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Single-cell messenger RNA sequencing reveals rare
intestinal cell types
Dominic Grün1,2*, Anna Lyubimova1,2*, Lennart Kester1,2, Kay Wiebrands1,2, Onur Basak1,2, Nobuo Sasaki1,2,
Hans Clevers1,2 & Alexander van Oudenaarden1,2

Understanding the development and function of an organ requires
the characterization of all of its cell types. Traditional methods for
visualizing and isolating subpopulations of cells are based on mes-
senger RNA or protein expression of only a few known marker
genes. The unequivocal identification of a specific marker gene,
however, poses a major challenge, particularly if this cell type is
rare. Identifying rare cell types, such as stem cells, short-lived pro-
genitors, cancer stem cells, or circulating tumour cells, is crucial to
acquire a better understanding of normal or diseased tissue bio-
logy. To address this challenge we first sequenced the transcrip-
tome of hundreds of randomly selected cells from mouse intestinal
organoids1, cultured self-organizing epithelial structures that con-
tain all cell lineages of the mammalian intestine. Organoid buds,
like intestinal crypts, harbour stem cells that continuously differ-
entiate into a variety of cell types, occurring at widely different
abundances2. Since available computational methods can only
resolve more abundant cell types, we developed RaceID, an algo-
rithm for rare cell type identification in complex populations of
single cells. We demonstrate that this algorithm can resolve cell
types represented by only a single cell in a population of randomly
sampled organoid cells. We use this algorithm to identify Reg4 as a
novel marker for enteroendocrine cells, a rare population of hor-
mone-producing intestinal cells3. Next, we use Reg4 expression to
enrich for these rare cells and investigate the heterogeneity within
this population. RaceID confirmed the existence of known entero-
endocrine lineages, and moreover discovered novel subtypes,
which we subsequently validated in vivo. Having validated
RaceID we then applied the algorithm to ex vivo-isolated Lgr5-
positive stem cells and their direct progeny. We find that Lgr5-
positive cells represent a homogenous abundant population of
stem cells mixed with a rare population of Lgr5-positive secretory
cells. We envision broad applicability of our method for discover-
ing rare cell types and the corresponding marker genes in healthy
and diseased organs.

Single-cell mRNA sequencing has emerged as a powerful method to
simultaneously measure cell-to-cell expression variability of thousands
of genes4. Recently, it was demonstrated that sequencing of randomly
selected cells from spleen5 and lung tissue6 permits the identification of
known cell types within these organs. The approaches used in these and
other recently published studies7–10 show good performance in disco-
vering abundant cell types but cannot detect rare cell types.

To profile cell types of widely varying abundance within a complex
mixture we introduce a method for rare cell type identification
(RaceID) and apply it to investigate rare cell types in the mouse
small intestine11.

The continuously self-renewing intestinal epithelium is arranged in
crypts and villi. A small number of intestinal stem cells reside near the
crypt bottom and give rise to rapidly proliferating transit amplifying
(TA) cells. While migrating upward along the crypt–villus axis TA cells

develop into the terminally differentiated cell types2,12. Absorptive
enterocytes constitute the most abundant cell type, while all other
mature cell types contribute only a few percent or less. The secretory
lineage comprises mucus producing goblet, hormone secreting entero-
endocrine, and Paneth cells, which provide a niche for the stem cell
and secrete bactericidal products. In addition, tuft cells are believed to
sense the luminal content.

To obtain clean random mixtures of intestinal cells without con-
tamination of non-epithelial cell types, we use intestinal organoids,
small epithelial structures containing all major cell types found in
the intestinal epithelium1. Using a modified version of the cell express-
ion by linear amplification and sequencing (CEL-seq) method13

incorporating unique molecular identifiers to count transcripts14

(Fig. 1a and Extended Data Fig. 1), we sequenced 238 randomly
selected organoid cells with more than 3,000 transcripts in total each,
and quantified 3,777 genes with more than five transcripts in at least
one cell.

Hierarchical clustering of the transcriptome correlation matrix sug-
gested the presence of three major groups of cells (Extended Data
Fig. 2a). To screen for abundant cell types more systematically we
employed k-means clustering of the correlation matrix with six clus-
ters as inferred by the gap statistic15 (see Methods, Fig. 1b and
Extended Data Fig. 2b). We visualized these clusters in two dimensions
(Fig. 1c) using t-distributed stochastic neighbour embedding (t-SNE)16

and examined if expression of known intestinal marker genes was
restricted to specific clusters (Extended Data Fig. 3). The intestinal
alkaline phosphatase (Alpi) is a known enterocyte marker and showed
a gradual expression increase across clusters 1, 4 and 5 (Extended Data
Fig. 3a). Cluster 3 comprises distinct cells with non-overlapping
expression of marker genes for diverse secretory cell types, such as
the enteroendocrine marker Chga, the goblet cell marker Muc2, or
the Paneth cell marker Lyz1 (Extended Data Fig. 3b–d). The central
cluster 2 does not express specific marker genes, but shows pro-
nounced expression of genes encoding ribosomal proteins (Extended
Data Fig. 3e), indicating the presence of transit amplifying cells. The
bottom part of this cluster contains cells expressing low levels of the
stem cell marker Lgr5 (Extended Data Fig. 3f).

To detect rare cell types, we screened for outliers that could not be
explained by a background model accounting for technical and bio-
logical gene expression noise (see Methods, Fig. 2a and Extended Data
Fig. 4). Distinct outliers were grouped into 10 novel clusters based on
transcriptome correlation (see Methods, Fig. 2b). Differential gene
expression analysis revealed the presence of rare cell types among these
clusters, comprising goblet, tuft, Paneth and enteroendocrine cells
(Fig. 2c and Supplementary Table 1). Moreover, RaceID detected three
secretory precursor clusters, co-expressing Neurog3 with Krt7, Pax4
or Ang4 (Fig. 2c). Available methods for cell type identification5

were clearly out-performed by RaceID (Extended Data Fig. 5a and
Supplementary Note). Extensive experimental validation proved the
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specificity and sensitivity of RaceID (Extended Data Fig. 4c–e and
Supplementary Note). We further showed that cell cycle related genes
are unlikely to affect the results of RaceID for our data set (Extended
Data Fig. 5f).

Enteroendocrine cells control metabolism by secreting at least
ten different hormones3,17 and individual cells produce subsets of
those18,19. To profile heterogeneity of enteroendocrine cells, we aimed
at purifying a random population of mature enteroendocrine cells. We
identified enteroendocrine markers by a z-score analysis (Fig. 3a).
Among the top scoring genes were novel markers such as the protei-
nase Pappa2 and the largely uncharacterized gene Reg4. We focused on
the latter, since it was highly expressed in enteroendocrine cells with
hundreds of sequenced mRNAs. We validated Reg4 as an in vivo
marker for enteroendocrine cells by single-molecule fluorescent in situ
hybridization20 (smFISH) in the mouse intestine. Co-staining of Chga
and Reg4 revealed high levels of Reg4 in enteroendocrine cells and
substantially lower levels in Paneth cells at the crypt bottom
(Fig. 3b). We then purified Reg4-positive organoid cells derived from
a Reg4–red fluorescent protein (dsRed) reporter mouse (see Methods
and Extended Data Fig. 6). RaceID predicted three major groups
among the 161 cells surviving our filtering criteria (Fig. 3c, d).
Upregulation of defensins suggested that one of these groups com-
prises maturation stages of the Paneth cell lineage (Extended Data
Fig. 6e). Within the second group of cells we identified a contamina-
tion with TA cells (Extended Data Fig. 6f, g). The remaining 60 cells
(37%) arise from the enteroendocrine lineage proving a pronounced
enrichment (,eightfold) of this rare cell. We observed two major
subgroups with low and high levels of Chga, respectively (Fig. 3d
and Extended Data Fig. 6h). Hormones expressed in cells with low
levels of Chga comprise Cck, Ghrl, Sct, Nts and Gcg (Extended Data
Fig. 7), identifying this group as an intestinal specific branch of entero-
endocrine cells3,18,19.

The other sub-group co-expressed Tph1 and Tac1, indicating hor-
mone production of serotonin and substance P, respectively, and
therefore comprises enterochromaffin cells (Fig. 3d and Extended
Data Fig. 8a, b).

Within this sub-group RaceID identified three novel subtypes
(Fig. 3d, e). In 7 out of 16 (41%) cells within cluster 3 we detected
co-expression of Tac1 and Cck (Extended Data Fig. 7a), previously
considered to be markers of separate subtypes3. Expression of urocor-
tin 3 (Ucn3), a ligand of the corticotropin-releasing hormone (Crh)
receptor type 2 was significantly elevated in cluster 7 (P , 4.1 3 1024,
see Methods and Extended Data Fig. 8c). Although colonic expression
of Ucn3 has been described21, it was not known to be expressed in the
small intestine. Finally, we observed strong upregulation of Albumin
(Alb, P , 4.3 3 1026, see Methods) and the related alphafeto-protein
(Afp, P , 0, see Methods) in cluster 2 (Extended Data Fig. 8d).
Albumin can bind lipophilic hormones and could regulate their
accessibility22. In the same cluster, we measured upregulation of
VGF nerve growth factor (Extended Data Fig. 8e). See Extended
Data Fig. 8f and Supplementary Table 2 for additional marker genes.

We validated the existence of the novel enterochromaffin subtypes
in vivo at the mRNA and protein level by conducting smFISH and
immunofluorescence experiments in the mouse intestinal epithelium
(Fig. 4, Extended Data Fig. 9, Methods and Supplementary Table 4).

After having shown that RaceID can discriminate cell types we
wanted to test our method on stem cells marked by Lgr5 expression.
Heterogeneity of the intestinal stem cell pool is still controversial23–27

and single-cell sequencing could help to better characterize this
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Figure 1 | Profiling cell composition of mouse intestinal organoids with
single-cell sequencing. a, Intestinal crypts were isolated from mice and grown
into intestinal organoids as described previously1. Organoids were dissociated
and single cells, collected by fluorescence-activated cell sorting (FACS), were
sequenced by a modified version of the CEL-seq method13,14 (see Methods).
b, Heat map indicating similarities between 238 single cells measured by
Euclidean distances of the transcriptome correlation matrix (unitless; see
Methods). k-means clustering identified six major groups of cells colour coded
along the axes. c, t-SNE map representation of transcriptome similarities
between individual cells. Clusters identified in b were highlighted with different
colours and corresponding intestinal cell types identified on the basis of known
marker genes are indicated.
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Figure 2 | RaceID algorithm identifies rare cell types among hundreds of
sequenced cells. a, Histogram showing the negative logarithm of the
probability that transcript levels in a particular cell are not explained by a
background model accounting for the expected variability. Clusters are
highlighted as in Fig. 1. The probability threshold for outlier identification
(1024) was included (black broken line). The inset explains the derivation of
outlier probabilities (see Methods) for the gene Lars2 in cluster 5. The transcript
count histogram (grey) is compared to the background model (red) and an
outlier event is highlighted (purple). b, t-SNE map with additional clusters
highlighted that were inferred from outlier cells (see Methods). c, t-SNE map of
all clusters obtained by the RaceID algorithm (left) and close-up of all clusters in
the secretory lineage (cluster 3 in Fig. 1c). Genes corresponding to known
markers specifically upregulated in each cluster of the secretory lineage are
indicated. EC, enterocytes; EClpr, late enterocyte precursors; ECepr, early
enterocyte precursors; TA, transit amplifying cells; G, goblet cells; EE,
enteroendocrine cells; EEpr, enteroendocrine precursors; P, Paneth cells;
T, tuft cells.
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population. We first used intestinal organoids derived from an Lgr5–
green fluorescent protein (GFP) reporter mouse23 to purify and
sequence 96 Lgr5–GFP1 cells. RaceID detected only a single large
cluster and few outliers that were mostly Paneth cells (Extended Data
Fig. 10), suggesting that intestinal stem cells represent a uniform
population. Since a distinct reserve pool of quiescent Lgr5-positive
cells has been suggested25–27, we next tried to characterize a popu-
lation of ex vivo isolated Lgr5 expressing cells. For this experiment,

we isolated 192 Lgr5–enhanced GFP1 (EGFP1) cells from the small
intestine of an Lgr5–EGFP reporter mouse24 (Supplementary Table
5). RaceID classified these cells into a single large homogenous clus-
ter and a few outliers (Fig. 5a, b).

As a complementary approach, we traced the progeny of Lgr5-pos-
itive cells in vivo, using a reporter mouse that expresses CreERT2 from
an Lgr5 promoter and YFP from a Rosa26 promoter with a loxP-
flanked transcriptional roadblock. Administration of tamoxifen leads
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Figure 3 | Reg4 is a novel marker of differentiated enteroendocrine cells.
a, Histogram of top ten z-scores for upregulation in differentiated
enteroendocrine cells. For each gene, we extracted the average level observed
in mature enteroendocrine cells (cluster 3 and 16), subtracted the average level
observed across all remaining cells, and divided by the standard deviation of
transcript levels in these cells. b, Validation of Reg4 as an in vivo marker
of mature enteroendocrine cells by single-molecule fluorescent in situ hybridi-
zation (smFISH). Cryosections of mouse small intestine were hybridized with
smFISH probes against Chga, conjugated to tetramethylrhodamine (TMR,
green) and Reg4, conjugated to cyanine 5 (Cy5, red). Cell borders were
visualized with AlexaFluor 488-conjugated phalloidin (blue). The entero-
endocrine cell (arrow) expresses a high level of Chga and co-expresses Reg4.

Paneth cells at the crypt bottom (arrowheads and inset) express strongly
reduced levels of Reg4. Scale bar, 20mm. c, Heat map representing the
transcriptome similarities measured by the Euclidean distance of the
transcriptome correlation matrix (see Methods) for Reg4-positive cells. RaceID
clusters are colour-coded along the axes. Cluster numbers are shown for the
bigger clusters. d, t-SNE map showing all clusters identified by RaceID for Reg4-
positive cells. Different colours and numbers highlight distinct clusters.
Selected upregulated genes are shown for individual clusters (P , 10–3, see
Methods). Close-ups are shown for clusters of enteroendocrine cells. e, Heat
map of hormone expression (log2 scale) in subtypes of enteroendocrine cells
identified by RaceID. The two groups of cells with low and high expression of
Chga, respectively, display distinct patterns.
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subset of enteroendocrine cells. Probes against Cck, conjugated to Cy5 (upper
panel, red) and against Tac1, conjugated to TMR (lower panel, green) were
used for hybridization. Cell borders were visualized by staining with phalloidin,
conjugated with AlexaFluor 488 (blue). Enteroendocrine cells co-expressing
the two markers were observed (left), as well as cells expressing only Cck

(middle) or Tac1 (right). Arrows point at cell borders. b, Immunostaining was
performed on cryosections of mouse small intestinal tissue. Scale bar, 20mm.
Expression of CCK and TAC1 was observed in a subset of enteroendocrine
cells. CCK and TAC1 were visualized by indirect immunostaining with
antibodies against CCK (upper panel, red) and against TAC1 (middle panel,
green). Nuclei were counterstained with DAPI (blue). Rare cells, co-expressing
the two markers, were observed (left), as well as cells, expressing only
TAC1 (middle), or only CCK (right). Arrowheads point at CCK or TAC1-
negative cells.
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to yellow fluorescence protein (YFP) protein production in Lgr5-pos-
itive cells and their progeny. We sequenced 432 YFP-positive cells
collected five days after label induction (Supplementary Table 5). As
expected, RaceID detected differentiated cells of all major lineages,
with a relatively large proportion of Paneth cells (Fig. 5c). A possible
explanation for the over-representation of Paneth cells is label induc-
tion in mature Paneth cells or their precursors27. We then quantified
the fraction of Lgr5-positive cells in all major lineages. To extract cells
of a lineage independent of the maturation state, we only required .5
transcripts of a lineage marker (Lyz1 for Paneth cells, Chgb for entero-
endocrine cells, Alpi for enterocytes, and Clca3 for goblet cells). Paneth
cells were split into early and late stages, with Lyz1 expression lower or
higher than the median, respectively. While we detected Lgr5 tran-
scripts in ,45% of the Lgr5–EGFP1 cells, this fraction was lower than
15% for most of the other major cell types (Fig. 5d). Only for Paneth
cells we observed an elevated proportion of Lgr5-positive cells, which
was significantly higher in early (,50%) compared to late Paneth cells
(,28%) (Fig. 5d). This could be due to the Lgr5 RNA half-life exceed-
ing the rapid transition time of stem cells into Paneth cells, leading to a
transient state where stem and Paneth cell genes are co-expressed.

To examine if the population of Lgr5 expressing cells show any kind
of fate bias towards a particular lineage, we first distinguished three
classes of stem cells: (1) all Lgr5–EGFP1 cells (Fig. 5b), (2) the subset of
Lgr5–EGFP1 cells after removal of the outliers identified by RaceID
(Cluster 1, Fig. 5b), and (3) the stem cell/early TA cluster from the
lineage tracing data (Cluster 4, Fig. 5c). Based on the RaceID prediction
we consider class (2) as a homogenous pool of stem cells, while class
(1) contains a few additional Lgr5 expressing cells of other lineages.
Class (3) represents the homogenous stem cell population identified by
RaceID in the lineage tracing data and is thus expected to resemble

class (2). We then performed a marker gene analysis in all three classes
and, for comparison, in cell populations of all major lineages (Fig. 5e).
The three classes of stem cells showed similar expression of Lgr5 and
other stem cell markers (Hopx and Lrig1). Expression of secretory
lineage markers (Lyz1 and Chgb) was substantially lower in class (2)
and (3) compared to class (1), and did not exceed the background level
observed in any other lineage (Fig. 5e). This argues against additional
secretory cells in class (2) and (3) that could have remained undetected
by RaceID. Elevated expression of Lyz1 and Chgb in class (1) is thus
solely due to the few Lgr5–EGFP1 secretory cells identified by RaceID
(Fig. 5b). Interestingly, Lgr5 transcript levels in early Paneth cells were
similar to those in stem cells and reduced in the other cell types (Fig. 5e).

Taken together, we conclude that, both in organoids and in vivo,
Lgr5-positive cells represent a homogenous population of cells mixed
with a rare population of Paneth and enteroendocrine cells. In com-
parison to the other lineages, Paneth cells express the highest level of
Lgr5, consistent with the observation that Paneth cell precursors can
revert to the stem-cell state upon tissue damage25,27. It remains a pos-
sibility that high Lgr5 expression in Paneth cells is an artefact due to
sequencing doublets of Paneth and crypt bottom stem cells. However,
we consider this unlikely, because expression of Lgr5 is significantly
elevated in early versus late Paneth cells (Fig. 5d). Finally, we would
like to caution that heterogeneity among lowly expressed genes
could still exist within the stem cell pool, which would be invisible
owing to the limited sensitivity of current single cell sequencing pro-
tocols. Alternatively, stem cell heterogeneity could extend to Lgr5-low
cells as described previously26, which are not captured by our enrich-
ment strategy.

In summary, we demonstrated here the ability of RaceID to correctly
classify different cell types in a complex mixture and reveal heterogeneity
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Figure 5 | Characterization of ex vivo isolated Lgr5–EGFP1 cells. a, Heat
map of transcriptome similarities measured by the Euclidean distance of the
transcriptome correlation matrix (see Methods) for Lgr5–EGFP1 cells purified
using an Lgr5–EGFP reporter mouse24. RaceID clusters are colour coded along
the axes. Colours correspond to panel b. b, t-SNE map of RaceID clusters for
Lgr5–EGFP1 cells. Cells of cluster 7 express non-coding RNAs (Malat1,
Kcnq1ot1) and could not be characterized. The other cell types were assigned
based on marker gene expression. The stem cell classes (1) (dotted line) and (2)
(dashed line) are outlined (see text for details). c, t-SNE map of RaceID clusters
for 5-day lineage tracing progeny of Lgr5-positive (YFP1) cells. Cell types
identified based on marker genes are indicated. The stem cell class (3) is
outlined (dashed line, see text for details). d, Fraction of Lgr5-positive cells for

the major intestinal lineages. See main text for details. Error bars and P value
were inferred from binomial statistics reflecting uncertainty due to sampling.
The number of cells (n) is indicated below the plot. *P , 0.05. e, Mean
expression of marker genes in different sets of Lgr5-positive cells and in cells of
the major intestinal lineages. Class (1) corresponds to all Lgr5–EGFP1 cells
shown in b, while class (2) and (3) correspond to the sub-populations indicated
by the dashed line in b and c, respectively. Error bars indicate the standard
deviation across cells. The number of cells (n) is given in the legend. EC,
enterocytes; ECpr, enterocyte precursors; TA, transit amplifying cells; CBC,
crypt base columnar cells; G, goblet cells; Gpr, goblet cell precursors; EE,
enteroendocrine cells; P, Paneth cells; Ppr, Paneth cell precursors; Ppr/Gpr,
early precursors of the Paneth and goblet cell lineage.
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among rare cells. We believe that single-cell mRNA sequencing in
combination with the RaceID algorithm is a powerful tool to unravel
heterogeneity of rare cell types in both healthy and diseased organs.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS
No statistical methods were used to predetermine sample size, and the experi-
ments were not randomized
Generation of the Reg4–dsRed mouse. Reg4–dsRed knock-in mice were gener-
ated by homologous recombination in embryonic stem cells by targeting a diph-
theria toxin receptor-2A peptide–dsRed express2 cassette to the ATG start codon
of Reg4. Generation of the knock-in mouse and experiments were performed
according to guidelines and reviewed by the Dier Experimenten Commissie
(DEC) of the KNAW.
Lgr5–GFP organoids. Organoids from Lgr5–GFP-DTR reporter mice23 were
cultured under standard contitions1. Nine days after splitting, the organoids were
dissociated into single cells using TrypLE (Invitrogen) for 15 min at 37 uC and
mechanical disruption using a glass Pasteur pipette. Cells were washed twice in
advanced DMEM/F12 (GIBCO) and resuspended in advanced DMEM/
F12 1 4mgml21 DNase I (Roche) and Propidium Iodide (Sigma). Among PI
negative fraction, high level of GFP (top 10%) expressing cells were sorted directly
in 96-wells containing 100ml TRIzol.
Lineage tracing experiments. For lineage tracing experiments we injected 0.4 mg
tamoxifen into 3-month-old Lgr5-CreERT2 C57Bl6/J mice crossed to a Rosa26LSL-
YFP reporter mice.
Isolation of crypts from mouse small intestine. Crypts were isolated from Reg4–
dsRed mouse as described previously1. Briefly, the whole of the small intestine was
dissected, flushed with cold Ca21- and Mg21-free PBS and cut to 4–5 cm pieces for
convenience. Intestines were cut open longitudinally and villi were scraped off
with a glass slide. Intestine fragments were washed twice with cold Ca21- and
Mg21-free PBS, then incubated with 5 mM EDTA in PBS at 4 uC for 30 min, with
gentle agitation. Crypts were released by vigorous shaking of the tissue fragments,
pelleted by centrifugation (200g at 4 uC for 5 min), washed once with cold PBS and
once with Advanced DMEM/F12 medium (Life Technologies), pelleted by cent-
rifugation and used to generate organoids.
Isolation of Lgr5–EGFP1 cells from the mouse intestine. Freshly isolated small
intestines of Lgr5-EGFP-IRES-creERT2 mice24 were incised along their length and
villi were removed by gentle scraping. The tissue was then washed in ice-cold PBS0
and subsequently incubated in PBS0/EDTA (5 mM) for 5 min followed by gentle
shaking to remove remaining villi. The intestine was then incubated in PBS/EDTA
for 30 min at 4 uC. Vigorous shaking yielded free crypts that were incubated in
MEM (Gibco) supplemented with trypsin (2 mg ml21; Sigma) and DNase I
(2,000 U ml21; Sigma) for 30 min at 37 uC. Subsequently, cells were spun down,
resuspended in MEM/DNase and DAPI (Life Technologies) and filtered through a
40-mm mesh. DAPI-negative, GFP-expressing cells were directly sorted in TRIzol
(Life Technologies) using a BD FACSAria II cell sorter (BD Bioscience).
Intestinal organoid culture. Villin-Cre organoids were a gift from H. Farin.
Organoid culture was carried out as described1. Briefly, organoids were grown
in a drop of Matrigel (BD Biosciences), overlaid with the ENR medium (see
below). Organoids were passaged weekly, with 1:4 dilution. Briefly, the old med-
ium was aspirated, old Matrigel drop broken, organoids were washed and pelleted
by centrifugation at 200–300g, then mixed with fresh Matrigel. Drops of Matrigel–
organoid mix were placed on the bottom of tissue culture dish, let to solidify, and
overlaid with ERM culture medium. Reg4–dsRed organoids were derived from the
Reg4–dsRed mouse as described1. Briefly, small intestinal crypts were isolated,
pelleted and mixed with Matrigel. Crypt–Matrigel mix was plated and cultured in
the ENR medium. Newly generated organoids were expanded in culture for at least
three weeks before harvesting for the experiment. The ENR medium is an
Advanced DMEM/F12 medium, supplemented with penicillin/streptomycin,
13 GlutaMAX, 10 mmol l21 HEPES, 1XB27 (Life Technologies), Noggin (condi-
tioned medium, 10% volume), R-spondin 1 (conditioned medium, 10% volume),
1 mmol l21 N-acetylcysteine (Sigma) and 50 ng ml21 recombinant mouse EGF
(Peprotech). The R-spol 1 and Noggin conditioned media were generated in
HEK293T cells, stably expressing HA-mouse Rspo1-Fc (gift from Calvin Kuo,
Stanford University), or transiently transfected with mouse Noggin-Fc plasmid.
Advanced DMEM/F12 with penicillin/streptomycin, 10 mmol l21 HEPES, and
13 GlutaMAX was conditioned for 1 week.
Single-cell suspension preparation, FACS sorting and RNA extraction.
Organoids were dissociated to single cells as previously28, with a few modifications.
Briefly, medium was removed from organoid cultures, organoids were resus-
pended in TryplE, incubated at 37 uC for 5–15 min, with passaging through a glass
pipette each 5 min and microscopic monitoring. Upon are disruption of most of
the cell aggregates, cells were pelleted by centrifugation (5 min at 300–400g),
washed twice with Advanced DMEM/F12 with 10% fetal calf serum, resuspended
in the same medium. Cells were strained through 20mm mesh filter and stained
with either propidium iodide (Villin-Cre cells), or DAPI (Reg4–dsRed cells).
Single cells were then sorted by flow cytometry (FACS Aria, BD). Each cell was

sorted directly into single wells of 96-well PCR plates, each well containing 100ml
TRIzol reagent. Identical quantity of the ERCC Spike-in RNA (0.03ml of 1:50,000
dilution) was added to each well. Total RNA was extracted from each cell, accord-
ing to the TRIZOL manufacturer’s protocol with a few alterations. To facilitate
RNA precipitation, 0.2ml of GlycoBlue reagent (Life Technologies) was added to
each sample. Isopropanol precipitation was carried out overnight. RNA pellets
were air dried for up to 15 min, then resuspended in the CEL-Seq first-strand
primer solution.
Control library with mouse embryonic stem cells and fibroblasts. Irradiated
mouse embryonic fibroblasts were cultured in DMEM containing 10% FBS
(Gibco), 2 mM GlutaMAX (Gibco), 0.1 mM MEM nonessential amino acids
and 1% Pen/Strep (Gibco). Wild-type mouse embryonic stem cells were derived
from C57BL6 mice and cultured in DMEM containing 10% FBS (Gibco),
2 mM GlutaMAX (Gibco), 0.1 mM MEM nonessential amino acids, 1% Pen/
Strep (Gibco) and 1,000 U LIF ml21 (ESGRO). The control library contained 5
ESCs with barcodes 1–5, 5 MEFs with barcodes 6–10, 75 mouse small intestinal
organoids cells with barcodes 11–85, 6 controls without template but with reverse
transcription primer, barcodes 87–92 and 5 empty controls.
Pool-and-split control sample preparation. Organoids, derived from the Reg4–
dsRed knock-in mouse, were dissociated to a single-cell suspension and dsRed-
positive cells were sorted using FACS, as described above. Pools of 100 cells were
collected into single tubes containing 100ml TRIzol reagent and processed for the
total RNA extraction. Total RNA from 100 cells was resuspended in nuclease-free
water and ERCC Spike-in RNA was added to the RNA solution (3ml of 1:50,000
dilution, per 100 pooled cells). Then each of the pooled samples was split into 100
separate portions. CEL-Seq was performed on 200 resulting split samples.
Tissue preparation and immunofluorescence. Freshly dissected mouse small
intestines were flushed and fixed in cold 4% paraformaldehyde in PBS for 3 h.
After fixation, the intestines were incubated in cryoprotective solution (30% suc-
rose in PBS) at 4 uC overnight, then frozen blocks were prepared in Tissue-Tek
OC. compound (VWR) and stored at 280 uC. Fivemm thick cryosections were cut
and mounted on poly-L-lysine (Sigma)-coated cover glass. Sections were fixed in
4% paraformaldehyde for 15 min, permeabilized with 0.25% Triton X100 (Sigma)
on PBS for 5 min and blocked for 1 h in PBS containing 0.2% Triton X100, 1% BSA
(Sigma), and 2% each normal donkey (Jackson) and goat (Monosan) serum. Next,
the sections were incubated for 1 h with primary antibody solution, (in PBS with
1% BSA), washed, and incubated for 1 h with secondary antibody (in PBS). Nuclei
counterstain was done with DAPI (100 ng ml21 in PBS) for 10 min. The sections
were then washed and mounted in Fluoromount-G (Electron Microscopy
Sciences). Imaging was done on Leica fluorescence microscope with a 1003 oil
immersion objective, using MetaMorph imaging software. Images were processed
and combined using ImageJ and Photoshop programs.
Antibodies. For indirect immunofluorescence the following antibodies were used:
anti-mouse Urocortin 3 rabbit polyclonal antibody (Yanaihara Institute, Y364);
anti-mouse CCK rabbit polyclonal antibody (LifeSpan BioSciences, aa26-33,
LS-C190673); anti-mouse VGF rabbit polyclonal antibody (Abcam, ab69989);
anti-mouse Tac1 guinea pig polyclonal antibody (Abcam, ab10353). The following
secondary antibodies were used: Goat anti-rabbit IgG, Cy5-conjugated (Life
Technologies, A10523); Donkey-anti guinea pig IgG, TRITC-conjugated
(Jackson Labs, 706-025-148). For direct immunofluorescence we used the
mouse monoclonal antibody against AFP, conjugated to Alexa Fluor 594 (Cell
Signaling, 7877).
CEL-seq library preparation. Single cells were processed using the previously
described CEL-seq technique13, with several modifications. A 4-bp random bar-
code as unique molecular identifier (UMI) was added to the primer in between the
cell specific barcode and the poly T stretch (Supplementary Table 3). Dried RNA,
prepared from single cells by TRIzol extraction method, was resuspended in
primer solution, denatured at 70 uC for 2 min and quickly chilled, after which
the first strand synthesis mix was added. The rest of the protocol was carried
out as published13, with no substantial alterations. Libraries were sequenced on
an Illumina HighSeq 2500 using 50 bp paired end sequencing.
Single-molecule FISH. Probe libraries were designed and fluorescently labelled as
previously described20. All probe libraries consist of 20 to 39 oligonucleotides of
20-bp length (see Supplementary Table 3 for probe sequences) complementary to
the coding sequence of the genes. Cells were hybridized overnight with probes at
30 uC, as previously described20. DAPI and phalloidin-AlexaFluor488 staining was
done after washes. Images were acquired on a Perking-Elmer Spinning Disc con-
focal microscope with a 1003 oil-immersion objective (numerical aperture 1.4)
using Perking Elmer Volocity software. Images were recorded as stacks with a z
spacing of 0.3mm. Diffraction-limited dots corresponding to single mRNA mole-
cules were automatically detected using custom Matlab software, based on prev-
iously described algorithms20. Briefly, the images were first filtered using a three-
dimensional Laplacian of Gaussian filter, followed by selection of the intensity
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threshold at which the number of connected components was least sensitive to the
threshold.
Quantification of transcript abundance. Paired end reads obtained by CEL-seq
were aligned to the transcriptome using bwa29 (version 0.6.2-r126) with default
parameters. The transcriptome contained all RefSeq gene models based on the
mouse genome release mm10 downloaded from the UCSC genome browser30 and
contained 31,109 isoforms derived from 23,480 gene loci. All isoforms of the same
gene were merged to a single gene locus. The right mate of each read pair was
mapped to the ensemble of all gene loci and to the set of 92 ERCC spike-ins31 in
sense direction. Reads mapping to multiple loci were discarded. The left read
contains the barcode information: the first eight bases correspond to the cell
specific barcode followed by 4 bases representing the unique molecular identifier
(Supplementary Table 3). The remainder of the left read contains a polyT stretch
followed by few (,15) transcript-derived bases. The left read was not used for
quantification. For each cell barcode we counted the number of unique molecular
identifiers for every transcript and aggregated this number across all transcripts
derived from the same gene locus. Based on binomial statistics we converted the
number of observed unique molecular identifiers into transcript counts14.
Rare cell type identification algorithm RaceID. Data preparation. The cluster-
ing algorithm takes as input a matrix with transcript counts for all genes in each
cell. As a first preprocessing step cells with low overall transcript counts are
removed. We require at least 3,000 transcripts per cell for the whole organoid data
and 1,000 transcripts per cell for the Reg4-positive cells. For the latter we observed
overall lower transcript numbers. Next, the total transcript count within each cell is
normalized to the median transcript number across cells. Alternatively, down-
sampling of the transcript pool to the required minimal total transcript count can
be applied. Hereafter, we add a pseudocount of 0.1 to the expression value of each
gene to avoid divergences when computing fold changes. In the next step lowly
expressed genes are filtered out. Genes that are not expressed with a minimum of
five transcripts for the whole organoids data and three transcripts for the Reg4-
positive cells in at least a single cell are discarded. Furthermore, highly expressed
genes that saturate the pool of available UMIs (.500 transcripts after normaliza-
tion for the whole organoid data and .2,000 transcripts after normalization for
the Reg4-positive cells) are discarded, since these genes potentially introduce
artefacts in the clustering. For the Reg4-positive cells we amended this last filtering
step, since hormones crucial for the cell type determination saturated the UMIs in
only very few cells. We tested the robustness of the RaceID predictions using the
more relaxed setting also for the random organoid cells (Extended Data Fig. 5e)
and the more stringent settings for the Reg4-positive cells (Extended Data Fig. 6d),
respectively. In each case, we observed the same rare cell types for the cells that
survive the filtering criteria of both settings. We also analysed Lgr5-positive intest-
inal cells. Here we applied the same filtering criteria as used for the whole organoid
data, since the single cell sequencing yielded a high number of transcripts per cell.
For all ex vivo isolated cells we also applied these settings. However, the data were
downsampled to the same transcript number in all cells (that is, from all cells
subsets of transcripts are sampled with a size corresponding to the minimal total
transcript count across all cells surviving the filtering step). This approach was
applied since batch effects due to combining different libraries were more pro-
nounced and downsampling reduces technical noise caused by variation in library
complexity.
k-means clustering. The clustering step of RaceID identifies larger clusters of
different cells by k-means clustering. First, a similarity matrix is computed that
contains Pearson’s correlation coefficients for all pairs of cells. Subtracting the
coefficients from one yields a distance matrix, which serves as input for k-means
clustering. k-means clustering is applied to the similarity matrix using the
Euclidean metric. In comparison to direct clustering of the expression matrix this
approach yielded improved cluster separation. The number of clusters used for
k-means clustering is determined from the gap statistic15, that is, from the differ-
ence of the average within cluster dispersion in uniformly distributed and in the
actual data. By default, the cluster number is determined as the first local max-
imum of the gap statistic where the maximum exceeds its neighbours by .25% of
their standard deviation. If the gap statistic does not exhibit a clear maximum, the
cluster number demarcating the point where the gap statistic starts to saturate
should be used as input for the k-means clustering. Given the number of clusters,
k-means clustering of the distance matrix is performed and cluster reproducibility
is assessed by bootstrapping using the clusterboot function of the R package fpc.
The algorithm computes Jaccard’s similarity to quantify cluster reproducibility. If
more than a single cluster has a Jaccard’s similarity lower than 0.5, the clustering

should be repeated with fewer clusters. Importantly, the outlier identification step
of the algorithm will correct for an underestimation of the actual cluster number
and it is thus recommended to start with a conservative estimate.
Identification of outlier cells. To identify outlier cells within each cluster the algo-
rithm evaluates transcript count variability of every gene across all cells in this
cluster. The expected baseline level of expression variability, quantified by the
transcript count variance, is inferred from the ensemble of all cells. A second order
polynomial is fitted to the transcript count variance as a function of the average
transcript count in logarithmic space (Extended Data Fig. 4a). In comparison to a
linear regression the polynomial leads to a significant improvement of the regres-
sion as was tested by ANOVA model comparison for the data sets presented here
(ANOVA P , 2.2*10216 for both data sets). For the random organoid cells the
residual sum of squares was reduced by 20% when using the second order poly-
nomial instead of the linear regression. This polynomial serves as an estimate of
the expected variance-mean dependence under the assumption, that the majority
of genes do not exhibit cluster (or cell type) specific expression. Next, each cluster
is screened for outlier cells by computing the transcript count probability in each
cell for a given gene from a negative binomial distribution defined by the average
transcript count of this gene across all cells in the cluster and the expected variance
computed by the second order polynomial. Assuming a lower limit of Poissonian
noise, values of the expected variance lower than the mean are replaced by the
mean. In practice, this does not happen and the regression yields noise estimates
well above the Poissonian limit for all data sets analysed so far. If the multiple
testing (Benjamini-Hochberg) corrected transcript count probability of a specified
number of genes (two for our data) is below a defined probability threshold
(,1024 for our data) in a given cell, this cell is considered an outlier. The total
number of outliers can be plotted as a function of the probability threshold
(Extended Data Fig. 4b), which should be chosen such that it separates the tail
of this distribution from the bulk behaviour.
Inference of final clusters. Given the set of outlier cells the final clusters that should
largely correspond to different cell-types or –states are inferred. To this end, outlier
cells are first merged to outlier clusters if their transcriptome correlation exceeds
the 75%-quantile of the distribution of cell-to-cell correlation within the original
clusters after outlier removal. Subsequently, new cluster centres are computed for
the remaining original and the new outlier clusters by averaging transcript counts
within these clusters and each cell is reassigned to the most highly correlated
cluster centre.
Two-dimensional representation of cell type maps. For visual inspection of cell
clusters and associated cell types we apply a dimensional reduction of cell-to-cell
distances as computed by the distance matrix (see above) using a machine learning
algorithm termed t-distributed stochastic neighbour embedding (t-SNE)16. Briefly,
this algorithm converts the original point-to-point distance distribution to a lower
dimensional Student’s t-distribution. The location of all points in the map is
determined by a stochastic minimization of the Kullback–Leibler divergence of
the original distances with respect to the mapped distances.
Identification of differentially expressed genes. To identify genes that were on
average up- or downregulated within a cluster compared to the ensemble of all
cells, the fold change in absolute transcript counts was computed after normalizing
the total transcript count in a cell to the median transcript count within the cluster
under consideration. As shown previously14 for single cell sequencing data, med-
ian normalized transcript levels exhibit Poissonian noise for most genes with small
deviations at high expression. A P value for significant up- or downregulation was
therefore computed based on Poissonian statistics and multiple testing corrected
by the Benjamini–Hochberg method.
Code availability. The RaceID algorithm is supplied as an R script (Supplemen-
tary Data 1) along with sample code (Supplementary Data 2), an extensive ref-
erence manual (Supplementary Data 3) and sample data (Supplementary Table 6),
corresponding to the random organoid cell transcriptome data analysed in
this paper. Bug fixes and updates of RaceID can be downloaded from https://
github.com/dgrun/RaceID.

28. Yin, X. et al. Niche-independent high-purity cultures of Lgr51 intestinal stem
cells and their progeny. Nature Methods 11, 106–112 (2014).

29. Li, H. & Durbin, R. Fast and accurate long-read alignment with Burrows-Wheeler
transform. Bioinformatics 26, 589–595 (2010).

30. Meyer, L. R. et al. The UCSC Genome Browser database: extensions and updates
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731–734 (2005).
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Extended Data Figure 1 | Sequencing statistics. a, Histogram of the number
of sequenced transcripts per cell. The median (red line) is 8,559. The 288 cells
were sequenced on two lanes to a total depth of 106,950,038 reads. Of those,
32,694,069 (31%) were mapped with a valid cell-specific barcode. b, Histogram

of the total number of reads per cell divided by the total number of sequenced
transcripts as counted with unique molecular identifiers. The average level of
oversequencing across all genes is 6.9-fold (red line).
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Extended Data Figure 2 | Clustering reveals major transcriptome
differences between intestinal cells. a, Dendrogram obtained by hierarchical
clustering of the transcriptome correlation matrix of 238 intestinal cells that
survived all filtering steps using Euclidean distance metric. At least three
distinct groups of cells can be recognized. b, Gap statistic of k-means clustering
of the correlation matrix as a function of the cluster number. The gap statistic

reflects the difference of the average within cluster distance of points in
uniformly distributed data and the actual data. The first local maximum
provides a good estimate for the number of clusters that achieves optimal
separation of the data into clusters15. Data points and error bars represent mean
and standard deviation across 50 bootstrap samples. For the intestinal cells a
number of six clusters was predicted on the basis of the gap statistic.
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Extended Data Figure 3 | Marker gene expression reveals intestinal cell
types. a–f, In the t-SNE maps the transcript count of known marker genes is
colour-coded. Shown are maps for the enterocyte specific gene Alpi (a), the
enteroendocrine marker Chga (b), the goblet cell marker Muc2 (c), the Paneth
cell marker Lyz1 (d), for transcript counts aggregated across all ribosomal genes

(e) and for the stem cell marker Lgr5 (f). The latter two are upregulated in cells
of cluster 2, for which no other specific markers could be identified. These cells
most likely correspond to transit-amplifying cells. The inset shown in b depicts
transcript counts of Chga on a logarithmic scale, since the dynamic range of
this gene was very large. Dim, dimension.
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Extended Data Figure 4 | Identification of rare cell types with RaceID.
a, Variance of transcript count across the entire ensemble of sequenced
intestinal cells as a function of mean expression. The red line represents a
second order polynomial (upper left corner) that was fitted to the data.
Assuming that a large number of genes follows a similar transcript count
distribution across different cell types this function can be used to estimate the
parameters for a negative binomial that represents a background model for
the expected transcript count variability at a given mean expression. The
probability of observing a given transcript count in a particular cell of a cluster
can be computed using this distribution with the average expression within
this cluster as input. If the expression of at least two genes has a probability
,1024 after multiple testing correction a cell is considered an outlier.
b, Number of outlier cells as a function of the probability threshold. The

threshold used in this study (1024) is indicated (red broken line). c, d, RaceID of
pool-and-split controls reflects a low false-positive rate (see Supplementary
Note). c, t-SNE map of 93 pool-and-split controls. RaceID identifies only a
single large cluster with no outliers. d, Outlier probability for all pool-and-
split controls. The p-value of all cells is higher than the default threshold
for outlier identification (1024). e, RaceID on a defined mixture of cells
demonstrates high specificity (see Supplementary Note). RaceID clusters for a
mixture of cells comprising 75 random organoid cells, 5 mouse embryonic
stem cells (mESCs) and 5 mouse embryonic fibroblasts (MEFs). Two out of five
MEFs did not pass the filtering criteria (.3,000 transcripts per cell). EC,
enterocytes; ECpr, enterocyte precursors; TA, transit amplifying cells; EE,
enteroendocrine cells; EEpr, enteroendocrine precursors; P, Paneth cells. Dim,
dimension.

RESEARCH LETTER

G2015 Macmillan Publishers Limited. All rights reserved



LETTER RESEARCH

G2015 Macmillan Publishers Limited. All rights reserved



Extended Data Figure 5 | Benchmarking RaceID. a, b, To benchmark the
RaceID algorithm we compared to a previously published method developed to
distinguish cell types from the spleen5 in thousands of sequenced single cells.
We implemented the method according to the specification provided in the
original paper. A shortcoming of the method is that it has to be initialized
with an expected number K of cell types. Running the algorithm with K 5 6
(a) yields results very similar to k-means clustering with K 5 6 (Fig. 1c).
However, when the algorithm is run with a larger number of cell types,
e. g. K 5 20 (b), rare cells of the secretory lineage can still not be separated while
clusters corresponding to relatively uniform cell types fall apart. We conclude
that this algorithm performs well for more abundant cell types but cannot
identify rare cell types. c, Principal component analysis (PCA) of the
transcriptome similarities. The cell types identified by RaceID are highlighted.
The first two principal components can only classify major groups of
enterocytes, transit amplifying cells, and secretory cells. d, To demonstrate that
our method is not affected by technical noise due to varying detection efficiency
across individual cells, we downsampled the transcriptome of all cells with
.3,000 transcripts to the same size, given by the minimum total transcript

counts across all cells that passed the filtering, and repeated the outlier
identification. The t-SNE map shows all cell types identified by this strategy and
the results are highly consistent with the normalization-based approach. e, The
t-SNE map shows the results of RaceID run with relaxed filtering constraints
(.1,000 transcripts per cell and only genes with more than three transcripts
in at least one cell) as used for the Reg4-positive organoid cells. All the rare
secretory cell types identified with the original settings were recovered. The
different stages of enterocyte differentiation are also apparent. EC, enterocytes;
EClpr, late enterocyte precursors; ECepr, early enterocyte precursors; TA,
transit amplifying cells; G, goblet cells; EE, enteroendocrine cells; EElpr, late
enteroendocrine precursors; EEepr, early enteroendocrine precursors; P,
Paneth cells; T, tuft cells. f, Same as Extended Data Fig. 4a, but cell cycle related
genes are highlighted as blue circles. This set of genes comprises all genes
containing “cell cycle” within their associated “biological process” Gene
Ontology terms. Cell cycle related genes do not show increased variability and
are thus unlikely to lead to false positives in the outlier detection by RaceID.
Dim, dimension.
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Extended Data Figure 6 | Purification of Reg4-positive cells from reporter
mouse organoids. In total, 288 cells were sequenced. Ninety-six and 192
cells were analysed from two separate sorting experiments. a, Single small
intestine cells derived from the wild-type (WT, upper panel) and Reg4–dsRed
(lower panel) mice were sorted by FACS. Live cells were gated as DsRed-
positive (lower panel, gate denoted by black rectangle, DsRed-High). SSC-W,
side scatter width, DsRed-H, DsRed height. A median number of 2,813
transcripts per cell were quantified. After filtering out cells with ,1,000
transcripts and genes with ,3 transcripts in all cells or .2,000 transcripts in a
single cells, 161 cells remained for analysis. b, c, In the t-SNE maps of Reg4-
positive cells the transcript count of dsRed, driven by a Reg4 promoter (b) and
endogenous Reg4 (c) are colour-coded on a logarithmic (log2) scale. Assuming a
previously estimated sensitivity of our sequencing protocol14, we measure
,10% of all expressed transcripts. Reporter expression is about eightfold
reduced in comparison to endogenous Reg4, but expression of both the reporter
gene and Reg4 is strongest in the Tac1/Tph1 expressing enteroendocrine cells,
while expression in Paneth-like cells is reduced. Noticeably, expression of Reg4

and the reporter gene is also reduced in the Cck-positive enteroendocrine cells,
similar to Chga. d, The t-SNE map shows the results of RaceID with more
stringent filtering constraints (.3,000 transcripts per cell and only genes with a
minimum of five transcripts in at least one cell) as used for the random
organoid cells. Although the total number of cells is reduced to 135, most
subtypes and rare cells identified with the relaxed settings are still observed,
including the Afp and Alb expressing sub-types, the Ucn3-positive cells, the
Cck-positive cells, the contamination by enterocytes and transit amplifying cells
as well as the different Paneth cell states. e–h, Marker gene expression reveals
intestinal cell types among Reg4-positive cells. In the t-SNE maps of Reg4-
positive cells the transcript count of known marker genes is colour-coded on a
logarithmic (log2) scale. Shown are maps, for transcript counts aggregated
across all defensin genes which are highly expressed in Paneth cells (e), for
transcript counts aggregated across all ribosomal genes (f), for the enterocyte
marker Apoa1 (g) and for the enteroendocrine markers Chga (h). Dim,
dimension.
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Extended Data Figure 7 | Expression of intestinal hormones in Reg4-
positive cells. In the t-SNE maps of Reg4-positive cells the transcript count of
hormone encoding genes is colour-coded on a logarithmic (log2) scale.

a–f, Shown are maps for cholecystokinin (Cck) (a), ghrelin (Ghrl)
(b), secretein (Sct) (c), neurotensin (Nts) (d), proglucagon (Gcg) (e), and
somatostatin (Sst) (f). Dim, dimension.
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Extended Data Figure 8 | Heterogeneity of substance P producing
enteroendocrine cells. In the t-SNE maps of Reg4-positive cells the transcript
count of genes specifically expressed in subtypes of enteroendocrine cells is
colour-coded on a logarithmic (log2) scale. Shown are maps for tachykinin
(Tac1), which encodes substance P, (a), tryptophan hydroxylase 1 (Tph1)
(b), urocortin 3 (Ucn3) (c), alpha-fetoprotein (Afp) (d), and VGF nerve growth
factor inducible (Vgf) (e). f, The heat map shows the average expression of
inferred marker genes for the enterochromaffin subtypes (cluster 2, 3 and 7).

To show all genes on the same scale, the sum of average expression levels in each
of the three clusters was normalized to one. Expression levels are shown for six
cluster 2 markers and for six cluster 7 markers. Cluster 3 is distinct by the
downregulation of both sets. Cluster 5 (not shown here) does not have specific
markers and differs from the other clusters by lower expression of mature
enterochromaffin markers (Chga, Chgb, Tac1, Tph1). This cluster likely
comprises non-mature enterochromaffin cells. Dim, dimension.
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Extended Data Figure 9 | Single-molecule FISH and immunofluorescence
experiments confirm expression of markers for enteroendocrine cell sub-
populations in the mouse small intestine. a, b, Small intestine cryosections
were hybridized with smFISH probe libraries. Scale bar, 10mm. a, The novel
marker Ucn3 was found in a small number of Tac1-positive cells. Probes
against Tac1, conjugated with TMR (upper panel, red), and against Ucn3,
conjugated with Cy5 (lower panel, green), were hybridized to the tissue
sections. Dashed lines indicate cell borders. A cell co-expressing the two
markers (Tac11/Ucn31) is shown in the left column. A cell expressing Tac1,
but not Ucn3 (Tac11/Ucn32), is shown in the right column. b, The novel
marker Vgf is expressed by a subpopulation of Tph1-positive cells. Probes
against Tph1, conjugated to TMR (upper panel, red), and against Vgf,
conjugated to Cy5 (lower panel, green), were used for hybridization. Cell
borders were stained by phalloidin-AlexaFluor 488 (not shown). Dashed lines
demarcate cell borders. A Tph1-positive cell, expressing Vgf (Tph11/Vgf1) is
shown in the left column. An example of a Tph1-positive cell, expressing no Vgf
(Tph1/Vgf2) is shown in the right column. c, d, Immunostaining was

performed on cryosections of mouse small intestinal tissue. Scale bar, 20 mm.
c, Expression of UCN3 was observed in a few TAC1-positive cells within the
jejunum. Frozen tissue sections were indirectly stained with anti-UCN3
(left panel, red), and anti-TAC1 (middle panel, light blue) antibodies. Nuclei
were visualized with DAPI (dark blue). A cell, expressing both markers
(TAC11/UCN31), is shown in the upper row. A cell, positive for TAC1, but not
UCN3 (TAC11/UCN32), is shown in the lower row. The arrowhead points
at the UCN3-negative cell. d, VGF is expressed by a subpopulation of TAC1-
positive jejunal and ileal cells. VGF (left panel, red) and TAC1 (second panel
from the left, grey) expression was visualized with indirect immunostaining.
Expression of AFP was detected using a directly conjugated antibody (second
panel from the right, green). Nuclei were counterstained with DAPI (blue). A
TAC1-positive cell, expressing VGF and AFP (TAC11/VGF1/AFP1) is shown
in the upper panel. An example of a TAC1-positive cell, expressing no VGF or
AFP (TAC11/VGF2/AFP2) is shown in the lower panel. Arrowheads point at
the VGF- and AFP-negative cell.
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Extended Data Figure 10 | Purification of Lgr5–GFP1 cells from reporter
mouse23 organoids. Single small intestinal organoid cells, derived from Lgr5–
GFP mice were sorted by FACS. In total, 96 cells were sequenced from a single
experiment on four lanes with 31,065,854 reads in total of which 33% could be
mapped to the transcriptome. Every UMI-derived transcript was sequenced on
average 6.4 times. A median number of 9,626 transcripts per cell were
quantified. After filtering out cells with ,3,000 transcripts and genes with ,5
transcripts in all cells or .500 transcripts in a single cell, 74 cells remained for
analysis. a, The t-SNE map shows the cell types identified by RaceID. Only a
single predominant cell type and few outliers were observed. Cluster 1
comprises intestinal stem cells while the few outliers represent Paneth and
enteroendocrine cells. b–d, The t-SNE maps show expression of the stem cell
marker Lgr5 (b), the stem cell marker Lrig1 (c), and the 14 niche marker Hopx

(d). All markers are homogenously expressed across all cells at low transcript
counts. We only observed marginal expression of the stem cell marker Bmi1 in
few cells and we did not observe expression of Tert in any of the cells, which is
likely owing to the limited sensitivity of the method. The RaceID results
indicate that Lgr5-positive intestinal stem cells represent a uniform population
of cells. e, f, Combined analysis of random organoid and Lgr5-positive cells
using RaceID. The initial clusters of the random organoid cells are conserved.
The Lgr5-positive cells give rise to a uniform group that merges with the CBC/
TA cluster from the random organoid cells (cluster 2). Shown is a heat map
representation (e) and a t-SNE map (f) of the cell-to-cell transcriptome
distances. Clusters are indicated by the same colours along the axes of the heat
map (e) and for individual data points in the t-SNE map (f). Dim, dimension.
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