ARTICLE

[O510 ) Journal of
D D Experimental
oY) Medicine

AKT-dependent NOTCH3 activation drives tumor
progression in a model of mesenchymal

colorectal cancer
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Recently, a transcriptome-based consensus molecular subtype (CMS) classification of colorectal cancer (CRC) has been
established, which may ultimately help to individualize CRC therapy. However, the lack of animal models that faithfully

recapitulate the different molecular subtypes impedes adequate preclinical testing of stratified therapeutic concepts. Here,
we demonstrate that constitutive AKT activation in intestinal epithelial cells markedly enhances tumor invasion and
metastasis in Trp532'EC mice (Trp532ECAktEY’K) upon challenge with the carcinogen azoxymethane. Gene-expression profiling
indicates that Trp532'ECAktEK tumors resemble the human mesenchymal colorectal cancer subtype (CMS4), which is
characterized by the poorest survival rate among the four CMSs. Trp532'ECAktEY7K tumor cells are characterized by Notch3 up-
regulation, and treatment of Trp532'ECAktEYX mice with a NOTCH3-inhibiting antibody reduces invasion and metastasis. In CRC
patients, NOTCH3 expression correlates positively with tumor grading and the presence of lymph node as well as distant
metastases and is specifically up-regulated in CMS4 tumors. Therefore, we suggest NOTCH3 as a putative target for advanced

CMS4 CRC patients.

Introduction

Although both colorectal cancer (CRC) incidence and mortality
have been declining over the past decades, CRC still remains the
third leading cancer type for estimated new cancer cases and
deaths in both genders (Siegel et al., 2018). Most CRCs develop
via the adenoma-carcinoma sequence and are driven by the
stepwise accumulation of mutations in certain oncogenes and
tumor suppressors (Fearon and Vogelstein, 1990). Even though
CRC driver mutations are well known, recent large-scale ge-
nomic profiling of primary tumors and their matched metastasis
failed to identify consistent metastasis-specific mutations
(Brannon et al., 2014), suggesting that instead of genetic alter-
ations, changes in transcriptional programs endow cells with
metastatic traits (Varga and Greten, 2017). Recently, an inter-
national consortium developed an integrated and unbiased ap-
proach for the gene expression-based classification of CRC and
defined four distinct consensus molecular subtypes (CMSs;

Guinney et al., 2015). Importantly, CMS categories show corre-
lation with patient survival, and patients with tumors, which fall
into the CMS4 group, have the worst relapse-free and overall
survival (Dienstmann et al., 2017; Guinney et al., 2015). Inter-
estingly, CMS4 tumors are characterized by profound stromal
infiltration, extracellular matrix remodeling, epithelial-to-me-
senchymal transition (EMT), and TGF-B pathway activation,
supporting the notion that signals deriving from the stromal
tumor microenvironment rather than the underlying genetic
profile of a colorectal tumor are particularly important.

The lack of appropriate genetically engineered mouse models
(GEMM:s) of advanced CRC is a limitation in the development of
new therapeutic strategies (McIntyre et al., 2015). To date, only a
few GEMMs have been generated that faithfully recapitulate
advanced human CRC (Jackstadt and Sansom, 2016), and none of
them has been shown to closely mimic the CMS categories.
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Previously, we developed a mouse model of advanced CRC in
which genetic inactivation of Trp53 in combination with ad-
ministration of the procarcinogen azoxymethane (AOM) leads to
invasive tumors and, in ~20 to 30% of the animals, lymph node
metastasis (Schwitalla et al., 2013). Apart from TP53 loss, the
activation of the phosphoinositide 3-kinase (PI3K)-AKT path-
way is also associated with the adenoma-carcinoma transition
and acquisition of an invasive phenotype in human CRC (Fearon,
2011; Markowitz and Bertagnolli, 2009). Therefore, we hy-
pothesized that a mouse model with the combination of these
two genetic alterations could provide us with a valuable tool for
the understanding of the pathogenesis of advanced CRC.

The PI3K-AKT pathway mediates signals from a large num-
ber of growth factors and cytokines, as well as other extracellular
mediators released into the tumor microenvironment, to regulate
a plethora of key cellular processes, including proliferation,
survival, motility, and metabolism (Thorpe et al., 2015). Many
downstream targets of PI3K-AKT signaling have already been
identified; however, the exact contribution of PI3K-AKT signaling
to colorectal tumor progression is still not completely understood.
Moreover, studies using various mouse models of PI3K-AKT
activation-associated colorectal carcinogenesis have yielded con-
flicting results (Byun et al., 2011; Davies et al., 2014; He et al., 2007;
Leystra et al., 2012; Marsh et al., 2008; Shao et al., 2007).

NOTCH signaling is an evolutionarily conserved signaling
pathway that is crucial for proper embryonic development as
well as homeostasis in the adult organism. NOTCH receptors
(NOTCH1-4) are transmembrane heterodimers, composed of a
ligand-binding extracellular and an intracellular signaling do-
main. Upon ligand binding, the receptor is proteolytically
cleaved, and the intracellular domain translocates to the nucleus
to regulate gene expression (Aster et al., 2017). In the intestine,
NOTCH maintains intestinal stem cell function and, in concert
with other signaling pathways, regulates cell fate decisions (Fre
etal., 2005; Milano et al., 2004; Stanger et al., 2005; van Es et al.,
2005). Although NOTCH signaling can confer both tumor-
suppressive and -promoting properties depending on cancer
type (Siebel and Lendahl, 2017), in CRC, NOTCH appears to be
protumorigenic (Chanrion et al., 2014; Chu et al., 2010; Fre et al.,
2009; Sonoshita et al., 2011; Ueo et al., 2012). Activating NOTCH
mutations are very rare in CRC, yet overexpression of NOTCH
receptors and ligands has been described (Noah and Shroyer,
2013). The exact mechanisms underlying NOTCH activation in
CRC, as well as its consequences particularly during late stages
of carcinogenesis, are still ill defined.

Here we show that constitutive AKTI activation along with
Trp53 loss enhances carcinogen-induced tumor progression.
Furthermore, we demonstrate that these tumors resemble hu-
man tumors of the CMS4 subtype, and we propose that NOTCH3
may represent a promising target in this bad prognosis subtype.

Results

Combined loss of Trp53 and AKT activation enhances AOM-
induced tumor progression

To examine whether constitutive AKT activation would aff-
ect tumor progression in AOM-challenged Trp532EC mice, we
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crossed LSL-AktEYK mice to Trp532E€ animals to selectively in-
duce AKT in Trp53-deficient intestinal epithelial cells (IECs; Fig. 1 a).
The substitution of glutamic acid with a lysine at amino acid
position 17 in AKT leads to its constitutive activation and en-
hanced downstream signaling even in the absence of activating
stimuli (Carpten et al., 2007). Trp53 deletion combined with
constitutive AKT activation was not sufficient to induce spon-
taneous colon tumors but led to tumor formation in the small
intestine (SI) within 6 mo (not depicted). Although a proportion
of the SI tumors were invasive, these tumors never gave rise
to metastasis. To induce colonic tumorigenesis, we subjected
Trp53AECAkEEIK and control Trp5321EC mice to repetitive AOM
treatment (Fig. 1 b). AOM is a DNA-alkylating procarcinogen
that causes mutations in several well-known oncogenes and
tumor suppressors that are particularly important for colorectal
carcinogenesis and induces tumors specifically in the colon
(Rosenberg et al., 2009).

In response to AOM, both control Trp532EC and
Trp53~ECAKEIK mice developed colon tumors of comparable
number and size (Fig. 1 c). Apart from colon tumors, we also ob-
served AOM-induced tumor formation in the SI in both genotypes.
Because tumorigenesis predominantly affects the colon and rec-
tum in patients, we focused our further analysis on the colon
tumors only.

Pronounced AKT1 activation in Trp53*ECAktE7K tumors was
confirmed by immunohistochemistry and immunoblot analysis
(Fig. 1, d and e). The similar number and size of the tumors
indicated that PI3K-AKT pathway activation does not affect
tumor initiation or tumor growth in this model. However, the
number of invasive tumors was significantly higher and the
invasive areas were larger in Trp532ECAktE"K mice (Fig. 1, f and
g). Moreover, Trp532'ECAktE’K mice developed lymph node me-
tastases more frequently, in line with a more aggressive phe-
notype (Fig. 1 h).

Gene expression profiles of Trp532'ECAktE” tumors closely
resemble human CMS4 subtype profiles

To understand the molecular basis for the more aggressive
phenotype of Trp53*ECAktEYK tumors, we subjected whole-
tumor tissues from AOM-treated Trp53°EC and Trp53°ECAktE7K
mice to RNA sequencing and phosphoproteomic analysis. Be-
cause mice from both genotypes developed several tumors, we
decided to combine all tumors from one mouse into a single
sample. With this approach, we hoped to minimize the effect of
intertumoral heterogeneity on the analysis. RNA sequencing of
tumors of both genotypes identified 1,697 differentially ex-
pressed genes (P,g; < 0.05). Based on these genes, Ingenuity
Pathway Analysis (IPA) predicted differential activation of sev-
eral signaling pathways related to invasion and metastasis, such
as adherens and tight junction signaling, EMT signaling, sig-
naling by Rho GTPases and Rho GDP-dissociation inhibitors,
actin-cytoskeleton signaling, planar cell polarity signaling, and
integrin-linked kinase signaling, as well as inflammatory path-
ways including agranulocyte and granulocyte adhesion and di-
apedesis, IL-6, IL-17, CXR4, and chemokine signaling pathways,
all of which have been previously shown to have tumor-
promoting effects (Bollrath et al., 2009; Cabrero-de Las Heras
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Figure 1. AOM-treated Trp532ECAkt17¥ mice develop highly invasive tumors with lymph node metastasis. (a) Schematic representation of the strategy
used for the generation of Trp532ECAktEL7X mice (fl, floxed; wt, wild type). (b) Experimental design of the AOM treatment of Trp532ECAktELX mice. (c) Primary
tumor number and primary tumor size in AOM-treated Trp532'EC and Trp532'ECAktE1K mice. Data are mean + SD, n > 8 per genotype. Not significant by t test.
(d) Representative images of pAKT immunohistochemistry (IHC) on sections from AOM-induced colon tumors in Trp532'EC and Trp532/ECAktELX mice. Scale
bars = 100 pm. (e) Immunoblot analysis of phosphorylated (p) and total (t) AKT levels in whole-tumor lysates of AOM-treated Trp532FC and Trp532/ECAktE7K
mice. Lower band corresponds to endogenous AKT; upper band represents transgenic AKT. B-ACTIN was used as loading control. n = 7 per genotype.
(f) Frequency of invasive tumors per mouse and extent of invasive area in AOM-treated Trp532'EC and Trp532'ECAktE17K mice. Data are mean + SD, n > 8 per
genotype; *, P < 0.05; ****, P < 0.0001 by t test. (g) Representative images of H&E-stained tumor sections from AOM-treated Trp532EC and Trp532ECAKtEYK
mice (dashed lines mark invasive fronts). Scale bars = 500 um. (h) Frequency of mice with lymph node metastasis in AOM-treated Trp532EC and
Trp532ECAKtEYK mice. n 2 13 per genotype. Numbers indicate the mice with metastasis/all mice.

and Martinez-Balibrea, 2018; Grivennikov et al., 2012; Fig. S1,a  phosphoproteomic analysis of whole-tumor tissues from
and b). Taken together, these data suggest that Trp532TECAktE”K  Trp53°1EC and Trp532TECAktR' 7K mice by mass spectrometry (MS).
tumors have proinvasive and prometastatic properties and pos- With this approach, we were able to identify >3,000 p-sites,
sess a unique microenvironment. of which 119 showed a greater than twofold significant up-

To validate activation of these various signaling cascades regulation of phosphorylation and 84 showed a greater than
on the protein expression level, we performed label-free twofold significant down-regulation of phosphorylation in the
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tumors of Trp532ECAktE7K mice. IPA analysis of the 119 up- and
84 down-regulated p-sites demonstrated a great overlap with
the pathways identified by RNA sequencing (Fig. S1, a and b).

In the past years, extensive research has revealed that tumor
characteristics are not only defined by their genetic make-up,
but are also greatly influenced by their gene expression profile.
Based on this finding, a classification system discriminating four
distinct CMS categories of human CRC has been established
(Guinney et al., 2015). To characterize Trp53*FCAktEK tumors
from this perspective, we performed gene set enrichment
analysis (GSEA) using signatures for various signaling path-
ways, cellular, and other biological processes, which were used
to describe the biological characteristics of the four distinct CMS
categories (Fig. 2 a). Interestingly, differently activated signaling
pathways in Trp532ECAktEYK tumors seemed to substantially
overlap with the gene sets typically found to be altered in CMS4
tumors. Human CMS4 tumors are characterized by stromal in-
filtration, increased mesenchymal and decreased epithelial sig-
nature, activation of EMT and TGFf signaling, down-regulation
of WNT signaling, angiogenesis, and matrix remodeling, and the
CMS4 subtype is associated with worse overall and relapse-free
survival (Guinney et al., 2015). Indeed, Trp532'ECAktEK tumors
showed high correlation with human CMS4 tumors in terms of
the quantity and quality of stromal infiltration, including in-
creased mesenchymal and decreased epithelial signature
(Fig. 2 b). Furthermore, similar to human CMS4 tumors,
Trp53~2ECAktEIK tumors were characterized by enhanced matrix
remodeling, wound response, and cancer stem cell signature as
well as activation or inhibition of canonical pathways, including
pathways such as WNT, caspase, integrin, proteasome, and cell
cycle signaling. Despite substantial similarities between human
CMS4 and Trp532ECAkLEK tumors, there were also differences,
especially in terms of metabolic pathways, but also in SRC and
MYC signaling activation, translation activation, immune infil-
tration, and complement activation (Fig. 2 b). Regarding the
immune microenvironment, so far human CMS4 tumors have
not been described to possess a unique immune profile that
would clearly distinguish them from the other subtypes. How-
ever, they are characterized by elevated TGFP production and
related immunosuppression (Dienstmann et al., 2017; Guinney
et al., 2015). In line with this, we also found activated TGFB
signaling (Fig. 2, a and b) and significantly decreased numbers of
CD3* T cells in mesenchymal tumors of Trp532ECAktEK mice
(Fig. S1 c). Applying the “single-sample CMS classifier” with the
published CMS classifier R package further confirmed that mu-
rine Trp53*ECAtEYK tumors resembled the human CMS4 sub-
type, whereas the gene expression profile of control Trp53~1EC
tumors appeared to be closer to canonical CMS2 tumors
(Fig. 2 c). Furthermore, gene module-based coexpression
analysis revealed a strong coexpression of stroma-related genes
in the Trp53*ECAktEYK tumors that was absent in the control
Trp53*EC tumors (Fig. 2 d). Indeed, immunohistochemical
analysis confirmed significantly enhanced expression of both
a-smooth muscle actin (a¢SMA) and vimentin in Trp532ECAktE7K
tumors (Fig. S1 d). Moreover, proteome profiling validated
differential expression of various cytokines and chemokines
in Trp53*ECAktEK tumors (Fig. S1 e). Thus, AOM-challenged
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Trp53°ECAtEIK mice may comprise a good model to study the
pathogenesis of CMS4 tumors.

NOTCH signaling is activated in Trp532'E¢Akt®¥7K tumors

IPA suggested that one of the activated pathways in Trp532ECAktE7K
tumors consisted of NOTCH signaling (not depicted), which was
confirmed by GSEA in a cross-species comparison using human
NOTCH signaling-related genes (Figs. 2 a and 3 a). NOTCH sig-
naling is indispensable for the maintenance of intestinal ho-
meostasis and plays a sometimes controversial but essential role
in various types of cancer. Although the importance of NOTCH
signaling for intestinal homeostasis is undisputed, less is known
about its precise role or regulation in CRC, and particularly
during CRC progression.

Interestingly, we detected a specific up-regulation of Notch3
receptor gene expression, whereas transcripts of the other three
members of the NOTCH family (Notchl, Notch2, and Notchd)
seemed unaffected by AKT activation (Fig. 3 b). Importantly, the
functional activation of NOTCHS3 signaling in tumor cells was
confirmed by immunohistochemistry using an antibody specific
for NOTCH3 intracellular domain (N3ICD; Choy et al., 2017;
Fig. 3 c). Collectively, these data clearly demonstrated that
NOTCH and specifically NOTCH3 signaling is up-regulated in
AOM-induced Trp53*ECAktEYK tumors.

AKT signaling up-regulates Notch3 expression

To confirm that AKT increased Notch3 expression directly in a
cell-autonomous manner, we generated tumor organoids from
AOM-induced tumors from Trp5325C mice (Trp53~/~ organoids).
Trp53~/~ tumor organoids were transduced with either a control
hairpin (shCo) or a hairpin targeting Pten (shPten) to induce AKT
activation (Fig. 4 a), and Pten knockdown and consequent AKT
activation was confirmed on gene as well as protein expression
levels (Fig. 4, b and c). Although organoids with Pten knockdown
did not show any obvious differences in morphology and growth
(Fig. 4 d), Pten silencing significantly increased Notch3 mRNA
levels but left the expression of other NOTCH receptors unaf-
fected (Fig. 4 e). AKT-dependent Notch3 up-regulation was
confirmed using the AKT1-3 inhibitor AZD5363 (Fig. 4 f). Com-
parable results were obtained with two additional indepen-
dently generated tumor organoids (not depicted). Because
Trp53~/~ organoids still harbor unknown mutations due to AOM
exposure, we aimed to generate organoids with a defined mu-
tation profile (Fig. 4 g). Therefore, we first established colon
organoids from unchallenged Trp53%/8Tgfbr2f/f mice. Next, Apc
deletion was introduced via CRISPR/Cas9 as described previ-
ously (Schwank et al., 2013), and organoids were selected via
removal of R-spondin from the growth medium (A organoids).
To induce Trp53 and Tgfbr2 deletion, A organoids were trans-
duced with a plasmid encoding Cre recombinase, and organoids
with Trp53 and Tgfbr2 deletion were selected with the MDM2
inhibitor nutlin3 (APT organoids). We subsequently introduced
oncogenic murine Kras®?P into APT organoids by retroviral
infection and selected the correctly targeted organoids with
puromycin (APTK organoids). Finally, constitutive AKT acti-
vation was achieved by introduction of a retroviral vector ex-
pressing human myristoylated AKT, and stably infected
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Figure 2. Gene expression profile of Trp532ECAktEY7 tumors resembles the gene expression profile of human CMS4 tumors. (a) GSEA of the dif-
ferentially expressed genes in in Trp5321EC and Trp5321ECAKEEYX tumors using signatures of various signaling pathways, cellular as well as other biological
processes. A group of these gene sets was used to describe CMS categories (Guinney et al., 2015). Overenrichment was considered at normalized enrichment
score (NES) >0.4 and underenrichment was considered at NES less than -0.4. n = 4 per genotype. (b) Comparison of the over- and underenriched gene sets in
Trp534ECAKtEYK tumors and human CMS4 CRC, showing expression signatures of particular interest in human CMS4 tumors, especially those associated with
stromal infiltration, canonical pathway activation, immune signature, and metabolism. GSEA for human CRC was performed previously, and overenrichment
was defined as positive enrichment score and P,qj < 0.05; underenrichment was defined as negative enrichment score and P,4; < 0.05 (Guinney et al., 2015). For
mouse CRC, overenrichment was considered at NES > 0.4 and underenrichment was considered at NES less than -0.4. n = 4 per genotype. (c) CMS subtyping
of Trp53~'EC and Trp53A'ECAktE7K tumors using the published single-sample CMS classifier R package (Guinney et al., 2015). Nearest and predicted CMS in-
dicates different statistical stringency. n = 4 per genotype. (d) Verification of assigned subtypes by coexpression analysis. Genes associated with immune
response (CMS1) are indicated in orange; colon epithelial differentiation (CMS2) in blue; goblet cell differentiation (CMS3) in pink; and stroma (CMS4) in green.
n = 4 per genotype.
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PCR). Data are mean + SD, n > 4 per genotype; *, P < 0.05 by t test. (c) Representative images of N3ICD immunohistochemistry (IHC) on sections from AOM-
induced colon tumors in Trp53%E¢ and Trp5321ECAktE17K mice. Scale bars = 200 pm.

organoids were selected with hygromycin (APTKA organoids).
Activation of AKT signaling in APTKA organoids was confirmed
by immunoblot analysis (Fig. 4 h). Importantly, similarly to
Pten knockdown in Trp53~/~ organoids, introduction of myr-
istoylated AKT into APTK organoids also led to up-regulated
Notch3 expression (Fig. 4 i).

Next, we wanted to examine whether activation of AKT
signaling and consequent Notch3 up-regulation was sufficient to
enhance invasion and metastasis using these organoids in an
orthotopic transplantation model. In this model, first, colonic
epithelial damage is induced by administration of dextran sodium
sulfate (DSS) for five consecutive days. This step is essential for
organoid engraftment (Yui et al., 2012). 2 d after DSS treatment,
APTK and APTKA organoids were dissociated into single-cell
suspensions and instilled into the colon of C57BL/6 mice (Fig. 4 j).
Tumor growth was monitored by endoscopy, and tumors were
histologically analyzed 21 d after transplantation. As expected,
both APTK and APTKA organoids formed a single primary colo-
rectal tumor that spontaneously metastasized. Similar to the AOM
model, primary organoid-derived tumor growth was comparable
between APTK and APTKA tumors (Fig. 4 k). However, although
both APTK and APTKA organoids were capable of forming inva-
sive tumors in vivo, the invasive area of APTKA tumors was
significantly larger compared with APTK tumors (Fig. 4, l and m).
Most importantly, mice with APTKA tumors developed lung and
liver metastases much more frequently than mice with APTK
tumors (Fig. 4, n and o). Moreover, overexpression of N3ICD in
APTK organoids (APTKN3) dramatically enhanced metastasis
formation even in the absence of constitutively active AKT
(Fig. 4 p), strongly supporting the notion that AKT-dependent
Notch3 up-regulation supports formation of metastatic disease.
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NOTCHS3 signaling drives a gene expression program
associated with tumor cell survival and motility, and NOTCH3
inhibition blocks tumor progression

To investigate Notch3-mediated downstream effects, we first
transduced AOM-induced tumor organoids from Trp53~ECAktEI7K
mice (Trp53~/-AktE”K organoids) with a plasmid encoding a re-
verse transactivator to allow doxycycline-inducible expression of
shRNAs. Next, successfully targeted organoids were infected with
a retrovirus encoding a control hairpin (shCo) or two different
hairpins targeting Notch3. All constructs contained turboGFP
(tGFP) as a reporter (Fig. 5 a). This approach enabled temporal
control of Notch3 gene expression by the addition or withdrawal of
doxycycline.

We then cultured Trp53~/~AktF"%shCo and Trp53~/~AkF"¥shNotch3
organoids in the presence of doxycycline for 10 d without ob-
serving any obvious effect on organoid growth rate or mor-
phology (Fig. 5 b), while successful knockdown of Notch3 was
confirmed (Fig. 5 c). At day 10, RNA was collected from
Trp53~/~AktE7%/shCo and Trp53~/~AktE7%/shNotch3 organoids and
subjected to next-generation RNA sequencing, which revealed
301 (shNotch3 #1) and 244 (shNotch3 #2) differentially regulated
genes, of which 113 genes were common. Principal component
analysis showed that Trp53~/-AktF17K organoids expressing
shNotch3 #1 and #2 clustered together, and they substantially
differed from the Trpr53~/-AktE7X organoids expressing the
control hairpin (Fig. S2 a). Notch3 knockdown decreased the
expression of genes encoding proteins associated with the cy-
toskeleton or cytoskeletal rearrangements, such as Wipf, Cdh3,
Rhpn2, Kalrn, and Arhgap22; apoptosis, such as Naip2, Birc3, and
Tnfrsf21; and inflammation, such as TIr2, Ilirn, and Irak3 (Fig.
S2 b). Interestingly, only a few genes were up-regulated by
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Figure 4. AKT signaling up-regulates Notch3
expression and induces a more aggressive
phenotype. (a) Schematic representation of the
strategy used for the establishment of Trp53~/~
mouse tumor organoids expressing a control
hairpin (shCo) or a hairpin against Pten (shPten).
(b) Relative mRNA expression of Pten in
Trp53~/=shCo and Trp53~/~shPten mouse tumor
organoids by qRT-PCR. Data are mean + SD of
n =1 experiment performed in triplicate; ****
P < 0.0001 by t test. () Immunoblot analysis of
phosphorylated (p) and total (t) AKT and PTEN
in Trp53~/~shCo and Trp53~/~shPten mouse tu-
mor organoids. B-ACTIN was used as loading
control. (d) Representative morphology of the
Trp53~/-mouse tumor organoids with or without
Pten knockdown. Scale bars = 50 um. (e) Rel-
ative mRNA expression levels of Notchl-4 genes
in Trp53~/~shCo and Trp53~/~shPten mouse tu-
mor organoids by qRT-PCR. Data are shown for
a dataset of n = 3 experiments performed in

shCo
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I 0.020 = APTKA triplicate. Data are mean + SD; ****, P < 0.0001
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are mean + SD; *, P < 0.05 by t test. (g) Sche-
matic representation of the strategy used for the
establishment of APTK and APTKA mouse tumor
organoids. fl, floxed; myr, myristoylated. (h) Im-
munoblot analysis of phosphorylated (p) and total
(t) AKT in APTK and APTKA mouse tumor orga-
noids. (i) Relative mRNA expression levels of
Notchl-4 genes in APTK and APTKA mouse tumor
organoids by gRT-PCR. Data are shown for a da-
taset of n = 2 experiment performed in triplicate
and quadruplicate. Data are mean = SD; **, P <
0.05;, **** P < 0.0001 by t test. (j) Schematic
timeline of the strategy used for orthotopic
transplantation of APTK and APTKA mouse tumor

p g100 organoids into C57BL/6 mice. (k) Tumor size upon
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& % 3/4 mouse tumor organoids into C57BL/6 mice. Data
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?g/\ &{_é mice. Data are shown for a dataset of n = 2 ex-
3 periments with n = 6 mice per group. Data are

mean + SD. **, P < 0.01 by t test. (m) H&E-stained
with APTK and APTKA mouse tumor organoids. T, noninvasive tumor area; |,

invasive area. Dashed line demarcates the invasive area; continuous green line marks the inner border of the external muscle layer of the colon wall. Scale bars = 900
um (left); 200 pm (right). (n) Frequency of mice with metastasis upon orthotopic transplantation of APTK and APTKA mouse tumor organoids into C57BL/6 mice.
Numbers indicate mice with metastasis/all mice. Data are shown for a dataset of n = 3 experiments with n > 9 mice per group. (0) H&E-stained sections of liver and
lung metastasis in C57BL/6 mice orthotopically transplanted with APTKA mouse tumor organoids. Scale bars = 200 um. (p) Frequency of mice with metastasis upon
orthotopic transplantation of APTK and APTKN3 mouse tumor organoids into Ragl mice. Numbers indicate the number of mice with metastasis/total number of
mice. Data are shown for a dataset of n = 1 experiments with n = 4 mice per group.

Notch3 knock-down. These included genes encoding proteins
involved in the assembly and regulation of the cytoskeleton,
such as Pak3 and Cdhe, the proapoptotic gene Anxal0, and se-
creted growth factors, such as Igf and Ngf (Fig. S2 b). IPA
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predicted differentially regulated pathways in response to Notch3
silencing, including pathways with a potential role in invasion
and metastasis, such as signaling by Rho family GTPases, Rho
GDP-dissociation inhibitor signaling, and Ephrin signaling
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organoids at day 10 after the start of doxycycline administration. Scale bars = 200 um.
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(Fig. 5 d). In addition, a significant proportion of differentially
regulated pathways were related to cell death and survival, such
as TNFRI and 2 signaling, TWEAK signaling, death receptor
signaling, and apoptosis signaling (Fig. 5 d). The regulation of the
NF-«B and TLR pathways indicated that Notch3 might play a role
in the formation of an inflammatory tumor microenvironment
(Fig. 5 d). To demonstrate that NOTCH3 target genes are regu-
lated in response to AKT activation, we investigated the ex-
pression of genes that were up- or down-regulated upon Notch3
knockdown in Trp532EC€ tumors and CMS4-like Trp532ECAktE7K
tumors. Although gene expression differed between organoid
and tumors, heatmap and cluster analysis demonstrated that
many of the Notch3-regulated genes were differentially expressed
between the two genotypes (Fig. S2 c). More importantly, sam-
ples from Trp53~EC and Trp5321ECAKIEK mice clustered together,
indicating that in our model, AKT is upstream of NOTCH3 and its
activity affects the expression of NOTCH3 target genes.

To examine the consequence of Notch3 knockdown in vivo,
Trp53~/~AktE7%/shCo and Trp53~/-AktE7%/shNotch3 organoids
were injected subcutaneously into immunodeficient NBSGW
mice (Fig. 5 e). Although subcutaneous tumors grew relatively
slowly, all mice developed noticeable tumors ~5 wk after in-
jection. When tumors reached a size of ~0.2 cm?, mice were
given doxycycline in drinking water for a period of 10-12 d to
induce hairpin expression (Fig. 5 e). Surprisingly, Notch3
knockdown did not affect relative increase in tumor growth
(Fig. 5 f), despite a substantial Notch3 knockdown and reduced
expression of genes that were identified as Notch3 targets by
RNA sequencing (Fig. S3 a). Histological examination revealed
that tumors with Notch3 knockdown contained large necrotic
areas and liquid-filled cysts (Fig. 5 g) and marked reduction of
tGFP-expressing tumor cells, indicating hairpin loss (Fig. 5 h).
Similar results were obtained when Trp53~/~Aktf7X/shCo and
Trp53~/-AktE7% /shNotch3 organoids were injected i.v. to induce
lung metastasis (Fig. S3 b). Also in this model, tGFP* shNotch3-
expressing cells were eliminated, indicating that Notch3 knock-
down in vivo is unfavorable and cells with diminished Notch3
expression are outcompeted (Fig. S3 c). Thus, shRNA-mediated
Notch3 knockdown is not suitable for a detailed in vivo analysis
of NOTCH3 function in tumor progression, and NOTCH3 seems
essential for tumor cell survival.

To circumvent the technical drawback of the knockdown
approach yet examine whether targeting NOTCH3 could rep-
resent a therapeutic option of CMS4-like tumors, we treated
AOM-induced Trp532ECAktEYK mice with the y-secretase in-
hibitor DAPT. y-Secretase is a proteolytic enzyme complex re-
quired for the liberation of the intracellular domain of all
NOTCH receptors; therefore, DAPT blocks the function of all
four NOTCH receptors. AOM-treated Trp53~ECAktEK mice were
randomly divided into two groups and treated with either DAPT
or control ethanol/oil mixture by oral gavage in a 3-d-on/4-d-off
regimen starting from week 8 (Fig. 6 a). Application of
y-secretase inhibitors in a 3-d-on/4-d-off schedule was reported
to minimize intestinal toxicity associated with y-secretase
inhibition and enable long-term administration of DAPT
(Strosberg et al., 2012; Tammam et al., 2009). Mice were sacri-
ficed when they showed signs of disease, such as weight loss,
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diarrhea, and rectal bleeding. DAPT treatment strongly inter-
fered with tumor initiation, as reflected by the significantly
lower number of tumors in the DAPT-treated group, but had
little effect on tumor size (Fig. 6 b). Both DAPT-treated and
control mice developed invasive tumors (Fig. 6 c), and the fre-
quency of the invasive tumors was comparable between the two
groups (Fig. 6 d). However, DAPT administration reduced the
extent of the invasive area, although the difference did not reach
statistical significance (Fig. 6 e). More importantly, DAPT
treatment strongly reduced the number of mice with lymph node
metastasis compared with the control group (Fig. 6 f).

DAPT inhibits all four NOTCH receptors, and its long-term
administration might be associated with adverse side effects.
Moreover, ubiquitous inhibition of NOTCH signaling might even
be protumorigenic in some tissues (Nowell and Radtke, 2017).
Therefore, we aimed to target NOTCH3 in a more direct manner
and treated AOM-induced Trp53*E€AktE7K mice with a NOTCH3
antagonist antibody (a-NRR3; Yu et al., 2020). a-NRR3 targets
the negative regulatory region (NRR) of the NOTCH3 receptor
that prevents proteolytic cleavage and subsequent activation of
the NOTCHS3 receptor (Choy et al., 2017; Li et al., 2008). AOM-
challenged Trp532ECAktEIK mice were again randomly divided
into two groups and received either a-NNR3 or a-RW control
antibody i.p. twice a week starting from week 8 (Fig. 6 g).
a-NRR3 treatment significantly reduced both multiplicity and
size of colon tumors (Fig. 6 h). Similar numbers of a-NRR3- and
o-RW-treated mice developed invasive tumors (Fig. 6 i), and the
frequency of invasive tumors per mouse was comparable be-
tween the two groups (Fig. 6 j). However, o-NRR3 administra-
tion significantly reduced the extent of invasion (Fig. 6 k) and
markedly blocked occurrence of lymph node metastases (Fig. 6
1). Gene expression analysis of a-NRR3-treated tumors con-
firmed down-regulation of several of the NOTCH3 target genes
that we had identified by Notch3 knockdown compared with
a-RW-treated control tumors (Fig. 6 m). Thus, selectively
blocking NOTCH3 seems sufficient to block tumor progression
in this model.

NOTCH3 up-regulation is associated with human CRC
progression and the CMS4 subtype

To investigate whether NOTCH3 may be up-regulated in a stage-
or tumor subtype-specific manner in human CRC, genomic and
clinical data from The Cancer Genome Atlas (TCGA) Research
Network database were analyzed using the cBio Cancer Genomic
Portal, an open-access resource for the analysis and visualization
of large-scale multidimensional genomic, transcriptomic, and
expression data (Cerami et al., 2012; Gao et al., 2013). As hy-
pothesized, CRC patients with elevated NOTCH3 mRNA expres-
sion have significantly worse overall survival compared with
patients with unaltered or low expression of NOTCH3 mRNA
(Fig. 7 a). Furthermore, NOTCH3 mRNA gradually increased with
the tumor stage (T) and showed a significant positive correlation
with lymphovascular invasion (LVI), lymphatic metastatic sta-
tus (N), and distant metastasis (M; Fig. 7, b-e). Immunohisto-
chemistry using an antibody specific for human active NOTCH3
(N3ICD) in a separate cohort of 28 CRC patients confirmed ep-
ithelial NOTCH3 activation in 16 of 19 patient samples that
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Figure 6. In vivo NOTCH3 inhibition reduces colorectal tumor development and progression. (a) Schematic depiction of the treatment strategy of AOM-
induced Trp532ECAKtE7K mice with DAPT or ethanol/oil mixture. DAPT was administered in a 3-d-on/4-d-off regimen at 10 mg/kg. (b) AOM-induced primary
tumor number and primary tumor size in Trp532ECAktEYK mice treated with DAPT or ethanol/oil mixture. Data are shown for a dataset of n = 2 experiments
with n = 8 mice per group. Data are mean + SD; **, P < 0.01 by t test. Grubbs’ test with a = 0.05 was used to remove outliers. (c) Frequency of mice with AOM-
induced invasive tumors in Trp532'ECAktE17X mice treated with DAPT or ethanol/oil mixture. Data are shown for a dataset of n = 2 experiments with n > 8 mice
per group. (d) Frequency of AOM-induced invasive tumors per mouse in Trp532'ECAKtE’K mice treated with DAPT or ethanol/oil mixture. Data are shown for a
dataset of n = 2 experiments with n > 8 mice per group. Data are mean + SD; not significant by t test. Grubbs’ test with a = 0.05 was used to remove outliers.
(e) Extent of the invasive area in AOM-induced Trp53~ECAtEYK mice treated with DAPT or ethanol/oil mixture. Data are shown for a dataset of n = 2 ex-
periments with n > 5 mice per group. Data are mean + SD; not significant by t test. Grubbs’ test with a = 0.05 was used to remove outliers. (f) Frequency of
mice with lymph node metastasis in AOM-induced Trp532'ECAktE1’K mice treated with DAPT or ethanol/oil mixture. Data are shown for a dataset of n =
2 experiments with n > 8 mice per group. Numbers indicate the number of mice with metastasis/total number of mice. (g) Schematic depiction of the treatment
strategy of AOM-induced Trp53~'ECAKtEYK mice with a-NRR3 or a-RW. a-NRR3 or a-RW was administered twice per week at 30 mg/kg. (h) AOM-induced
primary tumor number and primary tumor size in Trp53*'E¢Akt®17K mice treated with a-NRR3 or a-RW. Data are shown for a dataset of n = 2 experiments with
n 2 9 mice per group. Data are mean + SD; ¥, P < 0.05 by t test; **, P < 0.01. Grubbs’ test with a = 0.05 was used to remove outliers. (i) Frequency of mice with
AOM:-induced invasive tumors in Trp532'ECAkt®17K mice treated with a-NRR3 or a-RW. Data are shown for a dataset of n = 2 experiments with n > 9 mice per
group. (j) Frequency of AOM-induced invasive tumors per mouse in Trp532ECAtEI7K mice treated with a-NRR3 or a-RW. Data are shown for a dataset of n =
2 experiments with n > 9 mice per group. Data are mean + SD; not significant by t test. Grubbs’ test with a = 0.05 was used to remove outliers. (k) Extent of the
invasive area in AOM-induced Trp532'ECAktE17K mice treated with a-NRR3 or a-RW. Data are shown for a dataset of n = 2 experiments with n > 9 mice per group.
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Data are mean + SD; *, P < 0.05 by t test. Grubbs’ test with a = 0.05 was used to remove outliers. (1) Frequency of mice with lymph node metastasis in AOM-
induced Trp5321ECAktE1K mice treated with a-NRR3 or a-RW. Data are shown for a dataset of n = 2 experiments with n > 9 mice per group. Numbers indicate
mice with metastasis/all mice. (m) Log2 fold change of the expression of the indicated NOTCH3 target genes in AOM-induced Trp532ECAktEYK mice treated
with a-NRR3 relative to a-RW treated mice by qRT-PCR. Genes with a blue frame were found to be down-regulated in Trp53~/-Akt®7KshNotch3 organoids
compared with control Trp53~/~AktE¥shCo organoids. Genes with a red frame were found to be up-regulated in Trp53~/~Aktt¥XshNotch3 organoids compared
with control Trp53~/-Akt¥7¥shCo organoids. Data are shown for a dataset of n = 1 experiments with n = 5 mice per group. *, P < 0.05; **, P < 0.01 by t test.

stained positive (Fig. 7 f). In 9 of these 19 patient samples, we also
detected stromal expression. However, unlike NOTCH3, NOTCHI
mRNA expression did not show any association with CRC pa-
tient survival (Fig. 7 g). Accordingly, NOTCHI mRNA expression
was not associated with tumor stage, LVI, lymphatic metastatic
status (N), or distant metastasis (M; Fig. 7, h-k). Notably,
analysis of CMS-classified GEO human CRC datasets revealed
that increased NOTCH3 expression is specifically and signifi-
cantly associated with the CMS4 subtype (Fig. 7 1), whereas
NOTCHI expression did not show any consistent correlation with
any of the four CMS categories (Fig. 7 m). These data clearly
show that NOTCH3 up-regulation is associated with human CRC
progression and the poor-prognosis CMS4 subtype, thus sug-
gesting that NOTCH3 may represent a valuable target for this
CRC subtype.

Discussion

The majority of anticancer compounds that show promising
efficacy in preclinical testing fail often in early clinical trials and
are only very rarely approved for cancer treatment (Nass et al.,
2018). One reason for the extremely high failure rate of oncology
drug candidates is the lack of appropriate preclinical models. For
CRC, preclinical models include CRC cell lines and their xeno-
grafts, patient-derived organoids and xenografts, and GEMMs
(McIntyre et al., 2015). Moreover, the fact that, for example, in
CMS4 tumors, tumor progression is defined by the tumor
stroma rather than a particular genetic profile within the actual
cancer cells underlines the difficulties in creating adequate tu-
mor models. Thus, to date only few immune-competent GEMMSs
exist that truly recapitulate all the steps of CRC progression and
faithfully mimic advanced metastatic human CRC.

In this study, we analyzed a mouse model in which con-
comitant inactivation of TP53 signaling and activation of PI3K-
AKT signaling in combination with chemical carcinogenesis
induces invasive colon tumors in 100% of the mice. Importantly,
these invasive tumors give rise to lymph node metastasis with a
very high frequency (80%) within <13 wk. Of note, tumor cells
from lymph node metastases can reenter the circulation and
give rise to distant metastasis, and do not represent dead ends as
previously believed (Brown et al., 2018; Pereira et al., 2018).
Other metastatic mouse models of CRC include models with
various combinations of inactivating genetic modifications in
main tumor suppressors, such as Apc, Trp53, Pten, Tgfbr2, and
Cdkn2a, and activating mutations in oncogenes, such as Kras,
Braf, and Notchl. However, in contrast to AOM-treated
Trp53~ECAKtEYK mice, none of these mouse models develop
invasive tumors with 100% penetrance, and the frequency of
lymph node and distant metastasis is relatively low (<50%;
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Jackstadt and Sansom, 2016). Gene expression and phos-
phoproteomic profiling of AOM-induced Trp532EC¢ and
Trp53~ECAKtEI7K tumors demonstrated that AKT signaling
activation triggered inflammatory and proinvasive features.
Differential regulation of pathways such as adherens and
tight junction signaling might indicate a loss of epithelial
barrier integrity, which has been shown to contribute to the
formation of an inflammatory tumor microenvironment and
drive CRC growth and progression (Grivennikov et al., 2012).
Further analysis of gene expression data also suggested al-
tered recruitment of a wide range of immune cells (granulo-
cyte and agranulocyte adhesion and diapedesis) in response to
AKT activation, possibly leading to the substantially different
inflammatory tumor microenvironment in Trp5321E¢ and
Trp53°ECARtEK tumors.

Most importantly, gene expression profiling of AOM-induced
Trp532EC and Trp53AECAktEYK  tumors also showed that
Trp53°ECAktE17K mice mimic advanced human CRC not only
phenotypically, but also on a transcriptional level. We were
able to demonstrate by several different approaches that the
gene expression profile of the Trp532ECAktEK tumors is
highly similar to the gene expression profile of human CMS4
tumors. This is of particular importance, as patients with
CMS4 tumors have the worst progression-free and overall
survival (Guinney et al., 2015). The CMS4 subgroup is char-
acterized by the high expression of stroma-related genes,
decreased epithelial signature, and activation of EMT, in-
tegrin, and TGFp signaling. Moreover, CMS4 tumors, similarly
to Trp53A1ECAktEI’K tumors, possess a prometastatic, angi-
ogenic, inflammatory, and immunosuppressive microen-
vironment (Becht et al., 2016). Importantly, our results
further suggest that, similarly to the human CMS4 subtype,
Trp53°ECAtEYK tumors also possess an immune-suppressed
microenvironment characterized by elevated TGFB and de-
creased T cell infiltration.

Based on the above characteristics, several therapeutic ap-
proaches have been suggested for the treatment of CMS4
tumors, including anti-integrin therapy (Elez et al., 2015), anti-
inflammatory therapy, antiangiogenic therapy (Becht et al.,
2016), and TGFB inhibition (Calon et al., 2015; Tauriello et al.,
2018). Among these treatment modalities, TGF inhibition
shows the most promise, and it is already being tested in a phase
II clinical trial in combination with chemotherapy in patients
with CMS4 signature (MoTriColor, 2015). The observation that
TGFP signaling was activated in Trp53*ECAktEYX tumors sug-
gests that, in addition to NOTCH3 signaling, TGFP signaling
could contribute to the CMS4 phenotype, and that blocking
TGFp may potentially impact tumor progression in our model as
well. However, TGFp signaling has a dual role in CRC, as itis a
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Figure 7. High NOTCH3 expression correlates with CRC progression and CMS4 subtype in CRC patients. (a) Kaplan-Meier survival curve of CRC patients
with NOTCH3 under- or overexpression. Data were generated by using the cBioPortal and TCGA RNA sequencing V2 dataset with a z-score threshold of +1.
Underexpression was considered for expression values smaller than one SD below the mean (n = 327), overexpression was considered for expression values
greater than one SD above the mean (n = 46). Curve comparison was performed with log-rank (Mantel-Cox) test. (b-e) NOTCH3 normalized expression in CRC
patients according to the tumor stage (T1-T4; b), LVI (c), lymphatic metastasis (NO-N2; d), and distant metastasis (MO-M1; e). Data were generated by using
the cBioPortal and TCGA RNA sequencing V2 dataset with a z-score threshold of +1. Data are mean + SD, n = 374. *, P < 0.05; **, P < 0.0L; ***, P < 0.001 by
t test or one-way ANOVA followed by Tukey’s multiple comparison test. (f) Representative image of N3ICD immunohistochemistry (IHC) in human CRC. Scale
bar = 100 pum. (g) Kaplan-Meier survival curve of CRC patients with NOTCHI under- or overexpression. Data were generated by using the cBioPortal and TCGA
RNA sequencing V2 dataset with a z-score threshold of +1. Underexpression was considered for expression values smaller than one SD below the mean (n =
320), overexpression was considered for expression values greater than one SD above the mean (n = 52). Curve comparison was performed with log-rank
(Mantel-Cox) test. (h-k) NOTCHI normalized expression in CRC patients according to the tumor stage (T1-T4; h), LVI (i), lymphatic metastasis (NO-N2; j), and
distant metastasis (MO-M1; k). Data were generated by using the cBioPortal and TCGA RNA sequencing V2 dataset with a z-score threshold of +1. Data are
mean + SD; n = 374. Not significant by t test or one-way ANOVA followed by Tukey’s multiple comparison test. (l) NOTCH3 expression in the indicated human
CRC datasets according to the CMS category. Data are mean = SD; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by one-way ANOVA followed by Dunnett’s
multiple comparison test. (m) NOTCHI expression in the indicated human CRC datasets according to the CMS category. Data are mean + SD; *, P < 0.05; **, P <
0.01; ***, P < 0.001; ****, P < 0.0001 by one-way ANOVA followed by Dunnett’s multiple comparison test.
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tumor promoter in the stroma and a tumor suppressor in the
tumor cells at the same time (Calon et al., 2015; David et al.,
2016), and therefore TGFB inhibitors should be applied only
after careful consideration. Hence, there is a clear need for more
therapeutic options for the treatment of CMS4 tumors. In fact,
CMS4 tumors are not characterized by a high frequency of
PTEN, PI3K, or AKT mutations. Instead, we suggest that stroma-
derived signals, including IL-6 family members such as IL-11,
fuel gp130-dependent PI3K-AKT activation even in the absence
of mutations (J. Varga and F.R. Greten, unpublished data) to
induce Notch3 transcription. Undoubtedly, AKT activation will
lead to a wide range of additional downstream effectors, yet we
suggest that Notch3 represents one important target considering
that overexpression of N3ICD suffices to induce distant metas-
tases in an organoid-based orthotopic transplantation setting.

An interplay between PI3K-AKT signaling and NOTCH3
signaling has already started to appear. In stratified epithelia,
PDK1, which controls both PKC and AKT, is important for
asymmetric cell divisions in the basal keratinocytes. Keratino-
cytes that are deficient for PDK1 fail to undergo asymmetric cell
divisions and are unable to activate the NOTCH-induced dif-
ferentiation program. Reintroduction of active NOTCH3 rescued
defective asymmetric cell divisions and restored proper kerati-
nocyte differentiation (Dainichi et al., 2016). Data from human
cancer samples also support the link between PI3K-AKT and
NOTCH3. NOTCH3 overexpression and nuclear localization
correlate with phospho-AKT levels in human pancreatic ductal
adenocarcinoma (Doucas et al., 2008). NOTCH3 knockdown in
cholangiocarcinoma decreases the transcription of several genes
related to AKT signaling and diminishes the activation of AKT
and mTOR signaling (Guest et al., 2016).

Recently, a high NOTCH score was suggested to be associated
with CMS4 tumors, and NOTCHI activation was detected in liver
metastases (Jackstadt et al., 2019). Here we demonstrate that
particularly increased NOTCH3 expression in primary CRC as-
sociates with worse overall survival and increases with tumor
progression. Most importantly, NOTCH3 expression was highest
in the CMS4 tumors. Although relatively few studies have fo-
cused specifically on the role of NOTCH3 in human CRC, the
contribution of NOTCH3 to CRC progression is beginning to
emerge. Increased NOTCH3 expression has been shown to
characterize primary and metastatic CRC (Serafin et al., 2011),
and down-regulation of NOTCH3 reduces the invasiveness of
human CRC cells (Wang et al., 2015).

When we treated Trp53*ECAktEYK mice with the y-secretase
inhibitor DAPT or the NOTCH3 antagonistic antibody a-NRR3,
we were able to significantly block tumor progression. The fact
that NOTCH3 inhibition is equally as, if not more, effective in
reducing invasion and metastasis compared with DAPT admin-
istration suggests that it is primarily signaling via NOTCH3 (but
not other NOTCH receptors), which drives tumor progression.
This finding is important, because broad inhibition of NOTCH
signaling by y-secretase inhibitors is associated with adverse
side effects, and in certain tissues it can be even protumorigenic
(Doody et al., 2013). Because of these considerations, antibodies
that target individual NOTCH receptors have been developed
and are being tested in preclinical models (Choy et al., 2017;
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Gurney and Hoey, 2011; Lafkas et al., 2015; Li et al., 2008; Wu
et al., 2010). NOTCHS3 is also highly expressed by vascular
smooth muscle cells and pericytes and is important for their
homeostasis (Fouillade et al., 2012; Siebel and Lendahl, 2017). We
could also detect NOTCH3 activation in stromal cells of CRC
patients. Hence, it is possible that NOTCH3 inhibition affects not
only tumor cells but also stromal cells, which could further
contribute to the metastasis-reducing effect of NOTCH3 inhi-
bition. Collectively, our findings suggest that NOTCH3 inhibi-
tion might be an effective therapeutic approach in the
management of advanced human CRC, particularly CMS4
tumors.

Materials and methods

Mouse strains and treatments

For the generation of LSL-Akt®'”K mice an Akt1*7K cDNA (codon
optimized for expression in mouse and including an N-terminal
Flag tag) was cloned after a loxP-flanked stop cassette (LSL) into
a Rosa26 targeting vector (Pechloff et al., 2010). The targeting
vector was electroporated into 129]/Ola embryonic stem (ES)
cells, and successfully targeted ES cells were selected to generate
chimeric mice which were bred for germline transmission (S.
Wanninger and J. Ruland, unpublished data). LSL-Akt"”K mice
were crossed to Trp532E¢ mice (Schwitalla et al., 2013) to gen-
erate Trp53*ECAKtEYK double mutants. Trp532ECAkIEK mice
used for initial characterization were backcrossed to FvB back-
ground for at least four generations, and Trp532E€ mice on FvB
background were used as controls. For the treatment with DAPT
and a-NRR3, Trp53*1ECAktEK mice on mixed genetic background
were also used. For the isolation of colon organoids, Trps53%/4
mice (JAX; 008462) were crossed to Tgfbr2f/fl mice (JAX;
012603) harboring loxP sites flanking exon 4 of the Tgfbr2 gene.
Trp53%/8Tgfbr2f/% mice were on C57BL/6] background. To induce
colon tumors, mice were injected with 10 mg/kg AOM i.p. once
per week for a period of 6 wk. DAPT was applied in 5% EtOH/oil
mixture at a dose of 10 mg/kg in a 3-d-on/4-d-off regimen by oral
gavage and given to AOM-treated Trp53AECAktEYK mice from
week 8 until the time of sacrifice. NOTCH3 blocking a-NRR3 and
the control a-RW antibodies (Genentech) were injected i.p. twice
a week at 30 mg/kg. AOM-injected Trp532ECAktEIK mice were
treated from week 8 until the time of sacrifice. All mouse ex-
periments were reviewed and approved by the Regierungsprsi-
dium Darmstadt, Darmstadt, Germany.

Subcutaneous, lung metastasis, and orthotopic mouse models

To generate subcutaneous tumors, NBSGW (MclIntosh et al.,
2015) mice were injected s.c. with organoid single-cell suspen-
sion containing 300,000 cells in 20% Matrigel/PBS solution. To
induce shRNA expression, doxycycline was given in sucrose-
containing drinking water at a concentration of 0.2 mg/ml
starting from when tumor size reached a volume of ~0.2 cm?.
Subcutaneous tumor volume was calculated according to the
modified ellipsoid formula V = 0.5 (length x width?). To generate
mice with lung tumors, mice were i.v. injected with organoid
single-cell suspension containing 300,000 cells in PBS. For i.v.
injected mice, doxycycline treatment was started 24 h after
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injection. Mice were sacrificed 6 wk after the i.v. injection.
Orthotopic transplantation was essentially performed as de-
scribed in Yui et al. (2012) with minor modifications. First,
C57BL/6] or Ragl mice received 4% or 2% DSS, respectively, for
five consecutive days (days 0-5) in the drinking water. On day 7,
organoids were dissociated by mechanical disruption using a
narrowed glass pipette followed by incubation in Accutase so-
lution (Sigma-Aldrich; A6964) at 37°C for 5 min. Single cells
were resuspended in 20% Matrigel/PBS solution. Mice were
anesthetized with ketamine/xylazine, and dissociated organoids
(1-2 x 108 cells/mouse) in 150 pl of 20% Matrigel/PBS solution
were flushed intrarectally using a flexible plastic catheter in-
serted 2 cm into the anus. After enema, the anus was covered
with a thick layer of Vaseline to prevent leakage. All mouse
experiments were reviewed and approved by the Regier-
ungsprasidium Darmstadt.

Histology

To determine tumor number and size and the extent of invasion,
entire mouse colons were dissected and embedded in paraffin as
“Swiss rolls.” Complete Swiss rolls were serially sectioned in
200-pm steps. Sections were stained with H&E, scanned using
an Aperio ScanScope CS2 (Leica) and analyzed by Aperio Image
Scope software (Leica). Tumor size was determined for every
individual tumor on each serial section, and the biggest area of a
tumor was used for further quantification. An area was con-
sidered invasive when tumor cells were penetrating the basal
membrane and infiltrating the submucosa or the external
muscle layer. The invasive area for each invasive tumor was
quantified on every individual serial section, and the biggest
measured area was used for further quantification. For both
tumor size and extent of the invasive area, a mean value is
shown for each mouse. For the AOM-induced models, tumor size
was determined without the invasive area. For determination of
tumor size in the orthotopic model, both the noninvasive and
invasive areas were considered. For detection of lymph node
metastases, lymph nodes were either embedded and sectioned
together with the colon or embedded separately and sectioned in
100-pum steps. In both cases, lymph nodes were stained with
H&E, scanned using an Aperio ScanScope CS2 (Leica), and an-
alyzed by Aperio Image Scope. Immunohistochemistry was
performed using an automated Bond-MAX autostainer (Leica)
with primary antibodies against phospho-AKT S473 (Cell Sig-
naling Technologies; 3787) 1:100, mouse and human N3ICD
(Genentech) 10 pg/ml, tGFP (Thermo Fisher Scientific; PA5-
22688) 1:600, and CD3 (Dako; I1S503) 1:2. For the detection of
primary antibodies, the Bond Polymer Refine Detection kit
(Leica) was used. For quantification of CD3"* cells, sections were
scanned using an Aperio ScanScope CS2 (Leica), and positive
and negative cells were counted using Aperio Image Scope.
Immunofluorescence analysis was performed manually. Briefly,
formalin-fixed and paraffin-embedded sections were deparaffi-
nized and rehydrated, and heat-mediated antigen unmasking
was performed. After blocking with 3% BSA/PBS at RT for
40 min, sections were incubated with primary antibodies
against 1:200 aSMA (Sigma-Aldrich; A2547) and 1:300 vimen-
tin (Abcam; ab92547) overnight. The next day, sections were
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incubated with the appropriate fluorescently labeled secondary
antibodies for 1 h at RT and covered with ProLong Gold antifade
mounting medium with DAPI (Thermo Fisher Scientific;
P36931). 20x images were taken with an Axio Imager 2 (Zeiss),
and the fluorescent signal was quantified using Image]J (v1.5j8;
National Institutes of Health) as a percentage of the total
image area.

Nucleic acid extraction

To extract RNA from mouse tumor tissue and mouse tumor
organoids, small pieces of snap-frozen tissue or organoids were
incubated in RLT Buffer with 1% B-mercaptoethanol and ho-
mogenized using a Precellys 24 homogenizator (Bertin Tech-
nologies). For further steps, Qiagen RNeasy Mini kit (Qiagen)
was used according to the manufacturer’s instructions. RNA
quality and concentration were determined by Nanodrop
spectrophotometer.

Gene expression analysis

For quantitative PCR, cDNA was synthesized using 200-1,000 ng
RNA. cDNA was prepared by using Superscript II reverse tran-
scription kit (Invitrogen). First, RNA was incubated with 1l oligo
dT (50 uM) and 1 pl INTP Mix (10 mM each) in a total volume of
13 pl at 65°C for 5 min. The mixture was cooled on ice, and 4 pl of
5x First Strand Buffer, 1 ul of dithiothreitol (DTT; 0.1 M), 1 pl
of RNase OUT (40 U/l), and 1 pul of SuperScript II reverse tran-
scription (200 U/pl) was added. Reverse transcription was per-
formed at 42°C for 60 min. cDNA was diluted 1:5 with RNase-free
water. Gene expression analysis was performed with a 96-well
StepOne real-time PCR machine (Applied Biosystems) using 2x
FastStart Universal SYBR Green Master Mix (Roche). Gene ex-
pression levels were determined relative to the expression of the
housekeeping gene Ppia (cyclophilin). A complete list of primers
can be found in Table S1.

To prepare the library for RNA sequencing, 500 ng of total
RNA was used. The library was generated with TruSeq mRNA
Sample Preparation v2 Kit (Illumina; RS-122-2002). Quantifi-
cation of cDNA libraries was performed with the QuantiFluor ds
DNA System (Promega), and fragment size was determined
using the Fragment Analyzer (Advanced Bioanalytical). 50-bp
single-end sequencing was performed on the Illumina HiSeq
4000 platform. Read counts were analyzed in the R/Bio-
conductor environment (version 3.2) using the DESeq2 package
(version 1.8.1). Differentially regulated genes were filtered to a
minimum of twofold change and false discovery rate-corrected P
value < 0.05. Candidate genes were used for further analysis by
IPA software (Qiagen) to predict differentially regulated path-
ways and biological processes. Ingenuity predicts up- and down-
regulation of the pathway from the z-score, which is calculated
based on the match between expected relationship direction
(based on Ingenuity Knowledge Database) and observed gene
expression in the experimental dataset.

GSEA was performed after differential expression analysis
using the GSEA tool (Subramanian et al., 2005) and compared
with the Consensus Molecular Subtypes curated gene sets sig-
natures (https://www.synapse.org/#!Synapse:syn2321865).
CMS classification was performed after data normalization
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with a B-spline linear model using the single-sample CMS
classifier (CMSclassifier::classifyCMS(t(sampleData), meth-
0d=“SSP”) and the published CMS classifier R package
(Guinney et al., 2015). Coexpression patterns of genes associ-
ated with immune response (CD4, STATI, CXCL10, IDO1,
WARS, CD3D, PTPRC, CD8A, CXCL9, and CXCLI1), colon epi-
thelial differentiation (CDX2, AREG, EREG, VAV3, CDXI,
DNMT3B, SLC6A4, MYC, ZBTB10, PM20D2, LRP11, and AK4),
goblet cell-like (MUC6, MUC2, SPINK4, REG4, TFF3, ANO7,
NEURL1, CLCAl, ITLN1, LINC00261, FCGBP, ST6GALNACI,
CAPN9, SPDEF, MLPH, and BCASI), and stroma (SPARC, ZEBI,
ZEB2, COL4Al, COL4A2, ACTA2, TAGLN, and COL1A1), which
represent CMS1, CMS2, CMS3, and CMS4, respectively, were
inspected to support the CMS class assigned by the classifier. To
map mouse genes to human genes, the BiomaRt R package was
used. All RNA sequencing data have been deposited at the GEO
database and are available under accession no. GSE136257.

Protein analysis

To extract proteins from tumor tissue, small snap-frozen tissue
pieces were homogenized in 200 pl of complete protein lysis
buffer (50 mM Tris, pH 7.5, 250 mM sodium chloride, 30 mM
EDTA, 30 mM EGTA, 25 mM sodium pyrophosphate, 1% Triton
X-100, 0.5% NP-40, 10% glycerol, and 1 mM DTT) containing
protease and phosphatase inhibitors. To isolate proteins from
organoids, organoids were collected and incubated on ice in cell
recovery solution (Corning) to remove Matrigel. Organoids were
then centrifuged and resuspended in 100 pl of complete protein
lysis buffer containing protease and phosphatase inhibitors and
lysed on ice for 15 min. Sample homogenization was performed
using the Precellys 24 homogenizer (Bertin Technologies). For
immunoblot analysis, protein lysates were mixed with Laemmli
buffer supplemented with 5% B-mercaptoethanol and boiled at
95°C for 10 min. Proteins were separated via SDS-PAGE and
transferred to polyvinylidene fluoride membrane using common
immunoblot protocols. After blocking, membranes were incu-
bated with the following primary antibodies: phospho-AKT 5473
1:1,000 (Cell Signaling Technologies; 3787), total AKT 1:1,000
(Cell Signaling Technologies; 9272), PTEN 1:500 (Abcam; 32199),
and B-actin 1:3,000 (Sigma-Aldrich; A4700). HRP-linked sec-
ondary antibodies were used at 1:5,000, and the chemilumi-
nescent signal was imaged using the Fusion Fx7 System (Vilber).
The Proteome Profiler Mouse XL Cytokine Array (R&D Systems;
ARY028) was used according to the manufacturer’s instructions
with 300 pg of total protein per genotype.

Label-free quantitative global phosphoproteomic analysis

Phosphoproteomic analysis was performed basically as de-
scribed before (Haupl et al., 2019). In brief, after cell harvest
and lysis in modified radioimmunoprecipitation assay buffer
(50 mM Tris, pH 7.5, 150 mM sodium chloride, 1 mM EDTA, 1%
NP-40, 0.1% Na-deoxycholate, 1 mM DTT, and protease and
phosphatase inhibitors) using a Precellys 24 homogenizer
(Bertin Technologies), 0.5 mg of protein was subjected to ace-
tone precipitation, dissolved in denaturation buffer, reduced,
and alkylated. The samples were then sequentially digested with
LysC and trypsin, and the resulting peptide mixtures were
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purified using SepPak C18 cartridges. After phosphopeptide
enrichment by TiO, metal oxide affinity chromatography, the
samples were fractionated using strong cation-exchange chro-
matography. The fractions were purified with C18 Stage tips and
subjected to liquid chromatography-tandem MS analysis on a Q
Exactive HF Orbitrap mass spectrometer coupled online to an
Ultimate 3000 RSLCnano HPLC system via an electrospray
ionization interface (all Thermo Fisher Scientific). First, pep-
tides were washed on a reversed phase C18 trap column (length
5 mm, diameter 0.3 mm) for 3 min. Then the trap column was
switched online with the analytical column (length 30 cm, di-
ameter 75 pum) packed with ReproSil-Pur C18 AQ 1.9 um re-
versed phase material (Dr. Maisch GmbH). Solvent A consisted
of 0.1% formic acid in water, and the peptides were eluted from
the column with a linear solvent gradient from 5 to 35% solvent
B (0.1% formic acid, 80% acetonitrile in water) over 88 min at a
flow rate of 300 nl/min. MS data were acquired in a data-
dependent top 15 scheme, in which the 15 precursor ions with
the most intense signals within the mass range of 350-1,600 m/z
were selected for high-energy collisional dissociation fragmen-
tation with a normalized collision energy of 28 from an MS1
survey scan (AGC target 1E6, maximum injection time 50 ms,
resolution 120,000). Precursors were selected for fragmentation
with an isolation window of 1.6 Th and a dynamic exclusion of
30 s, and fragment ions were analyzed in MS2 scans at a reso-
lution of 30,000 (AGC target 1E5, maximum injection time
110 s).

Raw MS data were processed with MaxQuant software
(version 1.6.0.16; Cox and Mann, 2008). For protein identifica-
tion, tandem MS spectra were searched with the integrated
Andromeda search engine (Cox et al., 2011) against the UniProt
reference database of murine proteins containing 54,211 entries
(November 15, 2018) and an internal database of potential con-
taminants (246 entries) with the default settings. Acetylation at
the protein N-terminus, oxidation of methionine, and phos-
phorylation on serine, threonine, or tyrosine were set as vari-
able modifications, and carbamidomethylation of cysteine was
defined as fixed modification. Tryptic digestion was considered
with a peptide length of 27 aa, allowing up to two missed
cleavage sites. On both the peptide and protein levels, a false
discovery rate of 1% was tolerated by application of a forward-
and-reverse concatenated decoy database search approach.
Relative label-free quantification (LFQ) was conducted with the
MaxLFQ module of MaxQuant (Cox et al., 2014), and the “match
between runs” option was enabled.

Downstream data analysis was performed with Perseus
software (version 1.6.0.7; Tyanova et al., 2016). First, identified
phosphosites derived from potential contaminants and hits to
the decoy database were removed. Furthermore, phosphosites
were filtered for a localization probability of >75% (class I
phosphosites). After filtering for at least two-thirds valid in-
tensity values in each sample group, normalization of each
sample to the median overall LFQ intensity was conducted. The
normalized intensities were log2 transformed, and missing
values were imputed using the default settings. After a two-
sample t test between both groups, phosphosites with at least
twofold change and P < 0.05 were considered regulated and
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subjected to IPA (Qiagen). The MS proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE
(Perez-Riverol et al., 2019) partner repository with the dataset
identifier PXD014778.

Cloning

97-mer oligos targeting the coding sequence of the mouse Pten
and Notch3 and the control shRNA sequences were obtained
from the previously published shRNA list (Fellmann et al., 2013)
and can be found in Table S2. To achieve efficient and stable
knockdown of Pten, a murine stem cell virus-based retroviral
vector coexpressing a microRNA-30-based shRNA and GFP was
used (kind gift from Lars Zender, University Hospital Tiibingen,
Tibingen, Germany; University of Tiibingen, Tibingen, Ger-
many; German Cancer Research Center, Heidelberg, Germany;
Dickins et al., 2005). Briefly, the hairpin against Pten or the
control hairpin was introduced into a murine stem cell virus
retroviral vector, in which the expression of the shRNA and
EGFP is driven by the LTR promoter using Xhol and EcoRI re-
striction enzymes. To generate organoids enabling the
doxycycline-regulatable expression of Notch3-specific hairpins,
retroviral vectors RT3GEP expressing tGFP (kind gift from Jo-
hanes Zuber, Research Institute of Molecular Pathology, Vienna
BioCenter, Vienna, Austria; Addgene; 111164) and rtTA3-PGK-
Hygro (kind gift from Lars Zender) were used. shRNAs targeting
murine Notch3 or the control hairpin were cloned into RT3GEP
recipient vector using Xhol and EcoRI restriction enzymes as
previously described (Fellmann et al., 2013). To generate APTK
and APTK-myrAKT organoids, the following constructs were
used: (1) plasmid encoding the sgRNA targeting the Apc gene
(sgRNA-Apc-T1; Schwank et al., 2013), (2) human myrAKT
cloned downstream of IRES and hygromycin in rtTA3-PGK-
Hygro, (3) murine Kras®'>® cDNA cloned downstream of IRES
and puromycin resistance gene in RT3GEP, (4) pPGK-Cre-bpA
(kind gift from Klaus Rajewsky, Max Delbriick Center for Mo-
lecular Medicine, Berlin, Germany; Addgene; plasmid 11543).
Lentiviral constructs encoding mouse N3ICD were designed and
synthetized by VectorBuilder. Briefly, the sequence encoding
mouse NOTCH3-ICD was cloned after an N-terminal FLAG se-
quence into a pLV backbone. To generate the control plasmid, a
300-bp “stuffer” sequence was cloned after the N-terminal FLAG
sequence.

Organoid culture and treatments

Normal colon organoids were isolated from unchallenged
Trp53Y/Tgfbr28/8 mice as previously described (Sato et al., 2009)
and maintained in Matrigel (Corning; 356231) with medium
containing Advanced DMEM F12 (Thermo Fisher Scientific;
12634-028), 1% penicillin/streptomycin (Thermo Fisher Scien-
tific; 15140-22), 1x Glutamax (Thermo Fisher Scientific;
35050061), Hepes (Thermo Fisher Scientific; 15630056), in-
house-made mouse noggin and R-spondin, 1x N2 (Thermo
Fisher Scientific; 17502-048), 1x B27 (Thermo Fisher Scientific;
17504-044), 80 uM N-acetylcysteine (Sigma-Aldrich; A9165),
200 ng/ml mouse EGF (Thermo Fisher Scientific; PMG8043), 10
nM Y-27632 (Sigma-Aldrich; Y0503), 5 uM CHIR 99021 (Axon
Medchem; 1386), 500 pM A83-01 (Sigma-Aldrich; SML0788).
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Mouse tumor organoids were isolated from AOM-treated
Trp532EC and Trp53 AECAktEVK mice. Single tumors were
pooled and digested with 0.1 mg/ml Collagenase A (Sigma-Al-
drich; C0130) and Dispase II (Sigma-Aldrich; D4693) in Ad-
vanced DMEM F12 containing 1% penicillin/streptomycin,
0.05 mg/ml DNase I (Roche; 4716728001), 0.03 ng/ml hy-
drocortisone (Sigma-Aldrich; H0888), 50 ng/ml murine EGF,
and 1x insulin-transferrin-selenium-ethanolamine (Thermo
Fisher Scientific; 51500056) for 2 h at 37°C. Mouse tumor orga-
noids were maintained in Matrigel with medium containing
Advanced DMEM F12, 1% penicillin/streptomycin, 1x Glutamax,
1x Hepes, 80 uM N-acetylcysteine, and 200 ng/ml mouse EGF. To
induce the expression of the doxycycline-inducible hairpins and
tGFP, organoids were maintained for the indicated times in the
presence of 0.5 pg/ml doxycycline in the culture medium.
Retroviral and lentiviral vectors were introduced into 293T cells
by standard calcium phosphate coprecipitation. Virus-containing
supernatant was collected after 24 h every 6 h at least four times.
Virus-containing supernatant was then concentrated by cen-
trifugation overnight at 10,000 g at 4°C, and the pellet was re-
suspended in mouse tumor organoid medium containing 8 pug/ml
polybrene. Organoids were dissociated into single-cell suspen-
sions and infected by spinoculation. Selection started 48 h after
infection. To deliver sgRNA-Apc-T1, Lipofectamine-nucleic acid
complexes were prepared according to the standard Lipofectamine
protocol and were delivered by spinoculation.

TCGA data analysis

Transcriptomic and clinical data from TCGA Research Network
database were retrieved with the help of the cBio Cancer Ge-
nomic Portal and were further processed with GraphPad Prism
(Cerami et al., 2012; Gao et al., 2013). Tumor samples with RNA
sequencing V2 data (n = 382) with a z-score threshold +1 were
analyzed. Overexpression was defined as expression more than
one standard deviation (SD) from mean. To obtain CMS-
classified human CRC samples, frozen robust multiarray
analysis normalized expression data for the GEO datasets
GSE13067 (Jorissen et al., 2008), GSE14333 (Jorissen et al.,
2009), GSE17536 (Smith et al, 2010), GSE33113 (Kemper
et al., 2012), and GSE39582 (Marisa et al., 2013) were ob-
tained from the Colorectal Cancer Subtyping Consortium’s Syn-
apse platform (https://www.synapse.org/#!Synapse:syn2634742).
Annotation with Entrez IDs was performed in R (version 3.3.3)
using the biomaRt package, and samples were CMS classified
using the single-sample prediction provided by the R package
CMS classifier (version 1.0.0; Guinney et al., 2015).

Statistical analysis

Appropriate statistical tests were used for the analysis of all
experiments. Statistical analysis was performed using GraphPad
Prism 7. Statistical significance was calculated with unpaired,
two-tailed t test or one-way ANOVA followed by Tukey’s or
Dunnett’s multiple comparison test. Where applicable, outliers
were filtered out by applying ROUT (Q = 1%) or Grubbs’ test. CRC
patient Kaplan-Meier survival curves were generated by Prism
7 using data retrieved from the cBio Cancer Genomic Portal, and
significance was calculated by log-rank (Mantel-Cox) test.
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Online supplemental material

Fig. S1lists selected pathways that are significantly differentially
regulated in response to AKT activation and gives information
on the tumor microenvironment in Trp53*C and Trp5321ECAktEK
mice. Fig. S2 shows additional analysis of the RNA-sequencing
results of Trp53~/-AktE’KshCo and Trp53~/-AktE’KshNotch3
organoids. Fig. S3 provides supporting information for Notch3
knockdown in the s.c. transplantation model and shows re-
sults of the i.v. metastasis model using Trp53~/-AktE1"%shCo
and Trp53~/-AktE7KshNotch3 organoids. Table Sl lists primers
used for gene expression analysis in this study. Table S2 lists
sequences of shRNAs.
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Figure S1. Transcriptomic and phosphoproteomic analysis of Trp532E€AktE1’K tumors reveals regulation of pathways associated with invasion and
metastasis as well as inflammation. (a and b) Signaling pathways associated with invasion and metastasis (a) as well as inflammation (b), which are
significantly regulated in response to AKT hyperactivation. Predictions were made based on RNA sequencing of whole tumor tissues from AOM-treated
Trp5348C and Trp53~'ECAktELK mice using IPA. P < 0.05 with right-tailed Fisher’s exact test, activation: z-score > 0, inhibition: z-score < 0, no pattern: pathway
is differentially regulated, but z-score is not available. Regulated pathways which were also identified by phosphoprotein-specific MS of whole-tumor tissues of
AOM-treated Trp532'EC and Trp53~'ECAtE17K mice using IPA are highlighted by a gray frame. P < 0.05. (c) Quantification of CD3 immunohistochemistry (IHC) in
the invasive tumors of Trp5321EC and Trp5321ECAKtEYX mice. Cell numbers are shown as percentage of total cells, and at least one tumor and one invasive front
was quantified per mouse. Data are mean + SD; *, P < 0.05 by t test. ROUT test with Q = 1% was used to remove outliers. n = 4 mice per genotype.
(d) Representative images and quantification of immunofluorescent analysis of aSMA (red) and vimentin (green) expression in the tumors of Trp53%'EC and
Trp532ECAktEK mice. Cell nuclei are stained with DAPI (blue). Data are mean + SD; ****, P < 0.0001 by t test. n > 3 mice per genotype. Scale bars = 100 um.
(e) Cytokine array analysis of whole-tumor lysates from Trp532'EC and Trp532ECAKtEY7K tumors. A protein was considered to be up-regulated in Trp532ECAKtEYK
tumors with a fold change >1.5 and was considered to be down-regulated with a fold change <0.75. n > 6 per genotype.
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Figure S2. Analysis of gene expression changes in response to Notch3 silencing in Trp53-/-AktEK organoids. (a) Principal component analysis (PCA) of
the RNA-sequencing results of Trp53~/~Akt¥7shCo and Trp53~/~AktE17XshNotch3 organoids cultured in the presence of doxycycline for 10 d. (b) Significant gene
expression changes induced by Notch3 knockdown for selected genes as determined by RNA sequencing. Changes in the gene expression in
Trp53~/-AktE7KshNotch3 organoids were determined relative to control Trp53~/-AkttXshCo organoids. Experiment was performed in duplicate; P,q; < 0.05.
(c) Heatmap and cluster analysis showing expression z-scores of NOTCH3 target genes in AOM-treated CMS2-like Trp532EC and CMS4-like Trp53MECAKEYK

tumors. n = 3 mice per genotype.
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Figure S3. Notch3 silencing in s.c. and i.v. tumors. (a) Relative mRNA expression level of the indicated genes in s.c. tumors of NBSGW mice transplanted
with Trp53~/~Akt¥17%shCo or Trp53~/-Akt¥1"%shNotch3 organoids day 10 after the start of doxycycline administration by qRT-PCR. Data are mean + SD; n > 3
per group; *, P < 0.05; **, P < 0.01 by one-way ANOVA followed by Dunnett’s multiple comparison test. Data are shown for a dataset of n = 1 experiment.
(b) Schematic depiction of the strategy used for i.v. injection of Trp53-/~AktE7XshCo or Trp53~/-Akt¥17XshNotch3 organoids and doxycycline administration.
(c) Representative images of tGFP immunohistochemistry (IHC) on sections from lung tumors of NBSGW mice i.v. injected with Trp53~/-Akt17KshCo or
Trp53~/-AktE7KshNotch3 organoids 6 wk after the start of doxycycline administration. Scale bars = 5 mm (upper row); 200 pm (lower row).

Two tables are provided online in Word files. Table S1 lists PCR primers. Table S2 lists shRNAs.
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