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SUMMARY
Insertion of reporter cassettes into the Lgr5 locus has enabled the characterization ofmouse intestinal stem cells (ISCs). However, low cell

surface abundance of LGR5 protein and lack of high-affinity anti-LGR5 antibodies represent a roadblock to efficiently isolate human

colonic stem cells (hCoSCs). We set out to identify stem cell markers that would allow for purification of hCoSCs. In an unbiased

approach, membrane-enriched protein fractions derived from in vitro human colonic organoids were analyzed by quantitative mass

spectrometry. Protein tyrosine pseudokinase PTK7 specified a cell population within human colonic organoids characterized by highest

self-renewal and re-seeding capacity. Antibodies recognizing the extracellular domain of PTK7 allowed us to isolate and expand hCoSCs

directly from patient-derivedmucosa samples. Human PTK7+ cells display features of canonical Lgr5+ ISCs and include a fraction of cells

that undergo differentiation toward enteroendocrine lineage that resemble crypt label retaining cells (LRCs).
INTRODUCTION

The epithelium that lines the small intestine and the

colon is in constant self-renewal with a life cycle of

3–4 days (Clevers, 2013a). Regeneration occurs from units

embedded within the submucosa known as crypts, each

containing about 6–10 intestinal stem cells (ISCs) (Clevers,

2013a). Differentiated epithelial cells reside at the surface.

The biology of mouse ISCs has been intensively studied

in recent years. They express Lgr5, a receptor for the WNT

pathway agonist R-Spondin 1 (R-SPO) (Barker et al., 2007;

de Lau et al., 2011; Leushacke and Barker, 2014). Mouse

Lgr5+ cells are rapidly dividing multipotent stem cells

that reside at the bottommost positions of the small intes-

tine and colonic crypts. Under culturing conditions that

simulate the stem cell niche, mouse Lgr5+ cells form 3D

structures in vitro, known as organoids (Sato et al., 2009).

The progeny of ISCs, transit amplifying cells or progeni-

tors,will eventually give rise to themajorityof differentiated

cells as theymigrate upward along the crypt axis. Recently it

was shown that a fraction of Lgr5+ cells remains relatively

slow proliferating and differentiates directly into less abun-

dant differentiated lineages such as Paneth or enteroendo-

crine cells. This Lgr5+ cell subpopulation can be experimen-

tally recognized by the retention of molecules that label

DNA and therefore has been known as label retaining cells

(LRCs) (Clevers, 2013b; Potten et al., 1974). They are charac-

terizedby co-expressionof ISC-specific genes andmarkers of

Paneth cells and enteroendocrine lineages (Buczacki et al.,

2013; Grün et al., 2015). LRCs are fated to differentiate;
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nevertheless, under certain conditions, such as damage of

the cycling ISC pool, they act as facultative stem cells and

contribute to the regeneration of the intestinal epithelium

(Buczacki et al., 2013). Mouse LRCs also expand as in vitro

organoids (Buczacki et al., 2013).

There is a growing interest inunderstanding thebiologyof

human colonic stem cells (hCoSCs), as it is widely believed

that they play key roles in various human intestinal disor-

ders (Barker et al., 2009). Furthermore, a better understand-

ing of this cell population is key to develop therapeutic

approaches to regenerate disease-affected tissue (Yui et al.,

2012). We recently showed that in media containing

WNT3a, R-SPO, EGF, and Noggin (WREN media) human

colonic crypts form organoids that expand as undifferenti-

ated 3D cell cultures (Jung et al., 2011). However, only

around 5%–6% of the cells within these cultures remain as

multipotent stem cells. We searched for surface markers

that identify bona fide hCoSCs from human organoid cul-

tures. We characterize protein tyrosine pseudokinase 7

(PTK7) as a hCoSCmarker that allows purification and opti-

mized ex vivo expansion of self-renewing multipotent

hCoSCs.

RESULTS

Quantitative Mass Spectrometry Analyses of Human

Colon Organoid-Derived Membrane Proteins

We searched for surface markers that would enable discrim-

ination of distinct cell populations in human colon organo-

ids (Jung et al., 2011). By quantitative mass spectrometry
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Figure 1. Quantitative Mass Spectrometry Reveals PTK7 Is Enriched in Ex Vivo Cultured hCoSCs and Specifies Organoid Cells with
Highest Self-Renewal Capacity
(A) Experimental scheme: Human colonic organoids were cultured under stem cell (WREN, STEM) or differentiation (EN, DIFF) conditions.
Differentiation was induced for 72 hr. After isolation of membrane-enriched protein fractions, samples were subjected to quantitative mass
spectrometry (LC-MS-MS).

(legend continued on next page)

980 Stem Cell Reports j Vol. 5 j 979–987 j December 8, 2015 j ª2015 The Authors



(q-LC-MS-MS) analyses, we compared plasma membrane-

enriched protein fractions of human colon crypts cultured

in stem (WREN) versus differentiated (media containing

EGF and Noggin [EN]) conditions (Jung et al., 2011) (Fig-

ure 1A). Whereas this experimental setting may not exactly

reflect lineage specification and differentiation present

in vivo,we reasoned that a subset of ISCmarker geneswould

be differentially expressed between the two conditions. We

identified 261 proteins that were enrichedmore than 2-fold

in stem cells and 119 proteins in differentiated cells (t test, p

value < 0.01; Table S1). Proteins significantly enriched in

WREN or EN human colonic organoid cells (t test signifi-

cance labeled as ‘‘+’’ in Table S1) were also enriched inmem-

brane proteins when compared with the human proteome

(Table S2). Multiple markers of enterocytes, mucosecreting,

and enteroendocrine cells were upregulated in EN organoid

cells, includingMUC2, FABP1, orDPP4 (Figure1B; Table S1).

Concomitantly, several previously identified ISC markers

such as CD44 (Gracz et al., 2013), SLC12A2 (Whissell

et al., 2014), andEPHB2 (Merlos-Suárez et al., 2011)were up-

regulated underWREN conditions (Figure 1B; Table S1). We

focused our attention on PTK7, a transmembrane pseudoki-

nase that regulates canonical and non-canonical WNT

signaling during embryo development (Puppo et al., 2011)

(Figure 1B). PTK7 was also found in a second independent

proteomic study (Figure S1A; Table S1).

High PTK7 Expression Levels Segregate with High

Self-Renewal Capacity in Ex Vivo Cultured Human

Colonic Crypts

In a previous study, we observed that only around 5%–6%

of viable cells within human colonic organoids cultured in

WREN media hold the capacity to reform organoids upon

serial passaging (Jung et al., 2011). Our data suggested

that only a subpopulation of organoid cells remains as

bona fide stem cells (Jung et al., 2011). Flow-cytometry

analysis of these cultures revealed heterogeneous surface
(B) Volcano plot of statistical significance (�log10 p value) against
cultures maintained in either WREN or EN media. Negative fold change
data).
See Figure S1 and Table S1 for an additional experiment.
(C) Fractionation of single cells from in vitro cultured organoids by FAC
Medium, green: PTK7-Neg) (upper). Same cell numbers of each fraction
assessed (bottom).
(D) Estimated frequencies of organoid-initiating cells (OIC) in differe
isolated according to PTK7 surface abundance. 40, 150, and 400 cell
applying the maximum-likelihood estimation method of limiting dilu
(E) Quantitative real-time PCR (qRT-PCR) analysis of stem cell, prolife
different fractions of organoid cells purified according to PTK7 levels
Error bars indicate SD (n = 3 technical replicates, see Figures 2 and S
(F) qRT-PCR analysis of LGR5 and differentiation marker gene expr
expanded in WREN media, and maintained under EN media for 5 days
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expression of PTK7 (Figure 1C, upper). We found that

cells with high PTK7 surface abundance exhibited a higher

re-seeding capacity when compared with PTK7-low, or

PTK7-negative cells (Figures 1C, 2B, S1B, and S2B). To

determine the frequency of organoid re-initiating cells

(OIC) of each PTK7 population, we plated different cell

numbers (40, 150, and 400 viable cells) and counted the

number of organoids after 1 week. We then calculated

OIC frequencies by applying themaximum-likelihood esti-

mationmethod for limiting dilutions assay (Hu and Smyth,

2009). Simply re-plating the total of viable cells yielded a

frequency of one OIC every 34 cells (3%), in line with our

previous observations (Jung et al., 2011). We calculated

an OIC of 1 in 6 for PTK7-high (16.7%), 1 in 23 for PTK7-

low (4.3%), and 1 in 118 (0.85%) for PTK7-negative cells

(Figure 1D). Furthermore, PTK7-high cells expressed

elevated levels of bona fide ISC marker genes such as

LGR5 and ASCL2 (Figure 1E, left), whereas PTK7-low and

PTK7-negative WREN-cultured organoid cells expressed

relatively higher levels of intestinal differentiation genes,

including ANPEP, CEACAM7, and CA1 (Figure 1E, right).

Upon removal of growth factors, secondary organoid cul-

tures derived fromPTK7-high cells underwentmultilineage

differentiation (Figure 1F).

We and others have previously identified surfacemarkers

for purification of mouse and human adult stem cells from

intestinal samples. These include EPHB2 (Jung et al., 2011;

Merlos-Suárez et al., 2011), CD44 (Gracz et al., 2013; Wang

et al., 2013), and Prominin-1/CD133 (Hou et al., 2011; Zhu

et al., 2009). These markers showed heterogeneous surface

expression in human colonic organoid cultures main-

tained in WREN media (Figures 2A and S2A). We thus as-

sessed organoid-forming capacity of cells isolated using

these surface markers by fluorescence-activated cell sorting

(FACS). We compared the 10% more positive versus 20%

more negative population for each of these markers within

the same organoid culture. This experiment demonstrated
fold-change (log2 fold change) between human colonic organoid
s represent organoid stem cell-enriched proteins (see Table S1 for all

S according to PTK7 surface abundance (blue: PTK7-High, red: PTK7-
were seeded, and the corresponding organoid-forming capacity was

nt subpopulations of in vitro grown human colonic organoid cells
s of each fraction were plated, and frequencies were calculated by
tions assay (Hu and Smyth, 2009). CI, confidence interval.
ration (left), and differentiation marker (right) gene expression on
in (C).
2 for supporting results). n.d., not detectable.
ession in organoid cells purified according to PTK7 levels in (C),
. Error bars indicate SD (n = 3 biological replicates).
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Figure 2. Comparison of PTK7 to Other Stem Cell Markers Proofs Enhanced Capacity to Enrich for Self-Renewing Organoid Cells
(A) Human colonic organoids maintained in WREN media were disaggregated and stained against the indicated surface markers. Via FACS,
9%–10% of cells showing the brightest staining intensity (HIGH) and 20%–21% of cells showing the weakest intensity (LOW) were
isolated. Control (transparent profile) and specific staining (gray profile) are shown in each histogram.
See Figures S2A–S2C for an equivalent experiment derived from a different individual.
(B) Organoid formation capacity of cellular fractions isolated via FACS as shown in (A). Each cellular fraction was seeded four times
(biological replicate), and the frequency of organoid formation was assessed 8 days after seeding. Error bars indicate SEM. Significance of
PTK7 high versus low enrichment over EPHB2, CD44, or CD133 performance was assessed using the F-test (Supplemental Experimental
Procedures). *p < 0.02.
(C) qRT-PCR analysis of stem cell and differentiation marker gene expression on organoid cells HIGH and LOW for the indicated marker
surface abundance according to (A) (see also Figure S2). Gene expression was assessed three times (technical replicate), and error bars
indicate SD.
PTK7-high cells contained significantly more organoid

forming cells than equivalent populations purified with

the other ISC markers (Figure 2B). In addition, PTK7-high

cells displayed higher expression levels of ISC markers

genes (LGR5, SMOC2) and decreased expression of differen-

tiation markers (KRT20, FABP2) compared with EPHB2-

high, CD44-high, and CD133-high cells (Figure 2C). We

obtained equivalent results using organoids derived from

a different individual (Figure S2). Our data indicate that hu-
982 Stem Cell Reports j Vol. 5 j 979–987 j December 8, 2015 j ª2015 The A
man colonic organoids inWRENmedia contain phenotyp-

ically distinct cell populations and that high PTK7 surface

levels specify bona fide stem cells in these cultures.

PTK7 Enriches in Self-Renewing, Multipotent Stem

Cells of the Human Colon

Immunohistochemical analysis confirmed that PTK7 anti-

bodies stained the bottom third of human colonic crypts

with the highest intensity observed at the bottommost
uthors



positionswhere stem cells reside (Figures 3A and S3A). PTK7

expressionwasmore restricted to the crypt base than that of

EPHB2 (Figure 3B), which is the standard surface marker

used in the field for the purification of hCoSCs (Jung

et al., 2011). In addition, PTK7+ cells were negative for

KRT20, MUC2, or FABP1 and CA2 (pan, mucosecreting, or

absorptive differentiation markers, respectively) (Figures

3C, 3D, S4A, and S4B). These results encouragedus to isolate

different cell fractions based on PTK7 surface abundance

directly from human samples of patients undergoing colec-

tomy. As in organoid cultures, human epithelial colonic

cells (EpCAM-positive and CD11/CD31/CD45-negative)

displayed heterogeneous PTK7 surface expression (Fig-

ure 3E). We counted the number of organoids generated

by PTK7-high, PTK7-med, PTK7-low, and PTK7-neg intesti-

nal epithelial cells in WREN media (Figure 3F). This experi-

ment demonstrated that highest de novo organoid-forming

capacity co-segregated with elevated PTK7 surface levels

(n = 3 independent mucosa cultures; Figure 3G). When

cultured and serially passaged for several weeks under

WREN conditions, PTK7-high single cell-derived human

colonic organoids maintained the ability to differentiate

into absorptive and secretory lineages (Figure S3B). PTK7-

high cells expressed elevated levels of the ISC markers

LGR5 and ASCL2 (Figures 3H and S3C). Therefore, PTK7

expression is highest in human CoSCs and can be utilized

to purify this cell population fromhumanmucosal samples.

PTK7-High hCoSCs Display Genetic Features of

Canonical ISCs and of LRCs

Transcriptomic profiling of PTK7-high cells directly puri-

fied from fresh human mucosa samples confirmed enrich-

ment inmost genes characteristic of mouse ISCs, including

LGR5 (Barker et al., 2007),ASCL2 (van der Flier et al., 2009),

and SMOC2 (Muñoz et al., 2012) (Table S3). Yet, we also

noticed that severalmarkers of the enteroendocrine lineage

such as CHGA and CHGB were upregulated in human

PTK7-high cells (Figures 3H and S4E; Table S3). Immunoflu-

orescence on human mucosa tissue sections confirmed

that a small proportion (9%on average) of PTK7+ cells posi-

tioned at the crypt base co-expressed CHGA (n = 76 crypts

analyzed from two different individuals; data not shown),

with some crypts showing up to four PTK7/CHGA dou-

ble-positive cells at their base (Figures 4A and S4C). Recent

characterization of the mouse ISC niche has identified a

subpopulation of Lgr5+ cells in the small intestine undergo-

ing direct differentiation toward enteroendocrine and Pan-

eth cell lineages (Buczacki et al., 2013; Grün et al., 2015).

They are termed LRCs because, as a result of slower prolifer-

ation rates, they do not dilute DNA labeling molecules. We

thus sought to clarify whether PTK7 alsomarks LRCs in the

mouse intestine. None of the commercially available anti-

PTK7 antibodies recognized the mouse protein, which pre-
Stem Cell
cluded isolation of PTK7+ cells by flow cytometry from

mouse tissues (data not shown). Therefore, we used

Cyp1a1-H2B-YFP mice, which upon induction with beta-

Naphthoflavone, express histone H2B-YFP fusion protein

in intestinal cells (Buczacki et al., 2013). In pulse-chase ex-

periments, around 8%–10% of CD24+/Lectin� crypt cells

retained the H2B-YFP label 10 days after induction (Figures

4B and 4C). Mouse SI LRCs (CD24+/H2B�YFP+) expressed

Lgr5, Chga, and Rfx6 compared with non-LRCs (CD24+/

H2B�YFP�). This experiment revealed that LRCs also ex-

pressed high levels of Ptk7 (Figure 4D).

To extend our analysis, we studied the expression of

genes characteristic of mouse Lgr5+ ISCs (Muñoz et al.,

2012) or of LRCs (Buczacki et al., 2013) in PTK7+ hCoSCs.

We derived an ISC (LGR5) signature comparing the tran-

scriptomic profiles of Lgr5-GFP-high versus Lgr5-GFP-low

crypt cells purified from Lgr5-GFP knockin mice (Muñoz

et al., 2012) (Table S4). This gene set contained many

WNT targets, including the ISC marker genes LGR5,

SMOC2, ASCL2, and APCDD1. To generate a specific LRC

signature, we selected genes upregulated in H2B-YFP-re-

taining crypt cells (H2B�YFP+; CD24+) compared with

crypt non-retaining cells (H2B�YFP�; CD24+) (Table S4;

Supplemental Experimental Procedures for details) (Buc-

zacki et al., 2013). Only 12 genes overlapped between the

LGR5 and LRC gene sets (Figure 4E). Gene Set Enrichment

Analysis (GSEA) showed that both signatures were highly

enriched in PTK7-high hCoSCs cells (Figures 4F and S4D).

We confirmed by qRT-PCR that genes specific of LRCs,

such as CHGA, TPH1, RFX6, and CACNA1A, were upregu-

lated in PTK7-high cells compared with PTK7-low cells pu-

rified from human colon samples (Figure 4G). In contrast,

EPHB2-high or CD44-high cells purified from these sam-

ples were not enriched in LRC-specific genes (Figures S4E

and S4F). These results indicate that the PTK7+ human

colonic epithelial cell population expresses gene programs

of both canonical ISCs and of LRCs.
DISCUSSION

Insertion of reporter cassettes into the Lgr5 locus has

enabled characterization of mouse ISCs (Barker et al.,

2007, 2010) and development of ex vivo organoid culture

systems (Sato et al., 2009). Subsequent transplantation as-

says using fetal or adult ISCs have paved the way for regen-

erative therapies of intestinal injuries (Fordham et al.,

2013; Yui et al., 2012). However, low cell surface abundance

of the LGR5 protein and lack of high-affinity anti-LGR5 an-

tibodies represent a roadblock to isolate human colon stem

cells using this marker gene. Our data show that PTK7 is a

surrogate of LGR5 in human colon. The methodology

developed herein enables the isolation of a cell population
Reports j Vol. 5 j 979–987 j December 8, 2015 j ª2015 The Authors 983
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Figure 3. PTK7 Specifies Self-Renewing, Multipotent Stem Cells of the Human Colon
(A–D) Immunohistochemistry analysis of (A) PTK7, (B) EPHB2, (C) FABP1, and (D) CK20 expression on serial sections of normal human
colonic mucosa. Black arrows indicate specific staining. Scale bar represents 100 mm.
(E) FACS profile of single-cell suspensions from primary human colon stained with antibody to PTK7 (APC-conjugate) (upper). Only
epithelial cells were included (EpCAM+) and non-epithelial cells were excluded (CD11�/CD31�/CD45�) from the analysis. Control staining
was performed to define PTK7-negative fraction (lower). H, PTK7 high; M, PTK7 medium; L, PTK7 low; N, PTK7 negative.
(F) Representative images of organoid cultures 10 days after seeding equal cell numbers.
(G) Quantification of organoid-forming capacity of colon cells sorted in (E). Shown are data collected from three independent 3D cultures
(biological replicates). t test, *p value of the average PTK7 high versus average medium lower than 0.05.
(H) qRT-PCR analysis of gene expression on primary human colon epithelial cells purified by FACS according to different PTK7 surface levels.
Error bars indicate SD (n = 3 technical replicates, see Figure S3C for an additional supporting experiment).
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largely enriched in CoSCs from human mucosa samples.

Remarkably, the possibility of purifying the cell population

with highest self-renewal capacity from organoid cultures

through PTK7 could facilitate the development of thera-

peutic approaches based on CoSC transplantation.

Identification of a pool of slow cycling ISCs committed to

differentiate toward Paneth and enteroendocrine lineages

has clarified the long-lasting debate about the existence of

quiescent stem cells in the intestine (Clevers, 2013b). One

of the defining features of intestinal LRCs is the ability to

gain multipotent growth capacity upon tissue injury (Buc-

zacki et al., 2013). However, it remains unclear whether a

similar cell type is also present in the human intestine.

Expression profiling of PTK7-high cell population suggests

the existence of LRC-like cells in the human colonic epithe-

lium and implies phenotypic and functional heterogeneity

within the hCoSC compartment similar to that present in

mouse crypts. Importantly, Buczacki et al. (2013) demon-

strated that mouse LRCs maintain the ability to form intes-

tinal organoids when plated in the culture dish. However,

under these conditions, LRCs lose their quiescent/slow-

cycling character and revert into actively proliferating

ISCs (Buczacki et al., 2013). Similarly, we were unable to

identify LRCs in human colon organoids (data not shown).

Future efforts should aim to optimize organoid culture con-

ditions in order to promote the concomitant propagation of

canonical stem cells and LRCs in vitro. The biology of these

reserve stem cells in humans holds great interest as they

might be responsible for regeneration of human colon mu-

cosa upon certain insults such as chemotherapy.
EXPERIMENTAL PROCEDURES

Organoid Cultures from Colonic Crypts
Colonic tissue pieces were incubated in 10 mM DTT for 5 min at

room temperature and transferred to 8 mM EDTA for 60 min at

4�C, and vigorous shaking yielded supernatants enriched in
(B) Experimental scheme. Mice were given three consecutive intrap
24 hr. At day 10, animals were killed and small intestinal (SI) crypt c
(C) FACS profile of single cell suspension derived from Cyp1a1-H2B-Y
divided into YFP-positive label-retaining cells (LRCs) and YFP-negati
(D) qRT-PCR expression analysis showing mouse SI label-retaining c
expression compared to CD24+/YFP� cells. Shown are two independ
analyzed three times (technical replicate), and error bars indicate SD
(E) Venn diagram showing genes that overlap between the humanize
label-retaining cell (LRC) signature (Doug Winton Lab).
(F) GSEA analysis was performed using the specific canonical (LGR5
plemental Experimental Procedures) for our PTK7 hCoSC microarray d
See Figure S4D for an independent experiment performed on a differe
(G) qRT-PCR expression analysis showing that PTK7-high human colo
PTK7-low cells. Samples derived from one patient were analyzed thre
See Figures S4E and S4F for additional supporting data.
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colonic crypts. Crypts were either directly cultured, or single-cell

suspensions were obtained by incubation with 0.4 mg/ml Dispase

(GIBCO). Crypts or single cells weremixed with 50 ml matrigel (BD

Biosciences) and plated on 24-well culture dishes. Embedded cells

were overlaid with WREN medium (Wnt3a-conditioned medium

and ADF 50:50, Glutamax, 10 mM HEPES, N-2 [13], B-27 without

retinoic acid [13], 10 mM Nicotinamide, 1 mM N-acetyl-L-

cysteine, 1 mg/ml RSPO1, 50 ng/ml human epidermal growth fac-

tor [EGF], 100 ng/ml human Noggin, 1 mg/ml Gastrin, and

0.05 mM PGE2, 0.1 mM A83-01, 10 mM p38 inhibitor SB202190,

10 mM Y27632). Medium was replaced with fresh WREN medium

every other day. Biological samples were obtained from individuals

treated at the Hospital del Mar (Barcelona, Spain) or from Hospital

Clinic (Barcelona, Spain) under informed consent. Experiments

were approved by the ethics committee of IRB/Hospital Clinic

(projectERC-208488/CRCprogramme).
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Figure S1, related to Figure 1
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Figure S2, related to Figure 2
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Figure S3, related to Figure 3
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Figure S4, related to Figure 4 
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Table S2: Classification of proteins identified by mass spectrometry, related to 

Figure 1 

 

 

Total rows 559

HMPAS membrane protein annotations

Concept Counts P-value Rev Prot

Membrane protein 322 1.59E-13

UniProt upper term subcellular location

Concept Counts P-value Rev Prot Q-value Rev Prot

Cell envelope 79 0.424 0.514

Cell junction 17 0.0413 0.0983

Cell projection 12 0.478 0.541

Chromosome 10 0.385 0.514

Cytoplasm 182 7.85E-10 1.33E-08

Cytoplasmic vesicle 12 0.0721 0.136

Endoplasmic reticulum 52 7.13E-08 5.98E-07

Endoplasmic reticulum-Golgi intermediate compartment3 0.0463 0.0983

Endosome 16 0.00229 0.00742

Golgi apparatus 15 0.635 0.675

Lysosome 7 0.146 0.23

Melanosome 6 0.00218 0.00742

Membrane 226 0.00262 0.00742

Mitochondrion 60 1.06E-07 5.98E-07

Nucleus 147 0.149 0.23

Peroxisome 3 0.411 0.514

Secreted 38 0.965 0.965



SUPPLEMENTARY FIGURE LEGENDS 

Figure S1. PTK7 is enriched in ex vivo cultured hCoSCs and specifies organoid 

cells with highest self-renewal capacity, related to Figure 1 

A. Volcano plot of statistical significance (-Log10 p-value) against fold-change (log2 

fold-change) between proteins derived from human colonic organoid cultures 

maintained in either stem (WREN) media or organoids switched to differentiation 

media (EN) for 72 hrs. Negative fold-changes represent stem cell-enriched proteins. 

Note that PTK7 shows strong enrichment in stem organoid cells. Shown are data from 

an initial mass spectrometry experiment (MS Exp 2) performed as biological triplicate 

but with lower cell numbers (see Table S1 for detailed results) 

B. Quantification of organoid re-forming capacity of sorted cells in Figure 1C. (n = 2 

biological replicates, error bars indicate standard error of the mean (SEM). 

Figure S2. Comparison of PTK7 to other stem cell markers, related to Figure 2  

A. Human colonic organoids (derived from complete primary human colonic crypts) 

maintained in WREN media were disaggregated and stained against the indicated 

surface markers by using APC fluorophore-conjugated antibodies. Via flow cytometry, 

9-10% of cells showing the brightest staining intensity (HIGH, right sector) and cells 

showing weakest intensity set to the boundaries of antibody control (LOW, left sector) 

were isolated for re-plating and RNA isolation experiments. Note that PTK7 shows a 

broad distribution of staining intensity while EPHB2 and CD44 surface abundance of 

human colonic organoid cells is more homogenous. Control (transparent profile) and 

specific staining (grey profile) are shown in each histogram.  

B. Organoid formation capacity of cellular fractions isolated via flow cytometry as 

shown in Figure S2A. Each cellular fraction was seeded 2 times (2 independent 3-D 

culture systems, biological replicate) and frequency of organoid-forming cells was 

assessed 8 days after seeding. Error bars indicate standard error of the mean (SEM). 

Note strongest enrichment of organoid-forming units using PTK7 surface marker (High 

vs. Low). * indicates significance: t-test p-value ˂ 0.05. 

C. Quantitative real-time PCR (qRT-PCR) analysis of stem cell and differentiation 

marker gene expression on organoid cells staining high compared to low for the 

indicated markers according to Figure S2A. Gene expression was assessed three 

times (technical replicate) and error bars indicate standard deviation. Note stronger 

enrichment of stem cell markers and de-enrichment of differentiation markers KRT20 



and FABP2 using PTK7 surface abundance as a read-out when compared to EPHB2 

or CD44 surface marker abundance. 

Figure S3. PTK7 specifies self-renewing, multi-potent stem cells of the human 

colon, related to Figure 3 

A. Immunohistochemistry analysis of PTK7 (left panel) and Olfactomedin 4 (OLFM4), 

(right panel) expression on serial sections of normal human colonic mucosa. Black 

arrows indicate specific staining. Scale Bars, 50 µm. 

B. Quantitative real-time PCR (qRT-PCR) analyses of in vitro propagated human 

colonic organoids derived from PTK7-high primary single cells. Data are represented 

as relative changes of gene expression between organoids cultured in stem cell 

(WREN) medium compared to organoids maintained in differentiation (EN) medium for 

5 days. Experiment was performed as biological duplicate and data are shown 

separately (n=2, STEM1, 2; DIFF1, 2). Each sample was analyzed 3 times (n=3, 

technical replicate) and error bars indicate standard deviation. 

C. qRT-PCR analysis of indicated gene expression on primary human colon epithelial 

cells (cells derived from a different individual than cells analyzed in Figure 3H) purified 

by FACS according to different PTK7 surface levels. Error bars indicate standard 

deviation (n = 3, technical replicate). As for the experiment performed in Figure 3E-H, 

only epithelial cells were included (EpCAM+) and non-epithelial cells were excluded 

(CD11-/CD31-/CD45-) from the analysis by selective FACS sorting. 

 

Figure S4. PTK7+ human CoSCs show mixed features of canonical CoSCs and 

LRCs, related to Figure 4 

A. Immunofluorescence staining on formalin-fixed paraffin sections (FFPS) of DAPI 

(blue), PTK7 (green), and Carbonic Anhydrase II (red). Scale bar: 100 µm. Arrows 

indicate specific staining. * indicates specific stromal PTK7 staining. 

B. Immunofluorescence staining on formalin-fixed paraffin sections (FFPS) of DAPI 

(blue), PTK7 (green), and Muc2 II (red). Scale bar: 50 µm. Arrows indicate specific 

staining. 

C. Immunofluorescence staining on formalin-fixed paraffin sections (FFPS) of DAPI 

(blue), PTK7 (green), and Chromogranin A (CHGA) (red). Scale bars: 100 µm (20 µm 

in zoomed-in image). Arrows indicate specific staining. Red arrow head: single positive 



CHGA cell (PTK7-negative). Yellow: Overlaying staining of PTK7 (green) and CHGA 

(red). * indicates specific stromal PTK7 staining. 

D. GSEA analysis (normal mucosa 2) was performed using the specific canonical 

(LGR5 minus LRC, left panel) and specific label-retaining (LRC minus LGR5, right 

panel) cell signatures (see Supplemental Experimental Procedures for details) for our 

PTK7 hCoSC microarray datasets (Table S3). ES: enrichment score, NES: normalized 

enrichment score, FDR: false discovery rate. 

E. Quantitative real-time PCR (qRT-PCR) analysis of chromogranin (CHGA) gene 

expression on human organoid cells HIGH, MED, or LOW for the indicated marker 

surface abundance. Gene expression was assessed three times (technical replicate) 

and error bars indicate standard deviation. Similar results were obtained by analyzing 

colonic epithelial cells from an independent individual (data not shown). ND: not 

detectable 

F. qRT-PCR analysis of RFX6 gene expression on human organoid cells HIGH, MED, 

or LOW for the indicated marker surface abundance. Gene expression was assessed 

three times (technical replicate) and error bars indicate standard deviation. Similar 

results were obtained by analyzing colonic epithelial cells from an independent 

individual (data not shown). ND: not detectable. 

 

Table S1. Proteomic data of differentially expressed proteins between WREN 

and EN media cultured human colonic organoids, related to Figure 1 

Quantification of membrane-enriched protein fractions by mass spectrometry (qLC-

MS-MS). Protein fractions were derived from in vitro grown human colonic organoids 

cultured under either stem cell-supporting (STEM) or differentiation-supporting (DIFF) 

media conditions (see Online Supplementary Methods). The experiment was 

performed as biological triplicates. “MS/MS count” equals number of identified peptides 

assigned to each protein. Only proteins showing a significant change between the two 

conditions according to the t-test (t-test significance “+”) were considered for statistical 

evaluation (see Supplementary Table 2). T-test difference is given in log2 values. A 

negative T-test difference implies protein enrichment in stem cells, a positive T-test 

difference labels proteins enriched in early (72 hrs) differentiated organoid cells. 

Membrane proteins were annotated using the HMPAS annotation system1 and 

annotation derived from the UniProt database is shown for each identified protein. 

Below this table, results are shown of an initial small-scale mass spectrometry 

experiment to identify proteins enriched in in vitro human colonic organoids cultured 



under stem cell conditions. A negative T-test difference indicates stem organoid cell-

enriched proteins.  

 

Table S2. Classification of proteins identified by mass spectrometry, related to 

Figure 1 

Proteins identified to be significantly enriched in stem or differentiated human colonic 

organoid cells are enriched in membrane proteins (the Uniprot subcellular location 

category “membrane” is significantly over-represented when compared to the human 

reviewed proteome, p-value: 0.00262, FDR q-value: 0.00742). Similarly, we observed 

an enrichment of membrane-interacting proteins according to the Human Membrane 

Protein Analysis System (HMPAS1, fcode.kaist.ac.kr/hmpas), p-value: 1.59·10-13. 

 

Table S3. Microarray analysis of gene expression in different fractions of the 

human colonic epithelia according to their PTK7 surface abundance, related to 

Figure 3 

Genome-wide expression profiling of normal human mucosa epithelial fractions sorted 

according to their PTK7-surface abundance (GEO database link: 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=wnqbwmsctxuvjuj&acc=GSE68

340). Combined data from two mucosa samples (biological duplicate) are depicted. 

Shown are differentially expressed genes (PTK7 high versus low) showing an average 

fold change (fc) > 2 and p-value˂0.05. Next to it, differentially expressed genes of 

PTK7 high versus low hCoSCs of the two independent samples (human mucosa 1 and 

2) are shown in individual columns (Log2 fold changes are shown). 

 

Table S4. Specific LGR5 and LRC stem cell signatures, related to Figure 4  

Generation of the Label-retaining cell signature (LRC signature) from data published 

by Buczacki et al., Nature, 2013, and generation of the specific LGR5 stem cell 

signature (LRC genes removed) from data published by Muñoz, EMBO Journal, 2012. 

For detailed information, see Supplementary Experimental Procedures. 

  

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=wnqbwmsctxuvjuj&acc=GSE68340
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=wnqbwmsctxuvjuj&acc=GSE68340


SUPPLEMENTAL EXPERIMENTAL PROCEDURES 

 

Quantitative Mass Spectrometry Analysis (q-LC-MS-MS) 

Samples were processed by methanol-chloroform extraction, reduced, alkylated and 

digested with LysC and trypsin using standard protocols. After offline desalting, 

peptides were analyzed by LC-MS/MS on a Proxeon EASY-nLC 1000 system 

connected to a Q Excative Plus mass spectrometer (Thermo Scientific). 

Chromatography was performed using a 240 minute acetonitrile gradient on a 2000 

mm long monolithic column kindly provided by Yasushi Ishihama (Kyoto University). 

The instrument was operated in the data dependent mode with the following settings 

for the full scans: resolution 70,000, AGC target value 3E6, maximum injection time 20 

ms. The following settings were chosen for the MS2 scans: resolution 17,500, AGC 

target value 1E6, maximum injection time 60 ms. Raw files were processed with 

MaxQuant (version 1.5.1.2) for label free quantification (LFQ) using standard settings. 

 

Enrichment and purification of membrane protein-fractions derived from 3-D 

human colonic organoid cultures 

Isolation of membrane-enriched protein fractions from in vitro cultured organoids was 

performed as biological triplicate (3 stem cell organoid cultures versus 3 differentiated 

cultures). Around 107 human colonic organoid cells per sample, cultured in stem cell 

media (WREN) or differentiation media (EN) (differentiation was performed for 72 hrs 

only in order to yield comparable cell numbers for quantitative mass spectrometry 

analyses), were released from matrigel by using Cell Recovery Solution (1 ml / 50 l 

drop)(Corning, NY, USA), and cells were incubated with Dispase (0.8 mg/ml, Gibco, 

Life Technologies) in PBS for 15 minutes at room temperature to liberate cells from 

extracellular matrix components. After this, membrane-enriched protein fractions were 

isolated from samples using the QProteome Plasma Membrane Isolation Kit (Qiagen, 

Hilden, Germany) according to the manufactures protocol except the following protocol 

adjustments: Completion of cell lysis was done by 25 syringe strokes using a G27 

needle. Elution of enriched membrane proteins from Strep Tactin Magnetic beads was 

achieved by incubation with 8 M Urea/25 mM Hepes, pH7.0 for 10 min at RT. Elution 

was performed 4 times and the eluate fractions were combined.  



For further concentration of eluted proteins, 4 volumes of ice-cold, pure acetone was 

added to samples, mixed carefully, and after incubation for 30 minutes on ice samples 

were centrifuged at 12,000g for 15 min at 4°C. After washing with ice-cold acetone, 

precipitated pellets were air-dried and stored at -80°C. 

Isolation of human colonic crypts and crypt-derived single cell preparation 

Biological samples were obtained from individuals treated at the Hospital del Mar 

(Barcelona, Spain) or from Hospital Clinic (Barcelona, Spain) under informed consent. 

Experiments were approved by the ethics committee of IRB/Hospital Clinic (project 

ERC-208488/CRCprogramme). 

Samples were received from individuals suffering from colorectal cancer disease with 

exception of experiments shown in Figure S2 and S4 with tumor-free individuals 

suffering from diverticulitis. 

Muscle layer and sub-mucosa were removed from human fresh colectomy specimens 

and colonic mucosa was incubated with a mixture of antibiotics (Normocin (Invivogen, 

San Diego, California 92121, USA), Antibiotic-Antimycotic (Thermo Fisher Scientific, 

Waltham, Massachusetts, USA)) for 15 min at room temperature. Next, tissue was cut 

into small pieces and incubated twice in 10 mM DTT (Sigma St. Louis, MO 63103, 

USA) in PBS for 5 min at room temperature. Samples were then transferred to 8 mM 

EDTA in PBS and slowly rotated for 60 min at 4ºC. Supernatant was replaced by fresh 

PBS, and vigorous shaking of the sample yielded supernatants enriched in colonic 

crypts. Fetal bovine serum (FBS, Sigma) was added to a final concentration of 5% and 

fractions were centrifuged at 40g in order to remove single cells. This washing 

procedure was repeated 3 times with Advanced DMEM/F12 (ADF, Invitrogen) medium 

supplemented with 2 mM GlutaMax (Invitrogen), 10 mM HEPES (Sigma), and 5% FBS 

(Sigma) (Washing buffer: WB). Purified crypts were either directly cultured (see below) 

or single cell suspensions were obtained as follows. Crypts were re-suspended in 

Disaggregation Medium (ADF, Glutamax, 10 mM HEPES, N-2, B-27 without retinoic 

acid (Invitrogen), 10 M Y-27632 (Calbiochem, Gibbstown, NJ, USA) 2.5 M PGE2 

(Sigma), 0.4 mg/ml Dispase (354235, BD Biosciences, Two Oak Park, Bedford, MA, 

USA), and incubated for 15 min at RT with occasional re-suspension using a P1000 

pipette. After this, crypt suspension was gently syringed using a 1.2 mm needle until 

single-cell enriched population was observed microscopically. Finally, cells were 

sequentially passed through 100, 70 and 40 µm mesh filters (BD Biosciences) and 

used for further analyses. 

 

http://en.wikipedia.org/wiki/Massachusetts
http://www.bdbiosciences.com/ptProduct.jsp?prodId=362393&catyId=619690&page=product


Immuno-labelling of human colonic crypt cells for Flow cytometry-assisted cell 

sorting (FACS) 

Human colonic crypt cells were re-suspended in staining buffer (ADF, Glutamax, 

10 mM HEPES, 5% FBS, 10 M Y-27632). 106 cells/250 l were incubated with either 

mouse anti-human PTK7 antibody coupled to APC fluorophore (dilution: 1:20, clone 

188B, Miltenyi, Bergisch Gladbach, Germany, Cat. No. 130-091-366), anti-

human/mouse EPHB2 antibody coupled to APC fluorophore (1.1 g/ml, clone 2H9, BD 

Pharmingen, Cat. No.: 564699), or anti-human CD44 antibody coupled to APC 

fluorphore (dilution 1:100, BD Pharmingen, Cat. No. 559942). Control antibody (IgG 

from myeloma, M5284, Sigma, Cat.No. M5284) was coupled to Allophycocyanin (APC) 

using the Allophycocyanin (APC) conjugation kit (PJ25K, PROzyme, Hayward, CA, 

USA) and used to exclude non-specific staining signal and to define the negative cell 

fraction as has been also described previously2. 

At the same time, cells were stained using anti-Human EPCAM/TROP1 FITC-

conjugated (0.2 g/ml, R&D Systems, Minneapolis, USA, Cat.No. FAB9601F), anti-

CD11-PE (Cat.No. 130-091-240), anti-CD31-PE (Cat.No.: 130-092-653), anti-CD45-

PE (Cat.No.: 130-080-201) (dilution 1:100 each, Miltenyi Biotech) for 45 min on ice. 

After 2 washes with staining buffer, 4', 6-diamidino-2-phenylindole (DAPI, 1 g/ml) was 

added and stained cells were sorted using a FACS Aria 2.0 (BD Biosciences, Two Oak 

Park, Bedford, MA, USA). 

To obtain the four intestinal crypt cell populations, dead cells and debris were 

discarded by removing the DAPI+ subpopulation. Hematopoietic cells were excluded 

by removing CD11+/CD31+/CD45+ subpopulation. Epithelial cells were included by 

selecting for EpCAM+ staining and then further selected according to their differential 

PTK7 surface abundance. The brightest 4-5% PTK7+ cells were sorted as the PTK7-

high fraction. The PTK7-medium population comprised the 12% PTK7+ cells adjacent 

to the PTK7-high population. The PTK7-low fraction was considered as the 18-19% 

adjacent to the PTK7-medium population. The PTK7-negative subpopulation did not 

stain for PTK7. Finally, these four fractions were further gated according to their 

forward scatter (FSC-A) to exclude purification of cell aggregates. EPHB2 and CD44 

high sorted sub-populations were defined in the same way as the 4-5% brightest cells 

(data not shown).  

 



In vitro culture of PTK7+ single cell-derived colonic organoids and recovery of 

3-dimensional grown organoids for propagation or flow cytometry analysis. 

2000-3000 sorted cells were mixed with 50 l matrigel and plated on pre-warmed 24-

well culture dishes. After solidification (15 min at 37°C cell culture incubator), cells were 

overlaid with WREN medium (Wnt3a-conditioned medium and ADF 50:50, Glutamax, 

10 mM HEPES, N-2 (1), B-27 without retinoic acid (1), 10 mM Nicotinamide, 1 mM 

N-Acetyl-L-cysteine, 1 g/ml RSPO1 (in-house produced, 50 ng/ml human EGF 

(Invitrogen), 100 ng/ml human Noggin (Peprotech, Rocky Hill, NJ, USA), 1 g/ml 

Gastrin (Sigma), and 0.05 M PGE2 (Sigma), 0.1 M A83-01 (Stemgent, Cambridge, 

MA, USA), 10 M p38 inhibitor SB202190 (Sigma), 10 M Y27632 (Sigma). Medium 

was replaced with fresh WREN medium (“Stem” medium) every other day.  

For differentiation of colonic spheres, cells cultured in stem cell media were washed 

three times with ADF and cultured in crypt differentiation medium (EN) which did 

neither contain PGE2, Wnt3a, RSPO1, Nicotinamide, nor SB202190.  

For further analysis, re-seeding, or FACS sorting, organoid cultures embedded in 

matrigel were washed with PBS, overlaid with Cell Recovery Solution (1 ml / 50 l 

drop)(Corning, NY, USA), carefully mixed with a P1000 pipette, and transferred to a 

15 ml reaction tube on ice for 45 minutes. Released intact organoids were precipitated 

and separated from cellular debris by low-speed centrifugation at 80g at 4°C. After 

washing with ADF+HEPES+Glutamax, organoids were re-suspended in 

Disaggregation media (see above) and carefully syringed using a 1.2 mm (18G) 

needle. Single cell suspension was filtered using a 40 µm mesh filter and used for 

further analysis by flow cytometry assisted cell sorting.  

Limiting dilution assays for assessment of organoid-forming units was done as follows. 

Different fractions of organoid cells were sorted according to their PTK7 surface 

abundance and various cell numbers (100, 500, and 2000 sorted events) were seeded 

in matrigel after dilution of sorted cell fractions. 24 hours after seeding, the amount of 

actually seeded/embedded cells in each drop was carefully assessed and this number 

was set to 100%. The percentage of these cells forming a bona-fide organoid was 

assessed microscopically, growth was documented by microscopy (data not shown) 

and organoid forming units were calculated by using the ELDA online tool3. 

To compare the growth efficiency of PTK7, CD44, EPHB2, and CD133 high versus low 

ex vivo cultured organoid cells under WREN culture conditions, organoids were dis-

aggregated to obtain single cells and the cell suspension was stained with either APC-

fluorophore coupled antibodies to PTK7 (Miltenyi, 1:20, Cat.No: 130-091-366), anti-



CD44 (BD Pharmingen, 1:100, Cat. No. 559942), anti-EPHB2 (BD Pharmingen, 

1.1 ug/ml, No.: 564699), or anti CD133 (AC133, Miltenyi, 1:100, Cat.No. 130-098-829). 

Autofluorescence of viable (DAPI-stained) human organoid cells was measured in the 

APC-channel (670 nm/14 filter of the FACS Aria Cytometer) in order to define the 

“negative”, not-staining cell population for FACS gating. 

After cell sorting of different fractions, equal cell numbers for each sorted sub-

population were seeded in 3-D matrigel matrix (BD Biosciences), number of viable 

cells was carefully assessed 24 hrs after cell seeding by microscopy, and organoid 

forming capacity was assessed 8 days after plating single cells. 

 

Immunohistochemistry and Immunofluorescence labeling on Formalin fixed 

paraffin-embedded sections (FFPS) 

Immunohistochemical staining was carried out using 3-μm tissue sections according 

to standard procedures. Briefly, after antigen retrieval (Citrate, pH6.0 in case of PTK7 

staining), samples were blocked using Peroxidase-Blocking Solution (Dako, S202386) 

for 10 min at room temperature, and primary antibodies were then incubated with 

samples overnight at 4ºC. Slides were washed 3 times with EnVision FLEX Wash 

Buffer (Dako, Ref: K800721) for 5 minutes, and the corresponding secondary antibody 

was incubated with the sample for 30 min at room temperature. Samples were 

developed using 3,3′-diaminobenzidine (DAB) (DAKO), counterstained with 

hematoxylin and mounted. Antibodies used were against PTK7 (1:100, Sigma, Cat.No: 

HPA003222), EPHB2 (1:100, R&D Systems, Cat.No. AF467), KRT20 (1:200, DAKO, 

Cat.No: M7019), FABP1 (1:500, Sigma, Ref: HPA028275), and OLFM4 (1:500, 

Abcam, Cat.No: ab85046). 

Immunofluorescence staining on FFPE was carried out using 3-μm tissue sections 

according to standard procedures. Antigen-retrieval was achieved using PTLink pH9 

(DAKO) and samples were blocked using Peroxidase-Blocking Solution (Dako, 

S202386) for 10 min at room temperature and 10% normal donkey serum (Jackson 

ImmunoResearch Laboratories) for 20 min at room temperature. After incubation with 

primary antibodies in 1% bovine serum albumin (BSA) over night at 4ºC, slides were 

washed 3 times with EnVision FLEX Wash Buffer (Dako, K800721) for 5 minutes, and 

the corresponding secondary antibodies coupled to fluorescent dyes were incubated 

with the sample for 1 hour at room temperature in the dark. After washing, samples 

were incubated with Sudan Black B in order to reduce autofluorescence. Antibodies 

used were against PTK7 (1:15, Sigma, Cat.No.: HPA003222), CHGA (1:100, clone E-



5, Santa Cruz, Cat.No: sc-271738), MUC2 (1:100, Abcam, Cat No.: ab118964), and 

Carbonic Anhydrase 2 (CAII, 1:250, G-2, Santa Cruz, Cat.No: sc-48351). Secondary 

Antibodies Donkey anti-mouse Alexa 568 (Invitrogen, Cat.No. A10037) and Donkey-

anti rabbit Alexa 488 (Invitrogen, Cat.No. A21206) were used at a dilution of 1:500. 

Mouse models and induction of YFP-label in small intestinal cells 

Cyp1a1-H2B-YFP mice4 received 3 intraperitoneal injections (80 mg/kg) of 

β-Naphthoflavone within 24 hours. 10 days after injection, villi were removed and 

CD24+/CD11-/CD31-/CD45-/Lectin- small intestinal crypt cells positive (LRCs) or 

negative (Non-LRCs) for YFP label-retention were isolated for analysis as described 

previously 5. DAPI was added (1 g/ml) in order to discriminate against dead cells. 

Finally, fractions were further gated according to their forward scatter (FSC-A) to 

exclude purification of cell aggregates, and cells were sorted using a FACS Aria 2.0 

(BD Biosciences, Two Oak Park, Bedford, MA, USA). Antibodies used were APC-

coupled anti-mouse-Cd24 (Biolegend, Cat-No. 101814), PE-Cy7 coupled anti-mouse 

CD11 (BD Biosciences, Cat-No. 552850), PE-Cy7 coupled anti-mouse CD31 (Abcam, 

Cat.No. ab46733), and PE-Cy7 coupled anti-mouse CD45 (BD Biosciences, 

Cat.No:552848). 

Pico-Profiling and Gene Expression Analysis 

Small cell numbers obtained after Flow-cytometry-assisted cell sorting (1000-2000 

cells) of in vitro organoid derived cells (Figure 2 and Figure S2) or primary tissue-

derived cells used for comparative sorting of EPHB2, PTK7, CD44 cell fractions 

(Figure S4F,G) were subjected to pico-profiling as published previously6. From the 

derived amplified cDNA, 15-20 ng were used for each qRT-PCR reaction using 

commercial Taqman Assays (Applied Biosystems, ABI) and data were obtained from 

an Applied Biosystems StepOne Plus Real-time PCR instrument using standard 

device settings. The following Taqman assays were used: 

Taqman gene expression assays for qRT-PCR analyses 

Gene name (Species) ABI assay number 

APCDD1 (human) Hs_00537787_m1 

B2M (human) Hs_99999907_m1 

LGR5 (human) Hs_00173664_m1 

ASCL2 (human) Hs_00270888_S1 

SMOC2 (human) Hs_0159663_m1 

PTK7 (human) Hs_00897151_m1 



CHGA (human) Hs_00900370_m1 

CEACAM7 (human) Hs_00185152_m1 

CK20 (human) Hs_00300643_m1 

ANPEP (human) Hs_00174265_m1 

TPH1 (human) Hs_00188220_m1 

RFX6 (human) Hs_00543100_m1 

CACNA1A (human) Hs_01579431_m1 

B2m (mouse) Mm_00508106_m1 

Lgr5 (mouse) Mm_00438890_m1  

Chga (mouse) Mm_00514341_m1 

Ptk7 (mouse) Mm_00613362_m1 

Krt20 (mouse) Mm_00508106_m1 

Rfx6 (mouse) Mm_00624115_m1 

 

Statistical Analysis 

Basic statistical data were analyzed using MS Excel software. For quantitative RT-

PCR data results are shown as means ± standard deviation (technical triplicate). 

Experiments using primary patient material were repeated three times (biological 

triplicates) and results were assessed and shown independently. 

Statistical analysis of pooled data in Figure 3G was done using a two sample t-test 

(http://in-silico.net/tools/statistics/ttest) with permutation-based False discovery rate 

(FDR) p-value smaller than 0.05 used as a cut-off for significance (*).  

 

In case of the Fold-change organoid formation significance in Figure 2B (pooled data 

from 4 independent culture experiments), a generalized linear model was fitted to the 

count data with Quasipoisson family and logarithmic link function using the "glm" 

function in the "stats" package of the R statistical language10. The Quasipoisson model 

was chosen above the Poisson model given the existence of over-dispersion in the 

data. P-value of the significance of the interaction term was computed through an "F-

test" as implemented in the "drop1" function in R11. 

 

Annotation of Affymetrix microarray was performed using probe set information 

provided by Affymetrix in its product support web (http://www.affymetrix.com/support/ 

downloaded in 19/09/2014). Gene differential expression analysis was carried out 

http://in-silico.net/tools/statistics/ttest
http://www.affymetrix.com/support/


using linear models and empirical Bayes methods as implemented in R’s ‘Limma’ 

package 7 

Mass spectrometry data analysis was performed with Perseus (1.5.0.31) following a 

previously published approach8. Briefly, after removing reverse database hits and 

potential contaminants, LFQ values provided by MaxQuant were log2 transformed. We 

required that proteins were at least quantified in three out of the six samples (that is, 

three replicates of the stem cells and differentiated cells each). Remaining missing 

values were imputed from a normal distribution (width 0.3, down shift 1.8). Proteins 

with significantly different abundance between stem cells and differentiated cells were 

identified using a two sample t-test with a permutation-based FDR of 0.05. 

Statistical analyses for Gene Set Enrichment Analysis (GSEA) was performed as 

originally described in Subramanian A et al.9. Enrichment Score (ES) describes the 

maximum deviation from zero (x-axis of the graph). The normalized enrichment score 

(NES) accounts for differences in gene set size and therefore, the normalized 

enrichment scores (NES) can be used to compare analysis results across gene sets. 

It is defined as the actual ES divided by the mean (ES`s against all permutations of the 

dataset) The false discovery rate (FDR) is the estimated probability that a gene set 

with a given NES represents a false positive finding. 

 

Gene signatures and Gene Set Enrichment Analyses (GSEA) 

Intestinal stem cell (ISC) signature (LGR5-GFP high vs. low or LGR5 signature) 

The LGR5 intestinal stem cell signature has been previously reported by Muñoz et al.10 

This signature was defined by comparing Lgr5high with Lgr5low cells in both Affymetrix 

and Agilent platforms, and selecting those genes enriched in Lgr5high cells in both 

platforms (Table S4). 

Intestinal label-retaining cell (LRC) signature 

The LRC signature was extracted from the microarray data published by Buczacki et 

al. By the use of the Cyp1a1:H2B-YFP allele, the authors identified intestinal label-

retaining cells. In order to discriminate from other cell populations, they included the 

CD24 staining to select for crypt-base cells and stained for UEA Lectin to discriminate 

Paneth cells. Based on these markers, 3 populations were defined: intestinal LRCs 

(CD24+/UEA-/ YFP+ cells), Paneth cells (CD24+/UEA+/YFP-) and cycling lower crypt 



cells (LCC) (CD24+/UEA-/ YFP-). 

To identify LRC-specific genes we compared H2B-YFP+; CD24+ (LRC) versus H2B-

YFP-; CD24+ (LCC) cells as originally defined by Winton and colleagues 4 and selected 

those genes enriched over 3-fold with p-value < 0.05 (LRC vs LCC). This gene set was 

defined as the LRC signature. Of note, CD24 marks stem cells and TA cells at the 

bottom third of the crypt. Therefore, this comparison excluded most of the classical 

ISC markers from the LRC signature (SMOC2, ASCL2, etc.), which are expressed at 

equal levels in H2B-YFP+; CD24+ and H2B-YFP-; CD24+. We then compared this 

gene list with that of LGR5-GFP-high cells (Venn diagram in Figure 4E). As shown in 

Figure 4E and Table S4, there were 12 genes common between the LRC and LGR5 

signatures, which were excluded in the GSEA analysis of each signature. It is worth 

mentioning that in this revised analyses, LGR5 passed the cut-off and is included in 

the H2B-YFP+ signature as well as in the LGR5 signature. Furthermore, this 

comparison rendered a set of 99 genes upregulated in LRCs but not in cycling LGR5-

GFP-high cells. This list included CHGA, a few Paneth Cell markers plus other genes, 

which we suspect are related to the LRC phenotype. Note that both signatures were 

enriched in PTK7-high cells from the human colon (Figure 4F and Figure S4D). 

Humanization of gene signatures 

Both the LRC and LGR5 signatures were humanized by using the source database for 

homolog translation present in MGI (http://www.informatics.jax.org/). The genes 

present in both the LGR5 and LRC humanized signatures (12 genes) were removed 

and the unique genes in LRC and LGR5 signatures were used for all subsequent 

analysis (Table S4). 

Gene set enrichment analysis 

We performed GSEA analysis of the LGR5 and LRC signature on PTK7 populations. 

For this, we generated a ranked file for genes enriched in PTK7high compared to 

PTK7low cells for two independent patients. GSEA data were generated by using the 

GSEApreRanked tool of the Broad Institute's GenePattern.9 
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