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The existence and regenerative potential of resident stem and
progenitor cells in the adult pancreas are controversial topics. A
question that has been only minimally addressed is the capacity
of a progenitor cell to self-renew, a key attribute that defines
stem cells. Previously, our laboratory has identified putative
stem and progenitor cells from the adult murine pancreas. Using
an ex vivo colony/organoid culture system, we demonstrated
that these stem/progenitor-like cells have self-renewal and mul-
tilineage differentiation potential. We have named these cells
pancreatic colony-forming units (PCFUs) because they can give
rise to three-dimensional colonies. However, the molecular
mechanisms by which PCFUs self-renew have remained largely
unknown. Here, we tested the hypothesis that PCFU self-re-
newal requires GLIS family zinc finger 3 (GLIS3), a zinc-finger
transcription factor important in pancreas development. Pan-
creata from 2- to 4-month-old mice were dissociated, sorted for
CD133highCD71low ductal cells, known to be enriched for
PCFUs, and virally transduced with shRNAs to knock down
GLIS3 and other proteins. We then plated these cells into our
colony assays and analyzed the resulting colonies for protein
and gene expression. Our results revealed a previously unknown
GLIS3–to–CD133–to–WNT signaling axis in which GLIS3 and
CD133 act as factors necessary for maintaining WNT receptors
and signaling molecules in colonies, allowing responses to WNT
ligands. Additionally, we found that CD133, but not GLIS3 or
WNT, is required for phosphoinositide 3-kinase (PI3K)/AKT
Ser/Thr kinase (AKT)-mediated PCFU survival. Collectively,
our results uncover a molecular pathway that maintains self-
renewal of adult murine PCFUs.

Many adult tissues harbor resident stem or progenitor cells
that maintain tissue integrity and homeostasis (1). Whether the
adult pancreas also harbors progenitor cells, however, is con-
troversial, with evidence both for (2–4) and against (5–7) their
existence in vivo. Adult pancreatic progenitor cells could be a
potential source of �-like cells for endogenous neogenesis or for
cell replacement therapy of type 1 diabetes.

Although the in vivo evidence is controversial, our laboratory
has provided data that a rare population of cells in the adult
murine pancreas has stem cell-like activities in vitro: they self-
renew long-term and give rise to cells that resemble all three
major pancreatic lineages (i.e. duct, acinar, and endocrine),
including insulin-producing �-like cells (8, 9). We have named
these rare tri-potent progenitors pancreatic colony-forming
units (PCFUs),3 because they, as single cells, are able to form
colonies (also known as organoids) in a methylcellulose-con-
taining semisolid medium. Methylcellulose is a biologically-in-
ert material that increases the viscosity of the medium. The
semisolid medium prevents single cells from moving and aggre-
gating, yet it is soft enough to allow a single cell to form a colony
of cells in a three-dimensional space. Using the ability to study
the in vitro functions of adult murine PCFUs, this study aimed
to investigate the molecular mechanism by which adult PCFUs
self-renew.

GLIS family zinc finger 3 (Glis3) is a member of the Krüppel-
like zinc finger transcription factor family (10). In postnatal
mice, Glis3 plays an important role in the self-renewal of sperm
stem cells (11). Also, when expressed in conjunction with
the “Yamanaka factors” Sox2, Klf4, c-Myc, and Oct4, Glis3
enhances the reprogramming of adult human adipose– derived
stromal cells into induced pluripotent stem cells (12), suggest-
ing an important role of Glis3 in the self-renewal and pluripo-
tency of various stem/progenitor cells. In humans, Glis3 is
important for proper endocrine cell development in the pan-
creas. Mutations in Glis3 are linked to neonatal diabetes (13), a
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higher risk of type 2 diabetes in several genome-wide associa-
tion studies (14), beta-cell apoptosis (15), and in some cases
defects in the formation of both the exocrine and endocrine
pancreas (16, 17). Glis3 is also necessary for proper pancreas
development in mice, and mutations in Glis3 lead to decreased
numbers of beta-cells, smaller islet volume, and subsequent
neonatal diabetes (18, 19). Adult mice continually express Glis3
in the beta and duct cells of the pancreas (20). In both adult and
embryonic mice, mutations or deletion of Glis3 leads to beta-
cell apoptosis and a cystic duct phenotype (18, 19, 21). Using
global gene expression analysis in one of our prior studies, Glis3
was found to be expressed to a higher degree in the pancreatic
CD133highCD71low ductal cell population, which is highly
enriched for adult murine PCFUs (9), than in other populations.
Given the pleiotropic roles of Glis3 in multiple biological pro-
cesses and organs of different ages, we hypothesized that Glis3
was also important in the in vitro self-renewal of adult murine
PCFUs.

To test our hypothesis, lentiviral vectors carrying short-hair-
pin interfering RNAs (shRNAs) were used to knock down Glis3
expression, and the effects on adult murine PCFUs were mea-
sured. We found that Glis3 was required for the long-term self-
renewal of PCFUs in vitro. Further analyses on the role of Glis3
in self-renewal revealed that Glis3 affected Wnt signaling mol-
ecules and, surprisingly, Prominin-1 (CD133). Follow-up stud-
ies using shRNAs against CD133 and Wnt effector �-catenin
demonstrated a previously unknown Glis3–to–CD133–to-
Wnt-signaling pathway that is required for maintaining the
responsiveness to self-renewing signals of adult murine PCFUs.

Results

Glis3 is expressed in CD133highCD71low ductal cells from the
adult murine pancreas

We previously reported that CD133highCD71low ductal cells
in the adult murine pancreas are enriched for PCFUs (9). To
confirm this finding, pancreata from 8- to 12-week-old C57Bl/6
mice were dissociated into single-cell suspension, stained
with anti-CD133 and anti-CD71 antibodies, and sorted into
CD133�CD71� (region (R)1), CD133highCD71low (R2),
CD133lowCD71� (R3), and CD133�CD71� (R4) cell popula-
tions (Fig. S1A). Sorted cells were plated into our standard
colony assay containing 5% (v/v) Matrigel (Fig. S2) (22). The
CD133highCD71low (R2) population formed colonies most effi-
ciently (Fig. S1B), consistent with our previous report (9).
Quantitative (q) RT-PCR analyses confirmed the expression
of ductal markers (keratin19 (CK19) and Sox9) in R1 and R2
cells (Fig. S1C) (9). Importantly, Glis3 was detected in the
CD133�CD71� (R1) and CD133hiCD71low (R2) ductal cell
fractions, with a higher expression in the R2 cells. These results
were consistent with our prior RNA-seq study (9), and demon-
strate that Glis3 is expressed in the CD133highCD71low ductal
cell fraction.

Glis3 affects the genetic profile and growth of
“endocrine/acinar” colonies in vitro

A functional mutation in Glis3 in the developing murine
pancreas leads to decreased expression of the Ins2 gene (19, 23).
We first tested whether Glis3 knockdown affected the expres-

sion of Ins2 in adult PCFU-derived colonies in vitro. Sorted
CD133highCD71low cells were transduced overnight with a pool
of five shRNAs directed specifically at Glis3 mRNA (shGlis3s)
or an shRNA control targeting a nonmammalian gene (shCon-
trol). Subsequently, cells were plated into our Matrigel-con-
taining colony assay with exogenous R-spondin1 (RSPO1), a
Wnt agonist (24, 25), to expand PCFUs (8). After 3 weeks, col-
onies were pooled, dissociated into a single cell suspension, and
replated into our colony assay containing laminin hydrogel (in
the absence of Matrigel and RSPO1) to differentiate PCFUs into
endocrine/acinar (E/A) colonies (Fig. S3A). We have previously
determined that E/A colonies grown in laminin hydrogel
express higher levels of endocrine and acinar cell markers, but
lower levels of ductal markers, compared with colonies grown
in the presence of Matrigel (8, 9). Puromycin was added
throughout the culture to select for transduced cells.

Individual 10-day-old E/A colonies were hand-picked and
analyzed by microfluidic qRT-PCR analysis. Microfluidic qRT-
PCR allows gene expression analysis on limited material, as lit-
tle as one colony (8). As expected, the expression of Glis3 and
Ins2 was reduced in individual E/A colonies receiving shGlis3s
compared with controls. In contrast, the expression of acinar
(amylase 2A and elastase1) and ductal (mucin-1, CK7, CK19,
and Sox9) cell markers was unchanged (Fig. S3B).

A PCFU has to survive before forming a colony; therefore, the
number of colonies grown in a culture well was used as a proxy
to indicate the survival of PCFUs that give rise to E/A colonies.
After 10 days of growth in laminin hydrogel, equal numbers of
E/A colonies formed from cells transduced with either shCon-
trol or shGlis3s (Fig. S3C), demonstrating that knockdown of
Glis3 does not affect the survival of the PCFUs that give rise to
E/A colonies. However, E/A colonies that were treated with
shGlis3s had smaller diameters compared with shControl (Fig.
S3D). We have previously determined that the diameter of a
colony may be used as a proxy for cell number (26). To deter-
mine the reasons that growth was affected, E/A colonies were
grown in the presence of EdU, handpicked, pooled, fixed, and
immunostained with EdU or TUNEL to assess proliferation and
apoptosis levels, respectively (Fig. S3E). The nuclei were stained
with Hoechst. Compared with shControl, shGlis3s-treated E/A
colonies had significantly lower EdU�Hoechst� but higher
TUNEL�Hoechst� double-positive cells (Fig. S3F). These
results demonstrate that Glis3 knockdown negatively affects
the proliferation and the survival of cells within E/A colonies.
Together, these results are consistent with previous reports in
that Glis3 affects Ins2 expression (18, 27) and beta-cell survival
(28) and confirm the effectiveness of Glis3 knockdown in our
colony system.

Glis3 is required for self-renewal of adult PCFU in vitro

To determine whether knockdown of Glis3 affected the self-
renewal of PCFUs, sorted CD133highCD71low cells were trans-
duced with shGlis3s or shControl. Subsequently, cells were
plated in a Matrigel-containing colony assay known to support
robust PCFU self-renewal in the presence of the Wnt agonist
RSPO1 (8). The resulting colonies were serially dissociated and
replated (passaged) for a total of four generations in Matrigel
and RSPO1-containing cultures (Fig. 1A). Puromycin was again
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added throughout the cultures to select for transduced cells.
Treatment of PCFUs with shGlis3s, compared with shControl,
reduced the number of PCFUs by the 4th generation (Fig. 1B).
The reduction of PCFUs was not due to survival inhibition of
shGlis3s, as there was no difference between the number of first
generation colonies derived from the freshly-sorted cells that
received shGlis3s or shControl (Fig. 1C). Together, these
results demonstrate that, in the presence of Wnt signaling,
Glis3 is required for long-term self-renewal, but not survival, of
adult PCFUs.

Glis3 lies upstream of Wnt signaling

To further investigate the relationship between Glis3 and the
Wnt pathway, we tested the hypothesis that Glis3 was down-
stream of Wnt signaling. Pooled 3-week-old colonies (first gen-
eration) grown in Matrigel with or without RSPO1 were exam-
ined for Glis3 mRNA expression, which was not affected by
exogenous RSPO1 (Fig. 1D). This suggests that Glis3 may lie
upstream of, or in parallel to, the Wnt-signaling pathway.

To test the hypothesis that Glis3 lies upstream of Wnt signal-
ing, individual 3-week-old colonies, grown in Matrigel and
RSPO1, treated with shGlis3s or shControl were hand-picked
and analyzed by microfluidic qRT-PCR for Wnt gene expres-
sion. Compared with shControl, shGlis3s-treated colonies had
decreased expression of the canonical Wnt effector �-catenin
(29), the target genes Axin2 (30) and Lgr5 (31), and the receptor
Lrp6 (Fig. 1E). The decreased Lgr5 and Lrp6 proteins were con-
firmed by Western blot analysis (Fig. 1F).

To determine whether Glis3 affected the activation of the
Lrp6 receptor, we examined the levels of phosphorylated Lrp6
(p-Lrp6; Ser-1490), which is known to increase when Wnt
ligand binds to Lrp6 on the cell surface (32). Glis3 knockdown
did not affect the protein ratio of p-Lrp6 to total Lrp6 (Fig. 1F),
suggesting that Glis3 did not affect the activation of Lrp6. Due
to the lack of a useful anti-Glis3 antibody for Western blotting
analyses, the effectiveness of shGlis3s was confirmed by the
reduced Glis3 gene expression in individual colonies, compared
with shControl (Fig. 1E). Together, these results suggest that, in
3-week-old colonies grown in Matrigel and stimulated with
RSPO1, Glis3 affects the transcription of Wnt genes, but not the
initiation of the Wnt signal transduction into the cells, and that
Glis3 lies upstream of the Wnt pathway.

Gene expression analysis in long-term cultures initiated with
Glis3 knockdown

Germ-line whole-body knockout of Glis3 results in hyper-
proliferative ducts in the newborn pancreas of mice (18). We
therefore sought to determine the long-term consequence
of Glis3 knockdown on ductal gene expression at the 4th gen-
eration colonies grown in the presence of RSPO1 in Matrigel-
containing assay as in Fig. 1A. Despite continuous selection
pressure with puromycin, Glis3 was no longer significantly
down-regulated in the 4th culture (Fig. S3G), potentially due to
promoter silencing or compensatory effects (33). The former
possibility was unlikely because shCD133s, which we used for
the next series of experiments, maintained long-term knock-
down of CD133 in the 4th culture (data not shown), suggesting
that there were compensatory effects resulting in an increased
expression of Glis3. Ductal markers, including CAII, CK19,
Hnf1b, and Sox9, were significantly increased in colonies initi-
ated with Glis3 knockdown compared with shControl. The
Wnt gene Axin2, as well as �-catenin, that were initially down-
regulated in the first generation (Fig. 1E) was now up-regulated
in the 4th generation colonies (Fig. S3G). Additionally, c-myc, a
Wnt/�-catenin target gene important for proliferation (34),
was significantly enhanced in 4th generation colonies initiated
with Glis3 knockdown. These results suggest that long-term
Glis3 knockdown may result in a switch from PCFUs still capa-
ble of self-renewal in the early culture into the nonself-renew-
ing ductal cells with activated Wnt signaling in the 4th genera-
tion. These results are therefore consistent with the phenotype
of hyperproliferative ducts in Glis3 knockout mice (18) and may
explain the minor effects of Glis3 knockdown in the number of
total PCFUs in the 2nd and 3rd generations (Fig. 1B).

Glis3 knockdown affects multiple gene pathways

To further investigate the overall effects of Glis3 knockdown,
we performed global gene expression analysis using RNA-seq
on RSPO1-stimulated 3-week-old colonies grown in Matrigel
transduced with shControl or shGlis3s. Next, the Ingenuity
Pathway Analysis (IPA) software was used to analyze and cate-
gorize the differentially-expressed genes. Under the function
“disease annotations” in IPA, decreased cellular movement and
migration were found to be top-ranked in the shGlis3-de-
creased gene category (Fig. 1G). We employed another tool
from IPA, the “upstream regulators,” that predicts affected

Figure 1. Knockdown of Glis3 reduces Wnt targets/signaling transducers and CD133 in short-term culture and inhibits long-term self-renewal of
PCFUs. A, experimental scheme to assess self-renewal by serial dissociation and replating of cystic colonies grown in standard (Matrigel-containing) colony
assay containing a Wnt agonist RSPO1. B, knockdown of Glis3 reduced the total number of PCFUs at the 4th generation, suggesting that Glis3 was required for
long-term self-renewal of PCFUs in vitro. Data are from five pooled biological samples run in four independent experiments with four technical replicates each
and are represented as mean � S.E. C, Glis3 knockdown did not affect the number of first generation cystic colonies in the primary culture, suggesting that Glis3
was not required for the survival of PCFUs that gave rise to cystic colonies. Data are from five pooled biological samples run in nine independent experiments
with four technical replicates each and are represented as mean � S.E. D, conventional qRT-PCR analyses of pooled colonies showed that, compared with the
“no RSPO1” control, addition of exogenous RSPO1 increased Wnt genes, Lgr5 and Axin2, but not Glis3 or CD133, whereas the addition of a porcupine inhibitor
“PORCNi” did not change the expression of Lgr5 or Axin2. Results are shown as fold change of ��Ct values from PORCNi or RSPO1 versus no RSPO1-treated
colonies. �-Actin was used to calculate ��Ct values of each gene. Data represent the mean � S.E. of three independent experiments. E, microfluidic qRT-PCR
analyses showed that expression of Wnt genes and CD133 in individual cystic colonies was reduced by Glis3 knockdown. None of the genes displayed were
up-regulated. Data represent mean � S.E. of a total of 28 colonies gathered from three independent experiments. F, decreased protein expression of Lgr5, total
Lrp6, phospho-Lrp6 (Ser-1490), and CD133 in cystic colonies treated with shGlis3s was confirmed by Western blotting analyses. �-Actin was used as a loading
control. Images are representatives of three independent experiments showing similar trends. G and H, IPA revealed top down-regulated pathways or genes
affected by Glis3 knockdown in modules of “diseases” (G) and “predicted transcription factors” (H). Data are from five pooled biological samples run in two
independent experiments and are represented as mean � S.E. *, p value �0.05; **, p value �0.01; ****, p value �0.0001; n.s., not significant.
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genes that lie upstream of the down-regulated genes affected
by shGlis3s. To our gratification, �-catenin (CTNNB1) was
ranked in the top 10 transcriptional regulators affected by the
knockdown of Glis3 (Fig. 1H) which confirmed that Glis3 lies
upstream of Wnt signaling.

Glis3 lies upstream of CD133 signaling

Because CD133 is expressed by various types of progenitor
cells (35–37) and is used to enrich PCFUs in our laboratory (8,
9, 22, 26, 38 –40), the expression of CD133 is routinely moni-
tored in colonies. Serendipitously, we found that whenever
Glis3 was knocked down, CD133 was significantly down-regu-
lated on both mRNA (Fig. 1E) and protein levels (Fig. 1F), sug-

gesting that CD133 is also downstream of Glis3. Previous
reports suggest that CD133 networks with the Wnt pathway
(41, 42). To test whether CD133 was interacting with Wnt in
our system, the expression of CD133 in colonies grown in
Matrigel with or without RSPO1 was examined. CD133 expres-
sion did not change between colonies treated with or without
RSPO1 (Fig. 1D), suggesting that CD133 is not downstream but
may lie either upstream or in parallel to the Wnt pathway.

CD133 lies upstream of Wnt signaling

We next tested the hypothesis that CD133 was upstream of
Wnt signaling in adult PCFUs. Sorted CD133highCD71low cells
were transduced with a pool of five lentiviral vectors carrying

Figure 2. Knockdown of CD133 decreases Wnt targets/signaling transducers and phospho-AKT, but not Glis3, in 3-week-old cystic colonies grown in
Matrigel and RSPO1. A, single-colony microfluidic qRT-PCR analysis showed that knockdown of CD133 reduced the expression of Wnt genes but not Glis3,
suggesting CD133 lies downstream of Glis3 but upstream of Wnt signaling. None of the displayed genes were significantly up-regulated. Data represent
mean � S.E. of a total of 37 cystic colonies from three independent experiments. B, Western blot analysis showed, in colonies treated with shCD133s, decreased
protein expression of CD133, Lgr5, active �-catenin, and phospho-AKT (Ser-473), but not total Lrp6, phospho-Lrp6 (Ser-1490), total AKT, total Stat3, and
phospho-Stat3 (Tyr-705). �-Actin was used as a loading control. Images are representatives of three independent experiments showing similar trends. C and
D, IPA revealed top down-regulated pathways or genes affected by CD133 knockdown in modules of “diseases” (C) and “predicted transcription factors” (D).
Data are from five pooled biological samples run in two independent experiments. *, p value �0.05; **, p value �0.01; N/A, not applicable.
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shRNAs against CD133 (shCD133s) or shControl, plated into
Matrigel colony assay in the presence of exogenous RSPO1, and
the resulting colonies were analyzed by single-colony qRT-PCR
for Wnt genes. As expected, individual 3-week-old colonies
treated with shCD133s, compared with shControl, had
decreased expression of CD133 both in mRNA (Fig. 2A) and
protein (Fig. 2B). �-Catenin, Axin2, and Lgr5 were also signifi-
cantly decreased in shCD133-treated colonies, compared with
control (Fig. 2A). The reduced protein expression of Lgr5 was
confirmed by Western blot analysis (Fig. 2B). In contrast to
Glis3 knockdown, CD133 knockdown did not change mRNA or
protein expression of Lrp6 (Fig. 2, A and B), suggesting a diver-
gent effect of Glis3 and CD133 on this Wnt receptor. Similar to
Glis3 knockdown, the ratio of p-Lrp6 to total Lrp6 did not
change in response to CD133 knockdown, suggesting a lack of
involvement of CD133 in Lrp6 activation. Finally, knockdown
of CD133 did not affect Glis3 expression (Fig. 2A), demonstrat-
ing that CD133 is downstream of Glis3 but upstream of Wnt.

CD133 knockdown affects multiple gene pathways

Using RNA-seq and IPA analyses, differentially expressed
genes in 3-week-old colonies grown in Matrigel and RSPO1 and
treated with shCD133s or shControl had shocking similarity to
the results obtained by Glis3 knockdown. The “disease annota-
tion” showed reduced cell movement and migration as the first
and third most affected cellular functions (Fig. 2C). �-Catenin
(CTNNB1) was again in the top 10 predicted decreased tran-
scriptional regulators following shCD133s treatment (Fig. 2D).
These results support the finding that CD133 lies upstream of
Wnt signaling.

CD133 signaling is required for in vitro self-renewal and
survival of adult PCFUs

To determine whether CD133 may also be involved in PCFU
self-renewal, sorted CD133highCD71low cells were transduced
with shCD133s or shControl lentiviruses and serially replated
in the Matrigel colony assay in the presence of exogenous
RSPO1 for four generations. Compared with control, CD133
knockdown significantly decreased the number of PCFUs in all
generations (Fig. 3A). Unlike the results from shGlis3s (Fig. 1C),
knockdown of CD133 in freshly-sorted cells reduced the total
number of 1st-generation colonies grown in Matrigel and
RSPO1 (Fig. 3B), suggesting that CD133 was necessary to main-
tain PCFU survival in vitro. To adjust for the effect of CD133 in
PCFU survival, the self-renewal data were re-analyzed by
accommodating for the 40% reduction of PCFUs from
shCD133-treated cells (Fig. 3B). As expected, there was no lon-
ger a difference in colony numbers in the first generation
between shControl and shCD133-treated groups after adjust-
ments; however, the total PCFUs in the 2nd generation
remained significantly different (Fig. 3C), demonstrating that
PCFU self-renewal is indeed affected by CD133 knockdown.

CD133 affects PCFU survival via PIK/AKT pathway

CD133 affects the survival and tumorigenicity of glioma and
colon cancer stem cells through interactions with the PI3K/
AKT complex (43, 44). PI3K/AKT signaling is required for the
survival of many progenitor cell types (45, 46). To determine
whether PI3K/AKT was affected by CD133 knockdown in our
system, we employed the “upstream complexes” tool in IPA to

Figure 3. Knockdown of CD133 decreases both self-renewal and survival of PCFUs grown in Matrigel and RSPO1. A, number of PCFUs, assessed by a
serial replating strategy, was reduced by knockdown of CD133. Data are from five pooled biological samples run in four independent experiments with four
technical replicates each and are represented as mean � S.E. B, number of primary (first generation) cystic colonies grown in standard (Matrigel-containing)
colony assay plus RSPO1 was reduced by CD133 knockdown, suggesting that CD133 is required for the survival of PCFUs. Data represent mean � S.E. from four
experiments. C, data from A were re-analyzed after adjusting for the 40% reduction of PCFU survival caused by CD133 knockdown, which showed that
self-renewal of PCFUs indeed requires CD133. D and E, pharmacological activation of PI3K by 740 Y-P and AKT by SC79 rescued the number of primary cystic
colonies treated with shCD133s, demonstrating the survival effects of CD133 were mediated by the PI3K/AKT pathway. Data are from five pooled biological
samples run in three independent experiments with four technical replicates from each molecule and are represented as mean � S.E. *, p value �0.05; **, p
value �0.01; ***, p value �0.001; ****, p value �0.0001; n.s., not significant.
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predict the protein complexes affected by shCD133s (Fig. S4).
The PI3K complex was ranked the 2nd most significantly–
down-regulated complexes in the CD133 knockdown.

To further confirm the involvement of the PI3K/AKT path-
way, pooled 3-week-old colonies grown in Matrigel treated
with shCD133s or shControl were examined by Western blot-
ting for the presence of phosphorylated AKT (p-AKT; Ser-473),
an indicator of AKT activation (47). Knockdown of CD133
resulted in a reduced level of p-AKT, although the total AKT
protein was unchanged (Fig. 2B). These results demonstrate
that CD133 is required for AKT activation in PCFU-derived
colonies.

Next, we sought to determine whether the survival inhi-
bition of PCFUs induced by shCD133s could be rescued by
activating PI3K/AKT signaling. To test this, freshly sorted
CD133highCD71low cells were transduced with shCD133s or
shControl and then plated in the presence of pharmacological
activators of PI3K (740 Y-P) or AKT (SC79). Both 740 Y-P (Fig.
3D) and SC79 (Fig. 3E), compared with vehicle control, signif-
icantly increased colony formation from shCD133s-transduced
PCFUs. In contrast, 740 Y-P or SC79 had no effect on total
colonies formed from shControl-transduced PCFUs (Fig. 3, D
and E). These results demonstrate that the requirement of
CD133 for PCFU survival is mediated, at least in part, through
PI3K/AKT signaling.

Stat3 is also known to affect survival of cells (48), and it was
ranked in the IPA analysis as the 3rd most significantly– down-
regulated complexes in the CD133 knockdown (Fig. S4). In con-
trast to PI3K/AKT, knockdown of CD133 did not change the
levels of total Stat3 proteins nor phospho-Stat3 (p-Stat3; Tyr-
705) in Western blot analysis (Fig. 2B).

RSPO1 partially rescues inhibition of PCFU self-renewal
mediated by Glis3 and CD133 knockdowns

To confirm that the effect of Glis3 or CD133 on PCFU self-
renewal was indeed mediated through Wnt signaling, we
attempted to perform rescue experiments (Fig. 4A). Sorted
CD133highCD71low cells were transduced with shGlis3s,
shCD133s, or shControl lentiviruses and serially-replated in
the Matrigel colony assay without exogenous RSPO1. In paral-
lel, exogenous RSPO1 was added to each group. Without
RSPO1, the shControl-treated cells had a base-line level of self-
renewal (Fig. 4B, blue dotted line), consistent with our previous
reports (8). Also consistent with our previous finding (8), addi-
tion of RSPO1 to shControl-treated cells increased self-renewal
(Fig. 4B, comparing blue dotted versus solid lines), confirming
the bioactivity of the RSPO1 used. In the presence of RSPO1,
shGlis3s and shCDS133s reduced self-renewal at the 4th gen-
eration, compared with shControl (Fig. 4B; comparing the

Figure 4. Glis3 and CD133 affect self-renewal of PCFUs through Wnt signaling. A, experimental scheme for PCFUs transduced with lentivirus carrying
shGlis3s, shCD133s, or shControl followed by serial replating in Matrigel-containing culture with or without exogenous RSPO1. B, in the absence of exogenous
RSPO1, knockdown of Glis3 (red dotted line) and CD133 (green dotted line) stopped self-renewal at the second passage. Addition of exogenous RSPO1 to PCFUs
that were treated with shGlis3s (red solid line) or shCD133s (green solid line) partially rescued the self-renewal to the same levels as the PCFUs that received
shControl (blue dotted line). The biological activity of the exogenous RSPO1 was further confirmed by the increase of self-renewal in PCFUs that received
shControl and RSPO1 (blue solid line), compared with shControl and no RSPO1 (blue dotted line). Results are represented as mean � S.E. from four independent
experiments. *, p value �0.05.
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three solid lines), which confirmed the results obtained in Figs.
1B and 3A.

Knockdowns of Glis3 and CD133 stopped PCFU self-re-
newal in the absence of RSPO1 after the second passaging (Fig.
4B; comparing red and green dotted lines with the blue dotted
line), suggesting that Glis3 and CD133 were needed to maintain
self-renewal even in the absence of exogenous RSPO1. This
could be due to endogenous production of Wnt ligands, or
effects from alternative signaling pathways such as EGF and
nicotinamide, which are known to support self-renewal of adult
murine PCFUs (40).

When RSPO1 was added, the self-renewal of PCFUs with
respect to Glis3 and CD133 knockdowns was restored to the
basal level of the shControl-treated cells (blue dotted line) (Fig.
4B, comparing red and green dotted lines with red and green
solid lines), demonstrating partial rescues. This result also dem-
onstrated that exogenous RSPO1 did not bypass Glis3 and
CD133 to fully activate self-renewal. This is expected because
Glis3 and CD133 were needed for the optimal expression of
Lgr5 and Lrp6 (Figs. 1F and 2B), two molecules required to
initiate RSPO1-mediated signaling (49). Together, these data
demonstrate that the effects of Glis3 and CD133 on PCFU self-
renewal are mediated through Wnt signaling.

Next, we sought to exclude the possibility that cells in colo-
nies could produce Wnt ligands, which can act as autocrine or
paracrine factors to influence Wnt signaling. Porcupine is
known to mediate the secretion of Wnt ligands (50). Therefore,
sorted CD133highCD71low cells were treated with 1 �M of a
porcupine inhibitor, LGK-974 (PORCNi) (51), and plated in
Matrigel culture in the absence of exogenous RSPO1 for 3
weeks (Fig. 1D). Gene expression analysis demonstrated that
porcupine inhibitor, compared with the vehicle control, did not
significantly alter the expression of Wnt target genes Lgr5 or
Axin2 in colonies. These results demonstrate that cells in colo-
nies grown in Matrigel without exogenous RSPO1 produce
minimal amounts of Wnt ligands. Therefore, these results pre-
clude the possibility that knockdown of Glis3 or CD133 reduces
Wnt signaling by inhibiting endogenous Wnt production or
secretion.

�-Catenin is necessary for in vitro self-renewal of PCFUs

Canonical Wnt signals through its effector �-catenin (52).
Previously, we showed that inhibiting canonical Wnt signaling
using a Wnt receptor antagonist, Dkk1, resulted in a decreased
PCFU self-renewal (8). To confirm the effect of canonical Wnt
on the self-renewal of PCFUs, sorted CD133highCD71low cells
were transduced with a pool of five lentiviral vectors carrying
shRNAs against �-catenin or shControl and serially-replated as
described above. As expected, knockdown of �-catenin, com-
pared with control, reduced the self-renewal of adult PCFUs in
vitro (Fig. 5A). Knockdown of �-catenin did not affect PCFU
survival (Fig. 5B), similar to the results shown by Glis3 knock-
down (Fig. 1C).

The effectiveness of the shRNAs was confirmed using sin-
gle-colony microfluidic qRT-PCR, which showed the
reduced expression of �-catenin in sh�-cats–treated first
generation colonies compared with shControl (Fig. 5C).
Reduced protein expression of �-catenin was confirmed by

Western blot analysis, again confirming knockdown (Fig.
5D). Expression of Axin2 and Lgr5 was reduced in response
to �-catenin knockdown (Fig. 5C); however, neither the gene
expression of Glis3 or CD133 (Fig. 5C) nor the protein
expression of CD133 (Fig. 5D) was changed in colonies
treated with sh�-cats, again confirming that Wnt lies down-
stream of both Glis3 and CD133.

CD133 regulates �-catenin activation

To further interrogate the relationship between CD133 and
�-catenin, we tested whether activation of �-catenin was able
to rescue the inhibited expression of Lgr5 by CD133 knock-
down. Freshly-sorted cells were transduced with shCD133s and
grown in the presence of Matrigel and RSPO1 for 3 weeks. A
GSK-3� inhibitor, CHIR99021 (53), which inhibits the destruc-
tion complex of �-catenin thereby activating Wnt signaling,
was added to 3-week-old colonies for 1 day. As expected,
CD133 knockdown reduced the gene expression of Lgr5 in col-
onies grown without CHIR99021 (Fig. 6A, comparing 1st and
3rd columns). Addition of CHIR99021 rescued Lgr5 expression
(Fig. 6A, comparing 3rd and 4th columns), suggesting CD133

Figure 5. �-Catenin knockdown reduces PCFU self-renewal and Wnt
genes, but not CD133 or Glis3. A, self-renewal of PCFUs, assessed by a serial
replating strategy, was reduced by knockdown of �-catenin, a canonical Wnt
effector. Data are from five pooled biological samples run in three indepen-
dent experiments with four technical replicates each and are represented as
mean � S.E. B, number of primary (first generation) cystic colonies grown in
Matrigel and RSPO1 was not reduced by �-catenin knockdown, suggesting
that �-catenin is not required for the survival of PCFUs. Data are from five
pooled biological samples run in three independent experiments with four
technical replicates each and are represented as mean � S.E. C, microfluidic
qRT-PCR analyses showed that knockdown of �-catenin reduced gene
expression in individual cystic colonies of Wnt genes but not Glis3 or CD133.
None of the genes displayed were significantly up-regulated. Data represent
mean � S.E. of a total of 48 colonies gathered from three independent exper-
iments each consisting of five pooled biological replicates. D, Western blot-
ting analyses confirmed decreased �-catenin, but not CD133, proteins in cys-
tic colonies treated with sh�-cats, compared with control. �-Actin was used
as a loading control. Images are representative of two independent experi-
ments showing similar trends. Molecular weights are indicated. *, p value
�0.05; **, p value �0.01; ****, p value �0.0001; n.s., not significant.
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mediates its effect through �-catenin activation caused by
GSK-3� inactivation.

To further confirm, we performed Western blotting on total
and activated �-catenin in 3-week-old colonies grown in Matri-
gel and RSPO1. Compared with controls, knockdown of CD133
led to decreased protein levels of �-catenin in the activated
form (nonphosphorylated at Ser-33/Ser-37/Thr-41) (Fig. 6B).
In contrast, total �-catenin protein levels appeared to be unaf-
fected, although the mRNA level was consistently yet minimally
down-regulated (Fig. 2A). These results demonstrate that
CD133 is required for �-catenin activation at the protein level.

To test whether CD133 may bind to �-catenin directly, we
performed co-immunoprecipitation using antibody against
�-catenin. However, CD133 was not present in the complexes
being pulled down by anti-�-catenin (data not shown). Previ-
ous reports show that �-catenin is capable of binding to E-cad-
herin at the cell membrane (54). Additionally, CD133 can inter-
act with E-cadherin in expanding primary human renal
progenitor cells and function as a permissive factor for canon-
ical Wnt signaling (55). We therefore tested the potential inter-
actions of these molecules. Three-week-old colonies grown in
the presence of Matrigel and RSPO1 were lysed, and the protein
complexes were pulled down by anti-E-cadherin antibodies fol-
lowed by Western blot analysis. Both �-catenin and CD133

were found to be associated with E-cadherin (Fig. 6C), demon-
strating that E-cadherin, CD133, and �-catenin form a com-
plex. These results demonstrate that, although not in direct
contact, CD133 is in close physical proximity to �-catenin via
E-cadherin in the 3-week-old colonies.

Discussion

Using FACS-sorted PCFUs from adult murine pancreata and
our unique colony assays, we demonstrate here that a Glis3–
CD133–Wnt signaling axis regulates PCFU self-renewal. Glis3
(11), CD133 (43), and Wnt (31) have individually been impli-
cated in regulating the self-renewal of stem and progenitor cells
in tissues other than the pancreas. The current results, to the
best of our knowledge, appear to be the first to delineate the
sequence of signaling hierarchy among these molecules in reg-
ulating the self-renewal of progenitors. However, we caution
that due to technical difficulties, we could not rescue Glis3
knockdown with overexpression of CD133; therefore, the spec-
ificity of the effect of Glis3 mediated through CD133 requires
further investigation.

This study confirmed the necessity of canonical Wnt signal-
ing for PCFU self-renewal in vitro (Fig. 5A). Previously, the
increase of self-renewal by exogenous Wnt ligand (RSPO1) in
adult murine PCFUs has been demonstrated in our published

Figure 6. CD133 co-localizes with �-catenin via E-cadherin and directs activation of �-catenin via inhibiting GSK-3� in 3-week-old cystic colonies
grown in Matrigel and RSPO1. A, inhibiting GSK-3� rescued the gene expression of Lrg5 inhibited by shCD133s. PCFUs were transduced with shControl or
shCD133s and grown in the presence of Matrigel and RSPO1 for 3 weeks. The 3-week-old colonies were then treated with the GSK3 inhibitor CHIR99021 (5 �M)
or DMSO vehicle (0.02%) for 1 day before being pooled and analyzed for gene expression for Lgr5 and CD133 by conventional qRT-PCR. Data represent mean �
S.E. from three experiments. B, CD133 maintained levels of an active form of �-catenin. Western blot analysis showed that shCD133s decreased protein
expression of active (nonphosphorylated) �-catenin, unchanged levels of total �-catenin, and unchanged levels of E-cadherin. �-Actin was used as a loading
control. Images are representatives of two to three independent experiments showing similar trends. C, co-immunoprecipitation with anti-E-cadherin anti-
body showed precipitation of �-catenin and CD133, demonstrating co-localization of the three molecules in 3-week-old colonies grown in Matrigel and RSPO1.
The 5% input of total sample and mouse IgG1, the isotype of the anti-E-cadherin antibody, were used as controls. Images representative of two independent
experiments showing similar trends. *, p value�0.05; **, p value�0.01; n.s., not significant.
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studies (8), and the same conclusion was corroborated by other
studies (56, 57). In addition to the Wnt findings, the new find-
ings from this study are the roles of Glis3 and CD133 for in vitro
self-renewal of adult murine PCFUs.

Our data add to a growing body of literature demonstrating
the importance of Glis3 in the self-renewal and maintenance of
progenitor cells. As mentioned, a mutation of Glis3 in murine
sperm stem cells results in a decreased expression of genes
important for self-renewal (i.e. Lhx1, Sall4, and Id4), leading
to a severe lack of mature sperm cells (11). Overexpression
of Glis3 increases reprogramming efficiency of canonical
Yamanaka factors (12), presumably through the up-regula-
tion of FoxA2, Wnt, and the induction of pluripotency genes,
similar to those induced by the family member Glis1 (58),
which has 94% homology to Glis3 (10, 59).

Here, we show that Glis3 regulates self-renewal of adult
murine PCFUs in organoids by changing the gene and protein
expression of certain Wnt genes (Figs. 1 and 4). Interestingly,
the negative effect of Glis3 knockdown on self-renewal oc-
curred later at the 4th generation, compared with CD133 and
�-catenin knockdowns at the 2nd generation. Knockdown of
Glis3 down-regulates and up-regulates Wnt-related genes in
the 1st and 4th generations, respectively. These contrasting
results are likely due to the known pleiotropic effects of Glis3
impacting multiple pathways (60, 61). We speculate that Glis3
fine-tunes its effects over time in a cell-dependent manner: in
the earlier PCFUs to sustain the expression of Wnt receptors
(e.g. Lgr5 and Lrp6) as well as CD133, and, once the PCFUs are
exhausted or in the differentiated ductal cells, inhibiting prolif-
eration via a currently unknown mechanism.

While our manuscript was in revision, Jeon et al. (62) showed
that overexpression of Glis3 in human embryonic stem cells
(hESCs) causes up-regulation of Wnt ligand genes, such as
Wnt3A. This increase was caused by a direct binding of Glis3 to
the Wnt3A promoter, demonstrated by ChIP-seq analysis
using FLAG-tagged Glis3. In silico analysis utilizing JASPAR
motifs and the eukaryotic promoter database demonstrated
potential Glis3 consensus-binding sites in promoter regions of
CD133, Axin2, Lgr5, and �-catenin (data not shown), genes not
reported by Jeon et al. (62). Again, it is possible that the effects
of Glis3 are dependent on cellular context, and further analysis
will be necessary to compare how Glis3 may differentially affect
Wnt genes in our PCFUs versus hESCs.

The role of CD133 in self-renewal and proliferation has been
well-documented in tumor-initiating cells (63). Overexpres-
sion of CD133 in carcinoma cell lines originating from the
mouth, head, and neck increases the expression of stem cell-
specific genes, Oct4, Sox2, and Nanog (64, 65). CD133 has also
been shown to be necessary for the proliferation and self-re-
newal of various tumor cells and human embryonic kidney cells
through interacting with HDAC6 to influence Wnt signaling
(41). Finally, knockdown of CD133 in glioblastoma tumor cells
caused a significant decrease in self-renewal (63) demonstrat-
ing that in tumor cells CD133 is required for stemness
properties.

Despite the wealth of the above-mentioned research in
tumor cells, the functional role of CD133 has not been exten-
sively explored in normal murine tissues. In the mouse embryo,

CD133 affects neural stem cell (NSC) maintenance through
changes to asymmetrical division where NSCs retain and dif-
ferentiated young neurons lack CD133 (66). This may suggest
a positive role for CD133 in self-renewal of embryonic NSCs.
In adult hematopoietic stem cells (HSCs), however, CD133
knockdown does not affect the self-renewal of HSCs but leads
to an enhanced differentiation of HSCs toward the myeloid, as
opposed to the lymphoid, lineage (67). These studies, together
with our current results (discussed more below), suggest that
the roles of CD133 are likely cell type–specific.

In contrast to hESCs (68), the colonies grown in our standard
Matrigel assay (without exogenous RSPO1) do not appear to
secrete endogenous Wnt ligands (Fig. 1D), which should pre-
vent a positive feed-forward loop. Importantly, the ratio of phos-
phorylated Lrp6 to total Lrp6 protein was not changed by either
Glis3 or CD133 knockdown, suggesting that Wnt signaling ini-
tiation may be triggered without Glis3 or CD133. Additionally,
we found that CD133 was required for optimal Lgr5 expression
(Figs. 2, A and B, and 6A), as well as maintaining some active
form of �-catenin (Fig. 6B), which is known to activate Lgr5
transcription (31). Glis3 maintained the expression of Lrp6 in
addition to Lgr5 (Fig. 1, E and F), highlighting overlapping yet
divergent effects of Glis3 and CD133 in maintaining the expres-
sion of Wnt receptors. Because RSPO1 depends on Lgr5 and
Lrp6 for signal transmission (49), these results suggest that
Glis3 and CD133 collectively endow PCFUs the ability to
respond to external Wnt stimuli by maintaining the expression
of these Wnt receptors.

To the best of our knowledge, our study is the first to dem-
onstrate the physical association of CD133 with �-catenin via
E-cadherin in primary murine cells. This association may sug-
gest functional interactions between CD133 and �-catenin,
although we could not detect a direct physical interaction
between these two molecules by co-immunoprecipitation anal-
ysis (data not shown). Previously, it has been shown that E-cad-
herin and �-catenin interact at adherens junctions on the cell
membrane to increase cell– cell adhesion (54). When bound to
E-cadherin, �-catenin is typically considered “sequestered” and
not able to stimulate Wnt signaling (69). Knockdown of CD133
did not affect E-cadherin levels in our cells (Fig. 6B), suggesting
that the sequestering mechanism of �-catenin by E-cadherin is
in place. However, a switch in �-catenin function from adhe-
sion to Wnt signaling may be regulated by phosphorylating
�-catenin at specific tyrosine residues (70, 71). CD133 can act
as a scaffold for other serine/threonine kinases, including AKT
(43), which has been shown to directly activate �-catenin (43,
72). Additionally, CD133 can directly interact with the tyrosine
kinase Src in vitro (73), which has been shown to promote acti-
vation of focal adhesion kinase (FAK), leading to �-catenin
nuclear localization and murine epidermal cell migration (74).
We therefore speculate that certain tyrosine kinases associated
with CD133 can play a direct role in activating �-catenin.

Alternatively, CD133-mediated �-catenin activation may be
controlled through GSK-3� inhibition. All activities of GSK-
3�, including that in the destruction complex for �-catenin,
are inhibited by CHIR99021 (53, 75). The observation that
CHIR99021, when added to colonies with CD133 knockdown,
rescued Wnt target gene expression (Fig. 6A) suggests that
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CD133 may inhibit GSK-3�, but this hypothesis requires fur-
ther investigation.

In this study CD133, but not Glis3 or �-catenin, is required
for both self-renewal (Fig. 3, A and C) and PI3K/AKT-mediated
survival (Fig. 3, B, D, and E), demonstrating the functional
importance of CD133 for adult murine PCFUs. However, the
fact that only cells that express high levels of CD133 on their cell
surface can form colonies, but not every single CD133high cell is
capable of forming a colony (Fig. S1, A and B) (26), suggests that
CD133 is necessary but not sufficient to confer a PCFU status.
Whether Glis3 is a molecule that enables CD133high cells to
form colonies needs further investigation.

IPA analyses of Glis3- and CD133-affected genes in 3-week-
old colonies grown in Matrigel and RSPO1 revealed interesting
biological pathways and upstream regulators (Figs. 1, G and H,
and 2, C and D). Cell movement, migration, and NF-�B, a key
regulator in immune response (76), are affected by the knock-
downs of both Glis3 and CD133, which may implicate the
involvement in these processes by their common downstream
signal, Wnt. These biological processes are not typically associ-
ated with stemness of other organs. However, prior findings did
show roles of Wnt in cytoskeletal rearrangement and chemo-
kine expression, which directly affected cell movement and
migration in various cell types (77), as well as cross-talk in the
inflammatory responses (78). The upstream complex analyses
in the CD133-knockdown genes identified the possible involve-
ment of both PI3K/AKT and Stat3 signaling (Fig. S4). However,
only the activation of AKT but not Stat3 was affected by CD133

knockdown in colonies grown in Matrigel (Fig. 2B). This result
suggests that, although dependent on CD133, AKT signaling
affects downstream genes independent of Stat3. It is known
that Stat3 can directly affect AKT expression (79), and there-
fore, the IPA analysis may have indiscriminately identified Stat3
by association. Regardless, the other pathways identified in the
IPA analyses will open new avenues to further decipher the
biology of adult PCFUs.

In summary, this study reveals a Glis3–CD133–Wnt molec-
ular pathway and its functions in in vitro self-renewal and sur-
vival of adult murine PCFUs (Fig. 7). These results may have
implications for targeting this signaling axis for maintenance
and expansion of adult PCFUs for endogenous neogenesis or
cell-replacement therapy of type 1 diabetes, in which insulin-
producing beta cells are destroyed by an autoimmune attack
(80).

Experimental procedures

Mice

C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME)
aged 8 –12 weeks old from both sexes were used in this study.
All mice were maintained under specific pathogen-free con-
ditions, and animal experiments were conducted according
to the Institutional Animal Care and Use Committee at the
City of Hope. All procedures and protocols were approved by
the Institutional Animal Care and Use Committee at the City
of Hope.

Figure 7. Proposed model for the Glis3–CD133–Wnt-signaling pathway in adult murine PCFU-derived 3-week-old cystic colonies grown in Matrigel
and RSPO1. A, at the resting state, freshly-sorted PCFUs express Glis3 and CD133. Glis3 maintains the levels of Wnt receptors Lgr5 and Lrp6 in colonies, making
the cells permissive to further receive and respond to RSPO1. Glis3 also maintains the expression of CD133 in colonies. CD133, E-cadherin, and �-catenin form
a complex, potentially at the adherens junction (54). CD133 sustains the levels of the activated AKT (p-AKT), thereby conserving the activated form of �-catenin.
In the literature, p-AKT, a serine/threonine kinase, is known to be capable of directly activating �-catenin (72). Literature also suggests that CD133 may directly
bind to certain tyrosine kinases, such as Src in in vitro binding assays (73). Src indirectly activates �-catenin at tyrosine residues via FAK that allows �-catenin to
switch roles from adhesion to a transcriptionally-active form (74). CD133 may also inhibit the activities of GSK-3�, a molecule in the destruction complex for
�-catenin, thereby activating �-catenin. The activated �-catenin translocates into the nucleus (52), which maintains the gene expression of Wnt-signaling
molecules, such as Lrg5, and eventually self-renewal of PCFUs. B, for PCFU survival, CD133 sustains the activation of AKT, most likely through its interactions
with PI3K (43). Literature has shown that AKT activation leads to increased expression of survival-associated genes (45, 46), which in turn should allow PCFUs
to survive and form colonies.
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Dissociation of pancreas into single cells

Murine pancreata were dissected, cleared of fat tissue under
a dissecting microscope, and rinsed three times in cold Dulbec-
co’s PBS (DPBS) containing 0.1% bovine serum albumin (BSA),
100 units/ml penicillin, and 100 �g/ml streptomycin; this wash
solution is referred to as PBS/BSA. Pancreata were minced in a
dry Petri dish placed on ice using spring scissors for 3 min or
until finely minced. The tissue was transferred to a 50-ml con-
ical tube and resuspended in PBS/BSA containing collagenase B
(2– 4 mg/ml) (Roche Applied Science, Mannheim, Germany)
and DNase I (2000 units/ml) (Calbiochem, Darmstadt, Ger-
many). Tissue was incubated at 37 °C for 16 min with swirling
every 2–3 min and gently passed through a 16-gauge syringe
needle every 8 min. Cells were then washed in cold PBS/BSA
supplemented with 2000 units/ml DNase I and successively
passed through a 100- and a 40-�m mesh filter (BD Biosci-
ences) to yield a mostly single cell suspension.

Cell sorting

Sorting was performed similarly to our previous publication
(9). Briefly, dissociated pancreatic cells were first incubated
with anti-mouse CD16/32 (10 �g/ml) (BioLegend, San Diego)
for 5 min on ice to diminish nonspecific binding. Biotin-con-
jugated anti-mouse CD133 (clone 13A4; 5 �g/ml; eBiosci-
ence, San Diego) and phycoerythrin/Cy7 (PECy7)-conju-
gated anti-mouse CD71 (clone RI7217; 5 �g/ml; BioLegend,
San Diego) antibodies were added. Cells were incubated for
20 min on ice, washed twice, then treated with streptavidin-
labeled allophycocyanin (2 �g/ml BioLegend, San Diego) for
15 min on ice, washed twice and resuspended in PBS/BSA/
DNase I containing DAPI (0.2 �g/ml). Control antibodies
were biotin-conjugated rat IgG1 (5 �g/ml; eBioscience, San
Diego) and PE/Cy7-conjugated rat IgG1 (5 �g/ml; BioLeg-
end, San Diego). Acquired flow cytometry data were ana-
lyzed with software provided by FlowJo (TreeStar, Ashland,
OR). Cell sorting was performed on an Aria special-order
research product (BD Biosciences). All analyses included an
initial gating of forward and side scatters to exclude debris.
In cell-sorting experiments, doublets were further excluded
by gating out high pulse-width cells, and live cells were
selected by DAPI-negative staining (Fig. S5).

Colony assay

Sorted cells were resuspended at a density of 2.5 � 103 cells/
well/0.5 ml for the Matrigel assay or 2.5 � 104 cells/well/0.5 ml
for the laminin-hydrogel assay as described previously (8). Cul-
ture media contained DMEM/F-12 media, 1% methylcellulose
(Sinetsu Chemical, Tokyo, Japan), 50% conditioned media from
mouse embryonic stem cell-derived pancreatic-like cells (81),
5% fetal calf serum (FCS), 10 mmol/liter nicotinamide (Sigma),
10 ng/ml human recombinant activin B (R&D Systems, Minne-
apolis, MN), 0.1 nmol/liter exendin-4 (Sigma), 1 ng/ml vascular
endothelial growth factor-A (Sigma), and 750 ng/ml R-spon-
din-1 (R&D Systems, Minneapolis, MN). When indicated,
either 5% (v/v) Matrigel (referred to as the standard assay in this
study) or 100 �g/ml laminin hydrogel (8) was added to the
media for the generation of cystic or endocrine/acinar colonies,
respectively. Cells were plated in 24-well ultra-low protein-

binding plates (Corning, New York) and incubated in a humid-
ified 5% CO2 atmosphere at 37 °C. Colonies grown in Matrigel
or laminin hydrogel were counted 3 weeks or 10 days after plat-
ing, respectively.

Colony dissociation and replating

Warmed PBS/BSA (1 ml per well) was added to each well of a
24-well plate containing colonies. Cystic colonies were col-
lected in a 50-ml conical tube, washed, resuspended in 10 ml of
2– 4 mg/ml collagenase B, incubated for 15 min at 37 °C with
mixing every 5 min, and washed in PBS/BSA. Subsequently,
colonies were treated with 20 ml of 0.25% (w/v) trypsin-EDTA,
incubated for 3 min at 37 °C, and pipetted thoroughly to gener-
ate mostly single cells. Warmed FCS (4 ml) was added to the
cells to stop the trypsin digestion. Cells were washed in PBS/
BSA and kept at room temperature. A portion was mixed with
0.02% (w/v) trypan blue, and the concentration of live cells (i.e.
the trypan blue–negative cells) was determined by a hemocy-
tometer. For replating experiments, the final single cell suspen-
sion was mixed with medium containing Matrigel or laminin
hydrogel as indicated.

Lentivirus transduction

Lentiviral particles containing shRNAs against control
(catalog no. SHC002V), Glis3 (SHCLNV-NM_175459),
Prominin-1 (CD133) (SHCLNV-NM_008935), or CTNNB1
(�-catenin) (SHCLNV-NM_007614) were purchased (Sigma).
Five independent clones of shRNAs were pooled with equal
ratios. Freshly-sorted cells were seeded at a concentration of
100,000 cells/96-well plate/100 �l in a liquid medium (i.e.
colony assay medium minus Matrigel, laminin hydrogel,
RSPO1, and methylcellulose) in a flat-bottom low-attach-
ment plate (Thermo Fisher Scientific, Waltham, MA) and
incubated at 37 °C for 4 h. Viral particles were added at a
mode of infection of 20. The final volumes were brought to
300 �l/well using DMEM/F-12 containing penicillin/strep-
tomycin and 4 �g/ml hexadimethrine bromide (polybrene)
(Sigma). Cells were incubated overnight at 37 °C, washed
twice with warmed PBS/BSA, counted, and plated into a col-
ony assay medium. Puromycin (2 �g/ml) was added to each
well to select for infected cells.

Conventional or microfluidic quantitative (q)RT-PCR

For conventional and microfluidic qRT-PCR analyses, the
same procedures were employed as reported previously (8).
Duplicate samples were used in all analyses. Microfluidic qRT-
PCR was performed using the BioMarkTM 48.48 Dynamic
Array system (Fluidigm, South San Francisco, CA). Single col-
onies were lifted one by one from the methylcellulose-contain-
ing medium under direct microscopic visualization by using a
10-�l Eppendorf pipette, collected in reaction buffer (10 �l),
and followed by preamplification (12 cycles for Matrigel-grown
cystic colonies and 18 cycles for E/A colonies) according to the
manufacturer’s instructions (Fluidigm). Amplified cDNA was
loaded onto a 48.48 Dynamic Array system using the NanoFlex
integrated fluidic circuit controller (Fluidigm). Threshold cycle
(Ct), as a measure of fluorescence intensity, was determined by
the BioMark PCR analysis software (Fluidigm) and expressed as

Glis3–CD133–Wnt-signaling axis for self-renewal

J. Biol. Chem. (2019) 294(45) 16634 –16649 16645

http://www.jbc.org/cgi/content/full/RA118.002818/DC1


�Ct. All experiments were performed with negative (water) and
positive (adult C57BL/6J pancreatic cells) controls. TaqMan
probes used in this study are listed in Table S1.

Western blotting

Cells were lysed on ice in radioimmunoprecipitation assay
(RIPA) buffer (Thermo Fisher Scientific) containing 50 mM

Tris, pH 7.4, 150 mM NaCl, 0.1 mM EDTA, 1% Triton X-100,
0.5% sodium deoxycholate, 0.1% SDS, phosphatase inhibitor
mixture III (Calbiochem/Merck, Bad Soden, Germany), and
complete protease inhibitor (Roche Applied Science, Mann-
heim, Germany). Extracts were sedimented at 10,000 � g for 15
min at 4 °C to remove insoluble material. Protein concentra-
tions were determined using the Pierce� BCA protein assay
(Thermo Fisher Scientific). Samples of proteins (10 �g) were
boiled in 1� sample buffer, separated by SDS-PAGE on a 10%
Laemmli gel, transferred to a polyvinylidene difluoride mem-
brane (Bio-Rad), incubated with primary and secondary anti-
bodies, and developed using enhanced luminol chemilumines-
cence (ECL-kit; Bio-Rad). Images were detected using Crystal
Blue X-ray film (Bio-Rad). Antibodies used in Western blotting
are listed in Table S2.

Co-immunoprecipitation

Three-week-old colonies were hand-picked, pooled, and
lysed on ice in Pierce� IP lysis buffer (Thermo Fisher Scientific)
containing phosphatase inhibitor mixture III (Calbiochem/
Merck, Bad Soden, Germany) and complete protease inhibitor
(Roche Applied Science, Mannheim, Germany) for 30 min with
gentle pipetting every 10 min. Protein concentration was mea-
sured using the Pierce� BCA protein assay (Thermo Fisher Sci-
entific). Lysates were pre-cleared using protein G magnetic
beads (Cell Signaling Technology, Danvers, MA) for 1 h at 4 °C
with rotation. The beads were pelleted via magnetic separation
rack and the lysate was removed. Primary antibodies were
added to the pre-cleared lysates overnight with rotation at 4 °C.
The next day, protein G magnetic beads were added for 1 h at
4 °C with rotation, and the beads were pelleted using a magnetic
separation rack. Beads containing pulled down proteins were
then washed five times with lysis buffer and boiled at 95 °C for
15 min in 3� sample buffer. Samples were brought to 1� sam-
ple buffer and then run on SDS-PAGE gel for subsequent West-
ern blot analysis.

Proliferation and apoptosis analyses

For proliferation assay, Click-iT EdU (Thermo Fisher Scien-
tific) was added to cells grown in laminin hydrogel-containing
colony assay, and 10 days after plating, individual E/A colonies
were hand-picked, pooled, and fixed with 4% paraformalde-
hyde for 20 min at room temperature. Colonies were washed
and stored at 4 °C in PBS containing 0.01% Triton X-100. The
Alexa Fluor 594 imagine kit (Thermo Fisher Scientific) was
used to visualize EdU� cells. For apoptosis assay, fixed 10-day-
old E/A colonies were stained using the Click-iT TUNEL Alexa
Fluor 488 imagine kit (Thermo Fisher Scientific) according to
the manufacturer’s instructions. For imaging, E/A colonies
were resuspended in Hoechst solution, placed in 35-mm glass-
bottom dishes, and serially imaged using the z-stack function

on a Zeiss 700 LSM. Individual nuclei positive for Hoechst were
analyzed for the presence of EdU or TUNEL, and the fraction of
positive nuclei was recorded.

mRNA sequencing

Each biological sample submitted for RNA-Seq was collected
from a total of five pancreata that had previously been dissoci-
ated into single cell suspension, sorted for CD133highCD71low

cells, infected with lentivirus carrying either shControl,
shGlis3s, or shCD133s, and plated into a standard Matrigel-
containing colony assay in the presence of exogenous RSPO1.
The resulting 3-week-old cystic colonies were pooled and pre-
pared for sequencing. Two biological replicates were used from
each knockdown. cDNA libraries were prepared with Kapa
Stranded mRNA-seq kit (KAPA Biosystems, Wilmington,
MA) according to the manufacturer’s protocol with minor
modifications. Briefly, polyadenylated RNAs were enriched
from 500 ng of total RNAs using oligo(dT) magnetic beads,
fragmented with divalent cations under elevated tempera-
ture, and reverse-transcribed into the first-strand followed
by the second-strand cDNAs. Subsequently, the double-
stranded cDNAs underwent end repair and 3�-end adenyla-
tion, ligated with barcoded adaptors, and amplified by PCR
(12 cycles). The cDNA libraries were validated by the Agilent
Bioanalyzer (Agilent) and prepared for sequencing using
cBot cluster generation system (Illumina) with HiSeq SR
Cluster Version 4 kit (Illumina). Using the HiSeq 2500 plat-
form with HiSeq SBS Version 4 kits (Illumina), the sequenc-
ing run was performed in the single read mode with 51 cycles
of “read1” and seven cycles of “index read.” Real-time anal-
ysis 2.2.38 software (Illumina) was used to process the image
analysis and base calling.

Data analysis for mRNA sequencing

Raw sequence reads were mapped to the mouse genome
(mm10) using TopHat (82), and the frequency of Refseq genes
was counted using HTseq. The raw counts were then normal-
ized using the method of trimmed mean of M values (TMM)
and compared using Bioconductor package “edgeR”. Reads per
kilobase per million (RPKM) were also calculated from the raw
counts. Differentially expressed genes were identified if the
RPKM were �1 in at least one sample, fold-change of �2, and
p � 0.05. These differential genes were then imported into
Ingenuity Pathway Analysis for functional pathway analysis.
Raw RNA-Seq results were deposited on the Gene Expression
Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/
geo/) under the ID code GSE124944.

Statistical analysis

All values shown are represented as either mean � S.D. or
mean � S.E. p values were calculated using Student’s two-tailed
t test; p � 0.05 was considered significant.
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