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Introduction
The intestine is the most proliferative tissue in the body, as the 
epithelial layer of the small intestine renews itself every 3–5 days. 
Intestinal stem cells (ISCs) in the base of intestinal crypts tightly 
control this process by producing intestinal progenitors known 
as transit amplifying (TA) cells, which are located above the stem 
cells in the crypt. These progenitor cells proliferate and differ-
entiate into all absorptive and secretary cells. Multiple pathways 
including NOTCH, MAPK, WNT, HIPPO, and BMP signaling 
coordinate orderly proliferation and differentiation to maintain 
continuous production of the diverse cell types of the intestinal 
epithelium. Among these regulatory pathways, Wnt/β-catenin 
signaling plays a pivotal role to maintain intestinal stem pools. 
Targeting Wnt signaling by diverse means including overexpres-
sion of DKK1 (1), inhibition of RSPOs (2, 3), knockout of TCF4 
or β-catenin in the epithelial cells, or inhibition of PORCN in the 
stroma impairs the function of small ISCs and blocks prolifera-
tion following 5–7 days of treatment (4–7). It is therefore widely 
held that Wnt signaling facilitates both stemness and prolifera-
tion. However, establishing the direct role of Wnts is challeng-
ing in a system with multiple interacting components. In fact, 
other signaling pathways such as MAPK (8–10) and even PDG2 
(11) also impact the proliferation of intestinal stem and pro-
genitor cells. Wnt signaling might interact with these additional 

pathways in a direct or indirect manner. It is difficult to tease 
out dependencies and causality in single time point, long-term 
assays. Indeed, little is known about the immediate effect of Wnt 
inhibition on ISC proliferation or the TA cells, even though this is 
likely to be the critical time point for the subsequent collapse of 
the ISC compartment.

Here, we used a PORCN inhibitor (6, 12) to acutely inhibit 
secretion of all Wnts and test the role of Wnts in ISC prolifera-
tion. Our results show that Wnt signaling suppresses both prolif-
eration and MAPK signaling in ISCs. This serves to maintain stem 
cell pools by preventing their differentiation into TA cells. These 
results clarify the role of Wnt signaling in the intestine. Combina-
tion therapy with Wnt and MEK inhibitors might provide added 
efficacy in select Wnt-addicted cancers.

Results and Discussion
To examine the early effects of withdrawal of Wnt signaling in 
ISC proliferation, we selected a dose of the PORCN inhibitor C59 
that impaired intestinal homeostasis within 10–15 days (6). C57/
BL6 mice were administered a single dose of C59 (100 mg/kg) or 
vehicle as control by oral gavage and sacrificed 24 hours later. Pro-
liferating intestinal cells were assessed using EdU incorporation. 
As expected, EdU incorporation was seen primarily in TA cells 
of vehicle-treated mice (Figure 1A and Supplemental Figure 1C; 
supplemental material available online with this article; https://
doi.org/10.1172/JCI99325DS1). Unexpectedly, we observed a 
significant increase in proliferating cells in crypt base cells in the 
duodenum, jejunum, and ileum in C59-treated mice (Figure 1A, 
Supplemental Figure 1A, and quantified in Figure 1B). To indepen-
dently validate this finding, intestinal samples from these mice 
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replenish the ISC pool and to generate new TA cells (13, 14). We 
therefore tested whether Lgr5+ ISCs survive after PORCN inhi-
bition to become TA cells. Short-term lineage tracing was per-
formed using Lgr5-EGFP-IRES-CreERT2/Rosa-LSL-tdTomato 
mice to follow the fate of intestinal Lgr5-expressing cells. Mice 
were treated with tamoxifen to label Lgr5+ cells with tdToma-
to, followed by C59 treatment, after which the intestines were 
removed for analysis.

In pilot studies, labeling was evaluated 24 hours after tamoxi-
fen administration. Occasional crypts contained single cells that 
were positive for Rosa-tdTomato, but not for Lgr5-EGFP, indi-
cating that TA cells can emerge from Lgr5+ cells within this time 
frame (Supplemental Figure 3A). To avoid potential lineage trac-
ing from newly generated TA cells, we administered the first dose 
of C59 12 hours after the tamoxifen and then continued daily C59 
(100 mg/kg) treatment for 3 days (Figure 2A). These lineage-trac-
ing experiments did not show any difference between C59- and 

were stained for Ki67. Similar to what was seen with EdU, the frac-
tion of crypt base cells positive for Ki67 increased upon C59 treat-
ment. (Figure 1, C and D, and Supplemental Figure 1D).

The observed proliferation in the stem cell compartment at the 
base of the crypt in response to C59 could be generated by differ-
ent biological mechanisms. One trivial explanation is that PORCN 
inhibition is proapoptotic for ISCs and thus TA cells simply moved 
down toward the base of the crypt. To test this possibility, intesti-
nal samples were stained with antibodies against cleaved-caspase 
3 (CAS3). As shown in Figure 1E and Supplemental Figure 1E, no 
apoptotic cells (CAS3+) were detected in the crypt base of either 
vehicle- or C59-treated samples. This suggests that Wnt inhibition 
instead promotes ISC proliferation.

This proliferation phenotype could be a product of ISC dif-
ferentiation. Thus, we performed lineage tracing to determine 
the fate of ISC cells after Wnt inhibition. Wnt-dependent Lgr5 
expression marks ISCs, which normally divide symmetrically to 

Figure 1. Wnt inhibition enhances proliferation of intestinal stem cells. (A) C59 induced proliferation in the crypt base. Representative images of jejunal 
samples from mice treated with 1 dose of vehicle or C59 (100 mg/kg) 1 day prior to euthanasia. Proliferative cells were marked with EdU given 2 hours prior 
to euthanasia and DAPI stained the nuclei of cells. Arrows indicate EdU+ cells in crypt base. Scale bar, 25 μm. Image on right is higher magnification of 
outlined area of crypt (scale bar, 10 μm). (B) Quantification of EdU+ cells within 10 counted cells in the crypt base. Fifteen to twenty crypts were counted 
for each region of each mouse intestine (vehicle, n = 9 mice; C59, n = 8 mice; 3 experimental replicates). (C) Representative images of Ki67 staining in the 
vehicle- or C59-treated mice. Scale bar, 20 μm. Arrows indicate Ki67+ cells in the crypt base. (D) Enrichment of Ki67+ cells in the crypt base of vehicle- ver-
sus C59-treated mice. Twenty crypts were counted for each region of intestine per mouse (vehicle, n = 4; C59, n = 7; 2 experimental replicates). (E) C59 does 
not induce apoptosis in intestinal crypts. Representative images of cleaved-caspase 3 (CAS3) staining in jejunal sections of mice treated as described 
above. Arrows mark the apoptotic cells in villi as an internal positive control. Scale bar, 50 μm. ***P < 0.001, Mann-Whitney U test.
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dose of 100 mg/kg (50 mg/kg twice daily) as this high dose was 
previously shown to impair intestinal homeostasis within 5–7 days. 
A substantial increase in the number of proliferative cells was seen 
on the first 2 days of C59 treatment, and this was followed by the 
disappearance of proliferative cells by the fourth day (Supplemen-
tal Figure 2, A–C). Interestingly, we observed normal lineage trac-
ing in the crypts of the C59-treated mice (Figure 2, C and D, and 
Supplemental Figure 3C). These findings support the conclusion 
that acute Wnt inhibition leads to enhanced ISC proliferation and 
unimpaired differentiation.

Lgr5+ cells expressing Olfm4 and Ascl2 are an active type of 
ISC that can regenerate intestinal epithelial cells every 3–5 days 
(14, 17, 18). In contrast, Bmi1-expressing ISCs at the +4 position 
of the crypt are more quiescent and may serve as a reservoir to 

vehicle-treated mice, suggesting that differentiation of ISCs into 
TA cells was unchanged in the absence of Wnt signaling (Figure 2, 
A and B, and Supplemental Figure 3C).

The dosing schedule of C59 can have a time-dependent 
impact on Wnt activity in vivo. The in vivo half-life of C59 is 
approximately 2 hours (12), and consistent with previous reports 
with other PORCN inhibitors (15, 16), there was a rebound of Wnt 
target gene expression 1 day after the first dose of C59 (see Supple-
mental Figure 4A). If the proliferative burst in Lgr5+ cells is due to 
drug washout, the proliferative effect might be blunted by more 
frequent dosing. Conversely, if the suppression of Wnt signaling 
causes the increase in proliferation of Lgr5+ cells, more frequent 
dosing would enhance the proliferation rate. Therefore, the exper-
iment was repeated with mice dosed twice daily for a total daily 

Figure 2. Passive lineage commitment of Lgr5 stem cells is intact after Wnt inhibition. (A and C) Drug dosing protocol. Lgr5-EGFP-IRES-CreERT2/Rosa-
LSL-tdTomato mice were treated with tamoxifen and C59 according to the time line. (B) Wnt inhibition (C59 treatment with 100 mg/kg, once daily [QD]) for 
3 days does not block Lgr5+ lineage tracing. Representative images of positive lineage–traced cells from Lgr5 cells, which are marked by endogenous Rosa-
tdTomato (red), are shown for both vehicle- and C59-treated mice. (D) More intensive Wnt inhibition for 2 days still does not block Lgr5+ lineage tracing. 
Representative images of lineage tracing in vehicle- and C59-treated mice (50 mg/kg; BID, twice daily) are shown. Scale bar, 100 μm.
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ed mice. There was a significant reduction in the expression of Axin2 
(Wnt target) and the stem cell markers Lgr5, Olfm4, Ascl2, Hopx, and 
Bmi1 in the C59-treated mice as early as 1 day after the first dose (Fig-
ure 3A). Conversely, expression of intestinal differentiation markers 
was not affected during the course of this experiment (Supplemental 
Figure 4C). In addition, EdU staining in C59-treated Lgr5-EGFP-
CreERT2/Rosa-LSL-tdTomato mice revealed loss of EGFP expres-
sion (Supplemental Figure 4B). Taken together, this suggests that 
inhibiting Wnt signaling with C59 disturbs ISC self-renewal, but not 
ISC differentiation into TA cells. In agreement, a similar passive lin-
eage commitment of ISCs into TA cells by in vivo targeting of both 
RSPO and Wnt receptors was recently reported (2).

We considered how Wnt inhibition might drive prolif-
eration. Several lines of evidence suggested the involvement 
of the MAPK pathway. First, EGFR inhibition, which blocks 

regenerate the intestinal epithelial cells after severe damage (Sup-
plemental Figure 3B) (19, 20). To test if Bmi1+ ISCs could account 
for the crypt cell proliferation after acute Wnt inhibition, Bmi1-
CreERT2/Rosa-LSL-tdTomato mice were treated with tamoxifen 
and then either C59 or vehicle according to the time line indicated 
in Supplemental Figure 3D. Under unstressed conditions, more 
tdTomato+ cells appeared in the crypt base 3 days after tamoxifen 
injection. However, the C59-treated mice had significantly fewer 
labeled cells in the crypt base of the jejunum and ileum (Supple-
mental Figure 3, E and F). Thus, the proliferation in the crypt base 
after acute Wnt inhibition does not appear to be due to active 
regeneration by Bmi1+ ISC cells.

To examine the effect of PORCN inhibition on Wnt signaling, we 
determined the level of mRNA expression for Wnt target genes and 
stem cell markers by quantitative RT-PCR in vehicle- and C59-treat-

Figure 3. Wnt inhibition upregulates MAPK signaling in the crypt base. (A) PORCN inhibition suppresses expression of Wnt target genes and stem cell 
markers. Mice were administered C59 at the indicated dose and frequency (+, 50 mg/kg twice daily [BID]; ++, 100 mg/kg once daily [QD]), and quantitative 
RT-PCR was performed on RNA from duodenal samples. Expression of Axin2, Lgr5, Ascl2, Olfm4, Hopx, and Bmi1 was normalized to Pgk and Actb (actin). 
Each dot represents 1 mouse. (B) C59 treatment leads to increased ERK1/2 phosphorylation at the crypt base. Representative images of p-ERK1/2 staining 
in jejunum samples. Scale bar, 50 μm. (C) Quantification of p-ERK1/2+ cells (cytoplasmic or nuclear staining) in crypt base of vehicle- or C59-treated mice 
(100 mg/kg, QD). NS, nonsignificant; *P < 0.05; **P < 0.01; ***P < 0.001, Mann-Whitney U test.
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C59 treatment according to the time line shown in Figure 4A. 
In contrast to what was observed with C59 treatment alone, the 
combination of trametinib and C59 led to a rapid decline in the 
health of the treated mice, as evidenced by decreased activity, 
rapid weight loss, and ascites. IHC with p-ERK1/2 antibody 
confirmed that trametinib reduced MAPK signaling (Supple-
mental Figure 5C). The combination of trametinib and C59 
was not toxic for ISCs as there was no staining for the apop-
totic marker CAS3 in crypt bases (Supplemental Figure 5D). In 
agreement, total proliferation as judged by counts of EdU+ cells 
was significantly reduced in the trametinib plus C59 group as 
compared with the vehicle or C59 groups (Supplemental Fig-
ure 5A). Interestingly, trametinib alone increased baseline EdU 
uptake at the base of the crypt, which we suspect was secondary 
to enteropathy in the villi (25) (Figure 4, A–D). Nevertheless, 
ISC proliferation in mice from the trametinib plus C59 group 
was similar to trametinib treatment alone and significantly low-

MEK-ERK signaling, was recently shown to suppress prolifera-
tion in intestinal organoid cultures (8). Second, high levels of 
p-ERK1/2, a measure of MAPK signaling, were reported in TA 
cells (21). Third, RSPO3, a Wnt sensitizer, was shown to inhibit 
MAPK signaling and block osteogenic differentiation of adipo-
cyte stem cells in culture (22, 23). Therefore, the intestinal sam-
ples of C59- or vehicle-treated mice were stained for p-ERK1/2 
by immunohistochemistry (IHC). The p-ERK1/2 staining was 
mainly positive in TA cells in vehicle-treated mice (Figure 3B). 
However, p-ERK1/2 expression was significantly increased in 
crypt base cells intercalated between Paneth cells in C59-treat-
ed mice (Figure 3, B and C and Supplemental Figure 4D). Thus, 
Wnt inhibition–induced ISC proliferation is associated with 
increased MAPK signaling.

To experimentally evaluate the role of MAPK signaling in 
intestinal proliferation following Wnt inhibition, mice were 
treated with trametinib (24), a potent MEK inhibitor, prior to 

Figure 4. Suppressing MAPK signal-
ing inhibits C59-induced proliferation 
of intestinal stem cells. (A) Schematic 
time line of trametinib, C59, and 
vehicle (Veh) administration in mice. 
Trametinib was administered (3 mg/
kg, QD) 32 hours prior to administra-
tion of vehicle or C59 (100 mg/kg, QD). 
A total of 4 doses of trametinib and 2 
doses of C59 or vehicle were gavaged 
according to hourly time point (indi-
cated by arrows) prior to euthanasia. 
(B) The combination of trametinib and 
C59 treatment blocked proliferation 
and impaired intestinal homeo-
stasis. EdU was injected 2 hours 
prior to euthanasia into 4 groups of 
mice treated with either vehicle or 
C59 alone, or in combination with 
trametinib (Tram). Left panels show 
representative images of total EdU+ 
staining in jejunal crypts. Right panels 
show higher magnification of crypt 
as indicated. Scale bar, 25 μm. (C) Top 
graph shows the number of counts for 
EdU+ cells within 10 cells in the base 
of the crypt. NS, nonsignificant; *P 
< 0.05; ***P < 0.001, Kruskal-Wallis 
1-way ANOVA test. (D) Trametinib 
blocks PORCN inhibition–induced 
burst of proliferation. The number 
of EdU+ cells per 10 cells of the crypt 
base was determined. C59 treatment 
increased the number of crypts with 
4 or more EdU+ cells, and this was 
reversed by coadministration of tra-
metinib. Vehicle, n = 7. Trametinib plus 
vehicle, n = 6. C59, n = 8. Trametinib 
plus C59, n = 6. Error bar indicates 
SEM; 2 experimental replicates.

https://www.jci.org
https://www.jci.org
https://www.jci.org/128/9
https://www.jci.org/articles/view/99325#sd
https://www.jci.org/articles/view/99325#sd
https://www.jci.org/articles/view/99325#sd
https://www.jci.org/articles/view/99325#sd
https://www.jci.org/articles/view/99325#sd
https://www.jci.org/articles/view/99325#sd


The Journal of Clinical Investigation   C O N C I S E  C O M M U N I C A T I O N

3 8 1 1jci.org   Volume 128   Number 9   September 2018

 1. Kuhnert F, et al. Essential requirement for Wnt 
signaling in proliferation of adult small intes-
tine and colon revealed by adenoviral expres-
sion of Dickkopf-1. Proc Natl Acad Sci U S A. 
2004;101(1):266–271.

 2. Yan KS, et al. Non-equivalence of Wnt and R-spon-
din ligands during Lgr5+ intestinal stem-cell self-
renewal. Nature. 2017;545(7653):238–242.

 3. Storm EE, et al. Targeting PTPRK-RSPO3 colon 
tumours promotes differentiation and loss of stem-
cell function. Nature. 2016;529(7584):97–100.

 4. van Es JH, et al. A critical role for the Wnt effector 
Tcf4 in adult intestinal homeostatic self-renewal. 

Mol Cell Biol. 2012;32(10):1918–1927.
 5. Fevr T, Robine S, Louvard D, Huelsken J. Wnt/

beta-catenin is essential for intestinal homeosta-
sis and maintenance of intestinal stem cells. Mol 
Cell Biol. 2007;27(21):7551–7559.

 6. Kabiri Z, et al. Stroma provides an intestinal 
stem cell niche in the absence of epithelial Wnts. 
Development. 2014;141(11):2206–2215.

 7. Greicius G, et al. PDGFRα+ pericryptal stromal 
cells are the critical source of Wnts and RSPO3 
for murine intestinal stem cells in vivo. Proc Natl 
Acad Sci U S A. 2018;115(14):E3173–E3181.

 8. Basak O, Beumer J, Wiebrands K, Seno H, van 

Oudenaarden A, Clevers H. Induced quiescence 
of Lgr5+ stem cells in intestinal organoids enables 
differentiation of hormone-producing enteroendo-
crine cells. Cell Stem Cell. 2017;20(2):177–190.e4.

 9. Jin Y, et al. EGFR/Ras signaling controls 
drosophila intestinal stem cell proliferation 
via capicua-regulated genes. PLoS Genet. 
2015;11(12):e1005634.

 10. Biteau B, Jasper H. EGF signaling regulates the 
proliferation of intestinal stem cells in Drosophi-
la. Development. 2011;138(6):1045–1055.

 11. Miyoshi H, et al. Prostaglandin E2 promotes 
intestinal repair through an adaptive cel-

poration using EdU and ClickiT EdU Alexa Fluor 488 and 647 Imag-
ing Kits from Life Technologies (catalog E10187, C10337, and C10640 
respectively) as previously described (6). All samples were analyzed 
using a Leica SP5 inverted confocal microscope.

Images for different parts of the intestine were obtained based on 
the aforementioned criteria for tissue preparation and antibody stain-
ing. Quantification of EdU+ cells was done blindly on 10 cells in the 
bottom of the crypt based on cell position 0, as shown by Supplemen-
tal Figure 1C. We defined TA cells based on position within the crypt, 
EdU incorporation, and expression of cell cycle markers.

Statistics. Data were analyzed using Prism 6 software (GraphPad 
Software).

Study approval. The Duke University IACUC (Durham, NC) 
approved all animal studies.
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er than C59-treated mice. Taken together, these findings sug-
gest that MEK inhibition suppresses the proliferation caused by 
acute Wnt inhibition (Figure 4, C and D). This effect was seen 
throughout the majority of the small intestine with the excep-
tion of small parts of the proximal and distal small intestine 
(Supplemental Figure 1B and Supplemental Figure 5B). Admit-
tedly, other signaling mechanisms might coexist with ERK1/2 
activation, and/or compensate for ERK inhibition, for example, 
activation of ERK5 (25). With this caveat acknowledged, inhibi-
tion of MEK prior to Wnt inhibition blocked proliferation and 
differentiation of ISCs into TA cells and impaired intestinal 
homeostasis shortly after C59 administration. This model is 
consistent with studies showing that increased MAPK signaling 
in the intestine due to BRAFV600 mutation promotes loss of 
ISCs and increases differentiation (26, 27).

Taken together, our data not only demonstrate an unanticipat-
ed role of Wnt suppressing ISC proliferation, but also supports an 
interaction between Wnt and MAPK signaling in vivo. We propose 
that Wnt signaling maintains quiescent ISC pools through sup-
pression of the MAPK pathway in the intestine. These concepts 
will be useful in designing combination therapies for cancer and 
in regenerative medicine.

Methods
Mice strains and drug administration. Lgr5-EGFP-IRES-creERT2 (stock 
008875), Bmi1-creERT (stock 010531), C57BL/6J (stock 000664) and 
Rosa-LSL-tdTomato (stock 007905) were purchased from the Jackson 
laboratory. Lgr5-EGFP-IRES-creERT2 and Bmi1-creERT were crossed into 
Rosa-LSL-tdTomato to generate Lgr5-EGFP-IRES-creERT2(+,-)/Rosa-
LSL-tdTomato(+,-) or Bmi1-CreERT(+,-)/Rosa-LSL-tdTomato(+,-) mice 
for lineage tracing experiments. Tamoxifen (Sigma, catalog T5648-1G) 
was dissolved in corn oil (catalog C8267, 20 mg/ml) through vigorous 
shaking at 37°C. Final doses of 50 mg/kg and 100 mg/kg were inject-
ed intraperitoneally into Bmi1-creERT(+,-)/Rosa-LSL-tdTomato(+,-) 
and Lgr5-EGFP-IRES-creERT2(+,-)/Rosa-LSL-tdTomato(+,-) mice respec-
tively. PORCN inhibitor C59 was synthesized by the Duke University 
Small Molecule Synthesis facility and administered as described (28). 
Trametinib was purchased from Chemitek (catalog CT-GSK212) and 
dissolved in DMSO (10 mg/ml). The trametinib stock was adjusted to 
a final concentration of 0.3 mg/ml using vehicle solution (0.5% meth-
ylcellulose plus 0.2% Tween-80) and administered at 3 mg/kg dose 
by oral gavage.

Cell proliferation assay. Cell proliferation in vivo was measured by 
administering EdU 2 hours prior to euthanasia and measuring incor-
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