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SUMMARY
The isolation of pure populations of mouse intestinal stem cells (ISCs) is essential to facilitate functional studies of tissue homeostasis,

tissue regeneration, and intestinal diseases. However, the purification of ISCs has relied predominantly on the use of transgenic reporter

alleles in mice. Here, we introduce a combinational cell surface marker-mediated strategy that allows the isolation of an ISC population

transcriptionally and functionally equivalent to the gold standard Lgr5-GFP ISCs. Used on reporter-free mice, this strategy allows the

isolation of functional, transcriptionally distinct ISCs uncompromised by Lgr5 haploinsufficiency.
INTRODUCTION

The intestinal epithelium is a dynamic tissue that relies

on integration of cell division, differentiation, migra-

tion, and apoptosis. Intestinal tissue homeostasis and

regeneration are facilitated by multipotent tissue stem

cells that have the ability to differentiate into multiple

mature cell types. Two types of stem cells are currently

proposed to reside in small intestinal crypts: cycling

crypt base columnar (CBC) cells and +4 reserve cells

(Barker, 2014; Clevers, 2013). CBC stem cells maintain

daily homeostasis, while their reserve equivalents have

been postulated to play a role in tissue regeneration

upon injury (Barker, 2014; Clevers, 2013). The func-

tional study of ISCs has been made possible by the

recent characterization of ISC markers such as Lgr5,

Olfm4, or Sox9low for CBC cells, and Bmi1, Hopx, Lrig1,

or Sox9high for their presumed quiescent counterparts

(Barker et al., 2007; Gracz and Magness, 2014; Gracz

et al., 2010; Powell et al., 2012; Sangiorgi and Capecchi,

2008; Takeda et al., 2011).

Currently, the isolation of pure ISCs is primarily

restricted to the use of targeted murine reporter alleles

of ISC markers. However, the fidelity and specificity of

these genes to mark ISCs is still controversial (Munoz

et al., 2012; Tan and Barker, 2014). The most widely

used reporter for CBC cell isolation is the Lgr5-Gfp

knockin mouse model (Barker et al., 2007), which has

facilitated the isolation and characterization of CBC

stem cells in many studies (van der Flier et al., 2009).
Stem
However, this transgenic mouse model has several limita-

tions: (1) the reporter cassette is prone to being silenced in

over two-thirds of all crypts resulting in mosaic expression

of the Gfp allele (Barker et al., 2007; Munoz et al., 2012);

(2) LGR5 constitutes the receptor for R-SPONDINS (Car-

mon et al., 2011; de Lau et al., 2011; Glinka et al.,

2011), potent WNT signal enhancers and stem cell growth

factors, and the potential haploinsufficiency induced by

the loss of one Lgr5 allele (replaced by the Gfp reporter

cassette) cannot be excluded; and (3) the extensive

breeding required to cross genetically modified mouse

models with the Lgr5-Gfp reporter strain.

Several strategies have been recently developed for

CBC cell isolation via cell surface markers and fluores-

cence-activated cell sorting (FACS; Gracz et al., 2013;

King et al., 2012; Merlos-Suarez et al., 2011; Wang

et al., 2013). Although they represent considerable

advances in the isolation of CBC cells independently of

transgenic reporter alleles, these methodologies are sug-

gested to be contaminated with other cell types and

have not been fully characterized at the molecular level.

The approach by Merlos-Suarez et al. (2011) mainly relies

on extracting a subset of EPHB2 high cells from EPCAM+

epithelial cells (named SM2 in our study). However, the

EPHB2 receptor is not only expressed at high levels in

CBC cells but also in committed progenitor cells (Mer-

los-Suarez et al., 2011). In another study, Wang et al.

(2013) used three crypt base markers (CD24/CD166/

CD44) while depleting for GRP78+ progenitor cells

(named SM4 in our study). Nonetheless, the resultant
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population was found to be contaminated by endocrine

cells (Wang et al., 2013).
RESULTS AND DISCUSSION

To investigate in a comprehensive way how these different

cell surface markers are expressed in the different cell pop-

ulations of the intestinal crypt, we employed two recently

developed tools that allow mapping of high-dimensional

cytometry data onto two dimensions, yet conserving

its high-dimensional structure (Amir el et al., 2013; Qiu

et al., 2011). Spanning-tree progression analysis of den-

sity-normalized events (SPADE) clusters phenotypically

similar cells into nodes (Qiu et al., 2011), while viSNE dis-

plays individual cells on amap that preserves their multidi-

mensional separation (Amir el et al., 2013). SPADE and

viSNE have been used to interrogate, infer and visualize

cellular hierarchies and transitions based on expression of

cell surfacemarkers in diverse systems including nuclear re-

programming (Lujan et al., 2015) and hematopoiesis (Qiu

et al., 2011).

For the generation of high-dimensional flow cytometry

data, intestinal epithelial cells from Lgr5-Gfp reporter

mice were labeled with a broad range of intestinal crypt

markers including markers of CBC cells (EPHB2, CD24med,

CD44, CD166), transit-amplifying cells (GRP78), Paneth

cells (CD24high, UEA-1), epithelial cells (EPCAM), and

non-epithelial contaminating cells (CD45, CD31) (Fig-

ure S1A) (Merlos-Suarez et al., 2011; Wang et al., 2013;

Wong et al., 2012). Analysis revealed that CBC cells, as

identified by high levels of Lgr5-GFP expression (Lgr5-

GFPhigh) (Figures S1B and S1C), clustered together in

SPADE trees and on viSNE maps (Figure 1A), and that the

expression of EPHB2, CD44, CD166, and CD24 overlapped

with this population to various degrees. Interestingly,

when nodes/cells of the SPADE trees/viSNE maps were

categorized into stem cells (Lgr5-GFPhigh), Paneth cells

(CD24high, UEA1high, SSChigh) (Sato et al., 2011), transient

amplifying cells (GRP78high), and other mature epithelial

cell types (EPCAM-positive or EPCAM-negative, or low for

CBC cell markers, negative for Paneth cell markers), the

known intestinal cell hierarchy could be inferred (Figures

1B and 1C). The pool of Lgr5-GFPhigh stem cells was closely

associated with the niche cells (Paneth cells) and, via a

stream of transient amplifying cells, was connected to the
Figure 1. Multidimensional Analyses of Flow Cytometry Data and
(A) Representative SPADE trees and viSNE maps colored for expression
ease of comparison and as a reference, the Lgr5-GFPhigh population (
(B and C) SPADE tree (B) and viSNE map (C), both with superimposed
(D) Gating strategy used on live cells to isolate the SM6 population v
(E) viSNE map with locations of Lgr5-GFPhigh, SM2, SM4, and SM6 pop

Stem
other mature epithelial cell types. Therefore, this suggested

that the combination of surface markers with multidimen-

sional analysis could be used to identify sorting strategies

for the purification of CBC cells.

As both SM2 (based on EPHB2 and EPCAMmarkers) and

SM4 (a combination of CD24, CD44, CD166, and GRP-78

markers) strategies (Figures S1B, S1D, and S1E) failed to

isolate a pure CBC cell population (Merlos-Suarez et al.,

2011; Wang et al., 2013) and importantly as their key cell

surface makers (EPHB2, CD44, CD166) have different

expression patterns (Figure 1A), we utilized viSNE to

explore whether a reporter-free sorting strategy combining

the different intestinal crypt surface markers, termed SM6

(Figure 1D), could improve the purity of the CBC cell

population to a level comparable with the Lgr5-GFPhigh

cells. Briefly, cells were depleted for contaminating

CD31 andCD45 cells (endothelial and hematopoietic cells)

and enriched for a specific population of CD166low

CD24med cells. These cells were subsequently gated

into CD44high GRP78neg-low cells and then only the

EPCAMhigh/EPHB2high cells were sorted (see Supplemental

Experimental Procedures for more details).

By using viSNEmaps, the degree of overlap between SM2,

SM4, and SM6 populations and the reference Lgr5-GFPhigh

cells was investigated (Figure 1E). Interestingly, the SM2

gating strategy was not able to exclude a considerable num-

ber of cells that clustered outside of the region occupied by

the Lgr5-GFPhigh population. However, both SM4 and SM6

strategies produced homogeneous appearing populations

that overlapped well with Lgr5-GFPhigh cells. As previously

mentioned, the expression of the Lgr5-Gfp cassette is

mosaic and, accordingly, many CBC cells are not labeled

by GFP. To investigate whether the SM6 gating strategy

was superior at purifying a homogeneous population of

CBC cells, a Lgr5-GFP back gating analysis was conducted

on SM2, SM4, and SM6 populations. The enrichment of

both Lgr5-GFPhigh cells and Lgr5-GFPlow cells within SM2,

SM4, and SM6 cell populations was assessed. It is generally

accepted that only Lgr5-GFPhigh cells represent CBC cells,

while Lgr5-GFPlow cells are committed progenitors of

Lgr5-GFPhigh cells. In agreement, single-cell PCR for Lgr5

demonstrated that nearly all Lgr5-GFPhigh cells express

the transcript in contrast to only a small fraction of Lgr5-

GFPlow cells (Figures S1G and S1H). Our analysis showed

that the SM6 strategy was better than SM2 and SM4 cell

isolation strategies in enriching for Lgr5-GFPhigh cells,
Isolation Strategy
of Lgr5-GFPhigh, EphB2, CD44, CD166, GRP78, CD24, and UEA-1. For
green) was superimposed on a viSNE map (gray).
intestinal hierarchy, denoted in (C) by arrows.
ia cell surface markers.
ulations overlaid in blue.
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Figure 2. Bulk Profiling of Prospective CBC Cell Populations
(A) Schematic overview of the experimental procedure.
(B–D) Heatmap (D), principal component analysis (C), and unsupervised hierarchical clustering (D) for the RNA sequencing data derived
from the five populations of interest: negative, SM2, SM4, SM6, and Lgr5-GFPhigh (n = 2, experimental replicates). The displayed data are
the average of two datasets for each group.
(E) Number of differentially expressed (DE) genes between Lgr5-GFPhigh and SM2, SM4, or SM6 (n = 2, experimental replicates).
while depleting for Lgr5-GFPlow cells. However, these dif-

ferences were only significant between SM6 and SM4 (Fig-

ures S1I and S1J). In order to adequately benchmark the

quality of our method with the existing methods, we first

performed RNA sequencing with the Lgr5-Gfp line on five

FACS-purified groups: SM2, SM4, SM6, Lgr5-GFPhigh refer-

ence population, and cells negative or low for all of the
324 Stem Cell Reports j Vol. 6 j 321–329 j March 8, 2016 j ª2016 The Autho
cell surface markers used (negative) (Figure 2A, Figures

S1B–S1F, Table S1). All the cell populations, with the excep-

tion of negative cells, had a similar transcriptional signa-

ture (Figure 2B). We used principal component analysis

(PCA) to compare the sequencing data of the different

isolation strategies. Importantly, the transcriptional signa-

tures of SM6 and Lgr5-GFPhigh cells overlapped, indicating
rs



that these two populations were highly similar. SM2 and

SM4 cell populations clustered further away and were

therefore more different (Figure 2C) although still rela-

tively close to the Lgr5-GFPhigh population. Unsupervised

hierarchical clustering on a population level also con-

firmed that CBC cell-enriched populations (SM2, SM4,

Lgr5-GFPhigh, and SM6) were clustered and distinct from

the negative population (Figure 2D). Lgr5-GFPhigh and

SM6 cells formed a separate subgroup within this CBC

cell-enriched branch (Figure 2D) confirming high similar-

ity. Moreover, we could not find any genes that were sig-

nificantly differentially expressed between the SM6 and

Lgr5-GFPhigh populations (Figure 2E) (2-fold, Benjamin-

Hockberg correction). However, several genes were upregu-

lated in SM2 and SM4 populations, mostly related to secre-

tory cell lineage identity as already reported by Wang et al.

(2013) for the SM4 approach (Figure 2E and Table S2).

Together, these results indicate that cells isolated using

our FACS sorting strategy are highly similar to the Lgr5-

GFPhigh cells from a transcriptional viewpoint.

Expression of the Lgr5-Gfp reporter is mosaic in the intes-

tine and only marks around a third of all CBC cells. The

SM6 and Lgr5-GFPhigh approaches allow the isolation of

comparable cell numbers (SM6, 2.7% ± 0.4%; Lgr5-GFPhigh,

2.6%± 0.2%of all live cells) because the loss of a proportion

of CBC cells via the SM6method is a necessary trade-off be-

tween cell number and purity. In order to exclude the ma-

jority of the Lgr5-GFPlow cells, very stringent gating for

EPHB2 is required (Figure 1D).

We performed single-cell transcriptional profiling for a

broad panel of CBC and +4 reserve stem cell markers to

determine the degree of homogeneity of the SM6 and

Lgr5-GFPhigh isolated cell populations (Figures S2A–S2F).

PCA revealed that SM6 and Lgr5-GFPhigh single-cell signa-

tures overlapped and were highly homogeneous as indi-

cated by the ellipses, representing 67% of the cells in each

population (Figures 3A and 3B). The other strategies (SM2

and SM4) were more different. Violin plot analysis, which

shows the distribution of gene expression per cell for any

given population, demonstrated that all the different cell

isolation methods were enriched for cells expressing ISC

cell marker genes (Lgr5, Olfm4, Bmi1, Lrig1, HopX, Sox9,

CD44, EphB2) (Figures 3C and S2G). Notably, this analysis

also established that SM6 and Lgr5-GFPhigh single cells

had an analogous gene expression pattern at the individual

cell level (Figures 3C and S2G). Co-expression of the key

CBC markers Lgr5, EphB2, and CD44 was detected in

90.1% and 90.3% of the individual cells from SM6 (n =

61) and Lgr5-GFPhigh (n = 62) isolation methods, respec-

tively, compared with only 61% for SM4 (n = 31) and 79%

for SM2 (n = 29) (Figures 3D and S2H). Analysis of the co-

expression of +4 ISC marker genes demonstrated a similar

trend, where the majority of these genes were co-expressed
Stem
in each cell in the SM6 and Lgr5-GFPhigh populations (Fig-

ures 3D and S2H), as previously described (Li et al., 2014).

However, we noted slight differences between SM6 and

Lgr5-GFPhigh in the numbers of cells positive for the ISC

marker Sox9. SM6cellsweremore enriched for Sox9-positive

cells (95.1%) compared with the Lgr5-GFPhigh strategy

(79%) (Figure S2H). In summary, our single-cell transcrip-

tional analysis, based on these key genes, demonstrates

that our isolationmethod gives rise to a homogeneous pop-

ulation of CBC cells which co-express key stem cellmarkers

in a similar way to the well-established Lgr5-Gfp model.

Although SM6 and Lgr5-GFPhigh CBC cell transcriptional

signatures were highly similar, we wanted to confirm that

these cells had similar functional capacities. Cells isolated

using SM2, SM4, SM6, Lgr5-GFPhigh, andnegative strategies

were assessed in an in vitro organoid assay (n = 3 for each

cell population, five technical replicates per experiment).

Although similar to the culture conditions described by

Wanget al. (2013) for thegrowthof SM4single cells, ourcul-

ture conditions included the use of recombinant WNT3A,

and the Rho kinase inhibitor Y-27632 was preferred to thia-

zovivin. All the cells, with the exception of negative cells,

were capable of forming normal, round cystic organoids

(Figure S2I), a classic architecture observed at day 4 after

seeding when organoids are generated from single cells

(Wang et al., 2013). However, there were significant differ-

ences in thenumber of organoids generated by thedifferent

sorting protocols. Cells isolated using SM6 and Lgr5-

GFPhigh sorting methods generated organoids at the same

efficiency, which was almost 2-fold higher than the SM2

or SM4 strategies (Figure 3E). As the SM6 cell population is

composed of both Lgr5-GFP-negative and Lgr5-GFP-posi-

tive cells (Figure S3A), we also investigated the organoid-

forming potential of these two populations. At day 4,

SM6-Lgr5-GFPnegative cells formed only marginally less or-

ganoids (0.91-fold) than SM6-Lgr5-GFPhigh cells (Fig-

ure S3B). This demonstrates the capacity of the SM6strategy

to isolate Lgr5-positive stemcells thathave silenced theGFP

reporter. Together, these results confirm that SM6 and Lgr5-

GFPhigh cells are molecularly and functionally similar.

The establishment of a robust ISC isolation protocol that

does not rely on the use of transgenic reporter alleles is crit-

ical to study ISCs in any transgene-freemouse strain. There-

fore, we used our SM6 strategy to isolate cells from wild-

type (WT) C57BL/6 animals (Figure S3C) and performed

single-cell transcriptional analysis. The WT single cells

(n = 30), isolated using the SM6 strategy (SM6-WT), had a

transcriptional signature that was similar to the Lgr5-

GFPhigh cells (n = 62) (Figures S2A, S2F, and S3D).Moreover,

PCA revealed that SM6-WT and Lgr5-GFPhigh single-cell

signatures overlapped and that the homogeneity of these

cell populations was comparable (Figure 3F). However, a

detailed analysis of the level of expression of the Lgr5
Cell Reports j Vol. 6 j 321–329 j March 8, 2016 j ª2016 The Authors 325
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gene at the single-cell level in cells with detectable tran-

script levels revealed that at least 50% of cells isolated using

the Lgr5-GFPhigh strategy (38 of 60 cells) or SM6 strategy

from Lgr5-Gfp mice (28 of 55 cells), which we will refer to

now as SM6-TG to clearly differentiate it from SM6-WT, ex-

pressed half the amount of Lgr5 compared with the cells

isolated using the SM6 strategy from WT animals, SM6-

WT (Figure 3G). These results suggest that the loss of one

Lgr5 allele due to the insertion of the reporter cassette is

not fully compensated by the functional Lgr5 allele at the

individual cell level. In order to investigate in detail poten-

tial transcriptional differences between SM6-TG and SM6-

WTcells, we performed RNA sequencing on freshly purified

cells and found five genes to be differentially expressed

(Figure 3E). Confirming our single-cell data, one of these

genes was Lgr5, which was expressed at approximately

2-fold higher levels in SM6-WT cells compared with SM6-

TG cells. The other four genes were the estrogen receptor

Esr1 (Cleveland et al., 2009), the immune-modulated

Erdr1, a protective gene against cancer progression (Jung

et al., 2011), the energy metabolism-associated gene insu-

lin-degrading enzyme, Ide, and the fatty acid-binding pro-

tein 1, Fabp1. These four genes have not been reported to

be WNT target genes, and we hypothesize that their differ-

ential expression is either a direct or indirect consequence

of Lgr5 haploinsufficiency. In order to address whether the

observed transcriptional changes in these few genes, in

particular Lgr5 haploinsufficiency, induced functional de-

fects, we isolated Lgr5-GFPhigh, SM6-TG, and SM6-WTcells

from littermatemale animals (kept under the samehousing

conditions to minimize genetic and environmental differ-

ences) and subjected the cells to an organoid formation

assay (n = 4, four experimental replicates with five tech-

nical replicates per experiment). At day 4, Lgr5-GFPhigh

cells gave rise to organoids at an efficiency of �7% in

contrast to SM6-WT cells, which gave rise to organoids at

an efficiency of �10% (Figures 3H and S3F; data are pre-

sented as fold change relative to Lgr5-GFPhigh). In order

to further characterize the organoids generated from
Figure 3. Single-Cell Profiling and Functional Capacities of Prosp
(A and B) Principal component analysis of the single-cell data for Lg
(C) Violin plots for key ISC marker genes for Lgr5-GFPhigh, SM6, and n
(D) Venn diagrams for some key ISC marker genes for Lgr5-GFPhigh an
(E) Organoid formation assay performed for Lgr5-GFPhigh, negative,
experimental replicates, paired Student’s t test, two-tailed).
(F) Principal component analysis.
(G) Beeswarm plot (one-way ANOVA with post hoc Bonferroni test; th
(H) Organoid formation assay performed for Lgr5-GFPhigh, SM6-TG (SM6
strategy applied on WT animals) single-cell populations (mean ± SEM,
*Replicates single-cell data: Lgr5GFPhigh 62 cells pooled from two in
dependent experiments, SM4 29 cells from one experiment, SM2 31
Negative 31 cells from one experiment.

Stem
distinct cell populations, the expression of CBC stem cell

markers (Ascl2, Lgr5, Olfm4), WNT signaling-related genes

(Axin-2, C-myc, Troy), a niche marker (Egf), and differentia-

tionmarkers (Chromogranin A, Lysozyme) were evaluated by

quantitative RT-PCR (Figure S3G). This analysis revealed

comparable expression levels of differentiation markers in

organoids of all three groups. In SM6-WT organoids, a

trend of higher expression of stem cell markers (Lgr5,

Olfm4) and WNT target gene Axin 2 was observed

compared with Lgr5-GFPhigh and SM6-TG (Figure S3G),

but the differences were not statistically significant. Esr1,

Ide, Fabp1, and Erdr1 were expressed at comparable levels

in organoid cultures of all three groups, and we speculate

that the strong canonical WNT agonists in our culture me-

dia (CHIR,WNT3A, R-SPONDIN)might have compensated

for direct or indirect effects of Lgr5 haploinsufficiency.

Taken together, these results suggest a potential functional

deficiency within Lgr5-GFP cells with negative conse-

quences on initial organoid establishment frequency.

In summary, we present a cell surface marker-mediated

isolation protocol (a step-by-step protocol can be found

in the Supplemental Experimental Procedures) for the puri-

fication of a highly enriched andhomogeneous population

of CBC stem cells molecularly and functional comparable

with ISCs extracted from Lgr5-Gfp mice. This strategy can

also be utilized to isolate CBC cells fromnon-transgenic an-

imals that express presumably normal physiological levels

of Lgr5, Esr1, Ide, Fabp1, and Erdr1. The isolation strategy

comprises a unique tool that should facilitate investigation

of both intrinsic and extrinsic regulators of ISCs during

normal homeostasis, age-related intestinal degeneration,

and tumorigenesis.
EXPERIMENTAL PROCEDURES

Animals Used in This Study
Adult Lgr5-eGFP-IRES-CreERT2 (courtesy of Professor Hans Clevers)

and WT littermate male mice (6–12 weeks old, C57BL/6 back-

ground) were used in all experiments. Animals were housed in
ective CBC Cell Populations
r5-GFPhigh, SM6, SM4, and SM2 cell populations*.
egative cells*.
d SM6*.
SM2, SM4, and SM6 single-cell populations (mean ± SEM, n = 3,

ick line, median; thin lines, quartiles)*. ns, not significant.
strategy applied on transgenic Lgr5-Gfp animals), and SM6-WT (SM6
n = 4, experimental replicates, paired Student’s t test, one-tailed).
dependent experiments, SM6/SM6-TG 61 cells pooled from two in-
cells from one experiment, SM6-WT 30 cells from one experiment,
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specific pathogen-free animal house conditions at the animal facil-

ity (Monash Animal Services) in strict accordance with good ani-

mal practice as defined by the National Health and Medical

Research Council (Australia) Code of Practice for the Care and

Use of Animals for Experimental Purposes. Experimental proce-

dures were approved by theMonashAnimal Research PlatformAn-

imal Ethics Committee. Animals were maintained under a 12/

12 hr light/dark cycle at a temperature of 20�C with free access

to food and water. For further information see, Supplemental

Experimental Procedures.
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The accession number for whole transcriptome sequencing exper-
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