM, then analyzed after 3, 4, 5, 6, or 7 days. Experimental design (A); IF for OLFM4
(cyan), CLU (yellow), and ANXA10 (magenta) (B) and quantification (C); ISH for Lgr5 (D) and quantification (E); qPCR in IECs from Prkci”'Prkcz”* or
Prikci'Prkcz"";Villin-CreERT2 mice treated with TAM, then analyzed after 7 days (F).

(G-L) Prkci” and Prkci”;Villin-CreERT2 mice treated with TAM and analyzed after 7 days. Experimental design (G); IF for OLFM4 (cyan), CLU (yellow), and
ANXA10 (magenta) (H) and quantification (I); ISH for Lgr5 (J) and quantification (K); qPCR in IECs from Prkci®f and Prkci”;Villin-CreERT2 mice treated with TAM
and analyzed after 7 days (L).

(M-P) Prkci™L gr5-EGFP-IRES-CreERT2 mice treated with vehicle or TAM and analyzed after 1, 5, 11, or 24 days. Experimental design (M); IHC for GFP (N);
quantification of GFP* crypts (O); IF for OLFM4 (cyan), CLU (yellow), ANXA10 (magenta; upper), PKCM (green), and GFP (magenta; lower) (P).

Quantitative data are presented as mean + SEM (C), (E), (F), (I), (K), (L), and (O). n =10 (C, OLFM4), 3 (C, CLU), 4 (C, ANXA), 10 (E) and (K), or 4 (I) fields and 5 (F), 6
(L), or 3 (O) biological replicates. p values were calculated with one-way ANOVA and post hoc Tukey’s test (C), (E), and (O) or unpaired t test (F), (1), (K), and (L).
*p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. Scale bars: 50 um in (B), (D), (H), (J), (N), and (P).

See also Figure S4.
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Figure 5. Cell-autonomous regulation of stem cell function by aPKCs

(A-C) Experimental design for 4-OH tamoxifen (4-OHT)-induction of Prkci”Prikcz™ Villin-CreERT2 organoids (A); representative pictures (B); and quantification of
organoid formation and diameter (C).

(D-F) Experimental design for 4-OHT-induction of Prkci*Prkez";Villin-CreERT2 organoids (D); representative pictures (E); and quantification of organoid for-
mation and diameter (F).

(G) gPCR in Prkci”Prkcz";Villin-CreERT2 organoids treated with or without 4-OHT for 4 days.

(H) gPCR in Prkci® Villin-CreERT2 small intestinal organoids treated with or without 4-OHT for 4 days.

(I) Heatmap of transcription factor (TF) activity score predicted by footprinting in the ATAC-seq of IECs.

(J and K) Differential PageRank score of TFs in LKO (J) or DKO (K) compared with WT IECs.

(L) Enrichment analysis of genes with predicted binding of JUND, JUNB, and JDP2.

(legend continued on next page)
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was rescued by the pharmacological inhibition of cell death
(Figures S6K and S6L), restoring the expression of Lgr5 while
enhancing that of Anxa70 and having no effects on Clu (Figures
6J and 6K). These data suggest that whereas LGR5" cells are
exquisitely sensitive to cell death activation triggered by aPKC
deficiency through JNK, revival and metaplastic cells can cope
with increased cell death. In agreement with our hypothesis
that enhanced JNK activation contributes to impaired crypt ho-
meostasis in the aPKC-deficient intestinal epithelium, JNK phar-
macological inhibition rescued the formation of viable organoids
from single cells, as well as the decreased viability of aPKC-defi-
cient organoids (Figures 6L-6P and S6M-S60), and, like cell
death blockade, also consistently rescued Lgr5 to nearly normal
levels (Figure 6Q). However, in contrast with the observation that
cell death inhibition further enhanced Anxa70 with no effects on
Clu, JNK inhibition reduced the expression of both transcripts
(compare Figures 6K and 6Q). Since deletion of PKCMu has
been shown to induce reactive oxygen species (ROS),”® we
tested whether blocking ROS production impaired JNK activa-
tion. Treatment with the ROS scavengers N-acetylcysteine
(NAC) or butylated hydroxyanisole (BHA) inhibited the increased
JNK activity in sgPrkci mouse IECs to levels similar to those of
sgC cells, as measured by p-JNK and p-c-JUN immunoblotting
(Figure S6P). These results indicate that PKCM loss unleashes
JNK activation by a ROS-dependent mechanism.

PKC)\/. depletion drives metaplasia through YAP/AP-1

Since Anxa10 expression in aPKC-deficient organoids depends
on JNK (Figure 6Q), we posited that increased AP-1 activity by
PKCM. deficiency might be a key regulator of metaplasia in
this system. Consistent with this possibility, ATAC-seq data
showed increased accessibility of the Anxa70 promoter in
PKCM\- and aPKC-deficient IECs (Figure 7A). JASPAR interro-
gation identified several AP-1 (FOS and JUN) binding sites close
to the Anxa710 transcription start site that are adjacent to TEAD
motifs (Figures 7A and S7A), suggesting that genomic co-occu-
pancy might lead to cooperation between JNK/AP-1 and the
YAP/TEAD pathways. Chromatin immunoprecipitation (ChlP)-
PCR demonstrated the increased binding of JUN and TEAD to
the ANXA10 promoter (Figure 7B). GSEA identified enriched
YAP and AP-1 signatures in both aPKC-deficient colonic orga-
noids and tumors (Figures 7C and 7D). Furthermore, PKCM/\ defi-
ciency increased the interaction of JUN and YAP with TEAD as
determined by proximity ligation assay (Figures 7E and 7F).
Consistently, JNK inhibition decreased Anxa10 expression in
aPKC-deficient organoids (Figure 6Q), and co-treatment with
JNK and YAP inhibitors rescued Anxa10 to nearly normal levels
(Figures 7G and 7H). The importance of YAP activation under
these conditions is underscored by the observation that treat-
ment of organoids with the YAP inhibitor (Figures S7B-S7D)
or the knockdown of YAP using short hairpin RNA (shRNA)
(Figures S7TE-S7H) reduced mouse and human organoid activity,
selectively under conditions of aPKC deficiency. The inducible
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deletion of the aPKCs promoted the simultaneous activation of
p-c-JUN and YAP with a kinetic consistent with the metaplastic
response (Figures 71 and 7J). Moreover, the analysis of non-
transformed and tumoral tissues of Prkci”*Prikcz"%:Villin-Cre
mice identified a robust overlap of p-c-JUN and YAP stainings
in ANXA10* cells (Figure 7K). Similar data were obtained in
colonic tissues using MUC5AC as the metaplastic marker (Fig-
ure S7I). YAP and AP-1 signatures were also applied to the
epithelial compartment of our previously published scRNA-seq
analysis of Prkci”"Prkcz"%:Villin-Cre tumors,'” clustered in three
tumor populations (Figure 7L). These include tumor cycling tran-
sient amplifying (TcTA), TRSC, and TFMC. This analysis showed
significant enrichment of YAP and AP-1 signatures in TFMC
(Figures 7L-70), with a substantial overlap of both signatures
in this tumoral population (Figure 70). Consistently, TFMC ac-
counts for 91% of AP-1/YAP double-positive cells (Figure 7P).
These results support the notion that both AP-1 and YAP path-
ways are expressed in the same cell population undergoing
the metaplastic lineage transition.

Low aPKC levels correlate with YAP/AP-1 activity in
human patients

In keeping with the importance and human relevance of our obser-
vations from mouse organoids and tissues, the AP-1 and YAP sig-
natures were highly expressed in the TFMC compartment in two
human CRC scRNA-seq datasets (Figures S7J-S70). Also, the
classification of the tumor epithelial cell compartment according
to AP-1 and YAP expressionin these patients showed a clear over-
lap of both signatures in tumor cells expressing the metaplastic
program (Figures S7P-S7S), mirroring the findings in the
PrkciPrikcz™Villin-Cre mouse model. Consistent with previous
observations on the aggressive features of TFMCs,'” AP-1 and
YAP pathways were upregulated in the poor-prognosis iCMS3
CRC subtype, as well as in right-side and T4-stage tumors (Fig-
ure S7T). Interrogation of the CRC dataset in The Cancer Genome
Atlas (TCGA) demonstrated that the AP-1 signature derived from
our mouse model highly correlated with YAP activation in primary
CRC tumors (Figure S7U). TCGA patients with low aPKC levels dis-
played enriched AP-1 and YAP signatures in the metaplastic-
related poor-prognosis iCMS3 subtype (Figure S7V). These results
support a molecular link between the fetal/metaplastic state and
the synergistic activation of AP-1/YAP pathways driven by aPKC
deficiency in human CRC. Because our data demonstrated that
aPKC levels are reduced in all SAs and a significant proportion of
CAs (Figures 2B and S2A), we next determined whether the activa-
tion of the AP-1 and YAP pathways was also an early event during
tumor initiation. Indeed, simultaneous expression of p-c-JUN and
YAP correlated with low aPKC levels and enhanced MUC5AC
staining in the human premalignant cohort (Figures 7Q and
S7W-S72Z). These results demonstrate that the activation of the
AP-1/YAP pathways driven by the reduced levels of aPKC is an
important event in CRC and early premalignant lesions, not only
in mice but also in human patients.

(M and N) Dotplot (M) and violin plots (N) of JDP2, JUNB, and JUND targets in stem cells.

(0) GSEA plots of RNA-seq from colon organoids from Prkci”'Pricz™Villin-CreERT2 mice with or without 4-OHT.

Quantitative data are presented as the mean + SEM (C), (F), (G), and (H) or median (N, horizontal lines) calculated by unpaired t test. n = 100-200 (C) and(F),
diameters) and n = 4 (C) and (F), 3 (G) and (O), or 2 (H) biological replicates. *p < 0.05, *p < 0.01, ***p < 0.001, ***p < 0.0001. Scale bars: 100 um in (B) and (E).

See also Figure S5.
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Figure 6. JNK activation by aPKC deficiency is necessary for stem cell death and metaplasia

(A-C) Prkci”’;Lgr5-EGFP-IRES-CreERT2 mice treated with TAM and analyzed after 1 day. Experimental design (A); IF for GFP (green), p-c-JUN (cyan), and
cleaved caspase-3 (magenta) (B); and IF for GFP (green) with TUNEL staining (magenta) (C).

(D-F) Prkci”*Prikcz™ and Prici”Prkcz";Villin-CreERT2 mice treated with TAM and analyzed after 3 or 7 days. Experimental design (D), IHC for p-c-JUN (E), and
quantification (F).

(G-) PrkciPricz",Villin-CreERT2 small intestinal organoids treated with or without 4-OHT for 3 days. Experimental design (G); immunoblots (H) and repre-
sentative bright-field pictures (top) and viability assay (bottom) (I).

(J and K) Prkci”'Prkcz™";Villin-CreERT2 organoids were treated with vehicle, 4-OHT, or 4-OHT combined with 30 UM Q-VD-Oph for 4 days. Experimental design
(J) and qPCR (K).

(legend continued on next page)
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DISCUSSION

Our understanding of the molecular mechanisms controlling pre-
neoplastic lesions and tumor initiation remains limited. Intestinal
tumorigenesis has long been considered a paradigmatic example
of a carcinogenic process driven by the spontaneous transforma-
tion of an adult cancer stem cell population due to the loss of the
APC tumor suppressor and the consequent activation of the
WNT pathway.” However, how that model fits with other more
complex situations like those emerging through the serrated
(APC-independent) pathway still needs to be fully understood. "
In contrast with the initiation through the conventional pathway,
the generation of serrated tumors involves a process of initial meta-
plastic transdifferentiation of uncertain origin.'" Therefore, it has
been proposed that transformation through the serrated pathway
is dominated primarily by changes in the most differentiated cells
residing at the top of the crypt, which must undergo a metaplastic
switch to endure tissue damage, along with the gain of fetal fea-
tures that confer the plasticity permissive for cancer transforma-
tion. Our study demonstrates that in addition to fetal-metaplastic
transdifferentiation events, the earliest detectable change in
serrated preneoplastic lesions is the loss of the stem cell popula-
tion through the activation of cell death. This impairment in the
crypt stem cell compartment is associated with the generation of
the RSC compartment in close proximity to the disappearing
ISCs, followed by a clearly defined spatiotemporal metaplastic
switch in the more differentiated areas of the crypt-villus axis.
We show here that although the inactivation of PKCM in the
LGRS5 population is sufficient for ISC death, the induction of the
metaplastic response requires the additional loss of this kinase in
the transient amplifying (TA)-enterocyte compartment, and is a
cell-intrinsic property of the differentiated components of the
crypt-villi since treating mice with antibiotics does not impair the
generation of FMCs. The interrogation of a cohort of human pre-
neoplastic specimens supports the relevance of these findings.
We found that aPKC levels are reduced in all the dysplastic
serrated lesions and at least 70% of CAs, which perfectly
correlates with the lack of stem cells and metaplasia activation.
Therefore, the role of aPKC in repressing the initial steps of tumor-
igenesis expands beyond the serrated pathway and is not a late
event associated with or secondary to the acquisition of more
aggressive features, but that is a very early event that might deter-
mine the course of the disease from the very beginning.

The impairment in the ISC function by aPKC deficiency should
be considered in the bidirectional flux between stem cells (ISC,
CBC) and RSC in intestinal injury and cancer.?”*® According to
previous studies, this binary dynamic pool underlies the mecha-
nism that results in the generation of a still poorly defined revival-
fetal-gastric cell compartment.’"'%2"2°*" Ouyr study goes
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beyond the pioneering reports from other investigators on the
initial characterization of the response to the loss of LGR5* cells
and establishes a bifurcation in this process. Thus, whereas high
YAP and low WNT activity drive the fetal-metaplastic cluster, the
RSC compartment still maintains relatively high levels of WNT
activity but with moderate YAP activation and is no part of the
metaplastic transdifferentiation process but rather creates a
reservoir for rapid reconstitution of the LGR5" pool upon damage
recovery. Therefore, intestinal metaplasia, although coordinated
with the loss of stem cells, is a separate mechanism from the
ISC-RSC axis as it involves different transcriptional features
and a distinct spatiotemporal evolution from that of the RSC.
Thus, our results propose a model whereby both the FMCs
and RSCs bifurcate depending on their WNT vs. YAP activity
load, with the metaplastic cells becoming the ones with the
most aggressive features when they undergo cancer transfor-
mation as demonstrated in our previously reported results.'”
Thus, the accumulation of TFMCs correlates with poor survival
in CRC patients and with the most aggressive iCMS3 phenotype,
whereas TRSCs correlate with iCMS2 features, consistent with
their WNT-enriched characteristics.'”

We show here that the very early mechanism that initiates this
process is the activation of JNK by aPKC deficiency, especially
that of PKCM1. JNK activation accounts for ISC death but also
results in the triggering of an AP-1 cascade that cooperates
with YAP to drive the metaplastic response, as evidenced by
the existence of AP-1/TEAD open regions in metaplastic genes
such as Anxa10, as well as their recruitment to the ANXA10 pro-
moter and their physical interaction. The sustained acquisition of
the gastric-fetal metaplastic features by the cells along the crypt-
villus axis through the JNK/AP-1/YAP cascade perpetuates this
stem-cell-loss/metaplasia scenario that eventually culminates in
serrated lesions and CRC, as well as in a significant proportion of
CAs that present with reduced aPKC levels, ISC loss, and the
FMC lineage switch. Although it is well-documented that meta-
plastic processes are often associated with chronic environ-
mental damage and inflammation in which the breakdown of
the intestinal epithelial barrier and the microbiota play key
roles,® our study provides compelling evidence that the activa-
tion of the intestinal metaplastic programs does not depend on
microenvironmental inflammation as it can be recapitulated
cell-autonomously in intestinal and colon organoids after the
rapid inactivation of the aPKCs in the TAM-inducible knockout
system. Therefore, although microenvironmental and des-
moplastic components might also impinge in the process of
metaplastic transformation, especially during the evolution to
cancer, the initial trigger is the ability of aPKC-deficient IECs to
activate the JNK/AP-1 cascade in a cell-autonomous manner,
even before the first signs of carcinogenesis are detected.

(L-N) Prkci”'Prkcz™Villin-CreERT2 organoids were dissociated into single cells and cultured in WENR media with vehicle, 4-OHT or 4-OHT combined with JNK
inhibitor (1 uM JNK-IN-8) for the organoid formation assay. Experimental design (L); representative pictures (M); and quantification of organoid formation and

diameter (N).

(0-Q) Prkci™'Prkcz" Villin-CreERT2 organoids were treated with vehicle, 4-OHT, or 4-OHT combined with JNK inhibitor (1 M JNK-IN-8) for 4 days. Experimental
design (O); representative pictures and quantification of propidium iodide (PI) staining (P), and gPCR (Q).

Quantitative data (F), (I), (K), (N), (P), and (Q) are presented as mean + SEM. n = 4 (B) and (C) mice, 3—4 (F) fields, 5 (1), 3 (K) and (Q), 4 (N, organoids) biological
replicates, or 100 organoids (N, diameter). p values were calculated with one-way ANOVA and post hoc Tukey’s test (F), (K), (P), and (Q) or unpaired t test (I) and
(N). *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. Scale bars: 50 um in (B), (C), and (E) and 100 um in (1), (M), and (P).

See also Figure S6.
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Figure 7. PKCA\/\ depletion drives metaplasia through AP-1/YAP

(A) Genome browser view at Anxa10 promoter in the ATAC-seq data of IECs with predicted TFs by JASPAR.

(B) ChIP-gPCR analysis of JUN and TEAD1 TFs for Anxa70 promoter in sgC and sgPrkci small IECs.

(C and D) GSEA of YAP, JUND, JUNB, or JDP2 targets in Prkci”"Prkcz";Villin-CreERT2 colon organoids with or without 4-OHT treatment (C) or in tumors of
Prkci”Pricz™ Villin-cre mice compared with WT tissue (D).

(legend continued on next page)
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In summary, we demonstrate here that the activation of the
revival-metaplastic processes triggered by the inactivation of
the aPKCs in the intestinal epithelium is sequential, topologically
separated, and is preceded by the loss of ISCs due to cell death
triggered by JNK. Although spatially separated, the FMC and
RSC compartments share a previously unappreciated activation
of the JNK/AP-1 pathway. The enrichment in YAP in the FMC, as
compared with a relatively sustained activation of the WNT
pathway in the RSC compartment, underlies their spatial-tempo-
ral segregation during the initial response, which is contempo-
rary to the loss of the ISC compartment, all triggered by aPKC
inactivation. We propose that this metaplastic lineage change
serves to help cells endure an inflammatory and oxidative hostile
environment, which, when perpetuated, facilitates their onco-
genic transformation to become cancer cells while still maintain-
ing their initial phenotypic and lineage memory that makes them
the aggressive cell pool in intestinal cancer, irrespective of their
conventional or serrated origin.

Limitations of the study

Although our study demonstrates that the loss of the aPKCs is
critical for the activation of the metaplastic programs preceding
tumorigenesis, and the accumulation of these cells in CRC cor-
relates with poorer prognosis, whether their ablation results in
reduced malignancy will still need to be addressed in additional
studies using genetic loss-of-function models. Further tracing
experiments using reporter mice with deficiency in the aPKC
genes will help establish the mechanisms whereby metaplasia
predetermines the aggressiveness of CRC.
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(E and F) Proximity ligation assay detection of endogenous cJUN/TEAD (E) and YAP/TEAD (F) interactions in sgC and sgPrkci small IECs. Nuclei were coun-
terstained with DAPI (blue). The detected interactions are identified by fluorescent dots (red).
(G and H) Experimental design (G) and qPCR from Prkci”'Prkcz"; Villin-CreERT2 smalll intestinal organoids treated with 4-OHT combined with inhibitors of JNK

(0.5 uM JNK-IN-8) and/or YAP (2.5 uM verteporfin) for 4 days (H).

(I and J) Prkci”®Prikcz"%,Villin-CreERT2 mice treated with TAM, then analyzed after 3, 4, 5, 6, and 7 days. IF for p-c-JUN (green) and YAP (magenta) () and

quantification (J).

(K) IF for p-c-JUN (green), YAP (magenta), and ANXA10 (cyan) in the tumor and non-tumor tissues in the small intestine of Prkci”*Prkcz"",Villin-Cre mice.
L) UMAP of tumor cells in Prkci”'Prkcz";Villin-Cre mice colored by the tumor cell types.
M and N) Dotplot (M) and violin plots (N) of the YAP- or AP-1-related signatures in each tumor cell type from (L).

P) Proportions of tumor cell types in all the cells positive for both YAP and AP-1 signatures from (L).

(
(
(0) UMAP of tumor cells in Prkci”'Prkcz"%;Villin-Cre mice colored by the levels of the YAP- and AP-1-related signatures.
(
(

Q) IF for aPKCs (yellow) with MUC5AC (cyan), or p-c-JUN (green) with YAP (magenta), in human preneoplastic lesions.
Quantitative data are presented as mean + SEM (B), (H), and (J) or median (E), (F), and (N). n = 3 (B) and (H) biological replicates, 16 (E), 21 (F) cells, or 4 (J) fields. p
values were calculated using unpaired t test (B), (E), (F), and (N) or one-way ANOVA and post hoc Tukey’s test (J). *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.

Scale bars: 10 um in (E) and (F), 50 umin (I), and 100 um in (K) and (Q).
See also Figure S7.
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Antibodies

Mouse anti-f-actin Sigma-Aldrich Cat# A1978, RRID: AB_476692
Rabbit anti-aPKCs Abcam Cat# ab59364; RRID: AB_944858

Mouse anti-PKCx

Rabbit anti-PKCY

Rabbit anti-PKCY

Rabbit anti-Cleaved Caspase-3

Rabbit anti-Ki67

Rabbit anti-OLFM4

Rabbit anti-MUC5AC

Rabbit anti-ANXA10

Mouse anti-ANXA10

Rabbit anti-CLU

Goat anti-CLU

Rabbit anti-YAP

Rabbit anti-phospho-cJun

Rabbit anti-phospho-cJun

Rabbit anti-phospho-JNK

Rabbit anti-GFP

Chicken anti-GFP

Rabbit anti-c-JUN

Rabbit anti-c-JUN

Mouse anti-TEAD

Rabbit anti-Lysozyme

Goat anti-Mouse IgG1, secondary, HRP
Goat anti-Rabbit IgG, secondary, HRP
Mouse anti-Goat IgG, secondary, HRP

Goat anti-Rabbit, secondary, Alexa Fluor 488
Goat anti-Mouse IgG, secondary, Alexa Fluor 568
Goat anti-Mouse IgG1, secondary, Alexa Fluor 568

Donkey anti-Mouse IgG, secondary, Alexa
Fluor 647

Goat anti-Rabbit I9G, secondary, IRDye 800
Goat anti-Mouse IgG1, secondary, IRDye 800
Goat anti-Mouse IgG, secondary, IRDye 800

BD Biosciences

Cell Signaling Technology
ProteinTech

Cell Signaling Technology
Abcam

Cell Signaling Technology
Cell Signaling Technology
Abcam

Santa Cruz Biotechnology
Abcam

R&D systems

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Abcam

Cell Signaling Technology
Santa Cruz Biotechnology
BD Biosciences

DAKO

Thermo Fisher Scientific
Thermo Fisher Scientific
Santa Cruz Biotechnology
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

LI-COR Biosciences
LI-COR Biosciences
LI-COR Biosciences

Cat# 610208; RRID: AB_397607
Cat# 9368;RRID:AB_10693777
Cat# 26899-1-AP, RRID:AB_2880675
Cat# 9664, RRID: AB_2070042
Cat# ab16667, RRID: AB_302459
Cat# 39141, RRID: AB_2650511
Cat# 61193, RRID: AB_2799603
Cat# ab213656, RRID: AB_2921231
Cat# sc-398736, RRID:AB_3076229
Cat# ab184100, RRID: AB_2892532
Cat# AF2747, RRID: AB_2083314
Cat# 14074, RRID: AB_2650491
Cat# 2361, RRID: AB_490908

Cat# 3270, RRID: AB_2129575
Cat# 4668, RRID: AB_823588

Cat# 2956, RRID: AB_1196615
Cat# ab13970, RRID: AB_300798
Cat# 9165, RRID: AB_2130165
Cat# sc-1694, RRID:AB_631263
Cat# 610922, RRID:AB_398237
Cat# A0099, RRID:AB_2341230
Cat# PA1-74421, RRID: AB_10988195
Cat# 31461, RRID: AB_228347
Cat# sc-2354, RRID: AB_628490
Cat# A11008, RRID: AB_143165
Cat# A11004, RRID: AB_2434072
Cat# A21124, RRID: AB_2535766
Cat# A31571, RRID: AB_162542

Cat# 926-32211, RRID: AB_621843
Cat# 926-32350, RRID: AB_2782997
Cat# 926-32210, RRID: AB_621842

Biological samples

Human Colorectal cancers (CRCs)

Human Colorectal cancers (CRCs)

Human colon samples (tubular adenomas, sessile
serrated lesions, traditional serrated adenomas)

Osaka City University Hospital,

Osaka, JAPAN

Santa Lucia General University Hospital
(HGUSL), Cartagena, SPAIN

Santa Lucia General University Hospital
(HGUSL), Cartagena, SPAIN

N/A

N/A

N/A

Chemicals, peptides, and recombinant proteins

Ampicillin
Neomycin

Fisher BioReagents
Sigma-Aldrich
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Vancomycin Sigma-Aldrich Cat# V2002
Puromycin Omega Scientific, inc. Cat# PR-01
X-tremeGENE HP DNA Transfection Reagent Roche Cat# 6366236001
Metronidazole Sigma-Aldrich Cat# M3761
HBSS (no calcium, no magnesium) GIBCO Cat# 14175095
Dimethyl Sulfoxide Fisher BioReagents Cat# BP2311
Chloroform Sigma-Aldrich Cat# 288306
Methanol Sigma-Aldrich Cat# 1424109
Tryple Express Life Technologies Cat# 12605-010
HEPES Gibco Cat# 15630080
PBS (no calcium, no magnesium) Gibco Cat# 10010-023

Quick-RNA Miniprep Kit
RNAlater Stabilization Solution
TRIzol

Advanced DMEM/F12
Opti-MEM Reduced Serum Medium
DMEM

GlutaMAX Supplement
Penicillin-Streptomycin solution
Y-27632

B27 Supplement

N2 Supplement

Human EGF

Recombinant murine Noggin
Human IGF-1

Human FGF-2

A83-01

Human [Leu15]-Gastrin |

Matrigel® Growth Factor Reduced (GFR)
Basement Membrane Matrix

Dispase I

DNase |

4-OH-tamoxifen (4-OHT)
TrueCut Cas9 Protein v2
DAPI

Alcian blue

Nuclear Fast red solution
Blue Alkaline Phosphatase
Trypan Blue Solution, 0.4%
JNK-IN-8

QVD-OPH

Verteporfin

Z-VAD-FMK

GSK’872

N-Acetyl Cystein (NAC)
Propidium iodide

Butylated hydroxyanisole (BHA)

Zymo Research
Invitrogen

Thermo Fisher Scientific
Thermo Fisher Scientific
Gibco

Corning

Thermo Fisher Scientific
Corning

Tocris

Thermo Fisher Scientific
Thermo Fisher Scientific
Peprotech

Peprotech

Biolegend

Peprotech
Sigma-Aldrich
Sigma-Aldrich

Corning

Sigma-Aldrich
Sigma-Aldrich
Millipore-Sigma
Thermo Fisher Scientific
Life Technologies
Millipore-Sigma
Millipore-Sigma
Vector laboratorial
Gibco

Selleckchem
MedKoo Biosciences
Sigma-Aldrich
Selleckchem
Selleckchem
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Cat# R1054
Cat# AM7021
Cat# 15596018
Cat# 12634010
Cat# 31985070
Cat# 10-017CV
Cat# 35050061
Cat# 30-002-Cl
Cat# 1254
Cat# 17504001
Cat# 17502048
Cat#AF-100-15
Cat# 250-38
Cat#590906
Cat#100-18B
Cat#SML078
Cat# G9145
Cat# 356230

Cat# #D4693
Cat# 04716728001
Cat# H7904
Cat# A36498
Cat# D1306
Cat# B8438
Cat# N3020
Cat# SK-5300
Cat# 15250061
Cat# S4901
Cat# 526845
Cat# SML0534
Cat# S7023
Cat# S8465
Cat# A7250
Cat# P4170
Cat# B1253

Critical commercial assays

Neon™ 10ul Electroporation Kit

Thermo Fisher Scientific

Cat# MPK1096
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Chromium Single Cell 3’ Gene Expression
Solution v2

EasySep™ Dead Cell Removal (Annexin V) Kit
VECTASTAIN® Elite® ABC-HRP Kit

Opal 3-Plex Manual Detection Kit

In situ Cell Death Detection Kit, TMR red

RNAscope® 2.5 HD Detection Reagents-BROWN

CellTiter-Glo® 3D Cell Viability Assay

Duolink In situ PLA kit: Duolink In Situ Detection

Reagents Red

Duolink In situ PLA kit: Duolink In Situ PLA Probe

Anti-Rabbit PLUS

Duolink In situ PLA kit: Duolink In Situ PLA Probe

Anti-Mouse MINUS

10X Genomics

STEMCELL Technologies
Vector

AKOYA BIOSCIENCES
Roche

ACD

Promega

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Cat#PN-120237

Cat# 17899

Cat# PK-6100

Cat# NEL810001KT
Cat# 12156792910
Cat# 322310

Cat# G9681

Cat #Du092008

Cat #Du092002

Cat #Du092004

Deposited data

RNA-seq (mouse intestinal epithelial cells and
tissues)

sc-RNA-seq
Single cell 3° RNA sequencing from patients
with CRC

Single cell 3° RNA sequencing from patients
with CRC

TCGA-COREAD
sc-RNA-seq
RNA-seq
ATAC-seq
ATAC-seq

Raw Data

Nakanishi et al."®

Martinez-Ordofiez et al."”

Lee et al.*®

Uhlitz et al.**

cBioportal
This study
This study
Linares et al
This study
This study; Mendeley Data

|.19

GEO: GSE109289

GEO: GSE207780
GEO: GSE132465

GEO: GSE166555

http://www.cbioportal.org/index.do
GEO: GSE236848

GEO: GSE236649

GEO: GSE180223

GEO: GSE236850
https://doi.org/10.17632/967yy3t252.1

Experimental models: Organisms/strains

Mouse: Prkcz”Villin-Cre

Mouse: Prkci”:Villin-Cre

Mouse: Prkci''; Prikcz”;Villin-Cre
Mouse: Apc”*;Villin-Cre

Mouse: Prkci®;Apc™*;Villin-Cre
Mouse: Lgr5-EGFP-IRES-CreERT2
Mouse: Villin-Cre

Mouse: Villin-CreERT2

Llado et al.°

Nakanishi et al.?”

Nakanishi et al."®

Nakanishi et al.?
Nakanishi et al.?
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory

N/A
N/A
N/A
N/A
N/A
Stock No: 008875
Stock No: 004586
Stock No: 020282

Experimental models: Cell lines

Mouse MODE-K (sgPrkci)
HEK293T
Human CRC (sgPRKCI/PRKCZ)

Nakanishi et al.??
ATCC

Martinez-Ordofiez et al.'”

N/A
Cat# CRL-3216, RRID:CVCL_0063
N/A

Oligonucleotides

Real-time PCR primers N/A Table S1

RNAscope® Probe- Mm-Lgr5 ACD Cat# 312171

RNAscope® Positive Control Probe- Mm-Ppib ACD Cat# 313911

RNAscope® Negative Control Probe- DapB ACD Cat# 310043

Recombinant DNA

pLKO.1 puro NT (non target) Sigma-Aldrich Cat# SHCO016

pLKO.1 puro YAP1 Sigma-Aldrich Cat# TRCNO000107266 (NM_006106)
Lentiviral packaging plasmid pMD2.G Addgene Cat# 12259
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Lentiviral packaging plasmid psPAX2 Addgene Cat# 12260

Software and algorithms

Graphpad Prism 8 Graphpad https://www.graphpad.com/

QuPath v.0.1.3

ImagedJ
BioRender
Zen blue

RStudio (1.1.456)

R

GSVA,; version 1.26.0
GSEA (v4.1.0)

GSEA Webapp

GenePattern

IGV(v2.4.13)
STAR

MACS2 (2.1.0)
ChIPSeeker (3.6)

Cell Ranger (v3.0)

Seurat 3.0
CytoTRACE
Harmony

PhenoChart Whole Slide Viewer

CaseViewer

Queen’s University Belfast,
Northern Ireland

NIH
BioRender
Zeiss

R Core Team
R Core Team
Bioconductor
Broad Institute

Subramanian et al.*® and
Mootha et al.*®

Broad Institute

Broad Institute
Dobin et al.®”
Zhang et al.*®

Yu et al.*®

Langmead et al."; 10X genomics

Stuart et al.”’
Gulati et al.*
Korsunsky et al.*®

AKOYA BIOSCIENCES

3DHistech, Budapest, Hungary

https://qupath.github.io

https://imagej.nih.gov/ij/
https://biorender.com/

https://www.micro-shop.zeiss.com/en/us/
softwarefinder/software-categories/
zen-blue/

https://www.r-project.org/
https://www.r-project.org/
https://github.com/rcastelo/GSVA

http://www.broadinstitute.org/
gsea/index.jsp

https://www.gsea-msigdb.org/
gsea/index.jsp

https://cloud.genepattern.org/gp/
pages/login.jsf

https://igv.org/
https://github.com/alexdobin/STAR
https://github.com/tacliu/MACS

https://github.com/GuangchuangYu/
ChIPseeker

http://software.10xgenomics.com/single-
cell/overview/welcome

https://github.com/Satijalab/seurat
https://cytotrace.stanford.edu
https://portals.broadinstitute.org/
harmony/articles/quickstart.html
https://www.akoyabio.com/support/
software/phenochart-whole-slide-viewer/
https://www.3dhistech.com/solutions/
caseviewer/

Other

EVOS FL Auto Imaging System

EVOS M5000 Imaging System
TissueLyser Il

NanoDrop 1000 spectrophotometer

Zeiss LSM 710 NLO Confocal Microscope
Neon™ Transfection System

Panoramic Scanner

Thermo Fisher Scientific
Thermo Fisher Scientific
QIAGEN

Thermo Fisher Scientific

Zeiss

Thermo Fisher Scientific
3DHistech, Budapest, Hungary

N/A

N/A

Cat# 85300
N/A

N/A

Cat# MPK5000
N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jorge Mos-

cat (jom4010@med.cornell.edu).

Materials availability

Cell and mouse lines generated in this study are available from the lead contact upon request with a completed Materials Transfer

Agreement.
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Data and code availability

The RNA-seq, scRNA-seq, and ATAC-seq datasets generated during this study have been deposited to the GEO repository on the
NCBI website (GEO: GSE236851). This paper reports data derived from published and publicly available datasets GEO: GSE109289,
GSE207780, GSE132465, GSE180223, and GSE166555. These datasets are located on the key resources table. Original raw data
have been deposited in Mendeley Data: https://doi.org/10.17632/g67yy3t252.1 Any additional information required to reanalyze the
data reported in this work paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Animal handling and experimental procedures conformed to institutional guidelines and were approved by the Sanford-Burnham-
Prebys Medical Discovery Institute Institutional Animal Care and Use Committee, and by the Weill Cornell Medicine Institutional
Animal Care and Use Committee. Prkcz"'Villin-Cre, Prkci”%Villin-Cre, Prkci”*Prkcz",Villin-Cre, Prkci”;Villin-CreERT2, Prkci”*
Prkcz"%Villin-CreERT2, Prkci”';Lgr5-EGFP-IRES-CreERT2, Apc”*:Villin-Cre and Prkci”;Apc”*;Villin-Cre mice were previously
described.'®"7:19:20.22:4445 Al mouse strains were generated in a C57BL/6 background and were born and maintained under path-
ogen-free conditions. For antibiotic treatment, 10-week-old Prkci”"Prikcz"; Villin-Cre mice were administered a combination of ampi-
cillin (1 g/L), neomycin (1 g/L), metronidazole (1 g/L), and vancomycin (0.5 g/L) in drinking water for 4 weeks, until they were sacrificed.
To induce CreERT2-mediated recombination, 8- to 12-week-old mice received one dose of 6 mg or three daily doses of 2 mg of TAM
in corn oil by intraperitoneal injection. For TAM induction of the Prkci”’;Lgr5-EGFP-IRES-CreERT2 model, 8- to 12-week-old mice
received one dose of 6 mg for days 1, 5, and 11, and twelve doses of 2 mg every other day for the time-point of day 24. For the in-
testinal regeneration experiments, mice were exposed to whole-body irradiation (10 Gy) from a Caesium 137 irradiator and were
analyzed 1 week later. All the mice were maintained on food and water ad libitum and were age-matched and co-housed for all ex-
periments. All genotyping was done by PCR. Age- and sex-matched mice were used for all experiments.

Human samples

For CRC samples, a total of 490 CRC patients who had undergone a resection of the primary tumor at Osaka City University Hospital
and Santa Lucia General University Hospital (HGUSL) of Cartagena, Spain were analyzed. CRC tissues were obtained from each pa-
tient, and none had undergone preoperative radiation or chemotherapy. For colonic adenoma samples, a total of 54 samples from 35
patients who had undergone polyp resection were obtained from Santa Lucia General University Hospital (HGUSL). This study was
approved by the Osaka City University Ethics Committee and the HSUGL ethical board and written informed consent was obtained
from patients. De-identified human samples were sent to Weill Cornell Medicine and used for histological analyses. The study was
approved by the IRB Committee of Weill Cornell Medicine.

METHOD DETAILS

Intestinal epithelial cell isolation and intestinal organoid culture

IEC isolation and intestinal organoid culture were performed as described previously with some modifications.”° Briefly, small intes-
tines were removed, washed with cold PBS, opened longitudinally, cut into 5 mm fragments, and then washed several times with cold
PBS until clean. Cut tissue fragments were incubated with 5 mM EDTA in PBS containing 10% FBS for 40 min at 4°C. IECs were then
mechanically separated from the connective tissue by rigorous shaking, and then filtered through a 100-mm mesh into a 50 mL
conical tube to remove tissue fragments. Isolated IECs were pelleted and then lysed for RNA or protein extraction. For intestinal or-
ganoid culture, cut tissue fragments were incubated with 8 mM EDTA in PBS for 15 min at room temperature, shaken briefly to re-
move Villi, incubated with fresh 8 mM EDTA in PBS for another 15 min at 4°C and shaken vigorously to isolate crypts. Around 300
crypts were mixed with 50 uL of Matrigel and plated in 24-well plates. After polymerization of Matrigel, 0.5 mL of ENR or WENR me-
dium (Advanced DMEM-F12 containing 10 mM HEPES, 1X Glutamax, 1X B27 supplement, 50 ng/mL EGF, 100 ng/mL Noggin, 10%
R-spondin-1 conditioned medium and 10 mM Y-27632 with or without 50% WNT3A conditioned medium) was added. Organoids
were maintained by refreshing medium every other day and passaged as needed. For the induction of Cre-mediated recombination,
500 nM 4-OH tamoxifen was added to the media for the duration of each experiment. In the indicated experiments, JNK-IN-8 (0.5 or
1 uM), Q-VD-Oph (30 uM), Verteporfin (2.5 or 5 uM), or ZVAD-fmk (10 uM) with GSK’872 (2 uM) were added to the medium at the same
time with 4-OH tamoxifen. For the propidium-iodide (Pl)-traced cell-death assay, 1 ug/mL Pl was added in the medium 30 min before
taking images. Patient-derived organoids (PDOs) were established as previously described’” and cultured in advanced DMEM/F12
supplemented with, 50 ng/mL recombinant human EGF, 100 ng/mL recombinant murine Noggin, 500 nM A83-01, 100 ng/mL recom-
binant human IGF-1, 50 ng/mL recombinant human FGF-2, 10 uM Y-27632, 1x B27 supplement, 10 nM human [Leu15]-Gastrin I, 1x
GlutaMAX, 1x, and 1x penicillin/streptomycin (ENAIF medium). Knockdown of YAP7 in PDOs, was achieved by lentivirus-mediated
transduction. TRC lentiviral shRNA targeting human YAP1 (TRCN0000107266) was obtained from Sigma-Aldrich. shRNA-encoding
plasmids were co-transfected with psPAX2 (Addgene) and pMD2.G (Addgene) plasmids into HEK293T cells by using XtremeGene
HP transfection reagent (Roche). Virus-containing supernatants were collected 48 h after transfection, filtered to eliminate cells, and
supplemented with 8 ug/mL polybrene. Organoids were infected by spinoculation with viral supernatants and selected with
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puromycin (3 ug/mL). Treatment of MODE-K cells sgC or sgPrkci with the ROS scavengers, N-acetylcysteine (NAC) or butylated hy-
droxyanisole (BHA) from sigma at 5 mM and 100 uM respectively for 48 h.

Histology, Immunohistochemistry, Inmunofluorescence, and in situ hybridization (ISH)

Tissues from indicated mice were isolated, rinsed in ice-cold PBS, fixed in 10% neutral buffered formalin overnight at 4°C, dehy-
drated, and embedded in paraffin. Sections (5 um) were stained with hematoxylin and eosin. For immunohistochemistry, sections
were deparaffinized, rehydrated, and then treated for antigen retrieval. After blocking in Protein Block Serum-Free solutions
(DAKO), tissues were incubated with primary antibody overnight at 4°C followed by incubation with biotinylated secondary antibody.
Endogenous peroxidase was quenched in 3% H,0, in water for 10 min at room temperature. Antibodies were visualized with avidin-
biotin complex (Vectastain Elite; Vector Laboratories) using diaminobenzidine as the chromogen. Cell death was analyzed using the
in situ cell death detection kit, TMR red (Roche) for TUNEL staining. Alkaline phosphatase (ALP) staining was performed using a kit
from Vector Laboratories (SK-5300) following the manufacturer’s instructions. Briefly, slides were deparaffined and incubated with
ALP detection solution for 30 minutes. Nuclei were stained using a Nuclear Fast Red Solution (Sigma, N3020). Goblet cells were de-
tected using an Alcian blue solution (Sigma, B8438). For immunofluorescence, the signal was visualized using the OPAL™ 3-Plex
Manual IHC Kit (Akoya Biosciences, MA), which allows simultaneous detection of multiple targets in the same image. Fluorophores
Opal 520, Opal 570, and TSA Plus Cyanine 5 were used, and the sections were counterstained with Spectral DAPI. ISH was per-
formed by using RNAscope 2.5 HD Reagent Kit Brown, following the manufacturer’s protocols. Stained sections were analyzed
with a Zeiss light microscope or a Zeiss 880 laser scanning confocal microscope supplemented with Zen 3.3 Blue edition software.

In situ proximity ligation assay

In situ PLA was performed with DuoLink In Situ Reagents Sigma. MODE-K sgC and sgPrkci cells were seeded in fibronectin-coated
glass chamber slides. 48 h later, the cells were fixed in 4% PFA for 10 min at room temperature. Proximity ligation assays were per-
formed as indicated by the provider’s protocol, after an overnight incubation with primary antibodies following the immunofluores-
cence protocol for cell cultures described by Abcam. Images were acquired with a Zeiss LSM 710 NLO Confocal microscope. Images
were processed using Image J software (NIH) and the PLA signal was quantified as described.*® Primary antibodies are listed in the
key resources table.

Immunoblotting Analysis

Cells for protein analysis were lysed in RIPA buffer (20 mM Tris-HCI, 37 mM NaCl2, 2 mM EDTA, 1% Triton-X, 10% glycerol, 0.1%
SDS, and 0.5% sodium deoxycholate) with phosphatase and protease inhibitors. Protein concentration in lysates was determined
using Protein Assay Kit (Bio-Rad). Cell extracts were denatured, subjected to SDS-PAGE, transferred to PVDF membranes (GE
Healthcare). After blocking with 5% nonfat dry milk in Tris-buffered saline and 0.1% Tween (TBS-T), the membranes were incubated
with the specific antibodies (as listed in key resources table) overnight at 4°C. After 2 h incubation with the appropriate fluorochrome-
conjugated antibodies, the immune complexes were detected by Near-infrared fluorescence (LI-COR).

RNA Extraction and Analysis

Total RNA from cultured organoids was extracted using TRIZOL reagent (Invitrogen), and purified by the RNeasy Mini Kit (QIAGEN),
followed by DNase treatment. After quantification using a Nanodrop 1000 spectrophotometer (Thermo Scientific), RNA was either
processed for RNA-seq or reverse-transcribed using random primers and MultiScribe Reverse Transcriptase (Applied Biosystems).
Gene expression was analyzed by amplifying 500 ng of the complementary DNA using the CFX96 Real Time PCR Detection System
with SYBR Green Master Mix (BioRad) and primers described in Table S1. The amplification parameters were set at 95°C for 30 s,
58°C for 30 s, and 72°C for 30 s (40 cycles total). Gene expression values for each sample were normalized to the 18S RNA.

Chromatin Immunoprecipitation (ChiP)

MODE-K cells were fixed by adding directly to the culture medium formaldehyde (HCHO; from a 37% HCHO-10% methanol stock,
Calbiochem) to a final concentration of 1%. After, 20 min of incubation with 125 mM glycine, cells were washed with ice-cold phos-
phate-buffered saline (PBS) and lysed with 50 mM Tris pH 8.0, 10 mM EDTA, 1% SDS, and protease inhibitors and incubated for
30 min at 4°C. Chromatin was sheared in a COVARIS S220 Focused-ultrasonicator to yield DNA fragment sizes of 200-1000
base pairs, and diluted 10 times in dilution buffer (20 mM Tris pH 8.0, 2 mM EDTA, 1% triton X-100, 150 mM NaCl and protease in-
hibitors). Immunoprecipitations were carried out overnight at 4°C using the following protein A-antibodies complexes: TEAD1 (Cat#
610922, RRID:AB_398237) and c-JUN (Cat# 9165, RRID: AB_2130165). Immunocomplexes were washed three times with buffer
TSEI (20 mM Tris pH 8.0, 2 mM EDTA, 1% triton X-100, 150 mM NaCl, 0.1% SDS and protease inhibitors), three washes with buffer
TSEII (20 mM Tris pH 8.0, 2 mM EDTA, 1% triton X-100, 500 mM NaCl, 0.1% SDS and protease inhibitors), one wash with buffer TSEIIl
(10 mM Tris pH 8.0, 250 mM LiCl, 1 mM EDTA, 1% NP40, 1% Deoxycholate and protease inhibitors) and one wash with TE pH 8.0.
Immunocomplexes were extracted in TE containing 1% SDS, and protein—-DNA cross-links were reverted by heating at 65°C over-
night. DNA was extracted by using a PCR purification kit (Qiagen). One-tenth of the immunoprecipitated DNA was used in each PCR,
for which the promoter-specific primers (Table S1) were used.
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ATAC-seq library preparation and sequencing

The cell pellet was resuspended in 50 pL lysis buffer and then spun down 500 x g for 10 min at 4°C. The nuclei pellet was resus-
pended into 50 pL transposition reaction mixture containing Tn5 transposase from Nextera DNA Library Prep Kit (Illumina) and incu-
bated at 37°C for 30 min. Then the transposase-associated DNA was purified using MinElute PCR purification kit (QIAGEN). To
amplify the library, the DNA was first amplified for 5 cycles using indexing primer from Nextera kit and NEBNext High-Fidelity 2X
PCR master mix. To reduce the PCR amplification bias, 5 uL of amplified DNA after the first 5 cycles was used to do gPCR of 20
cycles to decide the number of cycles for the second round of PCR. Usually, the maximum cycle of the second round of PCR is 5
cycles. Then the total amplified DNA was size selected into fragments less than 800 bp using SPRI beads. Quantification of the
ATAC-seq library was done with QuBit. The size of the pooled library was examined by TapeStation. Barcoded ATAC-seq libraries
were pooled and paired-end sequenced (sX75) on the lllumina NextSeq 500 using the High-output V2.5 kit (lllumina Inc., San
Diego, CA).

10x Library Preparation and Sequencing

To prepare crypt-enriched IEC suspension, isolated crypts were digested with digestion buffer (0.4 mg/mL Dispase and 0.1 mg/mL
DNase in HBSS) for 20 min at 37°C with agitation, filtered through 70- and 40-um-mesh cell strainers, washed with HBSS and resus-
pended with Advanced DMEM-F12 containing 10 mM HEPES, 1X Glutamax, 1X B27 supplement, 50 ng/mL EGF and 10 mM
Y-27632. Dead cells were removed by EasySep Dead Cell Removal (Annexin V) kit (STEMCELL technologies). scRNA-seq libraries
were generated using the Chromium Single Cell 30 Reagent Kit v2 (10X Genomics). Cells were loaded onto the 10X Chromium Single
Cell Platform (10x Genomics) at a concentration of 2,000 cells per pL (Single Cell 3'library and Gel Bead Kit v.2) as described in the
manufacturer’s protocol (10x User Guide, Revision B). Generation of gel beads in emulsion (GEMs), barcoding, GEM-RT clean-up,
complementary DNA amplification, and library construction were all performed as per the manufacturer’s protocol. Individual sample
quality was checked using a Bioanalyzer Tapestation (Agilent). Qubit was used for library quantification before pooling. The final li-
brary pool was sequenced on an lllumina NovaSeg6000 instrument using an S1 flow cell.

Analysis of scRNA sequencing data

For scRNA-seq, raw sequence reads were quality-checked using FastQC software. The Cell Ranger version 2.1.1 software suite from
10x Genomics (https://support.10xgenomics.com/single-cell-gene-expression/software/downloads/latest) was used to process,
align and summarize unique molecular identifier (UMI) counts against the mouse mm10 assembly reference genome analysis set,
obtained from the University of California Santa Cruz (UCSC). Raw, unfiltered count matrices were imported into R for further pro-
cessing. Raw UMI count matrices were filtered using the Seurat v 3.0 R package”’ to remove: barcodes with very low (less than
200, empty wells) and very high (more than 4000, probably doublets) total UMI counts; matrices for which a high percentage of
UMIs originated from mitochondrial features (more than 12%); and matrices for which fewer than 250 genes were expressed. Sub-
sequently, the data were normalized using the SCTransform function, regressing out the following variables: total number of UMIs per
cell and percentage of mitochondrial UMIs. Following normalization, the principal components were computed. The top principal
components were identified using the ElbowPlot function and used for the UMAP dimensionality reduction. For clustering, we
used Seurat in combination with Harmony software® to correct the potential effects of technical differences between sequencing
batches. The RunHarmony(), RunUMAP(), FindNeighbors(), and FindClusters() functions were run for clustering and the percentage
of mitochondrial features was considered to be a source of unwanted variation and was regressed out using the Seurat package.
Genes specifically expressed in each cluster were identified with the FindAlIMarkers() function and the Wilcoxon test labeling the
different populations using the genes differentially up-regulated in each population. Epcam-negative cells were not considered,
and the cell groups were annotated based on the marker gene analysis and canonical markers from the literature (Table S2). The
scoring for the indicated signatures was performed using the AddModuleScore function in Seurat with default parameters. The
WhichCells() function was run to identify double-positive, single-positive, or double-negative cell expression for YAP and AP-1 sig-
natures. Single-cell RNA-seq data from Prkci”"Prkcz"%;Villin-Cre tumors (GSE207780) and CRC patients (GSE132465 and
GSE166555) were downloaded from GEO Datasets and processed as described above. The TcTA, TRSC, and TFMC cell identifica-
tion in human CRC were performed as described in '”. Gene sets used for signature scoring are listed in Table S2 and when neces-
sary, mapped to human orthologues using Ensembl BioMart. The visualization of the indicated signature score by Violin Plot and the
statistical analysis (t-test) was performed using the ggplot2 package in R software.

CytoTRACE Analysis

CytoTRACE analysis was performed to compare differentiation states among stem cells in our dataset (https://cytotrace.stanford.
edu/).** This algorithm analyzes the number of uniquely expressed genes per cell, the distribution of MRNA content and the number
of RNA copies per gene, to calculate a score assessing the differentiation and developmental potential of each cell. CytoTRACE anal-
ysis was performed using default parameters for stem cells from each genotype, the score was loaded to Seurat and represented as a
ridge plot.

e7 Developmental Cell 59, 1972-1987.e1-e8, August 5, 2024


https://support.10xgenomics.com/single-cell-gene-expression/software/downloads/latest
https://cytotrace.stanford.edu/
https://cytotrace.stanford.edu/

Developmental Cell ¢ CelPress

Bulk RNA-seq and ATAC-seq analysis

For RNA-seq, total RNA was extracted using Quick-RNA MiniPrep kit (Zymo Research), and library preparations and sequencing
were conducted at GENEWIZ, LLC. Sequenced reads were trimmed to remove low-quality bases at ends and were then mapped
to the reference genome (GRCm39) using STAR.

GenePattern (https://cloud.genepattern.org/gp/pages/login.jsf) was used to collapse gene matrix files (CollapseDataset module)
or to assess the statistical significance of differential gene expression (DESeqg2). Genes were sorted by log, FC>0.5 and adj>0.05.
Volcano plot representation for differentially expressed genes was generated using VolcaNoseR (https://huygens.science.uva.nl/
VolcaNoseR/). Gene set enrichment analysis (GSEA) was performed using GSEA 4.0 software (http://www.broadinstitute.org/
gsea/index.jsp) with 1000 gene-set permutations using the gene-ranking metric t-test with the collections h.all.v6.1.symbols (H),
c2.all.ve.1.symbols (C2), c5.all.v6.1.symbols (C5), or customized gene signatures (Table S2). For ATAC-seq, FASTQ files from
ATAC-seq reads were aligned to UCSC mm10 with Bowtie2 (bowtie2 —very-sensitive -x mm10 -1 FILE_merged_R1.fastq —2 FILE_
merged_R2.fastq -X 1000 -p 12 | samtools view -u - | samtools sort - > FILE.bam). Peak calling was performed with MACS2 using
—qgvalue 0.05 -nomodel -shift -100 —extsize 200. Peaks were annotated with ChipSeeker R package. For motif enrichment analysis in
the differential peaks between LKO or DKO versus WT or ZKO IECs, p values were calculated using findMotifsGenome.pl with -size
given,-len 6,8,10,12 and -mask program of HOMER v4.10.3.%® For footprinting analysis, rgt-hint differential command was used to
infer transcription factor activity and to plot the results.*® PageRank analysis combining ATAC-seq and RNA-seq was performed with
Taiji v1.1.0.°° “JDP2 target genes”, “JUND target genes” and “JUNB target genes” signatures were derived from predicted target
genes of JDP2, JUND, and JUNB respectively in LKO and DKO IECs ATAC-seq, and with a positive log, FC versus WT IECs in the
RNA-seq. Transcription Factor motif analysis of Anxa70 promoter was performed using JASPAR (http://jaspar.genereg.net/) and
bigwig files from ATAC-seq data were visualized with IGV (https://igv.org/). RNA-seq data of The Cancer Genome Atlas (TCGA)
Colorectal Adenocarcinoma (Tumor Samples with mRNA data (RNA Seq V2 RSEM), 592 tumor samples from 592 patients) was
downloaded through cBioportal (http://www.cbioportal.org/index.do). TCGA CRC patients were separated into aPKC high and
low as previously described.” YAP and AP-1 score for each patient was calculated by computing the average of each signature
using the gene set variation analysis (GSVA) algorithm, with the standard settings.

Tissue microarray analysis

Image analysis was processed in QuPath v.0.1.3 (Queen’s University, Belfast, Northern Ireland). Scanned TMA slides were dearrayed
and preprocessed as previously described.®’ After dearraying, all cores were examined and those with either no tumor or dysplastic
region represented or with artifacts (tissue broken, for example) were excluded. Cell detection was determined for each core, and the
total number of positive cells using DAPI staining as a cell reference was assessed. H-score, calculated based on the extent and
intensity of the staining in epithelial (PKCWt, PKCY) was used for patient scoring. CRC or patients with adenomas were categorized
into high and low PKC>/\ and PKC{ expression groups using the H-score as the cut-off selected by an experienced pathologist. For
OLFM4, samples were considered positive when at least 1%-30% of epithelial cells were stained. For YAP and p-cJUN, samples
were considered positive when at least 1%-30% of epithelial cells were stained in the nuclei, whereas no signal detected was consid-
ered negative. For aPKCs and MUC5AC, patients were categorized as previously described."”

QUANTIFICATION AND STATISTICAL ANALYSIS

All the statistical tests were justified for every figure. All samples represent biological replicates. Data are presented as the mean +
SEM. Statistical analysis was performed using GraphPad Prism 8 or R software environment (http://www.r-project.org/). Pairwise
differences were measured using two-tailed independent student’s t-tests. If the data did not meet this test, a Mann-Whitney
U-test was used. Statistical significance between groups of 3 or more was determined by a one-way or two-way ANOVA, followed
by Tukey’s multiple comparison test. The chi-square test or Fisher’s exact test was used to determine the significance of differences
between covariates. Logistic regression analysis was employed to estimate univariate and multivariate odds ratio and 95% confi-
dence interval (Cl). Values of p < 0.05 were considered significantly different.
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