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SUMMARY
Pancreatic duct epithelial cells have been suggested as a source of progenitors for pancreatic growth and regeneration. However, genetic

lineage-tracing experiments with pancreatic duct-specific Cre expression have given conflicting results. Using immunofluorescence and

flow cytometry, we show heterogeneous expression of both HNF1b and SOX9 in adult human and murine ductal epithelium. Their

expression was dynamic and diminished significantly after induced replication. Purified pancreatic duct cells formed organoid structures

in 3D culture, and heterogeneity of expression ofHnf1b and Sox9wasmaintained even after passaging. Using antibodies against a second

cell surface molecule CD51 (human) or CD24 (mouse), we could isolate living subpopulations of duct cells enriched for high or low

expression of HNF1b and SOX9. Only the CD24high (Hnfb high/Sox9 high) subpopulation was able to form organoids.
INTRODUCTION

Two distinct strategies of pancreatic b cell replacement

offer promise to counter the loss of insulin-producing

b cells in diabetes: (1) from an exogenous source of

glucose-responsive, insulin-secreting cells from stem/

progenitor cells; and (2) endogenously by activating regen-

eration. The b cells could be replenished through the

self-replication of existing b cells (Dor et al., 2004) and/or

differentiation from other pancreatic cell types (Baeyens

et al., 2014; Bonner-Weir et al., 2004; Pan et al., 2013).

Self-renewal of b cells is an important mechanism of

b cell mass expansion postnatally (Dor et al., 2004; Teta

et al., 2007), but is less active in adults (Thorel et al.,

2010). There is considerable evidence for differentiation

from non-islet cell progenitors (neogenesis) (reviewed in

Bonner-Weir et al., 2010), as well as transdifferentiation

from other islet cell types (Al-Hasani et al., 2013; Chera

et al., 2014; Collombat et al., 2009; Courtney et al., 2013;

Thorel et al., 2010), whereas the existence of a true pancre-

atic stem cell has little support (Seaberg et al., 2004).

If there were newly differentiated endocrine cells after

birth, the favored ‘‘cell of origin’’ is within the pancreatic

ducts, whether by a general plasticity across the ductal

tree, within a category of duct, or a subpopulation of scat-

tered cells. One possibility is the rare subpopulation of alde-

hyde dehydrogenase 1high centroacinar cells that in vitro

can self-renew and differentiate toward both endocrine

and acinar cells (Rovira et al., 2010); however, their rarity

and location preclude their being the only source. Embry-

onic pancreatic progenitors have been postulated to have

a complex transcriptional network of Sox9, Hnf1b/Tcf2,
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cross-regulation of these transcription factors (Lynn et al.,

2007). HNF1b plays a key regulatory role in endoderm

development and becomes restricted in expression in the

duct epithelia of several organs, including the pancreas

(Cereghini et al., 1992). Its expression is directly regulated

by SOX9 (Lynn et al., 2007; Seymour et al., 2007, 2008).

SOX9 has been shown to be required for the maintenance

of multipotent pancreatic progenitor cell pool in the early

embryonic pancreas (Seymour et al., 2007) and to give rise

to both exocrine and endocrine cells in a dose-dependent

manner.

Lineage-tracing studies using inducible Hnf1b and Sox9

promoters tomark duct progeny concluded that pancreatic

duct cells give rise to b cells only during embryogenesis and

not after birth or partial duct ligation (PDL) (Furuyama

et al., 2011; Kopp et al., 2011; Solar et al., 2009). However,

subsequent studies using the same Sox9CreERT mice found

that ductal cells could give rise to new b cells in adults

under certain conditions (Zhang et al., 2016). The latter

findings are in agreementwith our study using theCarbonic

anhydrase II (CAII) promoter that demonstrated a ductal

origin of all pancreatic cell types in normal neonatal

growth and of islets after PDL (Inada et al., 2008). Other

evidence of a ductal origin of new b cells postnatally used

molecular tracing of the pre-endocrine marker NGN3 and

showed activation of NGN3+ cells within the pancreatic

duct epithelium after PDL (Xu et al., 2008). Moreover,

when isolated and transplanted into fetal pancreatic

explants, these NGN3+ cells had the ability to differentiate

into insulin-expressing cells. More recently (Pan et al.,

2013), inducible lineage tracing of Ptf1a-derived cells
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Figure 1. Heterogeneity of HNF1b and
SOX9 Proteins in Adult Human and Mouse
Pancreas
In humans, HNF1b (red) (A) has heteroge-
neous expression even within the same duct
and some cells have undetectable levels
(white arrows); SOX9 (green) expression (B)
is also heterogeneous, stronger in small
terminal ducts than in larger ducts (center).
Similarly, in mouse, higher and more
homogeneous staining of HNF1b (C) and
lower, more heterogeneous SOX9 staining
(D), is seen in large ducts than in small
ducts. Heterogeneity of HNF1b and SOX9
expression only partially overlaps in human
(E and F) and mouse (G and H) pancreas.
Double-stained SOX9 (green) HNF1b (red)
sections shown as split channels. In mouse
small terminal ducts (Pan Cytokeratin red),
some cells present high levels of HNF1b
(green), and the rest are either HNF1blow or
HNF1bundetectable (I–K), whereas SOX9 (L) is
expressed in most. DAPI (blue)-stained
nuclei. d, ducts. Scale bars, 25 mm (A–F
and L), 50 mm (G, H, and K).
showed an acinar-to-duct transition rapidly after PDL fol-

lowed more slowly (weeks) with some labeled b cells; this

process was faster and more robust if there was hyperglyce-

mia. Another study showed the severity and type of pancre-

atic injury determined which cells regenerated (Crisci-

manna et al., 2011), with both islet and acinar cells

regenerated from pancreatic duct cells when both the

acinar and b cells were ablated (PdxcreROSADTR transgenic

mice treated with diphtheria toxin). Further evidence

that ducts can serve as b cell progenitors in the adult mouse

comes from a series of papers from Collombat (Al-Hasani

et al., 2013; Collombat et al., 2009; Courtney et al., 2013)

using genetic manipulations in glucagon-expressing a cells

(overexpression of PAX4, deletion of ARX) that resulted in

their becoming b cells. With the loss of a cells, duct epithe-

lial cells continuously formed new a cells that then con-

verted to b cells.

Yet a controversy of a ductal origin of new b cells has

arisen from the unexplained discrepancies foundwith line-

age-tracing experiments. As an alternative to a technical

issue of the Cre-lox system, such as a very low recombina-

tion in the neonatal period (embryonic day [E] 18.5 to

postnatal day [P] 5) in the inducible Hnf1b and Sox9 mice

(being only 10%–20%) (Kushner et al., 2010), or the use

of regulatory sequences important for maintaining an

undifferentiated state as the promoter (Beer et al., 2016),

we hypothesized that a heterogeneity of HNF1b and

SOX9 expressionwithin the adult pancreatic ductal epithe-
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lium results in cells of varying plasticity, such that only a

subpopulation has the potential for multipotency.

Here we show heterogeneous expression of both HNF1b

and SOX9 in adult human and murine ductal epithelium

with dynamic expression.We could isolate living subpopu-

lations of duct cells enriched for high or low expression of

Hnf1b and Sox9 using fluorescence-activated cell sorting

(FACS). These subpopulations differ in their gene expres-

sion, ability to expand and to form 3Dorganoids in culture,

and to differentiate toward a progenitor phenotype.
RESULTS

Heterogeneous Pattern ofHNF1b and SOX9Expression

across the Human and Mouse Pancreatic Ductal Tree

Titration of the primary antibodies in immunofluorescent

staining allowed us to detect variation in expression of

HNF1b and SOX9 proteins in human (Figures 1A, 1B, 1E,

and 1F) and mouse adult pancreatic ducts (Figures 1C, 1D,

and 1G–1K). HNF1b staining was more intense and more

homogeneous in larger ducts (Figures 1A and 1C) than in

smaller ducts (Figures 1E and1G),whereas SOX9hadgreater

homogeneity and intensity in small ducts (Figures 1F, 1H,

and1L) than in the larger ducts (Figures 1Band1D).Analysis

of their co-localization showed only partial overlap of SOX9

and HNF1b expression (Figures 1E–1H). Expression of both

extended to the terminal ducts (Figures 1B and 1I–1L).



Figure 2. Replicating Duct Cells Have Reduced High-Intensity Staining for HNF1b and SOX9
(A and B) Eighteen hours after KGF administration, BrdU was injected and the animals were killed at different times of ‘‘chase.’’ BrdU
labeling significantly increased (24 hr, 8.9% ± 0.5%; 48 hr, 13.1% ± 0.8%; 72 hr, 14.6% ± 1.0%) in KGF-injected mice compared with
controls (0.7% ± 0.4%; p < 0.001). BrdU, green (A and B); HNF1b, red (A); and SOX9, red (B) immunostaining shown merged (top) and as
single channel (lower).
(C) Quantification showed that, in the replicating (BrdU+) duct cells, the percentage of both HNF1bhigh and SOX9high cells decreased and
SOX9undetectable significantly increased compared with quiescent (BrdU�) at all time points. These proportions did not differ in Control and
BrDU� cells at any time point so the values were combined; similarly the BrdU+ did not differ at any time point and so were combined. n = 3
mice/group; 536–1,474 duct cells each time.
Data are means ± SEM. *p < 0.05. Scale bars, 25 mm.
HNF1b and SOX9 Expression after Replication

To determine whether HNF1b and SOX9 expression was

dynamic and changed with replication, adult mice were

injected with keratinocyte growth factor (KGF) to induce

synchronous replication, and 18 hr later injected with

bromodeoxyuridine (BrdU) to mark those cells that were

replicating in response. At 24, 48, and 72 hr after the KGF

injection, mice were killed and the pancreas analyzed for

expression of HNF1b (Figure 2A) and SOX9 (Figure 2B) in

divided (BrdU+) and non-divided (BrdU�) duct cells. BrdU
labeling differed significantly across the time course

(24 hr, 8.9% ± 0.5%; 48 hr, 13.1% ± 0.8%; 72 hr, 14.6% ±

1.0%) compared with the saline-treated controls (control,
0.7% ± 0.4%; p < 0.001). The increased BrdU labeling at

48 and 72 hr should reflect the daughter cells of those

that initially became labeled between 18 and 24 hr after

KGF injection. The percentage of duct cells expressing

high, low, and undetectable HNF1b and SOX9 were quan-

tified (Figure 2C). In quiescent (BrdU�) cells at any time

point analyzed, the proportion of these subpopulations

did not differ compared with controls, so the time points

were combined for further analysis. Similarly, among the

replicated (BrdU+) cells, the proportion of each subpopula-

tion did not differ between the 24, 48, and 72 hr time

points; they were combined. However, in replicating

(BrdU+) duct cells the percentage of HNF1bhigh and
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Figure 3. Flow Cytometry Analysis Showed Heterogeneous Pattern of HNF1b and SOX9
(A) Purified human duct cells stained for HNF1b (red) and CA19-9 (green). Scale bar, 10 mm.
(B) CD44 (green) is evident in mouse duct cells as identified by HNF1b (red). Scale bar, 20 mm.
(C) CD24 (green) is expressed in duct cells and not in adult islets (insulin, red). Scale bar, 25 mm.

(legend continued on next page)

728 Stem Cell Reports j Vol. 10 j 725–738 j March 13, 2018



SOX9high cells was decreased and SOX9undetectable signifi-

cantly increased compared with the quiescent (BrdU�).
These data alone cannot distinguish between dynamic

expression of these transcription factors and differential

capacity for replication based on the expression levels.

Heterogeneous Pattern of HNF1b and SOX9 in Isolated

Duct Cells

We have previously reported purification of adult human

duct cells using the cell surface CA19-9 antibody and

immunomagnetic sorting (Yatoh et al., 2007) (Figure 3A).

Flow cytometric (FACS) separation confirmed the purity

of the immunomagnetic duct isolation: 93.1% of the puri-

fied cells were CA19-9+ (Figure 3D). Using intracellular

staining for HNF1b (Figure 3E) or SOX9 (data not shown)

on fixed purified duct cells, it was possible to sort them

according to their expression level. Nearly all purified

human duct cells expressed HNF1b: 90.2% ± 2% (n = 8);

and most expressed SOX9: 64.9% ± 8.5% (Figure 3F); the

majority of CA19-9+ cells expressed HNF1blow (66.6% ±

8.3%); the HNF1bhigh fraction only 23.3% ± 5.6% and the

HNF1bundetectable fraction only 8.3% ± 5.0% (n = 8 donors).

More human duct cells expressed SOX9low (50.2% ± 4.6%)

than SOX9high (15.4% ± 5.8%). FACS of purified duct cells

immunostained for both HNF1b and SOX9 (Figure 3F)

confirmed the partial overlap seen on immunostained

pancreatic sections: 60.7% ± 18.8% expressed both

HNF1b and SOX9, 27.4% ± 18.8% expressed HNF1b, but

not SOX9, and 10.9% ± 8.7% expressed neither (n = 5

donors).

A similar purification for rodent duct cells was obtained

based on CD44 expression. Cell surface proteins that

were selectively expressed at high mRNA levels in adult

rat or human pancreatic ductal epithelium (S.B-W., unpub-

lished data) were tested for selective protein expression in

the ductal tree (and not in islets) by immunostaining and

then by FACS sorting. In adult mouse pancreas, CD44 (Fig-

ure 3B) and CD24 (Figure 3C), a target of HNF1b (Senkel

et al., 2005), are expressed selectively in duct cells (Wang
(D) Representative FACS confirms the purity with 93.1% isolated hum
(E) Human CA19-9+ duct cells were fixed and stained with anti-HNF1b
HNF1b+ cells were gated using unstained and primary antibody contro
determined Fixed purified huamn ducts immunostained for Sox9 (x a
(G–I) FACS of dispersed islet-depleted mouse pancreas, without pu
(H), whereas with CD44 purification and subsequent FACS for H
about 80%.
(J–P) Flow cytometry analysis comparison among human, mouse, and
(n = 8 donors; 266,473 cells/donor); mouse (initially purified by CD4
ment); rat pancreas (initially purified by CD44 or CD24, n = 4, each p
HNF1bhigh, HNF1blow, HNF1bundetectable in human (K), mouse (L), and
mouse (O), and rat (P) varied among species. *p < 0.03.
Data are means ± SEM.
et al., 2008). Again using intracellular staining for the tran-

scription factors, FACS sorting of dispersed islet-depleted

pancreatic cells on the basis of these cell surface markers

gave 6.9%CD44+ (Figure 3G), 6.4%CD24+ cells (Figure 3G),

8.9% HNF1b+ (Figure 3H), and 12.2% SOX9+. After immu-

nomagnetic purification with antibody against CD44,

77.2% ± 1.7% were HNF1b+ (n = 6) (Figure 3I) and 79.3%

SOX9+ (Figure 3I). Enrichment of rat duct cells was compa-

rable (data not shown).

We found different frequency of expression of HNF1b

and SOX9 in the isolated duct cells of the three species (Fig-

ure 3J). In bothmouse and rat, significantly fewer duct cells

expressed HNF1b than in human, whereas significantly

more duct cells expressed SOX9 in mouse (76.3% ± 1.8%;

n = 6) than rat (44% ± 5.6%; n = 3). In mouse there was

no significance difference in the percentage of cells express-

ing HNF1bhigh and HNF1blow, whereas in both rat and

human the HNF1bhigh accounted for only about 20% of

the total duct cells and HNF1blow 60% (Figures 3K–3M).

The percentage of cells expressing SOX9high, SOX9low, or

SOX9undetectable (Figures 3N–3P) differed among the three

species. The implications of such differences may be the

species difference in whether the replicative or neogeneic

pathway of generating new b cells is dominant. In compen-

satory growth of b cells, replication has been shown to be

dominant in adult mice (Teta et al., 2005, 2007), while

neogenesis in adult humans appears to make an important

contribution (Butler et al., 2010; Mezza et al., 2014; Yoneda

et al., 2013).

Pancreatic Duct Cells Expand in 3D Culture and Form

Organoids Reproducibly

Using only CD24-immunomagnetic purification, duct cells

robustly formed multicellular epithelial organoids (Fig-

ure 4A) over a 2-week culture in growth factor-reduced

(GFR) Matrigel and organogenesis medium (modified

from Lee et al., 2013; Table S1); organoids were seen after

a 3-day culture; by 13 days, about 15% of the embedded

cells had formed organoids (n = 3). Of the formed
an CA19-9+ cells.
antibodies (x axis) plotted against forward scatter (cell size, y axis).
ls and the percentage of HNF1bundetectable, HNF1blow, and HNF1bhigh

xis) and Hnf1b (y axis) (F).
rification, resulted in 6%–8% CD44+, CD24+ cells (G), or HNF1b+

NF1b or SOX9 immunostaining (I) duct cells were enriched to

rat showing the mean percentage of duct cells isolated (J). Human
4 or CD24, n = 6, each pooled from 15 mice; 257,011 cells/experi-
ooled from 15 rats; 70,799 cells/experiment). The percentages of
rat (M), and of SOX9high, SOX9low, and SOX9undetectable in human (N),
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Figure 4. Murine Duct-Derived Organoids
Show Heterogeneous Expression of
HNF1b and SOX9 Proteins, with a Lower
Expression in Proliferating Cells
(A) Duct cells robustly formed organoids
after 2 weeks in Matrigel. n = 10 experi-
ments. Scale bar, 200 mm.
(B) By 13 days of culture, about 15% of
purified mouse duct cells formed organoids,
mostly smooth spheres, but 7% of organoids
were branched structures. n = 3 experi-
ments, each at least 1,000 organoids
counted.
(C) Representative time-lapse images over
28 days (D1–D28) of organoid formation
from single mouse duct cells, confirming
that the organoids arise from proliferation
and not aggregation. n = 2 experiment, each
with 5 fields followed. Scale bar, 100 mm.
(D) Proliferation marker Ki67 was highly,
but variably, expressed in organoids: left, a
smooth sphere; right, branched structure.
(E) Ki67+ cells (arrows) had very low or
undetectable expression of SOX9, HNF6, and
HNF1b (n = 3 experiments).
Data are means ± SEM. Scale bars, 25 mm
(D and E).
structures, most were hollow, well-rounded, smooth

spheres, but about 7% were branched organoids, smaller

and denser structures (Figure 4B). Organoids could be

passaged at least 10 passages (n = 4). With passage, a higher

frequency of organoids formed.
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We analyzed organoid formation by time-lapse imaging

over 4 weeks and confirmed that organoids formed from

single cells (Figure 4C). Immunostaining of organoids at

passage 2 and 3 confirmed that they were highly prolifera-

tive with 25% Ki67+ cells, but this varied among organoids



Figure 5. Organoids Maintain Expression of Ductal Markers after Passaging
Freshly isolated murine duct cells (P), handpicked organoids after 2 weeks (P0), and 7 days after first passage (P1) showed similar
expression of Sox9 and Hnf1b mRNA, whereas Hnf6 and Pdx1 decreased (p < 0.005), and CaII and Dckl1 increased in organoids, compared
with primary duct cells (p < 0.01). Nkx6.1 expression did not differ; Pcna expression was highly variable. S, sphere; B, branched. Each
experiment color coded. Means shown. p value compared P0 with P. ns, not significant. See also Figure S1.
(Figure 4D); those greater that 188 mm in diameter had

approximately 45% Ki67+ cells, whereas in smaller organo-

ids (>38, <188 mm) only 8.5% had Ki67+, demonstrating a

heterogeneity of their proliferation capacity (n = 3

isolations).

Hnf1b and Sox9 Expression Was Maintained in

Organoids Even after Passaging

We examined protein expression inwhole-mount intact P2

organoids (21 days after isolation) by immunostaining for

the key duct transcription factors SOX9, HNF1b, and

HNF6 co-stained with Ki67. Clear heterogeneity within

and among organoids was observed (Figures 4D and 4E).

About 85% of the cells were positive for these transcription

factors, whether high or low intensity. Interestingly, Ki67+

cells (Figure 4E) had very low or undetectable expression of

SOX9, HNF6, and HNF1b. Since these organoids developed

from single cells, the protein expression must be tran-

siently lost with replication, as suggested previously in

the KGF experiment.

In addition, RNA was extracted from freshly purified

CD24+ duct cells, after a 2-week culture as organoids (P0),

and 1 week after first passage (P1) (Figure 5). Organoids,

both spheres and branched structures, at P0 and P1, had

similar levels of Sox9 and Hnf1b mRNA as freshly purified

duct cells, but Hnf6 and Pdx1 were slightly decreased.

Expressions of the differentiated duct marker Carbonic
anhydrase II (CaII) and Doublecortin-like kinase 1 (a putative

pancreatic progenitor marker [Westphalen et al., 2016])

mRNAs were consistently induced in the organoids. Pcna

and Nkx6.1 expression varied across experiments. This

maintenance of ductal characteristics in organoids con-

trasted to the considerable loss of duct genes in duct cells

cultured as monolayers (Dodge et al., 2009) (Figure S1).

Cell Surface Molecules for Sorting HNF1bhigh/low and

SOX9high/low Populations

CA19-9 and CD44/CD24 had been useful to purify duct

cells from human and rodent, respectively, so we looked

for additional cell surface proteins to sort live cells into sub-

populations. Flow cytometry on CD44+ mouse duct cells

co-stained for HNF1b and CD24 showed that CD24 expres-

sion also overlapped with HNF1b expression (Table S2):

73.8% of CD24high cells expressed HNF1bhigh. Similar

enrichment was seen for SOX9, 76.4% of CD24low

expressed SOX9low. In humans, CD51 had a similarly selec-

tive but variable expression in ducts (Figures S2A and S2B).

Flow cytometry on CA19-9-purified human ducts cells

co-stained for HNF1b and CD51 showed that CD51 expres-

sion overlapped with HNF1b expression: 93.4% of

CD51high cells expressed HNF1bhigh, and 71% of CD51low

expressed HNF1blow (Figure S2C). Thus using one cell

surface antibody to purify and another to sort subpopula-

tions, pancreatic ducts could be sorted into the enriched
Stem Cell Reports j Vol. 10 j 725–738 j March 13, 2018 731



Figure 6. Two Distinct Populations within Duct Cells Based on
CD24 Expression in CD44+ Purified Murine Duct Cells
(A) CD44+ purified duct cells FACS sorted with anti-CD24 antibody
showed CD24high and CD24low populations with distinct gene
expression patterns. n = 3 experiments, 5 mice each. See Tables S2
and S3. Similar data for human ducts (CD51) and for mouse
(a second CD24 antibody) are shown in Figure S3. CD24high duct
cells were able to form organoids reproducibly (B), whereas CD24low

cells (C) formed few, if any, organoids after 1 week. n = 4 experi-
ments. Data are means ± SEM. *p < 0.05. Scale bar, 200 mm.
subpopulations of expression levels of HNF1b and SOX9.

We also sorted CD44+-purified mouse ducts according to

CD24 expression against cell granularity (side scatter) and

observed multiple distinct populations (Figure S3). The

populations sorted by CD24 against either size or granu-

larity overlapped with each other, verifying that there

were at least two distinct populations.

Using this FACS strategy, CD24high and CD24low living

murine duct cells were collected for qPCR analysis (Fig-

ure 6A and S4). CD24high cells had higher levels of Hnf1b,

Sox9, CaII, Hnf6, Hes1, and Notch2 mRNA than CD24low

cells, but had similar levels of Pdx1 mRNA. CD71 showed

a higher expression in CD24low. While the populations

from young (7–8 weeks) and old mice (7–9 months) had

similar gene expression patterns, CD24low cells were twice

as abundant in the younger animals (Table S3). These
732 Stem Cell Reports j Vol. 10 j 725–738 j March 13, 2018
results show that the differential expression of CD24 is

an appropriate surface marker to separate two distinct sub-

populations, Hnf1b low/Sox9 low and Hnf1bhigh/Sox9high.

Similarly, CD51high human duct cells had significantly

higher HNF1b and SOX9 mRNA than CD51low cells, but

HES1, PDX1, HNF6, and NOTCH2 did not differ in the

human sorted subpopulations (Figure S4).

Following these experiments, we wondered if these

subpopulations differed in their organoid formation poten-

tial. Mouse duct cells were isolated by immunomagnetic

separation with CD44 antibody, FACS sorted according to

their CD24 expression (CD24high/low), and then plated

in Matrigel. After a 2-week culture only the CD24high

(Hnf1bhigh/Sox9high) subpopulation formed organoids

robustly (Figure 6B), whereas few organoids were observed

in CD24low cells (Figure 6C). The formed organoids were

able to make organoids when passaged.
Pancreatic Duct Cell-Derived Organoids

Differentiated into Pancreatic Endocrine Progenitor

Cells

During early pancreas development, PDX1 is expressed

throughout the epithelium, diminishes in midgestation

(Gu et al., 2002; Jensen et al., 2000), and then increases

as cells differentiate toward b cells (MacFarlane et al.,

1994). We hypothesized that the pancreatic duct-derived

organoids, which had high expression of PDX1 protein,

would be the equivalent of embryonic pancreatic progeni-

tor cells.We used a 14-day stepwise differentiation protocol

(Figure 7A) modified from the human embryonic stem cell

(hESC) protocol of Rezania et al. (2014) on P2 duct organo-

ids (n = 3 experiments). Organoids had a stable Pdx1mRNA

expression through the differentiation protocol, with

levels equal or greater than that of E16 mouse pancreas

(Figure 7B). While NKX6.1 appears to be a marker of multi-

potent pancreatic progenitor cells, around E15 NKX6.1

expression becomes restricted to insulin-positive cells

(Sander et al., 2000). In these treated organoids, Nkx6.1

mRNA increased to about 25% of that of E16 pancreas (Fig-

ure 7B). Interestingly, Ngn3 mRNA was induced signifi-

cantly during the differentiation protocol (p < 0.001) (Fig-

ure 7B). In addition, Mafb mRNA, which is expressed

in the earliest insulin-expressing cells, as well as the

glucagon-expressing cells, was induced in stage 3 of our

differentiation protocol (p < 0.002) (Figure 7B). Thus, the

organoids expanded from Hnf1b highSox9high cells can be

differentiated toward islet endocrine cells.
DISCUSSION

Using careful titration of antibodies for immunofluores-

cence and flow cytometry analysis, we have shown



Figure 7. Organoids Can Differentiate to
Endocrine Progenitor-like Cells
(A) Schematic of directed differentiation of
P2 organoids to endocrine progenitor-like
cells using protocol modified from Rezania
et al. (2014).
(B) Through the protocol, organoids
continued to express Pdx1 mRNA at levels
equal or greater than that of E16 pancreas,
Nkx6.1 mRNA expression increased, reach-
ing 25% that of E16 pancreas, Ngn3 mRNA
(p < 0.001) and Mafb mRNA, which is
expressed in the earliest insulin-expressing
cells, were induced (p < 0.002). n = 3 ex-
periments, color-coded. Ctrl, control; Diff,
differentiation.
subpopulations of adult human and rodent pancreatic duct

cells based on their expression of transcription factors

HNF1b and SOX9. These subpopulations differ in location,

proportions, and gene expression profiles. Studies with

induced replication showed changes in the expression pat-

terns, suggesting that these populations reflect distinct and

dynamic differentiation states of the cells.

While both HNF1b and SOX9 had differential patterns of

expression through the ductal tree in human and mouse

pancreas, the patterns were unique for each transcription

factor. The proportions of HNF1b and SOX9-expressing

duct cells differed among human, mouse, and rat even

though the isolated ducts were mainly from the smaller

ducts in all three species. In a recent single-cell RNA

sequencing study, Baron et al. (2016) reported at least two

spatially distinct duct subpopulations with distinct tran-

scriptomes in human and mouse.

Living HNF1bhigh and HNF1blow subpopulations could be

sorted based on cell surface proteins in both human (CD51)

and mouse (CD24). In these subpopulations, there were

clear differences in expression of both Hnf1b and Sox9,

but not of the other important duct transcription factor

Pdx1. Genes that are associated with mature ducts, CaII

and Hnf6, had higher expression in CD24high cells. CD24,

as well as Sox9 and Spp1 (Senkel et al., 2005), is a target of

HNF1b; it is unclear if CD51 (integrin alpha V) was also

an HNF1b target gene. CD24 is of particular interest as it

is reported as a marker of pancreatic cancer stem cells (Li

et al., 2007), tumorigenic human breast cancer cells

(Al-Hajj et al., 2003), a biomarker for neural stem cells

(Pruszak et al., 2009), and actively cycling intestinal epithe-

lial stem cells (Gracz et al., 2010; von Furstenberg et al.,

2011).

As previously shown, dissociated single cells from adult

mouse pancreas (Bonner-Weir et al., 2010; Dorrell et al.,
2014; Huch et al., 2013; Jin et al., 2016; Lee et al., 2013)

and humans (Lee et al., 2013) can be expanded as in vitro

organoids in Matrigel. We found about 15% of purified

murine duct cells were able to form organoids that can

become more than 400 mm in diameter and can be

passaged. Yet, organoids were only formed from CD24high

cells. These cells also had lower expression of CD71

mRNA, which would be consistent with the finding by

the Ku group that CD133high and CD71low pancreatic cells

were enriched in colony-forming units (Jin et al., 2016).

More studies are needed to fully characterize these

subpopulations.

Our results strongly support a dynamic expression

of HNF1b and SOX9 in pancreatic duct cells that may

reflect the state of differentiation of the duct cells. Duct

cells in adult mice are quiescent for the most part, with

only 2% of the ductal epithelial cells expressing Ki67.

Yet, at 24 hr after stimulation with KGF, 18% of the

duct cells were BrdU+ as the proportion of HNF1bhigh-

and SOX9high-expressing cells fell; the BrdU+ cells had

decreased expression of the transcription factors. Simi-

larly, even though organoids only form from the

CD24high population that is enriched in HNF1bhigh and

SOX9high cells, our whole-mount immunostaining of orga-

noids showed a clear heterogeneity of the expression of

HNF1b, SOX9, and HNF6 among organoids and within

an organoid, with proliferating cells (Ki67+) having low

or undetectable expression of them. The loss of HNF1b

and SOX9 with proliferation in ducts is consistent with

our findings in the partial pancreatectomy regeneration

model in adult rats. By 4 hr after surgery, there was a

significant loss of Hnf6 expression in ducts; within

16 hr, a loss of expression of Hnf1b and Sox9 at both the

mRNA and protein levels was seen and preceded exten-

sive proliferation. In that model, the pancreatic duct cells
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undergo dedifferentiation to a more progenitor-like state,

proliferate, and then re-differentiate into pancreatic

exocrine and endocrine cells forming whole new lobes

of pancreas (Li et al., 2010).

The question is, then, do these findings help clarify the

controversy of the lineage-tracing studies? The lineage-

tracing experiments based on inducible Hnf1b and Sox9

cre (Kopp et al., 2011; Solar et al., 2009) did not find any

islet or acinar cells labeled when tamoxifen was given at

E18.5 and analysed in the first postnatal weeks. In the

neonatal period there is massive growth of the pancreas

so the lack of labeled acini is puzzling (Bonner-Weir et al.,

2016). It would be reasonable to assume that HNF1bhigh

or SOX9high expressers would be most likely to activate

the cre transgene, even with low recombination efficiency.

Our data on protein expression (Figure 2) showed only

30%–35% of the adult quiescent duct cells were high

expressers of either SOX9 or HNF1b, and expression of

HNF1b and SOX9 is dynamic and decreased with replica-

tion. Neonatal duct cells are highly replicative (about

20% Ki67 at 2 weeks and 8% Ki67 at 4 weeks) in contrast

to the low ductal replication in adult mice (about 2%

Ki67+) (Guo et al., 2013). Perhaps the observed lack of

labeled islet and acinar cells in neonatal Hnf1b and Sox9

cre mice was due to a paucity of high-expressing duct cells

at time of activation. In contrast, CAII expression was

expressed in the ducts starting at E18 and increased with

age, so recombination would increase in the neonatal

period in the constitutively active CaIICre mice in which

both labeled islet and acinar cells were observed (Inada

et al., 2008).

The resemblance of gene expression of organoids to

embryonic pancreatic progenitors, including their high

expression of PDX1 in P2 and P3, led us to test a short step-

wise differentiation protocol on their potential to become

pancreatic endocrine progenitors. After a 14-day differenti-

ation protocol, P2 organoids had Pdx1 mRNA equal or

greater than that of E16 pancreas, Nkx6.1 mRNA increased

to about 25% of that E16 pancreas, and both Neurogenin3

and Mafb mRNA were induced. These results, consistent

with other studies (Bonner-Weir et al., 2004; Corritore

et al., 2014; Jin et al., 2013; Yamada et al., 2015; Yatoh

et al., 2007; Zhang et al., 2016), suggest the possibility of

differentiating adult duct cells into pancreatic endocrine

cells.

In conclusion, we show that both transcription factors

HNF1b and SOX9 are differentially expressed through the

pancreatic ductal tree and that their expression is dynamic

with decreases after replication. In addition, we identified

cell surface markers that can be used to sort the subpopula-

tions of duct cells with different expression profiles and the

potential to form organoid structures in a 3D environment.

The current findings demonstrate subpopulations and het-
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erogeneity within duct cells, and raise the question of

whether only a subpopulation of adult pancreatic duct cells

can serve as facultative progenitors.
EXPERIMENTAL PROCEDURES

Animals
Animals were kept under conventional conditions with free access

to water and food. All animal procedures were approved by the

Joslin Institutional Animal Care and Use Committee. For histol-

ogy, pancreas was excised from anesthetized animals, fixed in 4%

paraformaldehyde and embedded in paraffin. For the KGF experi-

ment, 8-week-oldmale C57BL/B6Jmice (Jackson Laboratory) had a

single intraperitoneal injection of recombinant human KGF

(3 mg/kg PeproTech; n = 9) or saline (n = 3). Eighteen hours later

all mice received an injection of BrdU (Invitrogen, 90 mg/kg). At

24 hr (n = 3), 48 hr (n = 3), and 72 hr (n = 3) after KGF administra-

tion, and after 24 hr of saline, mice were anesthetized and

pancreases excised.

Rodent Duct Isolation
Dispersed islet-depleted pancreatic tissue remaining after collage-

nase digestion for islet isolation (Gotoh et al., 1985) from adult

mice and rats was collected from pools of 10–15 mice/rat per

sample and divided into 50 mL conical tubes and suspended in

RPMI 1640 medium (Invitrogen) supplemented with 10 mm

EZSolution Y-27632 ROCK Inhibitor (BioVis) and RNasin Plus

RNase Inhibitor (Promega, 100 mL:100 mL). After suspension,

tissue was allowed to settle for 5 min, and the supernatant was

aspirated to remove low-density components including dead cells

and islets. For cell dispersion, 2 mL of 0.25% trypsin/EDTA solu-

tion (Invitrogen) and 20 mL PBS (Mg/Ca free) were added,

vortexed for several seconds and incubated for 4 min at 37�C
on 200 rpm in an incubator shaker. Cold RPMI 1640 medium

was added to halt the enzymatic reaction. Following multiple

washes and vortexing, tissue was filtered through 40 mm cell

strainers (Falcon) to remove clumps. Dissociation into single cells

was confirmed by light microscopy. Most acinar tissue (larger

cells) was not viable at this stage, as assessed by trypan blue exclu-

sion. Duct cells were then purified using MACS magnetic LS

separation columns (Miltenyi Biotec) according to the manufac-

turer’s instructions with anti-CD24 and/or anti-CD44 antibodies

(Table S4 for antibodies).

Human Duct Isolation
After islet isolation by the Clinical Islet TransplantationUnit (Mass

General Hospital), islet-depleted human pancreatic tissue was

dispersed and incubated with CA19-9 and purified using MACS

magnetic LS separation columns (Miltenyi Biotec) as described pre-

viously (Yatoh et al., 2007). De-identified organ donors (34–70

years) were non-diabetic and had research consent; exempt status

was approved by the Joslin Institutional Review Board.

Flow Cytometry
For intracellular (nuclear) staining of duct cells, purified duct

cells were washed in PBS and fixed at room temperature for



10 min in 4% formaldehyde fixation/permeabilization buffer

(1 mL/10 million cells, Cytofix/Cytoperm BD), washed in PBS,

and incubated overnight at 4�C with primary antibody diluted in

perm/wash buffer. After wash in Perm/Wash buffer, they were

incubated with secondary antibody conjugated to Alexa 647or

Alexa 488 (1:800; Invitrogen) for 1.5 hr at room temperature in

the dark on a rotary shaker. For co-staining with intracellular and

surface molecule markers, cells were first incubated on ice for

15 min in cold PBS with fluorochrome-conjugated surface mole-

cule antibody. Following the surface staining, cells were washed

in cold PBS, resuspended with Fixation/Permeabilization buffer,

and stained for the intracellular (nuclear) marker. Cells were resus-

pended in PBS and sorted using a FACSAria (BectonDickinson, San

Jose, CA). Expression gating was determined by using primary and

unstained control to set the ‘‘undetectable’’ gating. Expressed cells

were gated so that half were considered low expression. Results

were analyzed using FlowJo flow cytometry analysis software.

For FACS sorting of live cells, cells were initially isolated as above.

Some isolated cells were taken as a primary sample and the rest

were blocked by rat anti-mouse CD16/CD32 (Mouse BD Fc Block,

BD), then incubated with anti-CD24 or anti-CD51 resuspended

in FACS buffer (5% fetal bovine serum [FBS] in PBS Mg/Ca free)

for 1 hr. Cells were washed three times with FACS buffer and

pass through 35 mmmesh and collected in a sterile round bottom

tube (Fisher) on ice.
Organoid Culture and Passage
To assess the organoid formation efficiency of primary duct cells,

10,000 freshly isolated duct cells (using only anti-CD24 and immu-

nobeads) were suspended in 100 mL ofMatrigel Matrix GFR Phenol

RF (Corning) and cultured in adDMEM/F12 medium (17.5 mM;

Thermo Fisher Scientific) supplemented with R-spondin, Noggin,

Wnt1, fibroblast growth factor 10, epidermal growth factor, and

nicotinamide (modified from Lee et al., 2013; see Table S1). Fresh

medium was replaced every 5 days. Images were taken systemati-

cally on Olympus CK2 inverted microscope. Organoids were

counted manually and the percentage of formed organoid struc-

tures calculated.

For passaging organoids, medium was aspirated, wells washed

with PBS (Mg/Ca free) and cold Corning Cell Recovery Solution

added to each well. Then Matrigel was dispersed and transferred

to a 15-mL tube. Organoids were broken apart by pipetting up

and down 50 times with a tip-bent pipet. After 10 min on ice,

the suspension was centrifuged and 2 mL trypsin (0.25%) added

to each tube; after 3 min at 37�C, medium supplemented with

FBS was added to neutralize the trypsin. Duct cells were then

embedded in an appropriate volume of Matrigel and re-cultured

at 1:3 ratio.
Immunohistochemistry and Image Processing
Primary antibodies (Table S4) were applied overnight in 4�C. All
biotinylated and fluorescent-conjugated antibodies were from

Jackson ImmunoResearch, streptavidin-conjugated Alexa Fluor

488 or 568 antibodies from Invitrogen. Antigen retrieval was

performed using a pressure cooker or a microwave in citrate

buffer, pH 6.0. Non-specific binding was blocked using an

Avidin/Biotin Blocking Kit (Vector Laboratories). For whole-
mount immunostaining, organoids were grown in 8-chamber

polystyrene chamber slides (Falcon), fixed in 10% formalin for

30 min, and washed with PBS twice, each for 5 min. Cells were

permeabilized with 0.1% saponin for 15 min followed by wash

buffer (PBS + 2% lamb serum + 0.3% Triton X-100). Samples

were then sequentially incubated (2 hr each) with biotin-conju-

gated donkey anti-rabbit immunoglobulin G (IgG), SA-Alexa

Fluor 594, mouse anti-Ki67 antibody, and fluorescein isothiocya-

nate-conjugated anti-mouse IgG. Between steps, slides were

washed three times, each for 15 min on a slow speed shaker.

Nuclei were stained with mounting medium with DAPI (Vector

Laboratories). Stained sections/organoids were examined on an

Olympus BH-2 microscope or in confocal mode on a Zeiss LSM

410 or 710 microscope. Final images were compiled using Adobe

Photoshop. Samples were stained and imaged with parallel

parameters so the staining intensities reflex the protein levels.

All immunostaining results were reproducibly examined with at

least three independent samples unless otherwise stated. Assess-

ment of immunostaining intensity was done ‘‘by eye.’’ Ducts

were categorized as large or small ducts based on the classic

criteria of diameter, type of epithelium, and amount of stroma

(Githens et al., 1980).

For quantification, stained duct cells were counted manually on

confocal images taken from two sections of pancreas of each

mouse; the common pancreatic ducts were excluded since they

are not usually retrieved in the duct isolations. The number of

BrdU+ duct cells was scored as a percentage of the duct cells on a

section (at least 1,400 duct cells counted per time point, n = 3

animals). The percentages of cells expressing high, low, and unde-

tectable levels of HNF1b or SOX9 were quantified for BrdU+ and

BrdU� duct cells.

Differentiation of Duct Organoids to Pancreatic

Endocrine Cells
For differentiation, P2 organoids, which highly express PDX1 pro-

tein, were considered equivalent to hESC stage 3 (Rezania et al.,

2014), washed with PBS (Mg/Ca free), and changed to MCDB131

medium (Thermo Fisher Scientific) supplemented with com-

pounds as listed in Table S5 for 3 days each for stage 1 (S1)–S3

and 6 days for S4. Mediumwas changed daily. Samples were taken

from each step for RNA analysis. Control organoids were kept in

MCDB131 medium supplemented with 13 GlutaMAX.

RNA and Real-Time qRT-PCR Analysis
Total RNA was extracted immediately after flow cytometry sorting

with RNeasyMicro Kit (QIAGEN) andRNase-FreeDNase (QIAGEN)

according to the manufacturer’s protocols. Purified RNA concen-

tration was measured by a NanoDrop TM 1000 Spectrophotom-

eter. Reverse transcription to cDNA was carried out using a High

Capacity cDNA Reverse Transcription Kit (Applied Biosystems) or

a QuantiTect Reverse Transcription Kit (QIAGEN) according to

the manufacturer’s protocol. Real-time qPCR was performed using

ABI Prism SDS 7900 PCR and SYBR-based detection (Applied

Biosystems). TATA box binding protein was used as internal

control. Relative quantification delta Ct analysis was used to deter-

mine the relative expression of target genes between different

samples. Primers are given in Table S6.
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Statistical Analysis
All results are presented as mean ± SEM. Statview, ANOVA, and

post-hoc paired comparisons (Fisher’s PLSD test or Bonferroni)

were done to compare percentage of cells in Figure 3 and mRNA

levels in Figure 6.
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