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Leucine-rich repeat-containing G-protein coupled receptor 5-positive
(Lgr5+) stem cells reside at crypt bottoms of the small and large
intestine. Small intestinal Paneth cells supply Wnt3, EGF, and Notch
signals to neighboring Lgr5+ stem cells. Whereas the colon lacks
Paneth cells, deep crypt secretory (DCS) cells are intermingled with
Lgr5+ stem cells at crypt bottoms. Here, we report regenerating islet-
derived family member 4 (Reg4) as a marker of DCS cells. To investi-
gate a niche function, we eliminated DCS cells by using the diphtheria-
toxin receptor gene knocked into themurine Reg4 locus. Ablation of
DCS cells results in loss of stem cells from colonic crypts and disrupts
gut homeostasis and colon organoid growth. In agreement, sorted
Reg4+ DCS cells promote organoid formation of single Lgr5+ colon
stem cells. DCS cells can be massively produced from Lgr5+ colon
stem cells in vitro by combined Notch inhibition andWnt activation.
We conclude that Reg4+ DCS cells serve as Paneth cell equivalents
in the colon crypt niche.
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Adult stem cells are located within special microenvironments
known as niches that are important for their long-term

maintenance (1, 2). Although the stem cell niche varies in nature
and location between different organs, in general terms it pro-
vides a unique signaling environment to maintain tissue ho-
meostasis, inhibit stem cell loss, and control cell differentiation
(1, 3, 4). The mammalian small intestine (SI) and colon repre-
sent unique models to study tissue stem cells and their niches
because of their stereotypic and compact architecture combined
with their exceedingly fast self-renewing kinetics (5, 6). In both
SI and colon crypts, cycling stem cells are marked by leucine-rich
repeat-containing G-protein coupled receptor 5 (Lgr5) (7).
Murine SI stem cells divide approximately every 24 h to fill a
proliferative transit-amplifying compartment that occupies the
remainder of the crypts. Cells exiting crypts arrest their cell cycle,
differentiate, and move up the flanks of the villi. One of the dif-
ferentiated cell types derived from the SI stem cell, the Paneth
cell, is located at crypt bottoms and is in direct contact with Lgr5
stem cells. It produces factors that promote stem cell mainte-
nance, including epidermal growth factor (EGF) and the related
TGF-α, the Notch ligands Dll-1 and Dll-4, and Wnt3 (8–10).
Whereas Paneth cells are dispensable for in vivo crypt function (as
niche factors are also secreted from nonepithelial cells), Paneth
cells are indispensable for the growth of epithelial miniguts in
culture (9, 11, 12). The colon crypts harbor Lgr5+ stem cells at
their base. In sharp contrast to the SI, Paneth cells are absent from
colons of mammals and rodents. However, we observed that Lgr5-
GFP+ cells are intermingled with a large Lgr5-GFP− cell type (7).
Approximately 30 y ago, Altmann reported that differentiated,

mucous-type cells located at the bottom part of colonic crypts are
distinguishable from Goblet cells. He named these “deep crypt
secretory (DCS) cells” (13). Recently, Clarke and coworkers
used a combination of FACS sorting and single-cell quantitative
reverse transcriptase PCR analysis and reported that cKit (Kit)

marks a subpopulation of Goblet cells in colonic crypts (14).
These cKit+-goblet cells supported Lgr5+ colonic stem cells to
form colon organoids. Of note, cKit is expressed by Paneth cells
in the SI and in in vitro organoid cultures. When cKit+-Paneth
cells were removed from SI organoids, this loss of Paneth cells
led to their demise, confirming earlier observations on Paneth
cell niche functions. Thus, although these data confirmed that
(cKit+) Paneth cells function as a niche for Lgr5+ stem cells in the
SI, the function of cKit+-DCS cells in vivo in the colon remains
unknown. Here, we exploit regenerating islet-derived family
member 4 (Reg4), also noted by Clarke and coworkers in their
cKit+ cells, to specifically study the function of the DCS cell.

Results
Identification of Reg4 as a DCS Cell Marker. To identify marker
genes for DCS cells, we performed microarray analysis by using
Lgr5-GFP+/CD24+ sorted cells, because CD24 is expressed at
both Paneth cells in SI crypts and at colon crypt bottoms (8). Gene
signatures were determined by microarray analysis of CD24+ cells,
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with one of the most highly expressed genes being Reg4 (Fig. 1A).
This gene encodes a secreted protein containing a conserved
domain found in C-type lectin carbohydrate recognition domain
(15). Another Reg family member, RegIIIγ, has convincingly been
shown to serve an antibacterial function (16). In agreement with
the data of Rothenberg et al. (14), the current study confirmed
Reg4 to be present within the cKit+ cell fraction. We noted that
cKit occurred in both epithelial and nonepithelial cells in colon
(14, 17, 18). In contrast, Reg4 was exclusively expressed in crypt
bases of colon (Fig. 1 B and C), and not in pancreas, stomach, and
liver (Fig. S1 D, F, and H).
To confirm Reg4+ cells as DCS cells and to study their function

in colonic crypts, we used gene targeting to generate a knock-in
mouse. At the translation initiation site of Reg4, we inserted a
cassette consisting of a human diphtheria-toxin receptor (DTR)
cDNA linked in frame to dsRed-Express2 fluorescent protein by
using 2A peptide (hereafter referred to as DTR-Red) (Fig. S2).
Heterozygous knock-in (Reg4DTR-Red/+) mice were healthy and
fertile. DTR enables the selective removal of Reg4+ cells from
colonic crypts, whereas dsRed allows their visualization.
We readily detected dsRed in Paneth cells in the SI, but ob-

served no red-fluorescent signals in pancreas, stomach, or liver
(Fig. S1). We have since used the knock-in mice to search for rare
Reg4+ secretory cell types in the SI. Unlike in the colon, Reg4
marks subsets of entero-endocrine cells in the SI (Fig. S1 A and C)
(19). We confirmed these results by in situ hybridyzation using a
Reg4-specific probe (Fig. S1). In the colonic epithelium, Reg4+

dsRed signals were tightly nested between Lgr5+ GFP stem cells at
the crypt base throughout the entire colon (Fig. 1D–F and Fig. S3).

Furthermore, we counted the number of Reg4+ DCS and Lgr5+

stem cells in individual parts of the colon, cecum, proximal, middle
and distal part of colon, respectively. In fact, approximately 20 Lgr5+

stem cells per crypt were detected in each region with the numbers
being slightly higher in cecum and distal colon. However, the num-
ber of Reg4+ DCS cell numbers per crypt displayed regional dif-
ferences: 12–14 Reg4+ cells in cecum, distal colon, 2 Reg4+ cells in
proximal, and 8 Reg4+ cells in the middle part of the colon (Fig. 1
D–F and Fig. S3 C and E).

Characterization of Reg4+ DCS Cells by Comprehensive RNA-Sequencing
Analysis. To define a global gene expression signature of DCS cells,
we performed RNA-sequencing (RNA-seq) of sorted Reg4-
dsRed+ and Lgr5-GFP+ cells from colonic epithelium. We identi-
fied 3,294 genes with >twofold expression differences between
these two cell populations (Fig. 2A). The Reg4-dsRed+ fraction
signature included the Notch ligands, Dll1 and Dll4, whereas vice
versa Notch1 was expressed by stem cells (Fig. 2B). Egf was highly
expressed by DCS cells, whereas its receptors Erbb2 was expressed
in stem cells. Interestingly, EGF receptor (Egfr) was expressed in
both stem cells and DCS cells (Fig. 2B). Both pathways are known
to play a key role in the regulation of intestinal homeostasis (Fig.
2B) (20–22). As reported (9, 23), no canonical Wnt ligands were
expressed in colon epithelial cells, but expression of the Wnt re-
ceptor Fzd5 was high in DCS and stem cells (Fig. 2B). Stem cell
markers Lgr5, Cd44, EphB2, Ascl2, and Kitl were increased in the
Lgr5-GFP+ population (Fig. 2 A and B). Conversely, markers of
ckit+ subset of Goblet cells (Reg4, ckit, Agr2, Spdef, Spink4, and
Tff3; ref. 14) were also highly enriched in the Reg4-dsRed+ pop-
ulation (Fig. 2 A and B) (14).
Despite the fact that expression pattern analysis in Lgr5-GFP::

Reg4-dsRed knock-in mice showed Reg4 expression to be spe-
cific for DCS cells, a modest signal for Reg4 was observed in stem
cells in the bulk RNA-seq data (Fig. 2B, DCS cell). To further
look into Reg4 expression in stem cells, we performed RNA-seq
analysis on single Lgr5+ cells (19). This data represented that 93
cells of 138 Lgr5+ cells had no transcripts of Reg4, and 22 Lgr5+

cells expressed only a single Reg4 transcript emphasizing that
most stem cells do not express Reg4 transcript (Fig. 2C). Of note,
Reg4+ cell express on average 26.1 Reg4-transcripts per cell.
We performed Gene Ontology (GO) analysis and Gene Set

Enrichment Analysis (GSEA). GO analysis indicated that Reg4+

DCS cells signature genes were enriched for genes required for
membrane, signal, O-glycan biosynthesis, endoplasmic reticulum,
calcium ion binding, and secretion (Fig. S4A). By GSEA analysis,
we compared our data with gene signatures of Goblet cells in
both SI and colon (24), Paneth cells, enteroendocrine cells (8),
and stem cells in SI (25). Reg4+ cells from colonic crypts re-
sembled Paneth cells, and were less related to Goblet cells from
colon or SI, or to enteroendocrine cells (Fig. S4B). These data
implied that the Reg4+ DCS cells represent a genuine lineage,
related to the Paneth lineage, and that these cells do not rep-
resent a precursor to any of the other secretory lineages.

DCS Cell-Specific Ablation in Reg4DTR-Red Mice Induces Loss of Lgr5+

Stem Cells. To address the functional significance of Reg4+ DCS
cells in vivo, we administrated DT to Reg4DTR-Red mice to ablate
DCS cells from colonic crypts. Upon DT administration, the first
active caspase-3 positive (apoptotic) cells appeared at crypt
bottoms 3 h after DT injection but were not observed in control
crypts (Fig. 3 A and B). Numbers of apoptotic cells increased at
6 h after DT injection, and a few were still seen at bottom part of
crypts at 12 h after DT injection (Fig. 3 C and D). Twenty-four
hours after DT treatment, apoptotic cells were rarely seen at bot-
tom part of crypt where Reg4-expressing cells exist (Fig. 3E). Ad-
ministration of DT in Reg4DTR-Red mice over six consecutive days
eliminated DCS cells virtually completely (Fig. 3 F–I). Of note,
numbers of Goblet cells were also significantly decreased 3 and 6 d

Fig. 1. Reg4 is a marker for DCS cells in colonic crypts. (A) Heat map of
microarray expression experiments performed from sorted CD24+ cells ver-
sus Lgr5+ stem cells from SI and colon, respectively. (B and C) In situ hy-
bridization performed on colon by using Reg4 mRNA probe, revealing Reg4
at bottoms of colon crypts (B); enlarged in C (n = 4 mice). (D) Intravital im-
aging of Reg4-DTR-dsRed/Lgr5-GFP living mouse at middle part of colon.
Reg4+ DCS cells is defined by dsRed (red), and stem cells are visualized by GFP
fluorescence (green) at the border (Upper Right), and at the central region
of the stem cell niche (Lower Right). (E and F) Number of Reg4+ DCS cells and
Lgr5+ stem cells per crypts in cecum, proximal, middle, and distal of colon.
(n > 20). Error bars represent SD. (Scale bars: 50 μm.)
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after DT administration (Fig. 3 H and I). Immune markers CD3
and F4/80 were absent in the region, from which we excluded
ongoing inflammation (Fig. S5). We then checked whether Lgr5+

stem cells survived in the absence of Reg4+ DCS cells by Lgr5
mRNA in situ hybridization (ISH) analysis. Whereas Lgr5+ stem
cells were not affected at 1 d after DT injection, their numbers
were decreased by DT administration for 3 d (Fig. 3 J–M). Most
Lgr5+ stem cells had disappeared following ablation of DCS cells
for 6 d (Fig. 3M). However, Lgr5+ stem cells reemerged from 7 d
after stopping DT administration (Fig. S6). To confirm this loss of
stem cell at 6 d after DT administration, we also determined Lgr5
and Reg4 expression by high-resolution single-molecule fluores-
cent ISH (smFISH) (26). Lgr5+ stem cells were intermingled with
Reg4+ cells in control crypts, but Reg4 and Lgr5mRNA expression
was not observed in crypts of Reg4DTR-Red mice DT-treated for
6 d (Fig. S7). We also used Lgr5-lacZ reporter mice to clearly
visualize and quantify stem cells (7). At 6 d after DT administration,
we rarely observed lacZ-positive cells in Reg4DTR-Red/+ Lgr5lacZ

mice compared with Reg4+/+ Lgr5lacZ control mice (Fig. 3 N–P).
Furthermore, we confirmed this loss of stem cells upon deletion
of DCS cells by using a different colonic stem cell marker, CD44
(27). DT injected into control mice had ∼2.7 ± 0.24% stem cells as
defined by CD44+/EpCAM+ (Fig. 3Q). This stem cell population

was decreased in Reg4DTR-Red mice DT-treated for 6 d (Fig. 3R;
CD44+/EpCAM+; 0.45 ± 0.27%). These results supported our
hypothesis that Reg4+ DCS cells provide niche support for Lgr5+

colonic stem cells in vivo.
To visualize the dynamics of Lgr5+ stem cells following Reg4+

DCS cell depletion, we used intravital imaging in living mice
(28). Before DT injection, we observed Lgr5-GFP+ stem cells
intermingled with Reg4-dsRed+ DCS cells at the bottom part of
crypts as shown in Fig. 1. In these untreated murine colonic crypts,
Lgr5-GFP signals were detected within 35 μm from the bottom of
crypts (stem cell zone) (Fig. 4A). Lgr5+ stem cells were never
observed outside this region (Fig. 4 A and C). In contrast, after
DT-mediated depletion of Reg4+ cells, Lgr5-GFP signals in the
stem cell zone were diffuse and less bright, indicating that these
stem cells started differentiation (Fig. 4B). We also observed
GFP+ apoptotic bodies after DT administration, indicating that
some stem cells died upon loss of surrounding Reg4+ cells (Fig.
4B, Middle). Furthermore, upon elimination of DCS cells, Lgr5-
GFP+ cells were detected at abnormally high positions in crypts,
outside the stem cell zone (Fig. 4 B, Lower and C). These results
indicated that DCS cells support colonic stem cells by regulating
cell differentiation and apoptosis as well as stem cell localization.

Fig. 2. Transcriptome analysis of Reg4+ DCS cells. (A) Comprehensive gene expression pattern analysis by RNA-seq using sorted Reg4+ DCS and Lgr5+ stem
cells. Heat map was generated by using genes with a minimal mean fold change of 2 between the two cell types, after which 3,294 genes were left. DCS cell
genes are indicated in red and stem cell genes are shown in green. (B) Average (RPM) value of genes encoding marker for DCS cells, stem cells, and pathway
components of Egf signaling, Notch signaling and Wnt signaling in Reg4+ cells (red) and Lgr5+ cells (green). Mean and SD are shown (n = 4). P values from
two-tailed Student’s t test: *P < 0.05, **P < 0.01, ***P < 0.001. (C) Histogram shows the number of detected Reg4 transcripts in Lgr5+ sorted single cells.
Transcriptomes of all cells with >1,500 transcripts were downsampled to 1,500 total transcripts.
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To further analyze which cell types occupied colonic crypts
upon DCS depletion, we analyzed differentiation marker ex-
pression in crypts of DT-treated Reg4DTR-Red/+ mice. Colonic crypt
base without stem and DCS cells did not contain alkaline phos-
phatase or Carbonic anhydrase I positive entero/colonocytes (Fig. S8
A–D). We also analyzed the expression of the enteroendocrine
marker ChromograninA (ChgA). After DT injection, staining
for ChgA in Reg4DTR-Red/+mice was similar to that of control mice,
with sporadic ChgA+ cells at crypt bottoms (Fig. S8 E and F). An
increase of Ki67+ cell numbers at the crypt base was observed,
causing an enlarged proliferative compartment compared with
control mice (Fig. S8 G and H). In addition, ultrastructure analysis
of Reg4DTR-Red/+ mice confirmed stem and DCS cells to be com-
pletely absent (Fig. 5). Remarkably, none of the remaining cells
showed mucus-containing granules, but instead displayed uniform
polarization including densely packed apical microvilli (Fig. 5B).
Taken together, those results indicate that the function of DCS
cells as epithelial niche is to (i) tether stem cells to stem cell zone,
(ii) control apoptosis, and (iii) maintain stemness to prevent cell
differentiation. In the absence of DCS cells, Lgr5 stem cells dis-
appear and are replaced by proliferative cells with characteristics
of enterocyte-lineage cells.

DCS Cells Are Important to Maintain Gut Homeostasis. Because daily
DT injections beyond 6 d resulted in severe liver damage (as
observed; ref. 29), we could not assess long-term effects of DCS
ablation in vivo. We therefore analyzed ex vivo mouse colonic
organoids/miniguts (Fig. 6A and Materials and Methods) (30). In
agreement with their in vivo localization, we observed Reg4-
dsRed+ DCS cells in organoid buds (Fig. 6B). We could deplete
Reg4-dsRed+ DCS cells upon addition of DT to the medium
(Fig. 6C). DCS cell elimination from organoids was confirmed by
monitoring Reg4 mRNA and protein expression over time (Fig.

S9). We then cultured Reg4DTR-Red and wild-type colonic organoids
with or without DT. Both types of organoids treated with PBS
survived for long periods with many budding structures (Fig. 6 D,
E, H, and I). DT did not affect growth of wild-type organoids (Fig.
6G), yet killed Reg4DTR-Red organoids within 6 d (Fig. 6 F,H, and I).
Furthermore, to ask whether Reg4+ DCS cells functionally

support Lgr5+ colonic stem cells, we applied a FACS-based
organoid-forming assay to sort cells in several combinations, as
done by us for Paneth cells and SI stem cells (8): Lgr5+ (stem cell)
singlet, Reg4+ (DCS cell) singlet, Lgr5+-Lgr5+ homotypic dou-
blets, or Lgr5+-Reg4+ heterotypic doublets (Fig. 7 A–C). Sorted
stem cell singlets and stem-stem doublets generated organoids at
low efficiency (0.05% and 0.68%), and Reg4+ DCS cell singlet did
not show any organoid formation (Fig. 7 D, G, and H). However,
we observed that stem-DCS doublet displayed a strongly increased
plating efficiency compared with Lgr5+ singlets at 8% plating ef-
ficiency (Fig. 7 D and E). These results agree with the observation
of Rothenberg et al. that cKit+ Goblet cells support organoid
formation of Lgr5+ stem cells (14). Consequently, the in vivo and
ex vivo data strongly support our hypothesis that DCS cells act as
niche for intestinal stem cell in colonic crypts.

Differentiation of DCS Cells Is Regulated by Notch and Wnt Signaling.
Finally, we asked whether simultaneous inhibition of Notch sig-
naling and activation of Wnt signaling might drive cells into the
DCS cell fate, because we have described for Paneth cells (9, 31,
32). We administrated CHIR99021 (CHIR or C), a potent gly-
cogen synthase kinase 3β inhibitor to activate Wnt signaling and/or
N-(3,5-difluorophenacetyl)-L-alanyl-S-phenylglycine t-butyl ester
(DAPT or D), a γ–secretase inhibitor that blocks Notch signaling.
We then determined expression of Reg4, cKit, andMuc2 (DCS cell
and Goblet cell markers, respectively) by quantitative real-time
PCR (qPCR) analysis. We observed that treatment with CHIR

Fig. 3. Lgr5+ colonic stem cells are lost upon ablation of DCS cells. (A–E) Active caspase-3 staining on DT-injected Reg4+/+ control mouse (A, n = 8 mice) and
DT-injected Reg4DTR-Red mice at 3 h (B, n = 2 mice), 6 h (C, n = 2 mice), 12 h (D, n = 2 mice), and 24 h (E, n = 2). Apoptic cells were detected at the bottoms of crypts
after administration of DT in Reg4DTR-Red mice (brown arrowheads in B–E), but not seen in control mice (A). (F–I) Daily DT administration for up to 6 d deleted DCS
cells completely from colonic crypts. (F) Reg4 (magenta) and Muc2 (green) double positive-DCS cells were detected at the bottom part of crypt in DT-treated control
Reg4+/+ mouse for 6 d (n = 6 mice). (G) One shot of DT eliminated all DCS cells and Goblet cells within 24 h (n = 6 mice). (H and I) DT treatment for 3 d (H, n = 4 mice)
and 6 d (I, n = 4 mice) prevented reemergence of Reg4+ DCS cells, but a few goblet cells reappeared (white arrowheads). (F′–I′) Nuclei are stained with Hoechst
(white). (J–M) Representative Lgr5 mRNA expression detected by a classical in situ hybridization in Reg4DTR-Red/+ mice. Lgr5 was present at the crypt bottoms of
control (J, n = 8 mice) and after 1 d of DT treatment (K, n = 4 mice). The Lgr5 expression level becameweaker after 3 d of DT (L, n = 4 mice) and was hardly detected
for 6 d of DT treatment (M, n = 4 mice). (N–P) Visualization of stem cells in Lgr5-lacZ reporter mice in colonic crypts. Expression of lacZ was located at crypt base in
Reg4+/+::Lgr5-lacZ (Reg4-WT) control mice 6 d after DT administration (N, n = 3mice). No lacZ-positive cells were observed in Reg4DTR-Red/+::Lgr5-lacZ (Reg4-HET) mice
6 d after DT injection (O, n = 3 mice). (P) Quantification of Lgr5-lacZ–positive cells containing crypts in Reg4+/+::Lgr5-lacZ (Reg4-WT) control (n = 694 independent
crypts in 4 mice) and Reg4DTR-Red/+::Lgr5-lacZ (Reg4-HET) (n = 1,087 independent crypts in 4 mice). (Q and R) FACS analysis of CD44+/EpCAM+ stem cell population
from colonic crypts of Reg4-WT (Q, n = 3) control and Reg4-HET mice (R, n = 3) 6 d after DT injection. (Scale bars: A–E and J–M, 50 μm; F–I, 100 μm.)
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induced the Reg4 and cKit expression slightly, but decreased the
expression level of Muc2 expression, which is marker of Goblet
cells (Fig. 8 A–C). The addition of DAPT induced the number of
dsRed+ cells: Marker gene expression was increased prominently,
and Muc2 expression was also enhanced (Fig. 8 A–C). These re-
sults were consistent with previous reports that the loss of Notch
signaling induces the secretory cell differentiation of colonic stem
cells (14, 20, 33, 34). The combination of CHIR and DAPT ad-
ministration dramatically induced DCS cell differentiation, and
the expression levels of Reg4 and cKit increased 19- and 12-fold,
respectively (Fig. 8 A and B). Significantly, Goblet cell marker ex-
pression in both CHIR and DAPT treatment was reduced compared
with that in DAPT-only treatment (Fig. 8C). These results imply that
inhibition of Notch signaling forces stem cells to differentiate toward
secretory lineage cells (including Goblet and DCS cells), whereas
concomitant activation of Wnt signaling is required to suppress
Goblet cell differentiation yet drives DCS cell differentiation.

Discussion
In the present study, we demonstrate that DCS cells, first identi-
fied in 1983, contribute to the epithelial niche of colonic stem cells
in adult mice. The DCS cells are located at bottoms of colonic

crypts, coexisting with crypt base columnar (CBC) cells marked by
Lgr5 (7). Detailed observations using electron microscope by
Altmann and the current study, high-resolution intravital imaging
analysis, and high-sensitive smFISH analysis in this study reveal
that Reg4+ DCS cells are intermingled between Lgr5+ CBC cells
(Fig. 1D and Fig. S7) (13). Recently, Clarke and coworkers
reported that cKit is expressed by DCS cells in colon, and by
Paneth cells in the SI. Functionally, they showed that cKit+ crypt
base Goblet cells support colonic organoid formation by Lgr5+

stem cells. However, the function of their cKit+ Goblet cells was
neither addressed in ex vivo colon organoids nor in mouse colon
tissue in vivo. To do so, we generated a DTR knock-in mouse
targeting the Reg4 locus. This knock-in mouse allowed us to show
the loss of Lgr5+ colonic stem cells upon elimination of DCS cells
from adult mouse colon. Ex vivo colonic organoid cultures criti-
cally depend on DCS cells because their absence is incompatible
with survival of colon epithelium. These data support a role of
DCS cells as niche for colonic stem cells, among others by pro-
viding Notch and EGF signals. Like Paneth cells (8), the sorted
Reg4+ DCS cells express the Notch ligands Dll1/Dll4 as well
as EGF. However, one big difference between DCS cells and
Paneth cells involves the absence of Wnt ligand production by the
former, whereas Paneth cells produce high levels of Wnt3 (9). Our

Fig. 4. Lgr5+ stem cell dynamics upon elimination of DCS cells in living
Reg4DTR-Red mice. (A and B) Intravital imaging of Lgr5-GFP::Reg4DTR-Red mice
to follow the dynamics of colonic stem cells and DCS cells after targeted
ablation of Reg4+ cells (in red), induced by 4–6 d of DT administration.
Shown are representative x-y images of crypts at indicated z-stack positions,
without treatment (A) and after administrations of DT (B). Note the ap-
pearance of Lgr5+ cells (green) outside the stem cell zone upon depletion of
Reg4+ cells (indicated by an arrow at B, Lower). Apoptotic bodies are in-
dicated by asterisks (B, Middle). Dotted lines indicate crypts. (C) Graph shows
presence of Lgr5+ cells outside the stem cell zone in crypts before and after
depletion of Reg4+ cells (n = 179 and 167 crypts pre-DT and post-DT re-
spectively, in 3 mice). Error bars represent SEM. (Scale bars: 25 μm.)

Fig. 5. Cell fate determination of colonic epithelium is disturbed without
Reg4+DCS cells. (A and B) Transmission electron microscopy showing abla-
tion of CBC cells and DCS cells and the presence immature enterocyte cells
having numerous brush borders in Reg4DTR-Red/+ mouse upon DT adminis-
tration (B) in comparison with control mice (A).

Sasaki et al. PNAS | Published online August 29, 2016 | E5403

CE
LL

BI
O
LO

G
Y

PN
A
S
PL

U
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1607327113/-/DCSupplemental/pnas.201607327SI.pdf?targetid=nameddest=SF7


RNA-seq data also demonstrates that colonic stem cells express
Wnt receptors: Fzd family members and Lrp5/6. Previous studies
have shown that some Wnt ligands are expressed by stromal tissue
surrounding colonic crypts to stimulate Wnt signaling in colonic
stem cells (9, 23). Therefore, these mesenchymal tissues likely
contribute to the colonic niche as well (35, 36).
The DCS cells dominantly expressed ligands of Notch signaling

(Fig. 2B). It has been reported that disruption of Notch signaling
induces aberrant terminal cell differentiation and reduced cell
proliferation of colonic epithelium inDll1/4 double knockout,Hes1/
3/5 triple knockout, and Pofut1 knockout mice (21, 37, 38). Taken
together, we conclude that the dominant expression of Notch li-
gands on DCS cells most likely serves as their most prominent
niche function for colonic stem cells to control of gut homeostasis.
We observed loss of Lgr5+ stem cells from DCS cells-depleted

crypts in Reg4DTR-Red/+ mice. However, stem cells recovered 7 d
after the last DT administration (Fig. S6). Recently, it has been
reported that homeostasis of intestinal epithelium is main-
tained by plasticity of daughter cells. When intestinal stem cells
are eliminated by damage, differentiated cells such as secretory
precursors and/or enterocytes can dedifferentiate into stem
cells in vivo and generate normal intestinal epithelium again
(29, 39, 40). We show here that colonic crypts also display ro-
bust, bona fide regeneration upon injury.
Whereas we used Reg4 as a marker of enteroendocrine cells in

murine SI (Fig. S1C) (19), the enteroendocrine markers Ngn3,
NeuroD1, Pdx1, Synaptophysyn, Pax4, and Pax6 were virtually ab-
sent in RNA-seq data of Reg4+ cells in colonic crypts (Fig. S10).
Likewise, colonic crypts of Reg4DTR-Red/+ mice still contained
enteroendocrine cells after administration of DT (Fig. 5F). Col-
lectively, those data indicate that Reg4 is a specific marker of DCS
cells in murine colon.
Reg4+ dsRed expression in Reg4-DTR-dsRed mice was de-

tected in every colonic crypt, from ceacum to distal part of the
colon, faithfully recapitulating endogenous Reg4 mRNA ex-
pression. Both numbers of Reg4+ DCS cells and Lgr5+ stem cells
were higher in ceacum and distal part than that in proximal part
of colon (Fig. 1 E and F). Whereas DCS numbers are relatively

low (at two DCS cells) in proximal colon, we have reported that a
single Paneth cell suffices to maintain stem cells in SI crypts (8).
Reg4+ cells are also identified within colorectal tumor tissue in

man (41–45). Our group showed a positional relation between Lgr5+

stem cells and Reg4+ cells in mouse colon adenoma. Reg4+ cells
were observed in scattered pattern in colon adenoma in APCmin

mouse (41). This expression pattern of Reg4might suggest that Reg4+

cells in adenoma also act as a niche for cancer stem cells. Elucidation
of the full function of the Reg4+ epithelial niche in cancers will
provide further insight into cancer stem cell biology cancer and may
uncover novel therapeutic strategies for colorectal cancer.

Materials and Methods
Generating Reg4DTR-Red Knock-In Mice. Reg4-Diphteria-Toxin-Receptor-2A-dsRed
express2 (DTR-Red) knock-in mice were generated through homologous re-
combination in embryonic stem (ES) cells as shown in Fig. S2. The gene-tar-
geting strategy using ES cells was similar to our described approach (46).
Positive clones of homologous recombinant ES cells were injected into blas-
tocysts derived from C57BL/6 mouse by using the standard method. Δneo
mouse lines were established by crossing the mice with the general FLP deleter
strain (Jackson Laboratories). Mouse tails genomic DNA were used for geno-
typing by PCR using allele-specific primers shown in Fig. S2. Reg4DTR-Red mice
were crossed to Lgr5-DTR-eGFP mice for doublet organoid forming assay in
sorting experiments and to show expression of Lgr5+ and Reg4+ cells in vivo
(29), to Lgr5-lacZ mice to visualize colonic stem cells (7), and to Lgr5-GFP-ires-
CreERT2 for following dynamics of Lgr5+ stem cells upon DCS cells ablation in
intravital imaging (7). All experiments were approved by the Animal Experi-
mentation Committee of the Royal Dutch Academy of Science.

Diphtheria Toxin Injection.Adult mice (2–5 mo) were injected i.p. with 50 μg·kg−1

of diphtheria-toxin solution (Sigma) in PBS every 24 h.

Immunohistochemistry and Imaging. Immunohistochemistry was performed as
described (46). The following antibodies were used for immunostaining:
anti-active caspase-3 (Cell Signaling; 1:400), anti–β-catenin (BD Biosciences,
1:100), and anti-mki67 (MONOSAN, 1:1,000) antibody. For double immu-
nofluorescent imaging, tissues were prepared as for immunohistochemistry.
For Reg4 and Muc2, antigen retrieval involved 10 min of boiling in 0.01 M
citrate buffer, pH 6.0; staining involved anti-Reg4 (R&D Systems; 1:100), anti-Muc2
(Santa Cruz; 1:300) antibody in blocking solution (1% blocking buffer in
0.1% PBS-Triton X-100). Signals were detected by using donkey anti-rabbit

Fig. 6. DCS cells are required for maintenance of colon organoids. (A) Dosing regimen used to study the elimination of Reg4+ cells in Reg4DTR-Red/+ colonic
organoid. DM, differentiation medium; EM, expansion medium. (B and C) Organoids derived from isolated colonic crypts of Reg4DTR-Red/+ mouse were cultured in
differentiation medium with PBS (B) or 67 ng·mL−1 DT (C) for 3 d. The expression of dsRed (magenta) was observed at budding structures in PBS-treated organoids
(B, arrowheads) and inside lumen in DT-treated organoids (as auto-fluorescent background signal of apoptotic cells, asterisk) (C). Images are representative of four
independent experiments. (D–G) Effect of deletion of Reg4+ DCS cell in colonic organoid derived from Reg4DTR-Red/+ (D and F) and wild type (E and G). Organoids
after treatment with DT (F and G) or PBS (D and E) for 6 d. Asterisks indicate dead organoids. Reg4DTR-Red/+ treated with DT organoids were lost. Images are
representative of four wells as biological replicates and repeated in two independent experiments. (H) The survival ratios of each organoids are shown (mean ± SD
for four wells as biological replicates and repeated in two independent experiments) by two-way analysis of variance (ANOVA). (I) The percentage of dead cells of
Reg4DTR-Red/+ organoids counted by FACS using propidium iodide in the presence of DT (red) and PBS (blue). Data are representative of four times technical repeated
with mean ± SD (two-tailed Student’s t test). *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant. (Scale bars: B and C, 20 μm; D–G, 100 μm.)
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IgG antibody Cy3 conjugated (Jackson; 1:500), donkey anti-goat IgG anti-
body Alexa 568 conjugated (Invitrogen; 1:300), and nuclear dye Hoechst
33258 (Invitrogen; 1:3,000). Images were captured by using an SP5 confocal
microscope (Leica). Conventional in situ hybridization and high-resolution,
single-molecule FISH was performed as described (26, 46).

Intravital Imaging. All intravital imaging experiments were approved by the
animal ethical committee of the Netherlands Academy of Sciences, The
Netherlands. Animals were kept at the Hubrecht animal facility in Utrecht,
The Netherlands. For determination of expression patterns, mice were se-
dated by using isoflurane inhalation anesthesia (∼1.5% isoflurane/O2 mix-

ture) and the imaging site was surgically exposed. For monitoring stem cells
after targeted depletion of Reg4+ cells, an abdominal imaging window was
surgically implanted as described (47). For all intravital imaging experiments,
mice were placed with their head in a facemask within a custom-designed
imaging box. The imaging box and microscope were kept at 36.5 °C by using
a climate chamber. Intravital images were acquired with an inverted Leica
TCS SP5 AOBS two-photon microscope with a chameleon Ti:Sapphire pum-
ped Optical Parametric Oscillator (Coherent) equipped with a 25× (HCX
IRAPO; N.A. 0.95, WD 2.5 mm) water objective, two hybrid detectors (HyDs),
and two nondescanned detectors (NDDs). DsRed and GFP were excited at 960
nm, and their emission was detected in HyD1 (555–680 nm) and HyD2 (500–550
nm). Collagen I was visualized by second harmonic generation signal, gen-
erated by 960-nm excitation and detected in NDD2 (455–505 nm). For 3D re-
construction, z stacks of typically 100 images were acquired with a 0.5- to 1-μm
z-step size, for other analyses z stacks with a z step of 2.5 μm were made.

Data Analysis of Intravital Imaging. For analysis of expression patterns, ac-
quired images were processed by using Match1 motion compensation soft-
ware program to correct for rigid and elastic tissue deformation. ImageJ was
used to enhance the red signal of the Reg4+ dsRed cells. The numbers of
Reg4+ dsRed cells per crypt were counted manually in Z stacks, and multiple
counts of the same cell in different slices were avoided by marking cells in
each plane. Three-dimensional representation was created by using Volocity
(Improvision Ltd.). For analysis of Reg4-depletion experiments, acquired
z stacks were analyzed by using ImageJ.

Vibratome Sectioning. Isolated intestinal tissue were sliced open and fixed
overnight in 4% (wt/vol) paraformaldehyde (PFA) solution at 4 °C. Fixed
organs were embedded in 4% (wt/vol) UltraPure Low Melting Point Agarose
(Invitrogen) and vibratome-sectioned (Leica VT 1000S) at 100 μm. Then, 100-μm
sections were mounted in Hydromount (National Diagnostics) and analyzed
within 24 h for dsRed expression by either confocal microscope (Leica SP5) or
inverted microscope (EVOS; Advanced Microscope Group).

Colonic Organoid Culture. Mouse colon organoids were established from iso-
lated crypts slightly modified as described (30). Long-term colonic organoid
culture required expansion medium (Advanced DMEM/F12 with penicillin/
streptomycin, 10 mM Hepes, GlutaMAX, 1× B27; Invitrogen) and 1 μM
N-acetylcysteine (Sigma), supplemented with 50 ng·mL−1 human recombinant
EGF (Peprotech), 0.5 μM A83-01 (Tocris), 3 μM SB202190 (Sigma), 1 μM

Fig. 7. Reg4+ DCS cells promote organoid formation from sorted colonic stem
cells. (A) FACS plots of dissociated single cells from Reg4DTR-Red/+::Lgr5DTR-GFP/+

colon. Singlets and doublets are gated by forward scatter peak and pulse
width parameter. Reg4-dsRedhi/Lgr5-GFPhi events are only observed in the
doublet gate (frequency of doublet events: 1.26 ± 0.105%, singlets: 0.0323 ±
0.0119%). (B and C) Lgr5+ stem cell (green)-Reg4+ DCS cells (magenta) dou-
blets (B, Lgr5-GFPhi/Reg4-dsRedhi) and Lgr5 stem cell doublets (C, Lgr5GFPhi/
Reg4dsRedneg) were sorted and imaged by inverted microscope. Images are
representative of three independent experiments. (D) Plating efficiency of
Lgr5 stem cells-DCS doublets, Lgr5 stem cell doublets, single Lgr5 stem cells,
and Reg4+ cells. For each, 1,000 singlets or doublets were embedded in
matrigel, and numbers of organoids were counted 10 d after plating. y axis
indicates organoid-forming efficiency as a percentage of total number of plated
cells (mean ± SD for three independent experiments by two-way ANOVA. **P <
0.01, ***P < 0.001. (E–H) Organoids are formed from Lgr5-Reg4 doublets (E). Far
fewer organoids were formed from Lgr5-Lgr5 doublet or Lgr5 singlets (F and G).
Sorted Reg4 singlet never formed organoids (H). Images are representative of
three independent experiments. (Scale bars: B and C, 20 μm; E and F, 100 μm.)

Fig. 8. Forced differentiation of colonic stem cells into DCS cells. Quantitative
real-time PCR analysis of relative mRNA expression of markers for colon DCS
cells (Reg4 and cKit in A and B) and Goblet cells (Muc2 in C) cultured for 7 d
under conditions as indicated. Reg4DTR-Red colon organoids culture in expan-
sion medium (EM) or in differentiation medium (DM) with DMSO, 3 μM CHIR,
10 μM DAPT, and a combination of 3 μM CHIR/10 μM DAPT. y axis indicates
relative gene expression. Error bars indicate mean ± SD for three wells as bi-
ological replicates and repeated in two independent experiments (two-way
ANOVA). *P < 0.05, **P < 0.01, and ***P < 0.001.
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nicotinamide (Sigma), Wnt3A-condition medium (CM) (50% final concentra-
tion), Noggin-CM (10% final concentration), and R-Spondin1-CM (10% final
concentration), as described (9, 30). Colon organoid differentiation medium
was made by leaving out SB202190, Nicotinamide, Wnt3a-CM, and EGF.
CHIR99021 (Stemgent, 3 μM) and DAPT (Sigma, 10 μM) were used to force the
differentiation into DCS cells in cultured organoid.

Flow Cytometry and Culture in Doublet Assay. Colonic crypts were isolated by
using the protocol described (48). For single-cell or doublet cell culture,
crypts were collected in TrypLE (Life Technology) containing 2,000 U/mL
DNaseI (Sigma), and single cells or doublet cells suspensions were obtained
by incubation at 37 °C for 30 min. Dissociated cells were filtrated by 20-μm
cell strainer (Celltrix), and cells were washed twice in Advanced DMEM/F12
(AdDMEM). Cells were resuspended on ice in 500 μL of AdDMEM with
DNaseI and analyzed by MoFlo (DAKOCytomation). Dead cells were elimi-
nated by gating of forward/side scatter, forward/pulse-width parame-
ters, and negative staining for 7-AAD (eBioScience). Sorted cells were
collected into 1.5-mL tubes containing culture medium, pelleted, and
embedded in Matrigel (BD Bioscience), followed by seeding on 48-well
plate (1,000–2,000 singlet or doublets in 20 μL of Matrigel per well). For
the first 2–3 d, sorted cells were incubated in expansion medium con-
taining Y-27632 (10 μM).

Counting CD44+ Stem Cells by Cell Sorting. Colonic crypts from control (Reg4+/+)
and Reg4DTR-Red/+ mice 6 d after DT sequential administration were isolated by
using the same protocol as described (48). For making single-cell suspension,
isolated crypts were treated by Accutase (Stemcell Technologies) containing
2,000 U/mL DNaseI at 37 °C for 30 min. Cells (2–6 × 106/mL) were stained with
antibodies of Alexa 488 anti-CD44 (BioLegend; 1:125) and APC anti-EpCAM
(eBioscience; 1:100) for 30 min on ice. After washing, cells were analyzed by
moflo (DAKOCytomation) with using 7-AAD to exclude dead cells. Data analysis
was performed by FlowJo software.

Statistics. Results of three or more independent experiments are given as the
mean ± SEM. Statistical analyses were performed with Excel (Microsoft) by
applying the two-tailed test in mean values of two-sample comparison. The
statistical significance in mean values among multiple groups was examined
with Tukey–Kramer’s multiple comparison test after two-way ANOVA by
using the Prism5 software. Significant differences of means are indicated:
*P < 0.05, **P < 0.01, and *** P< 0.001.

Microarray Analysis. Single Lgr5-GFP+ cells or CD24+/Side scatter cells from SI
and colon, respectively, were sorted into Buffer RLT directly in the RNeasy
Micro kit according to the manufacturer’s procedures (Qiagen). Microarray
analysis (Agilent) was performed as described (48). Heat maps were made by
using Treeview software.

CEL-Seq Library Preparation. Bulk RNA samples and cDNA libraries were
prepared and sequenced as described (19). Single-cell libraries were prepared
similarly, with the exception of being sequenced on an Illumina NextSeq500
by using 75-bp paired-end sequencing.

Analysis of RNA-seq Data. Paired-end reads were quantified as described
before with the following exceptions (49). Reads that did not align, or
aligned to multiple locations, were discarded. Unique molecular identifiers
(UMIs) were ignored; instead, read counts for each transcript were de-

termined by the number of reads that uniquely mapped to that transcript.
This count was divided by the total number of reads that mapped to all
transcripts and multiplied by 1 million to generate the reads-per-million
(RPM) count. RPM was used in preference of reads per kilobase per million
(RPKM) because CEL-seq only allows 3′ end sequencing. We discarded all
genes with a summed expression of less than 10 read counts over the two
biological replicates in both cell types. We retained 11,033 genes above this
minimum level. Quantification and analysis of the single Lgr5+ cells was
performed as described (19). We downsampled each cell to 1,500 transcripts
in our analysis. Cells with fewer reads were discarded, which left us with 138
of 192 cells.

Gene Expression Analysis. We used DAVID (https://david.ncifcrf.gov/tools.jsp)
to examine these differentially expressed genes for functional enrichment in
GO terms, KEGG pathways, SMART, and SP_PIR_KEYWORDS. The unbiased
gene set enrichment analysis was performed with Gene Set Enrichment
Analysis (software.broadinstitute.org/gsea/index.jsp). Preranked lists of mean
expression changes and input signatures were derived from published micro-
array and RNA-seq data (8, 24).

Western Blotting. Organoids were collected in cold medium and washed by
cold PBS. Cells were lysed by using RIPA buffer (50 mM Tris·HCl, pH 8.0, 150 mM
NaCl, 1% Triton X-100, 0.5% sodium deoxychlate, 1 mMEDTA, 0.5 mMDTT, and
10%glycerol) containing Complete protease inhibitors (Roche). After separation
by SDS/PAGE, proteins were transferred onto immobilon-P membranes (Milli-
pore). The membrane was incubated with the primary antibodies anti-Reg4
(R&D Systems, 1:1,000) and anti-GAPDH (Abcam, 1:20,000). Positive signals were
visualized by incubation with an appropriate secondary antibody conjugated
with horseradish peroxidase followed by detection using an ECL prime Western
blotting reagent (Amersham). The membrane was stripped and reblotted.

RNA Isolation and qRT-PCR. Organoids were harvested in Buffer RLT lysis
buffer after washing cold PBS, and total RNA was isolated by using the
Qiagen RNeasy kit (Qiagen) according to the manufacturer’s protocol and
treated with deoxyribonulease I (Qiagen). Mixture of random hexamers and
oligo (dT) primers and GoScript transcriptase (Promega) were used for cDNA
production. qRT-PCR was performed by using IQ-SYBR green mix (Bio-Rad)
according to the manufacturer’s instructions. Results were calculated by using
ΔΔCt method. Primers sequences: Reg4_for, 5′-CTGGAATCCCAGGACAAA-
GAGTG-3′, Reg4_rev, 5′-CTGGAGGCCTCCTCAATGTTTGC-3′, cKit_for, 5′-TCAT-
CGAGTGTGATGGGAAA-3′, cKit_rev, 5′-GGTGACTTGTTTCAGGCACA-3′,Muc2_for,
5′-CAGTTTATTCCTGTGTGCCCAAGG-3′,Muc2_rev, 5′-GGCTTCAGAATAATGTAC-
TGCTGC-3′, Hprt_for, 5′-AAGCTTGCTGGTGAAAAGGA-3′, Hprt_rev, 5′-TTGCG-
CTCATCTTAGGCTTT-3′.
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