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SUMMARY

Colon cancer is a heterogeneous tumor driven by
a subpopulation of cancer stem cells (CSCs). To
study CSCs in colon cancer, we used limiting dilution
spheroid and serial xenotransplantation assays to
functionally define the frequency of CSCs in a panel
of patient-derived cancer organoids. These studies
demonstrated cancer organoids to be enriched for
CSCs, which varied in frequency between tumors.
Whole-transcriptome analysis identified WNT and
Hedgehog signaling components to be enhanced in
CSC-enriched tumors and in aldehyde dehydroge-
nase (ALDH)-positive CSCs. Canonical GLI-depen-
dent Hedgehog signaling is a negative regulator of
WNT signaling in normal intestine and intestinal
tumors. Here, we show that Hedgehog signaling
in colon CSCs is autocrine SHH-dependent, non-
canonical PTCH1 dependent, and GLI independent.
In addition, using small-molecule inhibitors and
RNAi against SHH-palmitoylating Hedgehog acyl-
transferase (HHAT), we demonstrate that non-canon-
ical Hedgehog signaling is a positive regulator of
WNT signaling and required for colon CSC survival.

INTRODUCTION

Colorectal cancer is a heterogeneous tumor that represents the
third most common cancer and fourth most common cause of
cancer deaths worldwide (Haggar and Boushey, 2009; Siegel
et al., 2014). Recent data support a hierarchical model of colon
cancer in which tumor growth is driven by a subpopulation of
cancer stem cells (CSCs) that may also be the source of relapse
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following treatment (Reya et al., 2001; Shackleton et al., 2009;
Ricci-Vitiani et al., 2007; O’Brien et al., 2007; Vermeulen et al.,
2008). Elucidation of the molecular pathways that regulate
CSC survival and contribute to tumor heterogeneity may there-
fore lead to more effective treatments.

Tumors recapitulate many of the cellular programs employed
during the development of the tissue of origin (Karamboulas
and Ailles, 2013; Reya et al.,, 2001). WNT and Hedgehog
signaling frequently operate in unison to control cell growth,
development, tissue homeostasis, and cancer (Taipale and
Beachy, 2001; Song et al., 2015). In the intestine, WNT signaling
is highest in the stem cell compartment at the crypt base, where
it drives stem cell self-renewal, and decreases as cells move up
through the intestinal crypt and into the differentiated area at the
top of the crypt (Pinto et al., 2003).

Conversely, Hedgehog signaling in the colon is primarily
confined to the differentiated cells at the top of the crypt, where
it acts to antagonize WNT signaling and restrict its expression to
the base of the crypt (Madison et al., 2005). Hedgehog signaling
can be classified as either canonical or non-canonical. In canon-
ical Hedgehog signaling, Hedgehog (SHH, IHH, or DHH) binds to
its receptor PTCH1, which is also a direct target of Hedgehog
signaling (Goodrich et al., 1996; Marigo and Tabin, 1996; Ing-
ham, 1998; Kolterud et al., 2009; Scales and de Sauvage,
2009), to relieve it from its repression of SMO, which then acti-
vates a downstream signaling pathway, resulting in activation
of the GLI family zinc-finger transcription factors GLI1, GLI2,
and GLI3. These GLI proteins then translocate to the nucleus,
where they regulate the transcription of several target genes.
Non-canonical Hedgehog signaling is less well defined but
generally refers to Hedgehog-dependent signals that do not
act via the canonical Hedgehog-to-GLI route and includes any
GLl-independent cellular and tissue responses (Brennan et al.,
2012; Thibert et al., 2003; Polizio et al., 2011; Barnes et al.,
2001; Testaz et al., 2001; Chinchilla et al., 2010). Two classes
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of GLI-independent, non-canonical Hedgehog signaling have
been described: type | non-canonical Hedgehog signaling,
which works through PTCH1 and is independent of SMO, and
type Il, which functions through SMO (Brennan et al., 2012).
In addition, SMO-independent GLI activation has also been
referred to as non-canonical Hedgehog signaling (Petrova
et al., 2015; Nolan-Stevaux et al., 2009).

Activating mutations in the WNT signaling pathway are found
in 90% of colorectal cancers (Miyaki et al., 1994). Hedgehog
genes, on the other hand, are rarely mutated in colorectal cancer
(Cancer Genome Atlas Network, 2012) but are, instead, upregu-
lated (Oniscu et al., 2004; Yoshikawa et al., 2009; Berman et al.,
2003), and conflicting data suggest either a paracrine (Yauch
et al., 2008) or autocrine pathway activation (Varnat et al.,
2009). Crosstalk between WNT and Hedgehog signaling has
been shown to be important in the development and progression
of colon cancer (van den Brink et al., 2004; Van Dop et al., 2009;
Akiyoshi et al., 2006; Song et al., 2015; van den Brink and Hard-
wick, 2006), and there are numerous avenues for molecular
crosstalk between the two pathways (Briscoe and Thérond,
2013). Similar to the normal intestine, many studies report GLI-
dependent canonical Hedgehog signaling to be a negative regu-
lator of WNT signaling in colon cancer (van den Brink et al., 2004;
Van Dop et al., 2009; Akiyoshi et al., 2006). Drugs that target the
canonical Hedgehog signaling pathway in colon cancer, where
WNT signaling drives proliferation, may therefore prove to be
ineffective. Indeed, recent clinical trials in metastatic colorectal
cancer and pancreatic cancer (in which Hedgehog ligands are
similarly overexpressed) involving the SMO antagonist vismo-
degib yielded negative results (Berlin et al., 2013; Catenacci
et al., 2015). A better understanding of the interactions between
Hedgehog and WNT signaling in colorectal cancer may therefore
lead to the development of more effective therapies.

Here, using patient-derived 3D in vitro and xenograft models
of colon cancer, we show that Hedgehog signaling in CSCs
is non-canonical, SHH-dependent, and PTCH1-dependent and
acts as a positive regulator of WNT signaling to regulate the
survival of colon CSCs.

RESULTS

3D In Vitro Cancer Organoid Models and Xenografts of
Colon Cancers Vary in CSC Frequency

Cancer organoid models were established from freshly isolated
primary tumors and metastases from colon cancer patients
(Table S1) by embedding in growth-factor reduced Matrigel (Fig-
ure 1A, top) and cultivating in serum-free medium (Sato et al.,
2011; Schutte et al., 2017). To determine the frequency of tu-
mor-initiating cells (TICs) in each model, cells were transplanted
into immunocompromised mice at limiting dilution concentra-
tions (Figure 1A). These results demonstrated a broad range
of tumorigenic potential among patient models, ranging from
1 in 28,008 (95% confidence interval [CI], 1 in 7,039 to 1 in
111,406) at the lowest to 1 in 56 (95% Cl, 1 in 20.6 to 1 in 151)
at the highest. The TIC-enriched tumors had an enhanced
growth rate compared with tumors with lower TIC frequencies
(Figures 1B and 1C; Figure S1). In addition, the most TIC-
enriched cancer organoids, 302-CB-M and 195-CB-P, were
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derived from high-grade stage IVA patient tumors (Figure 1A;
Table S1). There was no correlation between major pathway
mutations (APC, TP53, KRAS, SMAD4, and PIK3CA) (Table S2)
or microsatellite instability, detected in 261-MB-P and 278-
ML-P (Schutte et al., 2017), and differences in TIC capacity or
growth rate.

The ability of CSCs to survive and form spheroids in non-
adherent cell culture is the gold standard assay for the assess-
ment of CSCs in vitro (Ricci-Vitiani et al., 2007; Weiswald et al.,
2015). Therefore, to determine the frequency of CSCs in the
cancer organoid models, seven models (281-CB-P, 261-MB-P,
162-MW-P, 151-ML-M, 278-ML-P, 302-CB-M, and 195-CB-P)
were distributed by fluorescence-activated cell sorting (FACS)
into low-attachment plates and assessed for spheroid formation
(Figure 1D). These data showed that the frequency of in vitro
CSCs in each cancer organoid model correlated with the
frequency of TICs in vivo (Figure 1A) and demonstrate that can-
cer organoids are functionally heterogeneous and vary in CSC
frequency.

CSC Frequency Correlates with Expression of Stem
Cell-Associated Genes and Developmental Pathways

To investigate the molecular basis of the differential CSC fre-
quencies, cancer organoid models were stained for the differen-
tiation markers MUC2 and KRT20, the stem cell-associated
WNT signaling protein BETA-CATENIN (Figure 2A; Figure S2A;
Movies S1 and S2), and the structural protein F-ACTIN. MUC2
and KRT20 staining demonstrated the cancer organoids to be
largely undifferentiated, and BETA-CATENIN was found to be
strongly expressed in all models. However, differences in nu-
clear localization of BETA-CATENIN suggested varying levels
of WNT signaling activity both within and between tumor models.
The localization of F-ACTIN to the apical/luminal surface of the
cancer organoids demonstrated that they retain the strong
apical-basal polarity of the normal intestine.

RNA sequencing analysis demonstrated further molecular
differences between the cancer organoids (Figure 2B). Analysis
of stem cell-associated (ALDH1A1, ASCL2, AXIN2, CTNNBT,
EPHB2,LRIG1, OLFM4, and PHLDAT) (Douville et al., 2009; She-
noy et al., 2012; Schuijers et al., 2015; Merlos-Suarez et al., 2011;
Wong et al., 2012; van der Flier et al., 2009; Sakthianandeswaren
et al., 2011; Huang et al., 2009), proliferation (MKI67 and MYC),
and differentiation (ATOH1 and MUC2) (Yang et al., 2001,
Shroyer et al., 2007) transcripts demonstrated higher stem cell
gene expression in the more CSC-enriched tumors, which also
had lower expression of the differentiation markers ATOH1 and
MUC2. These data were validated by RT-PCR gene expression
analysis (Figure 2C).

To identify pathways that may regulate colon CSCs, gene set
enrichment analysis (GSEA) was carried out, comparing CSC-
enriched model 195-CB-P to model 162-MW-P, which had a
173-fold reduced TIC frequency compared with model 195-
CB-P and failed to form spheroids at low cell number. These an-
alyses demonstrated the transcriptome of 195-CB-P cells to be
enriched for gene sets associated with development, including
organ development and WNT signaling (Figure 2C; Figure S2).
Interestingly, core enrichment analysis of WNT BETA-CATENIN
signaling identified the Hedgehog signaling component and
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Figure 1. Tumor-Initiating CSCs in Patient-Derived Colon Cancer Organoids Vary in Frequency and Are Enriched in More Advanced Tumors
(A) Images of 3D cancer organoid models of patient-derived colon cancers (top; scale bars, 200 um). The table shows results of limiting dilution transplantation of
cells from each cancer organoid model as well as the staging of the original patient material (see also Tables S1 and S2). The number of established tumors as a
fraction of the number of animals transplanted is given. Data are from five independent transplant sessions.

(B and C) Growth curves (B; see also Figure S1) and Ki67 staining (C) for five xenograft models. Scale bars, 20 um.

(D) Results of the limiting dilution spheroid formation assay. The number of spheroids formed as a fraction of the number of cells seeded per well is given. Data are

from two independent experiments.

target gene PTCH1 to be differentially expressed in CSC-en-
riched 195-CB-P cells.

Hedgehog Signaling in CSC-Enriched Cancer Organoids
Is Autocrine and GLI Independent

Hedgehog signaling has been shown to be a negative regulator
of WNT signaling (van den Brink et al., 2004; Akiyoshi et al.,
2006) and to be inactive in colon cancer cell lines (Chatel et al.,

2007). It was therefore surprising to see enrichment for both
WNT signaling genes and PTCH1, which is both the receptor
for Hedgehog signals and a direct target gene, in the most
CSC-enriched tumor model. To further investigate the role of
Hedgehog signaling in CSCs, the expression of specific Hedge-
hog signaling genes was analyzed (Figure 3A and 3C). All models
expressed the Hedgehog signaling genes SHH, IHH, and SMO
as well as the direct signaling target PTCH7 and downstream
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targets BMP4, BMP7, BMI1, S100A4, and SOX9 (Yoshino et al.,
2016; Roberts et al., 1995; Yoshimoto et al., 2012; Wang et al.,
2012; Xu et al., 2014; Park et al., 2010; Figure 3A). There were
no mutations detected in any Hedgehog signaling components
that could lead to constitutive pathway activation (Schutte
et al., 2017). Interestingly, the Hedgehog signaling targets
tended to be more highly expressed in CSC-enriched models.
Notably, expression of GLI1, GLI2, and GLI3, the effectors of ca-
nonical Hedgehog signaling, were markedly low (GL/1, 0.322-
0.063 fragments per kilobase of transcript per million mapped
reads [FPKM]; GL/2, 0.12-0.009 FPKM; GL/3, 0.608-0.004
FPKM). The minimum transcript level for functional expression
of a gene is generally considered to be 1 FPKM (Vogel and Mar-
cotte, 2012; Hebenstreit et al., 2011). These data, therefore, sug-
gested that Hedgehog signaling is GLI-independent. To investi-
gate this further, immunostaining of Hedgehog signaling proteins
was carried out. Immunostaining of cancer organoids and
corresponding xenografts for the Hedgehog signaling proteins
SHH, SMO, PTCH1, and BMI1 further demonstrated Hedgehog
signaling to be active in these tumors (Figure 3B; Figure S3). In
addition, the ubiquitous expression of the Hedgehog ligand
SHH and the target gene PTCH1 in all cells demonstrated that
Hedgehog signaling in cancer organoids is autocrine. Concur-
ring with the low transcript levels (< 1 FPKM), nuclear GLI1 pro-
tein was not detected by immunofluorescence staining in CSC-
enriched cancer organoids (Figure 3B; Figure S3). However, it
was detected in the CSC-depleted models 281-CB-P and 261-
MB-P (Figure S3). Conversely, in vivo, where tumor cells are
more differentiated than under the serum-free, undifferentiated
conditions of the cancer organoid culture system, GLI1 was
localized to the nucleus. However, immunostaining of frozen
xenograft sections for GLI1 demonstrated that rare GLI1-nega-
tive cells also exist in vivo (Figure 3D; Figure S4). These data
suggest that GLI-dependent Hedgehog signaling is required
for the differentiation of tumor cells but that GLI-independent
Hedgehog signaling, observed in CSC-enriched cancer organo-
ids, may be important for maintaining CSCs in an undifferenti-
ated state.

Colon Cancer Organoids Are Enriched for ALDHP°sitve
CSCs, in which Hedgehog Signaling Is GLI Independent
If the cancer organoids contain a subpopulation of CSCs, then it
is possible that GLI transcripts were not detected in the RNA
sequencing analysis of the unfractionated tumor cells. Increased
aldehyde dehydrogenase (ALDH) activity, as measured using the
Aldefluor assay, is a marker of CSC subpopulations in colon can-
cer and many other cancer types (Huang et al., 2009; Shenoy
et al., 2012; Douville et al., 2009). ALDHPestve gnd ALDHNegative

cells were therefore isolated (Figure 4A) to investigate differ-
ences in Hedgehog signaling components between cellular sub-
populations. These data demonstrated that the cancer organo-
ids are enriched for ALDHF°Stv® cells and that the frequency of
ALDHPesve cells is greatly decreased in vivo (Figure 4B). Limiting
dilution serial xenotransplantation assays carried out with
ALDHPestve ang ALDHNe92e cells confirmed that ALDHPeSve
cells are enriched for CSCs (Figure 4C), which also tended to
generate faster-growing tumors than ALDHN®92%"e cells (Figures
4D and 4E). RNA sequencing and GSEA of ALDHs"¢ gnd
ALDHNegatve a5 jsolated from cancer organoids demonstrated
that ALDHP°S™e CSCs are enriched for WNT and Hedgehog
signaling transcripts but lack GL/ (Figures 4F and 4G; Figure S5).
Gene expression analysis of ALDHPoStVe and ALDHNe9atve xeno-
graft cells also demonstrated that in vivo ALDHP°S™® CSCs are
enriched for stem cell (ALDH1A1, BMI1, and EPHB2), WNT
(AXIN2, CTNNB1, and LGR5), and Hedgehog transcripts (SHH,
PTCH1, and BMP4) but do not express GLI1 (Figure 4H).

Non-canonical Hedgehog Signaling Is a Positive
Regulator of WNT

WNT signaling pathway activation leads to the stabilization and
nuclear translocation of BETA-CATENIN, which then complexes
with the TCF/LEF transcription factors to activate WNT-respon-
sive genes. Therefore, to further investigate the relationship
between WNT and Hedgehog signaling in CSCs, WNT signaling
reporter models were generated by transducing cells with a TCF/
LEF-EGFP construct (Figure 5A). FACS analysis of TCF/LEF-
EGFP cells demonstrated that WNT signaling activity positively
correlated with the CSC frequency of the tumor models (Figures
5B and 5C). In addition, ALDHF°Stv® cells were enriched for TCF/
LEF-EGFPPste cells, and this enrichment was also positively
correlated with CSC frequency (Figure 5D). Gene expression
analysis further demonstrated that TCF/LEF-EGFPPs!e cells
were enriched for stem cell (ALDH1A1 and ASCL2), WNT
(AXIN2, CTNNB1, and LGRS5), and Hedgehog (SHH, SMO,
PTCH1, and BMP4) transcripts but not GL/71 (Figure 5E).

To further delineate the role of GLI-independent Hedgehog
signaling in colon CSCs and its relationship to WNT, cancer
organoids were treated with small-molecule inhibitors of WNT
signaling (the Tankyrase inhibitor NVP-TNKS656), SMO-depen-
dent canonical Hedgehog signaling (the SMO inhibitors vismo-
degib and cyclopamine), and SHH signaling (the Hedgehog
acyltransferase [HHAT] inhibitor RU-SKI 43). HHAT-mediated
palmitoylation of SHH is required for SHH signaling (Chen
et al., 2004). HHAT inhibition therefore blocks all signaling down-
stream of SHH, including non-canonical SMO-independent
PTCH1-dependent Hedgehog signaling. Inhibition of Tankyrase

Figure 2. CSC-Enriched Cancer Organoids Are Poorly Differentiated and Are Enriched for WNT and Hedgehog Signaling

(A) Immunofluorescence staining of cancer organoids for BETA-CATENIN (green) (top), with magnified regions showing nuclear BETA-CATENIN (center), MUC2
(green) (bottom), and F-ACTIN (red). Nuclei are stained blue with DAPI (scale bars, 20 pm) (see also Movies S1 and S2).

(B) RNA sequencing-generated FPKM values from four different biological replicates for stem cell (red), proliferation (blue), and differentiation (beige) genes.
(C) RT-PCR validation of stem cell genes (fold expression + 95% Cls) from three different biological replicates (see also Table S4). Significant differences are as

follows: *p < 0.05, **p < 0.01.

(D) GSEA for organ development (nominal p = 0) and WNT signaling (nominal p = 0.033) in CSC-enriched 195-CB-P cancer organoids compared with CSC-low

162-MW-P cancer organoids (n = 3 separate cell preparations).

(E) Heatmap showing core enrichment hallmark WNT BETA-CATENIN signaling genes in 195-CB-P cells compared with 162-MW-P cells (see also Figure S2).
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Figure 3. Hedgehog Signaling in Colon CSCs Is Autocrine and GLI Independent

(A) RNA sequencing-generated FPKM values for Hedgehog signaling genes. FPKM values for GL/1, GLI2, and GLI3 (red) were less than 1 FPKM (n = 3 separate
cell preparations).

(B) Immunofluorescence staining (top) of 195-CB-P cancer organoids for the Hedgehog signaling proteins SHH, SMO, GLI1, PTCH1, BMI1 (green), and F-ACTIN
(red) (see also Figure S3). Nuclei are stained blue with DAPI (scale bars, 20 um). Also shown is immunohistochemistry (bottom) of 195-CB-P xenografts for SHH,
SMO, GLI1, PTCH1 and BMI1 (scale bars, 20 um).

(C) RT-PCR validation of Hedgehog genes (fold expression + 95% Cls) from three different biological replicates (see also Table S4). Significant differences are as
follows: *p < 0.05, **p < 0.01.

(D) Immunofluorescence staining for GLI1 (green) in a frozen 195-CB-P xenograft section (scale bar, 20 pum). Arrowheads indicate nuclear GLI1 staining. The box
contains cells lacking nuclear GLI1 staining (see also Figure S4).
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and SMO-dependent canonical Hedgehog signaling had no ef-
fect on cell survival at low doses (half maximal inhibitory concen-
tration [ICsq] values > 10 uM) (Figure 5F). However, RU-SKI 43
effectively reduced cell survival at low doses in all models (ICsq
values < 10 puM). Significantly, addition of recombinant SHH to
the culture medium blocked the effect of RU-SKI 43 (Figure 5G).
These data further demonstrate that Hedgehog signaling is
active in colon CSCs and suggest that CSCs are dependent on
SMO-independent, PTCH1-dependent, non-canonical Hedge-
hog signaling for survival.

To determine the effect of Hedgehog signaling pathway inhibi-
tion on WNT activity, 151-ML-M TCF/LEF-EGFP cells were
treated with either vismodegib or RU-SKI 43 prior to FACS anal-
ysis to determine the effect on WNT activity based on changes in
GFP. Interestingly, inhibiting SMO-dependent canonical Hedge-
hog signaling with vismodegib led to an increase in TCF/LEF-
EGFPPestve cells (Figures 5H and 5l). However, targeting SHH
signaling upstream of SMO and PTCH1 using RU-SKI 43 signif-
icantly decreased WNT activity. These data support previous
reports that canonical Hedgehog signaling is a negative regu-
lator of WNT activity (van den Brink et al., 2004) and suggest
that non-canonical Hedgehog signaling is a positive regulator
of WNT.

Non-canonical PTCH1-Dependent Hedgehog Signaling

Is Required for the Survival of Colon CSCs

To determine whether non-canonical Hedgehog signaling is
functionally required for the survival of CSCs, cells were trans-
duced in non-adherent culture with three different lentiviral short
hairpin RNAs (shRNAs) against HHAT (shRNA HHAT 1, shRNA
HHAT 2, and shRNA HHAT 3). Successful knockdown of HHAT
was confirmed by gRT-PCR (Figures 6A and 7D). With the
exception of 278-ML-P and 195-CB-P (shRNA HHAT2), shRNAs
against HHAT had little effect on the proliferation of cancer orga-
noid models in Matrigel culture (Figure S6).

To determine whether non-canonical Hedgehog signaling
is required for CSC survival and proliferation in non-adherent
culture, GFP™se shRNA HHAT cells were sorted by FACS
into ultra-low attachment plates. In all models, shRNA HHAT
led to a significant decrease in the frequency of spheroid forma-
tion (Figure 6B). The shRNA HHAT spheroids that did form were
significantly smaller than control transduced cells (Figures 6C

and 6D). Addition of recombinant SHH to the culture medium
attenuated the effect of shRNA HHAT on sphere formation (Fig-
ure 6E). These data demonstrate that non-canonical Hedgehog
signaling is required for CSC survival and that it requires SHH.
In addition, these data suggest that the variance in effect on pro-
liferation between RU-SKI 43 (Figure 5F) and shRNA HHAT in
adherent cells (Figure S6) may be due to the preferential loss
of more HHAT-dependent cells during transduction in non-
adherent culture, leading to a mitigation of the effect on prolifer-
ation of cells in adherent culture.

To investigate which of the HHAT downstream Hedgehog
signaling components is required for CSC survival, cells were
transfected with small interfering RNAs (siRNAs) against SMO
and PTCH1 (Figure S6). siRNA PTCH1 caused a significant
decrease in spheroid formation in all models (Figure 6F). How-
ever, similar to treatment with SMO inhibitors, siRNAs against
SMO had no effect on survival. Taken together, these data
demonstrate that colon CSC survival is PTCH1-dependent.

Non-canonical Hedgehog Signaling Regulates the
Frequency of Colon CSCs

Having demonstrated that non-canonical Hedgehog signaling is
required for the survival of CSCs, we carried out gene expression
analysis on shRNA HHAT cancer organoids to investigate the ef-
fect on stem cell, WNT, and Hedgehog signaling genes (Fig-
ure 6G). HHAT knockdown caused a decrease in expression of
the WNT signaling genes AXIN2, CTNNB1, and RUNX2 as well
as the Hedgehog signaling genes SHH, SMO, and PTCH1. Of
these, AXIN2 and PTCH1, key WNT and Hedgehog target genes
(Wu et al.,, 2012; Ingham, 1998; Marigo and Tabin, 1996;
You et al., 2010), were most significantly downregulated. The
decreased expression of CTNNB1, which is not a direct target
of WNT, is most likely due to the loss of CTNNB17-expressing
cells rather than downregulation of its expression. The stem
cell-associated genes ALDH1A1, ASCL2, BMI1, and EPHB2
(Merlos-Suarez et al., 2011; Douville et al., 2009; Huang et al.,
2009; Kreso et al., 2014) also decreased in expression, and of
these, ASCL2, the WNT-responsive master regulator of intestinal
stem cell fate (Schuijers et al., 2015), was most significantly
affected by shRNA HHAT. In addition, FACS analysis of
control virus-transduced and shRNA HHAT-transduced cells
for ALDH activity demonstrated a decrease in the frequency of

Figure 4. Colon Cancer Organoids Are Enriched for ALDHP°S""® CSCs that Lack GLI

(A) Representative Aldefluor assay FACS plots of xenografts derived from cancer organoid model 302-CB-M (data are from 10 independent experiments). DEAB
(diethylaminobenzaldehyde) is a specific inhibitor of ALDH and is used to control for background fluorescence.

(B) Frequency (+ SD) of ALDHPos!tve cells in cancer organoids and corresponding xenografts (data are from 10 independent experiments, except for 162-MW-P
xenografts, which were analyzed in three independent experiments).

(C) The table shows results of limiting dilution serial xenotransplantation of ALDHP°S""e and ALDHN®92t"® celis from previously established cancer organoid-
derived xenograft models. The number of successfully established tumors as a fraction of the number of animals transplanted is given. Data are from three
independent transplant sessions. The p values for pairwise tests of differences in CSC frequencies between ALDHP°""e versus ALDHN®93Ve cells in 162-MW-P,
151-ML-M, 278-ML-P, 302-CB-M, and 195-CB-P tumors are 8.75 x 107°,6.47 x 1074,1.12 x 1074, 8.02 x 107 "%, and 4.72 x 10~ '3, respectively.

(D and E) Growth curves (D) and Ki67 staining (E) for 10,000 195-CB-P ALDH®92%e ce|is and 1,000 195-CB-P ALDHP°S"Ve cells (scale bar, 20 um).

(F) GSEA for embryonic development (nominal p = 0), organ development (nominal p = 0), WNT (nominal p = 0), and Hedgehog signaling (nominal p = 0) in
ALDHPesitve celis (compared with ALDHN®92%Ve gells) from cancer organoid models 162-MW-P, 151-ML-M, 278-ML-P, 302-CB-M, and 195-CB-P (n = 3 separate
cell preparations).

(G) RNA sequencing-generated FPKM values for AXIN2 and GLI1 in ALDHP°S™e and ALDHN®9ave celis (see also Figure S5).

(H) Fold expression of stem cell, WNT, and Hedgehog gene expression data + 95% Cls in 162-MW-P ALDH"°s"v® xenograft cells compared with 162-MW-P
ALDHNegatve yenograft cells (see also Table S4). ***, GLIT expression was below the limits of detection. Significant differences are as follows: *p < 0.05, **p < 0.01.
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ALDHPesitve colls in shRNA HHAT cancer organoids (Figures 6H
and 6l). These data demonstrate that non-canonical Hedgehog
signaling regulates the frequency of CSCs in colon cancer.

Non-canonical Hedgehog Signaling Regulates WNT
Signaling and the Differentiation of CSCs In Vivo

Limiting dilution xenotransplantation of control virus-transduced
and shRNA HHAT-transduced high-grade IVA 195-CB-P and
low-grade 1IB 278-ML-P cells were carried out to determine
whether non-canonical Hedgehog signaling regulates tumori-
genesis in vivo. Control virus-transduced cells generated xeno-
grafts at each cell dilution tested, but shRNA HHAT-transduced
cells were significantly impaired in their ability to generate tu-
mors when transplanted at low cell numbers (Figure 7A). These
data demonstrate that impairment of non-canonical Hedgehog
signaling in CSCs significantly decreased their tumorigenic
capacity. Immunohistochemistry of the shRNA HHAT tumor
tissue demonstrated increased lumen formation compared
with control tissue (Figure 7B), which, along with the slower
growth rate (Figure 7C), suggested that the shRNA HHAT tumors
were more differentiated, although there was no increase in
staining for the differentiation markers KRT20 or MUC1 (data
not shown). gRT-PCR analysis of three of the shRNA HHAT
tumors confirmed that shRNA HHAT knockdown was present
(Figure 7D). Significantly, WNT signaling gene expression was
also found to be decreased. Conversely, the expression of differ-
entiation markers, including the tumor suppressor and WNT
target ATOH1 (Bossuyt et al., 2009; Aragaki et al., 2008), was
strongly increased. These data demonstrate that non-canonical
Hedgehog signaling is a positive regulator of WNT signaling and
is required to prevent the differentiation of CSCs in vivo.

PTCH1 Expression Correlates with Stem Cell Genes and
WNT Signaling in Clinical Samples and Is Increased in
Late-Stage Colorectal Cancers

Gene expression data demonstrated PTCH17 to be enriched in
CSC-enhanced cancer organoid models and in ALDHPositve
CSCs and TCF/LEFPesve cellular subpopulations. To determine
whether PTCH1 is similarly expressed in patients, we carried out
a pairwise correlation comparing the Hedgehog genes SHH,
PTCH1, and GLI1 with the stem cell genes EPHB2 and ASCL2,
the WNT genes LGR5 and AXIN2, and the differentiation genes
ATOH1 and MUCT1 (Figure 7E). These data demonstrated that
PTCH1 expression is positively correlated with stem cell and

WNT signaling genes and negatively correlated with differenti-
ated genes in clinical samples. Significantly, GLI7 expression
was negatively correlated with both stem cell and WNT signaling
genes.

To further characterize Hedgehog signaling in clinical sam-
ples, we carried out immunostaining of colorectal cancer tissue
microarrays (Figure 7G; Figure S7). SHH and GLI1 were found
to be ubiquitously expressed in epithelial cells and in the stroma,
demonstrating that both paracrine and autocrine signaling takes
place in vivo. These data support previous studies showing SHH
to be ubiquitously expressed and required for the growth of colo-
rectal tumors (Berman et al., 2003; Yoshikawa et al., 2009;
Oniscu et al., 2004). PTCH1 staining was generally absent or
weak. However, when PTCH1 staining was strong, it positively
correlated with strong cytoplasmic and nuclear BETA-CATENIN
in serially stained sections.

Analysis of PTCH1 expression across different colon tumor
stages demonstrated that PTCH1 expression is more enhanced
in late stage T4 clinical tumors compared with early T1 tumors
(Figure 7F). Overall, these data suggest that PTCH1 expression
may be an indicator of poor prognosis in colorectal cancer.

DISCUSSION

Colon cancer organoids demonstrated both functional and mo-
lecular inter- and intratumor heterogeneity, with only a subpop-
ulation of cells within each tumor being tumorigenic. The pre-
served functional heterogeneity observed within the cancer
organoids strongly supports their validity as models for the delin-
eation of signaling pathways important in the regulation of CSCs
and tumor biology in general (van de Wetering et al., 2015;
Clevers, 2016; Dutta et al., 2017).

The requirement of WNT signaling for the survival of normal
and cancer stem cells is well established (Krausova and Korinek,
2014; Nusse, 2008; Kanwar et al., 2010; Vermeulen et al., 2010;
Sato et al.,, 2011). Here we demonstrate that colon cancer
organoids are enriched for ALDHP°s"e WNT-active TCF/LEF-
EGFPPestv® CSCs and that WNT activity increases with CSC
content. Canonical GLI-dependent Hedgehog signaling has
been shown to be a negative regulator of WNT signaling both
in the normal intestine, where is acts to restrict expansion of
the stem cell compartment, and in colon cancer (van den Brink
et al., 2004; Van Dop et al., 2009; Madison et al., 2005; Akiyoshi
et al., 2008). It was therefore interesting that ALDHP°S"Ve CSCs

Figure 5. Non-canonical Hedgehog Signaling Is a Positive Regulator of WNT Signaling in Colon Cancer
(A) Image of the 195-ML-P-TCF/LEF-EGFP reporter organoid (scale bar, 200 um).
(B) Representative Aldefluor assay FACS plots of 195-ML-P-TCF/LEF-EGFP cells.

(C and D) Frequency (+ SD) of TCF/LEF-EGFP"°S!"e cells in cancer organoid models (C, n = 2 independent experiments) and frequency of ALDHP°SVe cells in
TCF/LEF-EGFPPesitve and TGE/| EF-EGFPN®93tve sybpopulations (D, n = 2 independent experiments).

(E) Fold expression of stem cell, WNT, and Hedgehog gene expression data + 95% Cls in 278-ML-P TCF/LEF-EGFP"°s"® cells compared with 278-ML-P TCF/
LEF-EGFPNe93t"e cells (see also Table S4). ***, GLIT expression was below the limits of detection in these samples. Significant differences are as follows:
*p < 0.05, *p < 0.01.

(F) Survival of cancer organoid models after 72 hr treatment with the Tankyrase inhibitor NVP-TNKS656, the SMO inhibitors vismodegib and cyclopamine, and the
HHAT (SHH signaling) inhibitor RU-SKI 43. Data are from two independent experiments (+ SD).

(G) Percent survival of cancer organoids after treatment with recombinant SHH, RU-SKI 43, or RU-SKI 43 in combination with 2 pg/mL recombinant SHH
compared with untreated control.

(H and I) FACS plots (H) and frequency (I) of TCF/LEF-EGFPP°S"e cells in 151-ML-M-WNT-EGFP organoids treated with DMSO, vismodegib (10 uM), or RU-SKI
43 (2 uM) for 24 hr (mean + SD; data are from two independent experiments). *p < 0.05, **p < 0.01, ***p < 0.001 (t test).
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Figure 6. Non-canonical PTCH1-Dependent Hedgehog Signaling Regulates ALDHP°S"Y® CSC Frequency and Is Required for the Survival of
Colon CSCs in Non-adherent Cell Culture

(A) Fold expression of HHAT RT-PCR gene expression data + 95% Cls in 151-ML-M cancer organoid cells transduced with three different shRNA HHAT-GFP
lentiviruses (n = 3 independent cell preparations) over the comparator population (control virus transduced 151-ML-M cells) (see also Table S4).

(B) Frequency of shRNA HHAT spheroid formation in non-adherent cell culture compared with control-transduced cells (mean + SD; data are from three
independent experiments). “p < 0.05, “**p < 0.001 (t test) (see also Figure S6).

(C) shRNA HHAT spheroid size relative to control-transduced cells (mean + SD; data are from three independent experiments). ns, not significant. **p < 0.01,
***p < 0.001 (t test).

(D) Representative images of a 302-CB-M control-GFP spheroid (left) and shRNA HHAT cells that did not form a spheroid (right) in non-adherent cell culture (scale
bars, 100 pm).

(legend continued on next page)
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and TCF/LEF-EGFPFs""® cells were enriched for both WNT and
Hedgehog genes but lacked expression of GL/. In addition,
targeting SHH with the HHAT inhibitor RU-SKI 43 and shRNA
HHAT caused a decrease in WNT activity and decreased expres-
sion of stem cell, WNT, and Hedgehog signaling genes. Given
that cancer organoid models are maintained in an undiffer-
entiated state (high ALDH™°S"® TCF/LEF-EGFP™s"e cel| fre-
quencies, MUC2-negative, KRT20-negative, GLI1-negative),
with no differentiation factors in the culture medium, and that
the in vivo environment promotes differentiation (low ALDHOsitve
cell frequency, MUC2-positive, KRT20-positive, GLI1-positive),
these data support a model wherein non-canonical Hedgehog
signaling blocks differentiation and is a positive regulator
of WNT.

Treatment of cancer organoids with small-molecule inhibitors
and RNAI against the Hedgehog signaling components HHAT,
SHH, SMO, and PTCH1 demonstrated that non-canonical
Hedgehog signaling is required for CSC survival and is
PTCH1-dependent and SMO-independent (type | non-canonical
Hedgehog signaling). PTCH1 has been shown to function as a
dependence receptor by inducing apoptosis in the absence of
SHH ligand (Thibert et al., 2003; Mille et al., 2009; Mehlen and
Bredesen, 2004). However, because siRNA PTCH1 also blocked
sphere formation in non-adherent cell culture, it is unlikely that
the effect on survival caused by loss of SHH through RU-SKI
43 or shRNA HHAT was due to PTCH1 acting as a dependence
receptor.

SHH was ubiquitously expressed in cancer organoids and in
epithelial and stromal cells in vivo, and the addition of recombi-
nant SHH to RU-SKI 43-treated cancer organoids and shRNA
HHAT spheroids attenuated the effect on survival. These data
demonstrate that non-canonical Hedgehog signaling in cancer
organoids is autocrine but that both paracrine (epithelium to
mesenchyme) and autocrine signaling are active in vivo and sup-
port previous studies showing SHH to be ubiquitously expressed
and required for tumor growth (Berman et al., 2003; Yoshikawa
et al., 2009; Oniscu et al., 2004). In addition, PTCH1 expression
was found to be enriched both in CSCs and in late-stage T4 colo-
rectal tumors and to positively correlate with stem cell genes
and WNT signaling activity in clinical tumor samples. These
data support PTCH1 as a potential biomarker for colorectal can-
cer prognosis.

Based on these data, we propose a model wherein non-ca-
nonical PTCH1-dependent Hedgehog signaling acts as a posi-
tive regulator of WNT to maintain CSCs in an undifferentiated
state, whereas canonical SMO-dependent Hedgehog signaling,
mediated by nuclear localization of GLI1, leads to a downregula-
tion of WNT signaling and tumor cell differentiation. Inducing

CSC differentiation by targeting non-canonical Hedgehog
signaling may therefore provide strategies for the elimination of
therapy-resistant CSCs; for example, blocking SHH signaling
by targeting HHAT in combination with standard-of-care tumor
debulking therapies. Indeed, targeting of HHAT has also been
proposed to have therapeutic potential for Hedgehog-depen-
dent pancreatic cancer and breast cancers (Petrova et al,
2015; Matevossian and Resh, 2015).

These data demonstrate that SHH-dependent, PTCH1-
dependent, non-canonical Hedgehog signaling is required for
the survival of colon CSCs and support HHAT as a possible
therapeutic target for the future development of anti-tumor
treatments.

EXPERIMENTAL PROCEDURES

Human Tissue Samples and Establishment of Patient-Derived
Cancer Organoid Cell Cultures

Tumor material was obtained with informed consent from colorectal cancer
patients under approval from the local Institutional Review Board of Charité
University Medicine (Charité Ethics, Charitéplatz 1, 10117 Berlin, Germany)
(EA 1/069/11) and the ethics committee of the Medical University of Graz
(Ethics Commission of the Medical University of Graz, Auenbruggerplatz 2,
8036 Graz, Austria), confirmed by the ethics committee of the St John of
God Hospital Graz (23-015 ex 10/11). Tumor staging was carried out by expe-
rienced and board-certified pathologists (Table S1). Cancer organoid cultures
were established and propagated as described by Schitte et al. (2017).

Limiting Dilution Xenotransplantation

Housing and handling of animals were in compliance with the European and
German Guidelines for Laboratory Animal Welfare. Animal experiments were
conducted in accordance with animal welfare laws, approved by local author-
ities, and in accordance with the ethical guidelines of Bayer. Cancer organoids
were processed to single cells, and live cells were then injected subcutane-
ously in PBS and Matrigel (1:1 ratio) at limiting cell dilutions into female 8- to
10-week-old nude™~ mice. For serial xenotransplantation studies, tumors
derived from limiting dilution transplants were processed to single cells
and sorted by FACS (BD FACS Aria Il) for ALDH activity (Aldefluor assay)
and DAPI to exclude dead cells. Cells were then re-transplanted at limiting
dilutions.

Statistical Analysis

GraphPad Prism 6.0 was used for data analysis and imaging. All data are pre-
sented as the means + SD, followed by determining significant differences
using two-tailed t test. The significance of RT-PCR data was determined by in-
spection of error bars as described by Cumming et al. (2007). Limiting dilution
frequency and probability estimates were analyzed by the single-hit Poisson
model and pairwise tests for differences in stem cell frequencies using the
ELDA software (http://bioinf.wehi.edu.au/software/elda/index.html; Hu and
Smyth, 2009). GSEA was carried out using the preranked feature of the Broad
Institute GSEA software version 2 using msigdb v5.1 gene sets (Subramanian
et al.,, 2005; Mootha et al., 2008). The ranking list was derived from the
fold changes calculated from the differential gene expression calculation

(E) Frequency of shRNA HHAT spheroid formation in non-adherent cell culture in combination with recombinant SHH compared with control-transduced cells
(mean + SD; data are from two independent experiments). *p < 0.05, **p < 0.01 (t test).
(F) Frequency of siRNA SMO and siRNA PTCH1 spheroid formation in non-adherent cell culture compared with control-transfected cells (mean + SD; data are
from three independent experiments). *p < 0.05, **p < 0.01 (t test) (see also Figure S6).
(G) Fold expression of stem cell, WNT, and Hedgehog gene expression data + 95% Cls in 151-ML-M cancer organoid cells transduced with three different shRNA
HHAT lentiviruses (n = 3 independent cell preparations) compared with control virus-transduced 151-ML-M cells (see also Table S4). Significant differences are

as follows: *p < 0.05, **p < 0.01.

(H and I) Representative Aldefluor assay FACS plots (H) and frequency (l) of ALDHPeste celis in shRNA HHAT cells compared with control virus-transduced cells
(mean + SD; data are from two independent experiments). *p < 0.05, **p < 0.01, ***p < 0.001 (t test).
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and nominal p values. p < 0.05 was considered statistically significant. Pair-
wise correlations were analyzed with Pearson correlation test.

DATA AND SOFTWARE AVAILABILITY
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number of established tumors as a fraction of the number of animals transplanted is given. The p values for pairwise tests of differences in TIC frequencies
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in 195-CB-P cells are 3.72 x 107'°,1.22 x 1074, and 1.23 x 1075, respectively.

(B) H&E staining of control and shRNA HHAT tissue (scale bar, 100 um).

(C) Growth curves for xenografts derived from control virus-transduced cells and shRNA HHAT-transduced cells.

(D) Fold expression of HHAT, WNT, and differentiation RT-PCR gene expression data + 95% Cls in four separate 195-CB-P shRNA HHAT tumors over the
comparator population (four control virus-transduced 195-CB-P xenografts) (see also Table S4). Significant differences are as follows: *p < 0.05, **p < 0.01.
(E) Pairwise correlation of Hedgehog genes (SHH, PTCH1, and GLI1) with stem cell genes (EPHB2 and ASCL2), WNT genes (LGR5 and AXIN2), and differentiation
genes (ATOH1 and MUCT) in clinical samples.

(F) Expression of PTCH1 in colorectal cancer patients across different tumor stages (T1 v T4, p = 0.03).

(G) Immunostaining of a stage IlA primary patient colorectal tumor for SHH, GLI1, PTCH1, BETA-CATENIN, EPHB2, and MUC2 (scale bar, 200 um) (see also
Figure S7).
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