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SUMMARY

Glucagon-like peptide-2, a hormone that enhances bowel
growth and function in patients with short-bowel syndrome, is
identified as a novel factor that acutely stimulates S-phase entry
of the intestinal leucine-rich repeat-containing G-protein–
coupled receptor 5þ stem cell and chronically increases intes-
tinal leucine-rich repeat-containing G-protein–coupled receptor
5þ stem cell numbers.

BACKGROUND & AIMS: Leucine-rich repeat-containing G-
protein–coupled receptor-5 (Lgr5)þ/olfactomedin-4 (Olfm4)þ
intestinal stem cells (ISCs) in the crypt base are crucial for
homeostatic maintenance of the epithelium. The gut hormone,
glucagon-like peptide-21–33 (GLP-2), stimulates intestinal pro-
liferation and growth; however, the actions of GLP-2 on the
Lgr5þ ISCs remain unclear. The aim of this study was to
determine whether and how GLP-2 regulates Lgr5þ ISC cell-
cycle dynamics and numbers.

METHODS: Lgr5-Enhanced green-fluorescent protein - internal
ribosome entry site – Cre recombinase – estrogen receptor T2
(eGFP-IRES-creERT2) mice were acutely administered human
Glycine2 (Gly2)-GLP-2, or the GLP-2–receptor antagonist, GLP-23–33.
Intestinal epithelial insulin-like growth factor-1–receptor
knockout and control mice were treated chronically with human
Gly2 (hGly2)–GLP-2. Cell-cycle parameters were determined by
5-Ethynyl-2’-deoxyuridine (EdU), bromodeoxyuridine, anti-
body #Ki67, and phospho-histone 3 labeling and cell-cycle
gene expression.

RESULTS: Acute hGly2–GLP-2 treatment increased the pro-
portion of eGFPþEdUþ/OLFM4þEdUþ cells by 11% to 22% (P
< .05), without affecting other cell-cycle markers. hGly2–GLP-2
treatment also increased the ratio of eGFPþ cells in early to late
S-phase by 97% (P < .001), and increased the proportion of
eGFPþ cells entering S-phase by 218% (P < .001). hGly2–GLP-2
treatment induced jejunal expression of genes involved in cell-
cycle regulation (P < .05), and increased expression of Mcm3 in
the Lgr5-expressing cells by 122% (P < .05). Conversely, GLP-
23–33 reduced the proportion of eGFPþEdUþ cells by 27% (P <
.05), as well as the expression of jejunal cell-cycle genes (P < .05).
Finally, chronic hGly2–GLP-2 treatment increased the number of
OLFM4þ cells/crypt (P < .05), in an intestinal epithelial insulin-
like growth factor-1–receptor–dependent manner.

CONCLUSIONS: These findings expand the actions of GLP-2 to
encompass acute stimulation of Lgr5þ ISC S-phase entry through
the GLP-2R, and chronic induction of Lgr5þ ISC expansion
through downstream intestinal insulin-like growth factor-1
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Tthe intestinal epithelium to maintain homeostasis:
the intestinal stem cells (ISCs; also known as the crypt base
columnar cells), which reside between the Paneth cells in
positions 1–3, and their daughter cells in the transit-
amplifying zone (TA) that also differentiate to generate the
mature epithelium.1–4 Several molecular markers have been
established to identify the ISCs, most notably, leucine-rich
repeat-containing G-protein–coupled receptor 5 (Lgr5) and
olfactomedin-4 (Olfm4).2,3,5 ISCs have a well-defined cell-
cycle length of 24 hours, which is mediated through a novel
growth1 (G1) cell-cycle phase.2,6Hence, approximately 60%–
70% of the Lgr5þ ISCs reside in a prolonged G1 phase,
awaiting licensing to proceed into the synthesis (S)-phase.6

ISC licensing to S-phase is mediated, in part, through mini-
chromosome maintenance (MCM)2–7 complexes loading
onto the DNA origins of replication.6,7 In addition, cyclin D1 is
up-regulated to mediate cell-cycle passage through the G1/S-
phase checkpoint.1 This extended unlicensed G1 phase allows
the ISCs to respond in a temporal manner to surrounding
niche signals, including R-spondin, Notch, bone morphogenic
protein, Wingless-related integration site (Wnt), insulin-like
growth factor (IGF)-1, and Epidermal growth factor family
of receptors (ErbB) ligands.4,8–11

The intestinotrophic hormone, glucagon-like peptide-2
(GLP-2), is secreted by the enteroendocrine L cell and en-
ables homeostatic maintenance of the intestinal epi-
thelium.12–15 Upon binding to its receptor (GLP-2R), GLP-2
initiates signals promoting proliferation of the intestinal
crypt cells, resulting in increased intestinal growth and
improved intestinal digestive, absorptive, and barrier func-
tions.16,17 Interestingly, the GLP-2R is not expressed in the
gut epithelial cells but is localized to cells within the lamina
propria as well as in scattered neurons of the enteric ner-
vous system.18 Hence, the intestinotrophic actions of GLP-2
are exerted indirectly through downstream signaling me-
diators arising from the niche, including IGF-1 and ErbB
family ligands.19–22 Because of its intestinal-specific actions,
a degradation-resistant GLP-2R agonist, teduglutide (human
[h]Glycine2[Gly2]–GLP-2), has been developed for use in
patients with short-bowel syndrome, reducing the need for
parenteral nutrition while increasing both the size and
absorptive function of the intestinal epithelium.23–26

Analyses of proliferative markers, including bromo-
deoxyuridine (BrdU) or 5-Ethynyl-2’-deoxyuridine (EdU)
incorporation for S-phase and/or the general G1/S/G2/M-
phase marker antibody #Ki-67 (Ki67), have shown that
GLP-2 stimulates proliferation of the transit-amplifying cells
in a manner that requires a full complement of B-cell lym-
phoma Moloney murine leukemia virus insertion region-1
homolog, a polycomb-repressive complex chromatin-
remodeling protein that promotes stem cell proliferation
and self-renewal.19,20,27,28 GLP-2 also stimulates expansion
of the columnar cell progenitor population as well as crypt
cell mitotic index and crypt fission in human beings and
rodent models.24,29,30 Although previous studies have
examined the incorporation of S-phase markers into the
intestinal stem cell zone in response to GLP-2 administra-
tion, these studies have been limited by the use of positional
cell-counting analyses that did not distinguish between ISCs
and the nonproliferative Paneth cells in the crypt base,
which, thereby, diluted any possible signal from the prolif-
erating ISCs at each cell position.19,20,27,28 It therefore re-
mains unknown as to whether the ISCs proliferate in
response to GLP-2. Furthermore, single-cell sequencing has
shown that GLP-2R is not expressed by the ISCs, although
they do express the IGF-1 and ErbB receptors,31,32 with both
signaling pathways stimulating ISC proliferation and popu-
lation expansion.8,33,34 In addition, GLP-2 treatment stimu-
lates crypt cell Wnt signaling through the insulin-like
growth factor-1 receptor (IGF-1R), inducing nuclear trans-
location of b-catenin in the crypt cells, as well as inducing
expression of messenger RNA transcripts for cellular mye-
locytomatosis oncogene in the mucosa,35 although, again,
these markers of proliferation were not localized to the ISCs
themselves. The overall aim of the present study, therefore,
was to determine whether GLP-2 induces proliferation of the
Lgr5þ/Olfm4þ ISCs and, if so, to examine the underlying
mechanism(s) of action of this intestinotrophic hormone.
Results
To determine the role of GLP-2 in ISC proliferation and

cell-cycle progression, Lgr5-Enhanced green-fluorescent
protein - internal ribosome entry site – Cre recombinase –
estrogen receptor T2 (eGFP-IRES-creERT2) mice were
treated with hGly2–GLP-2 or vehicle at 6 and 3 hours before
being killed; at 1 hour before being killed, EdU was
administered to label cells in S-phase36 (Figure 1A). As ex-
pected, eGFPþ cells were restricted to the crypt base, with
27% showing colocalization with EdU, indicative of S-phase
(Figure 1B and C). Acute hGly2–GLP-2 treatment increased
the proportion of eGFPþ cells in S-phase by 11% (P < .05).
To confirm these findings, immunostaining for the endoge-
nous ISC marker, OLFM4, was performed next. OLFM4þ
cells also were observed at the crypt base, of which 39%
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Figure 1. Acute hGly2–GLP-2 treatment increases the proportion of jejunal Lgr5D/Olfm4D ISCs in S-phase. (A) Acute
hGly2–GLP-2 treatment protocol; the green mouse indicates use of Lgr5-eGFP-IRES-creERT2 animals (created using
Biorender.com). (B) Representative image of eGFPþEdUþ ISCs (white arrow) and the (C) percentage of total eGFPþ ISCs that
incorporated EdU. (D) Representative image of OLFM4þEdUþ ISC (white arrow) and the (E) percentage of total OLFM4þ ISCs that
incorporated EdU. (F) Total number of eGFPþ ISCs per crypt. (G) Representative image of eGFPþ pH3þ ISC (white arrow) and the
(H) percentage of total eGFPþ cells that were also pH3þ. (I) Representative image of ISCs (white arrow) and the (J) percentage of
total eGFPþ cells that also were Ki67þ. (C, E, F, H, and J) N ¼ 4–7. *P < .05. DAPI, 40,6-diamidino-2-phenylindole.
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colocalized with EdU (Figure 1D and E). Consistent with the
findings described for the eGFPþ cells, hGly2–GLP-2
increased the proportion of OLFM4þEdUþ cells by 22% (P<
.05). The increases in the proportion of ISCs in S-phase
occurredwithout a change in the total number of eGFPþ cells
per crypt (Figure 1F). In contrast to the findings with EdU,
14% of the eGFPþ cells colocalized with the M-phase marker
phospho-histone 3 (pH3),37 and this proportion did not
change with acute hGly2–GLP-2 treatment (Figure 1G and H).
Furthermore, 95% of the eGFPþ cells colocalized with the
G1/S/G2/M-phase cell-cycle marker Ki67,38 and this pro-
portion also was not different with hGly2–GLP-2 adminis-
tration (Figure 1I and J). These findings are consistent with
S-phase inductionof the ISCsbyacuteadministrationofGLP-2.

To identify the early vs late stages of S-phase,
eGFPþEdUþ cells were examined for full nuclear EdU
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staining (early S-phase) or punctate nuclear EdU staining
(Figure 2A), as reported.6,39 The proportion of eGFPþEdUþ
cells in early vs late S-phase was not different in vehicle-
treated animals (Figure 2B). However, hGly2–GLP-2
acutely increased the proportion of eGFPþ cells in early vs
late S-phase (67% vs 33%; P < .001), resulting in an overall
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97% (P < .001) increase in the ratio of cells in early to late
S-phase compared with vehicle-treated mice. BrdU and EdU
then were administered at 2 and 0.5 hours before being
killed, respectively, to generate 4 different cell types rep-
resenting the 1.5-hour temporal gap between the 2 labels:
cells not in S-phase (BrdU-EdU-), cells entering S-phase
(BrdU-EdUþ), cells that remained in S-phase
(BrdUþEdUþ), and cells that exited S-phase (BrdUþEdU-)
(Figures 2C–H). Consistent with the findings in Figure 1,
hGly2–GLP-2 administration decreased the proportion of
eGFPþ cells that were not in S-phase by 15% compared
with vehicle (P < .05) (Figure 2D and Ha). However,
concomitantly, hGly2–GLP-2 increased the proportion of
eGFPþ cells entering S-phase by 218% (P < .001)
(Figure 2E and Hb), although did not alter the proportion of
cells that remained in S-phase or exited S-phase (Figure 2F,
G, and Hc and d). Together, these results show that acute
GLP-2 treatment increases the proportion of ISCs in S-phase
by inducing entry into early S-phase.

To identify potential targets that might mediate the
proliferative actions of GLP-2 in the intestine, CD1 mice
were treated with hGly2–GLP-2 or vehicle for 1–25 hours
and the transcriptomes of whole-thickness jejunal and
colonic sections were analyzed by microarray
(Supplementary Data Set 1). Interestingly, expression of
Mcm3 was found to be increased in both the jejunum and
colon at t ¼ 4 hours, while s100a6 was up-regulated at 4
hours in the jejunum only. Reverse-transcription quantita-
tive polymerase chain reaction analysis of jejunal mucosa
further showed that hGly2–GLP-2 increased the expression
of several MCM family members, including Mcm2, Mcm3,
Mcm5, and Mcm7 (P < .05), but not Mcm4 or Mcm6
(Figure 3). Furthermore, hGly2–GLP-2 administration also
increased the expression of Cdk2, Ccnd1, and s100a6 (P <
.05), all of which play roles in the G1/S-phase transi-
tion.7,40,41 Finally, to determine whether changes in mucosal
cell-cycle gene expression occurred at the level of the ISC,
RNAscope analysis was performed to examine colocalization
of transcripts for Mcm2, Mcm3, Cdk2, and Ccnd1 in the je-
junal Lgr5þ cells (Figure 4A and B). Acute administration of
hGly2–GLP-2 increased Mcm3 expression in the ISCs by
122% (P < .05), whereas levels of the other cell-cycle
transcripts was not altered in these cells (Figure 4C and D).

To establish the requirement for GLP-2R signaling in the
ISC S-phase induction by GLP-2, Lgr5-eGFP-IRES-creERT2
mice were treated with GLP-23–33, at a dose established to
antagonize the GLP-2R in vivo in mice,12 3.5 hours before
being killed (Figure 5A). GLP-23–33 reduced the proportion
of eGFPþEdUþ cells by 27% (P < .05) (Figure 5B) without
affecting the total number of ISCs per crypt (Figure 5C). A
Figure 2. (See previous page). Acute hGly2–GLP-2 treatm
(A) Representative images of Lgr5þ ISCs in early and late S-pha
of EdU, respectively, using higher magnification of the images sh
vs late S-phase. (C) Acute pulse-chase protocol; the green mous
using Biorender.com). (D–G) Percentage of eGFPþ ISCs (D) no
(F) remaining in S-phase (BrdUþEdUþ), and (G) exiting S-phas
GFPþ cell types, as indicated by the white arrows: (a) BrdU-/E
phase), (c) BrdUþ/EdUþ (cells that remained in S-phase), and
4–6. *P < .05, **P < .01, and ***P < .001. DAPI, 40,6-diamidino
similar trend was noted in the proportion of OLFM4þEdUþ
ISCs (decreased by 18%; P ¼ .051) (Figure 5D and E).
Furthermore, acute GLP-2R blockade using GLP-23–33

decreased jejunal mucosal expression of Mcm3, Mcm5,
Mcm7, Cdk2, Ccnd1, and s100a6 (P < .05) (Figure 6).
Collectively, gain- and loss-of-function experiments using
acute GLP-2 and GLP-23–33 administration, respectively,
suggest that GLP-2 stimulates Lgr5þ ISC proliferation
through the induction of G1/S-phase licensing.

Intriguingly, changes in acute S-phase gene expression
were found to align with directional trends in the expres-
sion of Igf1, a known downstream mediator of the prolif-
erative actions of GLP-2,19,35 increasing with hGly2–GLP-2
(Figure 3) and decreasing with GLP-23–33 (P < .05) treat-
ment (Figure 6). Therefore, to evaluate whether acute
changes in ISC S-phase progression with GLP-2 treatment
were maintained chronically, and whether they are medi-
ated through downstream IGF-1R signaling, we examined
GLP-2 action using Intestinal epithelial (IE)-IGF-1R
knockout (KO) mice (Figure 7A). In control mice, chronic
treatment with hGly2–GLP-2 increased the total number of
OLFM4þ cells per crypt (by 15%; P < .05), indicative of ISC
expansion, while maintaining the percentage of these cells
that were in S-phase (Figure 7B). The stimulatory effect of
hGly2–GLP-2 on ISC cell number was lost in the IE-IGF-1R
KO mice, although, again, overall ISC proliferation levels
were not affected (Figure 7C). These results suggest that
chronic GLP-2 treatment causes ISC population expansion,
resulting in an increased total number of proliferating ISCs,
in an IE-IGF-1R–dependent manner.
Discussion
Proliferation of the intestinal Lgr5þ/Olfm4þ ISCs is

essential for homeostatic maintenance of the intestinal
epithelium, and is regulated by well-defined signals secreted
by niche cells surrounding the crypt.1–4 Teduglutide is a
Food and Drug Administration–approved therapeutic for
short-bowel syndrome that stimulates intestinal prolifera-
tion and increases mucosal growth and nutrient absorption
in both human beings and rodents.24–26 Although GLP-2
stimulates proliferation of the transit-amplifying cells in
the crypt,19,20,27,28 whether GLP-2 also enhances prolifera-
tion of the Lgr5þ/Olfm4þ ISCs has not been determined.
The results of the present study show that GLP-2 acutely
induces S-phase cell-cycle progression in the ISCs through
the GLP-2R, and stimulates ISC expansion chronically in an
IGF-1R–dependent fashion.

Acute hGly2–GLP-2 treatment at t ¼ -6 and -3 hours
increased the proportion of both the Lgr5-eGFPþ and the
ent induces entry of jejunal Lgr5D ISCs into S-phase.
se, as determined by the full and speckled nuclear distribution
own in Figure 1. (B) Percentage of eGFPþEdUþ ISCs in early
e indicates use of Lgr5-eGFP-IRES-creERT2 animals (created
t in S-phase (BrdU-EdU-), (E) entering S-phase (BrdU-EdUþ),
e (BrdUþEdU-). (H) Representative images of the 4 different
dU- (cells not in S-phase), (b) BrdU-/EdUþ (cells entering S-
(d) BrdUþ/EdU- (cells that exited S-phase). (B and D–G) N ¼
-2-phenylindole.
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Figure 3. Acute hGly2–GLP-2 treatment increases the expression of transcripts involved in G1/S-phase transition.
Jejunal mucosal isolates from the mice described in Figure 1 were analyzed by reverse-transcription quantitative polymerase
chain reaction for the expression of the following: (A)Mcm2, (B)Mcm3, (C)Mcm4, (D)Mcm5, (E)Mcm6, (F)Mcm7, (G) Cdk2, (H)
Ccnd1, (I) s100a6, and (J) Igf1. N ¼ 6–7 for all panels. *P < .05. mRNA, messenger RNA; rRNA, ribosomal RNA.
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Olfm4þ ISCs in S-phase, with the effects on the eGFPþ cells
being confirmed as requiring the canonical GLP-2R. These
changes occurred through induction of S-phase entry and in
association with GLP-2R–dependent stimulation of several
transcripts required for G1/S-phase transition, including
Mcm2, Mcm3, 5, and 7, as well as of Ccnd1, which is required
for passage through the G1/S-phase checkpoint, and Cdk2
and s100a6, which are important regulators of S-phase
entry.6,7,40,41 Notably, acute hGly2–GLP-2 treatment was
found to increase the expression of Mcm3, but not that of
several other cell-cycle markers, specifically in the Lgr5þ
cells at the crypt base. Whether other proliferative crypt
cells that are known to be stimulated by GLP-2, such as
those in the TA zone,19,20,27,28 led to the changes in the other
cell-cycle markers in the whole-thickness jejunum and/or
jejunal mucosal scrapes remains to be established, as does
determination of any GLP-2–regulated effects on other cell-
cycle stages in the ISCs.

A recent study using MCM2 as a model for the entire
MCM family of DNA helicases showed that most ISCs reside
in an unlicensed G1-state, and that MCM2 binding to their
DNA licenses the ISCs to pass through the G1/S cell-cycle
checkpoint and enter S-phase.6 It was postulated that this
process creates a temporal window for proliferative fate
decisions to be made in the ISCs. Using organoid cultures, it
was further shown that this cell-cycle progression can be
blocked by inhibition of either Wnt or epidermal growth
factor (EGF) receptor (ErbB1) signaling,6 both of which are
known to be involved in the actions of GLP-2 on intestinal
crypt cells.19–22 When taken with the results of the present
study, these findings therefore suggest that short-term GLP-
2 treatment enables G1 licensing in Lgr5þ ISCs, thereby
increasing the number of ISCs that enter the S-phase of the
cell cycle.

Consistent with the findings of the present study, it has
been previously reported in normal mice that approximately
25%–30% of the ISCs reside in S-phase, 10%–20% in M-
phase, and 90% in G1/S/G2/M-phase, as marked by EdU/
BrdU, pH3, and Ki67, respectively.6,42,43 However, acute
administration of hGly2–GLP-2 did not affect the proportion
of ISCs that were in phases of the cell cycle other than S-
phase. Although Ki67 staining does detect ISCs in S-phase, it
seems likely that the changes in this smaller population of
cells are diluted-out by the larger percentage of total ISCs



Figure 4. Acute hGly2–GLP-2 treatment increases the expression of Mcm3 in Lgr5-expressing ISCs. Jejunal sections
from the mice described in Figure 1 were analyzed by RNAscope for the expression of the following: (A) Mcm2 and Mcm3 with
Lgr5 or (B) Cdk2 and Ccnd1 with Lgr5 (representative images shown). Co-expression of the following: (C) Mcm2 and Mcm3
with Lgr5 and (D) Cdk2 and Ccnd1 with Lgr5 was determined by quantification of the percentage of overlapping fluorescent
signals in the bottom 3 cells of the crypt. (C and D) N ¼ 3–5. *P < .05. DAPI, 40,6-diamidino-2-phenylindole.
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expressing Ki67. Furthermore, the lack of effect of GLP-2 on
other stages of the cell cycle was consistent with the find-
ings that the number of ISCs per crypt did not change after
either hGly2–GLP-2 or GLP-23–33 administration. However,
Lgr5þ ISCs have a cell cycle of approximately 24 hours,2

and it therefore is likely that progression through the
entire cell cycle cannot be observed in the 3.5- to 6-hour
windows used in the present study, particularly when
taken with the even shorter durations of the EdU and BrdU
exposure (0.5–2 h).

In contrast to our findings with acute hGly2–GLP-2
administration, chronic treatment of the IE–IGF-1R control
mice did not affect the proportion of ISCs that were prolif-
erating, but did increase the total number of ISCs per crypt,
consistent with an overall enhancement of the total number
of ISCs that were proliferating. A number of studies have
shown that several niche-derived factors can induce ISC
expansion, including not only Wnt ligands and R-spondin-1,
but also IGF-1 and the ErbB ligand, neuroregulin-1.8,33,34,44

IGF-1R and ErbB signaling have both been identified as
downstream mediators of the acute actions of GLP-2 on the
intestinal epithelium,19–22 and the Lgr5þ ISCs are known to
express the receptors for both IGF-1 and ErbB ligands.31,32

Furthermore, chronic GLP-2–stimulated growth of the
intestinal epithelial layer, as assessed by increased length of
the crypt–villus axis, is impaired in mice lacking either the
intestinal epithelial IGF-1R or ErbB1, and is prevented by
administration of a pan-ErbB inhibitor.20,21,27 Hence, the
chronic effects of GLP-2 to expand the ISC population in
normal mice may be mediated by IGF-1R and/or ErbB
signaling. Indeed, hGly2–GLP-2–induced stimulation of ISC
expansion was not observed in mice that lacked the IE–IGF-
1R, although the KO mice showed a normal number of ISCs
per crypt. Although the ErbB1 ligand EGF is well established
to regulate ISC proliferation, and is an essential component
of the growth media for intestinal organoids, we recently
showed that IGF-1 can restore organoid proliferation after
chronic EGF withdrawal.45 Consistent with the present
findings, the small intestine of IE–IGF-1R KO mice shows
normal growth parameters under basal conditions, but they
do not respond appropriately to chronic administration of
GLP-2, with abrogation of GLP-2–stimulated crypt cell pro-
liferation and blunting of the growth of the crypt–villus
axis.27 Taken together, these findings suggest that IE–IGF-
1R signaling is essential for the chronic stimulatory effects
of GLP-2 on the ISCs.

Finally, the number of crypt cells expressing the
Lgr5–eGFP transgene was found to differ quantitatively



Figure 5. Acute GLP-2R antagonism decreases the proportion of jejunal Lgr5D ISCs in S-phase. (A) Acute GLP-23–33

treatment protocol; the green mouse indicates use of Lgr5-eGFP-IRES-creERT2 animals (created using Biorender.com). (B)
Percentage of total eGFPþ ISCs that incorporated EdU. (C) Total number of eGFPþ ISCs per crypt. (D) Percentage of total
OLFM4þ ISCs that incorporated EdU. (E) Total number of OLFM4þ ISCs per crypt. (B–E) N ¼ 3–5. *P < .05.
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from those that expressed the endogenous marker, Olfm4,
under control conditions (27% vs 39%, respectively).
Although both markers have been shown to be reliable for
identification of the ISCs,2,3,5 they do differ in several
regards. First, eGFP labels not only the ISCs, termed the
eGFPhigh cell population in cell sorting, but also the reserve
stem cell, or the eGFPlow cell population.46 A recent study
using Lgr5-eGFP-IRES-creERT2 mice showed that eGFP
immunopositivity also is detectable in ISC progenitor cells.11

Furthermore, the Lgr5-eGFP-IRES-creERT2 mouse line
shows variegated eGFP expression in the crypts owing to
epigenetic silencing,5 whereas Olfm4 labels ISCs in every
crypt,5 with both patterns being observed in the present
study (data not shown). Second, it has been shown through
single-molecule fluorescent in situ hybridization that Olfm4
messenger RNA is expressed in cells that are higher up in
the crypt than those expressing Lgr5, with Olfm4 found in
border stem cells as well as the ISCs, and Lgr5 expression
restricted to ISCs in the crypt base.3 Altogether, therefore, it
is not surprising that these 2 stem cell markers showed
different proportions under the homeostatic conditions of
the present study. Regardless, acute administration of
hGly2–GLP-2 increased the proportion of proliferating ISCs
expressing both of these markers, confirming the ability of
GLP-2 to stimulate ISC proliferation.

There were several limitations of the present study.
First, the acute studies were restricted to a very narrow, 3.5-
to 6-hour window, possibly limiting the magnitude of the
responses as well as precluding determination of the effects
of GLP-2 on the entire cell cycle, although this latter limi-
tation was partially addressed in the chronic study. In
addition, the possibility of a role for ErbB signaling down-
stream was not investigated, largely owing to the large
number of ligands and receptors that are members of this
family, many of which have been implicated in downstream
GLP-2R signaling. Furthermore, studies on GLP-2R null
mice, in addition to the current studies using the GLP-2R
antagonist, would provide additional support for a role of
the GLP-2R in the actions of GLP-2 on ISCs. Finally, it would
be interesting to conduct more mechanistic studies on the
Lgr5þ ISCs, perhaps using an intestinal explant model.
Nonetheless, the results of the present study add GLP-2 and

http://Biorender.com


Figure 6. Acute GLP-23–33 treatment decreases the expression of transcripts involved in G1/S-phase transition. Jejunal
mucosal isolates from the mice described in Figure 5 were analyzed by reverse-transcription quantitative polymerase chain
reaction for the expression of the following: (A) Mcm2, (B) Mcm3, (C) Mcm4, (D) Mcm5, (E) Mcm6, (F) Mcm7, (G) Cdk2, (H)
Ccnd1, (I) s100a6, and (J) Igf1. N ¼ 5 for all panels. *P < .05. mRNA, messenger RNA; rRNA, ribosomal RNA.
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its downstream signaling pathways to the growing list of
niche signals that regulate the homeostatic behavior of the
Lgr5þ/Olfm4þ intestinal stem cell. These findings also
enhance our understanding of the mechanism of action of
GLP-2–based therapy to enhance intestinal growth in pa-
tients with short-bowel syndrome.

Significance
The Lgr5þ ISCs support the epithelial layer in the crypt

and modulate their proliferation in response to niche
signaling. The intestinal hormone GLP-2 induces gut
epithelial proliferation, and a degradation-resistant GLP-2
analog, teduglutide, is used clinically to treat people with
short-bowel syndrome. However, it currently is unknown
whether GLP-2 modulates ISC cell behavior or number. We
now show in mice that GLP-2 acutely stimulates ISC cell-
cycle progression into S-phase in a GLP-2R–dependent
fashion, and chronically increases ISC expansion through a
pathway requiring IGF-1R signaling. These findings
contribute to our understanding of the factors regulating ISC
behavior as well as the beneficial effects of GLP-2–based
therapy in short-bowel syndrome.
Materials and Methods
Animals

Female heterozygous Lgr5-eGFP-IRES-creERT2 mice2

and male wild-type siblings were obtained from the Jack-
son Laboratory (Bar Harbor, ME). Animals were bred and
housed under a 12-hour light/dark cycle in an animal fa-
cility at the University of Toronto. In all experiments, 6- to
14-week-old heterozygous Lgr5-eGFP-IRES-creERT2 mice
were sex- and litter-matched, with both males and females
used in all studies; all animals were studied in the fed state.

Female CD1 mice (from Charles River Canada [St. Con-
stant, QC Canada] or Taconic [Taconic Biosciences, Ger-
mantown, NY]) were used at 11 weeks of age after
acclimation to the facility for 8–9 days, as reported in a
previous study.20 Animals were studied in the fed state, and
all protocols were approved by the Animal Care Committees
of the University Health Network and Mount Sinai Hospital.

The IE-IGF-1R KO and control mice were reported in a
previous study.45 In brief, IE–IGF-1R KO mice were
generated by crossing villin-creERT2 with Igf1rfl/fl mice
and treated with an intraperitoneal injection of 10 mg/mL
tamoxifen for 5 days. Control mice included villin-



Figure 7. Chronic hGly2–GLP-2 treatment induces jejunal Lgr5D ISC expansion. (A) Chronic hGly2–GLP-2 treatment
protocol (created using Biorender.com). (B) Number of Olfm4þ ISCs per crypt (left) and the percentage of Olfm4þ ISCs that
incorporated EdU (right) in control mice. (C) Number of Olfm4þ ISCs per crypt (left) and the percentage of Olfm4þ ISCs that
incorporated EdU (right) in IE–IGF-1R KO mice. (B and C) N ¼ 4–8. *P < .05.
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creERT2 and Igf1rfl/fl mice treated with tamoxifen or
vehicle, and villin-creERT2;Igf1rfl/fl mice treated with
vehicle. All mice were 6–8 weeks old, and sex- and litter-
matched; fed male and female mice were included in all
groups.

The Animal Care Committee approved all animal exper-
imental protocols in this study. Experimental protocol
schematics were created using Biorender.com (Toronto,
Canada).

Experimental Protocols
Lgr5-eGFP-IRES-creERT2 mice were treated with

hGly2–GLP-2 (0.2 mg/kg body weight; American Peptide
Company, Sunnyvale, CA) or phosphate-buffered saline (pH
7.4, vehicle) subcutaneously 6 and 3 hours before being
killed, or with 30 ng human GLP-23–33 or vehicle intraper-
itoneally 3.5 hours before being killed. As previously re-
ported, GLP-23–33 is a partial agonist of the GLP-2R.12,47
Hence, at very high concentrations, GLP-23–33 can partially
activate GLP-2R signaling. However, the dose of GLP-23–33

used herein (30 ng) has been fully validated as an antago-
nist of GLP-2 actions in vivo in mice, without exerting any
agonistic activity.12 Mice then received an intraperitoneal
injection of either 2.5 mg/25 g EdU (ThermoFisher Scien-
tific) 1 hour before being killed, or 1 mg/25 g BrdU
(ThermoFisher Scientific, Mississauga, Canada) at 2 hours
before being killed and 0.2 mg/25 g EdU at 0.5 hours before
being killed.12,19,27,28,45

CD1 mice were administered hGly2–GLP-2 (2.5 mg,
subcutaneously; Pepceutical, Ltd, Enderby, Leicestershire,
UK) or vehicle, and killed after 1, 4, 8 12, or 25 hours, as
previously reported.20

As previously reported,45 IE-IGF-1R KO and control mice
were treated with hGly2–GLP-2 (0.2 mg/kg body weight) or
vehicle subcutaneously once a day for 10 days, with a final
injection 3 hours before being killed on day 11. All mice

http://Biorender.com
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Table 2.Quantitative Polymerase Chain Reaction TaqMan
Primers (ThermoFisher Scientific, Mississauga,
Canada)

Target gene Product code (TaqMan)

Mcm2 Mm00484815_m1

Mcm3 Mm05676815_s1

Mcm4 Mm00725863_s1

Mcm5 Mm00484840_m1

Mcm6 Mm00484848_m1

Mcm7 Mm04207570_g1

Cdk2 Mm00443947_m1

Ccnd1 Mm00432359_m1

s100a6 Mm00771682_g1

Igf1 Mm00439559_m1

18S Hs99999901_s1

Table 1.Primary and Secondary Antibodies Used in Immunofluorescent Staining of Formalin-Fixed and Paraffin-Embedded
Jejunal Cross-Sections

Primary antibody

Primary antibody
source, product

number, and RRID Dilution

Secondary Alexa
Fluor conjugated

antibody

Secondary antibody
source, product

number, and RRID

Nikon swept
field confocal

laser line

Rabbit anti-GFP Invitrogen, A11122,
AB_221569

1:100 Goat anti-rabbit IgG
Alexa Fluor 488

ThermoFisher Scientific,
A-11008, AB_143165

488 nm

Mouse anti-pH3 Cell Signaling (Whitby,
Canada), 9706S, RRID
not available

1:400 Goat anti-mouse IgG
Alexa Fluor 555

ThermoFisher Scientific,
A-21422, AB_2535844

561 nm

Rat anti-Ki67 Invitrogen, 14-5698-82,
AB_10854564

1:200 Goat anti-rat IgG Alexa
Fluor 555

ThermoFisher Scientific,
A-21434, AB_2535855

561 nm

Rabbit anti-Olfm4 Cell Signaling, 39141S,
RRID not available

1:200 Goat anti-rabbit IgG
Alexa Fluor 488

ThermoFisher Scientific,
A-11008, AB_143165

488 nm

Rat anti-BrdU Abcam (Waltham, MA),
ab6326, RRID not
available

1:200 Goat anti-rat IgG Alexa
Fluor 647

ThermoFisher Scientific,
A-21247, AB_141778

604 nm

RRID, Research Resource Identifier.
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received an intraperitoneal injection of 2.5 mg/25 g EdU 1
hour before being killed.

Mice were killed and the small intestine was isolated and
flushed with phosphate-buffered saline. Two-centimeter
sections of jejunum and colon were flash-frozen and
stored at -80�C or were fixed in 10% buffered formalin for
paraffin-embedding and sectioning (University Health
Network Histological Services, Toronto, Canada).

Immunofluorescent Staining and Quantification
Formalin-fixed, paraffin-embedded jejunal cross-sections

were immunostained for GFP, pH3, Ki67, BrdU, and/or
OLFM4, using the primary and secondary antisera listed in
Table 1. The Click-iT EdU Alexa Fluor 488 Imaging Kit
(Invitrogen, Toronto, Canada) was used for detection of
EdU. Stained sections were incubated with 40,6-diamidino-2-
phenylindole (ThermoFisher Scientific), mounted with
SlowFade Gold Antifade Mountant (ThermoFisher Scienti-
fic), and imaged using a Zeiss Axioplan 2 Imaging Micro-
scope (Toronto, Canada) or a Nikon Swept Field Confocal
microscope with NIS-Elements Imaging software (Nikon
Corporation, Mississauga, Canada). Co-localization of eGFP
with EdU, pH3, Ki67, or EdU/BrdU, as well as of OLFM4
with EdU, was counted in 100–635 eGFPþ or OLFM4þ cells
per mouse to make N ¼ 1. The number of eGFPþ or
OLFM4þ cells per well-oriented crypt was quantified in a
minimum of 8 crypts per mouse to make N ¼ 1. Identifi-
cation of GFPþ cells in early S-phase vs late S-phase, by the
appearance of full or speckled EdU nuclear staining,
respectively,6,39 was determined in 31–118 eGFPþEdUþ
cells per mouse to make N ¼ 1. All staining, imaging, and
quantification was performed in a blinded manner.

Gene Expression Analyses
For microarray analysis, RNA was extracted from full-

thickness sections of jejunum and colon using TRIzol
(ThermoFisher Scientific, Mississauga, Canada), and pooled
samples were analyzed by Affymetrix (chip MG_U74Av2 for
jejunum, and MG_U74Av2 for colon, ThermoFisher Scienti-
fic, Mississauga, Canada). To identify differentially
expressed genes, data were normalized with the Affymetrix
Microarray Analysis Suite 5.0 software and using the Robust
Multichip Average (Microarray Analysis Suite)48; log ratios
were compared.

RNA was extracted from jejunal mucosal scrapes using
the RNeasy Plus Mini Kit with QiaShedder (Qiagen, Inc,
Toronto, Canada), reverse-transcribed with 5� All-In-One
Reverse Transcriptase MasterMix (Applied Biological Ma-
terials, Richmond, Canada), and analyzed by quantitative
polymerase chain reaction using TaqMan Fast Advanced
Master Mix (ThermoFisher Scientific) with the primers lis-
ted in Table 2. Data were analyzed using the Delta delta
cycle threshold method with 18S as the internal control.49

Note that because of the large number of transcripts and
replicates assayed, the samples for Igf1 from the GLP-
23–33–treated mice (only) were analyzed on separate plates,
with each value for GLP-23–33 being normalized to its plate-



1840 Chen et al Cellular and Molecular Gastroenterology and Hepatology Vol. 13, No. 6
specific vehicle control, resulting in a loss of variance for the
data from these vehicle-treated animals (Figure 6J).

RNAscope for triplex detection of Lgr5 with Mcm2 and
Mcm3, and of Lgr5 with Ccnd1 and Cdk2 was conducted
using the Multiplex Fluorescent Reagent Kit v2 from ACD
Biotechnie (Newark, NJ) as per the manufacturer’s in-
structions. Expression of the transcripts was counted in
15–20 crypts per mouse to make N ¼ 1. Signals were
counted in a blinded fashion.

Statistics
Data are presented as means ± SEM. Statistical differ-

ences between 2 groups were determined by the Student t
test, or by 2-way analysis of variance followed by the Stu-
dent t test for post hoc analysis, as appropriate. GraphPad
Prism (GraphPad Software, Inc, San Diego, CA) was used for
statistical tests.

All authors had access to the study data and reviewed
and approved the final manuscript.
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