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■ Abstract

quency (~0.003%). Microfluidic qRT-PCR, immunostaining,
and electron microscopy analyses of individually handpicked
colonies reveal the expression of insulin in many, but not all,
Dark colonies. Most pancreatic insulin-positive Dark colonies also express glucagon, whereas liver colonies do not.
Liver CFU-Dark require Matrigel, but not laminin hydrogel,
to become insulin-positive. In contrast, laminin hydrogel is
sufficient to support the development of pancreatic Dark
colonies that express insulin. Postnatal liver CFU-Dark dis+
low
low
play a cell surface marker CD133 CD49f CD107b phenotype, while pancreatic CFU-Dark are CD133 . Together,
these results demonstrate that specific progenitor cells in
the postnatal liver and pancreas are capable of developing
into insulin-expressing colonies, but they differ in frequency,
marker expression, and matrix protein requirements for
growth.

In our previous studies, colony-forming progenitor cells isolated from murine embryonic stem cell-derived cultures
were differentiated into morphologically distinct insulinexpressing colonies. These colonies were small and not
light-reflective when observed by phase-contrast microscopy
(therefore termed “Dark” colonies). A single progenitor cell
capable of giving rise to a Dark colony was termed a Dark
colony-forming unit (CFU-Dark). The goal of the current
study was to test whether endogenous pancreas, and its developmentally related liver, harbored CFU-Dark. Here we
show that dissociated single cells from liver and pancreas of
one-week-old mice give rise to Dark colonies in methylcellulose-based semisolid culture media containing either Matrigel or laminin hydrogel (an artificial extracellular matrix
protein). CFU-Dark comprise approximately 0.1% and 0.03%
of the postnatal hepatic and pancreatic cells, respectively.
Adult liver also contains CFU-Dark, but at a much lower fre-
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Therefore, attention has been focused on stem and
progenitor cells as sources of large numbers of insulin-expressing cells for transplantation.
Pancreas specification is controlled by many
transcription factors during development (see review [1]). In short, Sry-related HMG box (Sox) 17,
a high-mobility group box-containing transcription
factor, specifies definitive endoderm at approximately embryonic day (E) 7.5 [2]. This leads to the

1. Introduction
ype 1 diabetes is a chronic disease resulting
from autoimmune attack on the endocrine insulin-secreting beta-cells that reside within
the islets of Langerhans in the pancreas. Allogeneic islet transplantation is a promising treatment
for end-stage patients. However, this procedure is
limited by a dearth of cadaveric organ donors.
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formation of gut tube (at ~E8.5), which has the potential to give rise to many internal organs, including pancreas and liver. Next, expression of pancreatic and duodenal homeobox 1 (Pdx-1) at the foregut region instructs pancreas morphogenesis [3, 4].
Lineage tracing experiments have demonstrated
that Pdx-1 expressing cells labeled at ~E12.5 or
earlier are multipotent, capable of giving rise to all
lineages, including ducts, acinar, and endocrine
cells [5]. Starting at ~E9.5 and throughout pancreas ontogeny, expression of neurogenin (Ngn) 3,
a helix-loop-helix protein, commits Pdx-1+ progenitors to becoming endocrine cells [6, 7]. Mice deficient in Ngn3 fail to form endocrine pancreas [6].
Lineage-tracing experiments confirm that Ngn3+
cells are capable of giving rise only to endocrine
cells [5]. Finally, MafA, a basic leucine zipper
transcription factor, controls the maturation of
beta-cells capable of glucose-responsive insulin secretion [8].
Studies from several laboratories including ours
have established differentiation protocols that allow commitment of human [9-16] or murine [1721] embryonic stem (ES) cells into pancreas-like
cells in culture. In our protocol, we find two sets of
reagents sufficient to induce the commitment of
pancreas-like cells from murine ES cells [17, 21].
In the first step, involving embryoid body formation, high concentrations of monothioglycerol induce Sox17+ definitive endoderm formation by day
five in culture, followed by spontaneous differentiation into pancreatic endoderm at day six.
Thereafter, pancreas-like cells, grown in attachment culture, are specified over time in the presence of a combination of nicotinamide [22], exendin-4 [23], and activin B [24] added on day thirteen and onwards. Late-stage cultures express
various pancreatic markers, such as Pdx-1, Ngn3,
C-peptide (surrogate marker for insulin), and amylase 2A (acinar marker), as determined by reverse
transcription polymerase chain reaction (RT-PCR),
immunostaining, and gene reporter analyses [17,
21]. After five weeks post-transplantation under
the kidney capsule of diabetic mice, the murine ES
cell-derived grafts further develop into miniorgans, with C-peptide+ cells dispersed among
well-organized acinar-like structures [21]. Murine
ES cell-derived cultures also behave similarly to
embryonic pancreas, because forced expression of
Sox17, Ngn3, or MafA at various stages of differentiation increases differentiation of pancreatic,
endocrine, or maturing beta-cells (in vitro glucoseresponsive insulin secretion), respectively [21].
During the course of our previous studies, a
class of progenitor cells was identified in murine
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ES cell-derived, day-sixteen cultures [25, 26].
These progenitor cells are enriched in cells expressing enhanced green fluorescent protein
(EGFP) under the control of Ngn3 promoter, and
give rise to morphologically distinct, small, dark
colonies that express insulin [25, 26]. We therefore
name these colonies “Dark”. C-peptide+ cells in
some Dark colonies simultaneously express glucagon, another endocrine hormone [25]. Therefore,
we speculate that Dark colonies may represent the
first-wave [27] development of pancreatic endocrine cells that are poly-hormonal.
Dark colonies are formed in a threedimensional culture assay devised in our laboratory [25, 26]. In brief, the culture media are semisolid, containing methylcellulose (to enhance viscosity), Matrigel (a rich source of various extracellular matrix (ECM) proteins), and growth factors
(nicotinamide, exendin-4, activin B, vascular endo-
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thelial growth factor A, and conditioned media
from murine ES cell-derived day-sixteen cells). Because the viscosity of the medium restricts the
movements of dispersed single cells, the formation
of a colony indicates the presence of a progenitor
cell at the time of plating. Progenitor cells capable
of giving rise to Dark colonies are termed “Dark
colony-forming units” (CFU-Dark), similar to the
concept used for hematopoietic colony-forming progenitors.
Whether CFU-Dark detected in murine ES cellderived cultures exist in primary tissues is not
known. In this study, we therefore tested the hypothesis that murine endogenous organs contain
CFU-Dark. Both the pancreas and its developmentally related liver were examined. The liver was
studied because, in normal development, small
clusters of insulin-expressing cells are found in
liver parenchyma and around extrahepatic bile
ducts in late gestation to adults in mice [28] and in
humans [29]. In addition to the Matrigelcontaining colony assay described above, we also
tested the use of a well-defined artificial ECM protein [30] containing an α1 laminin and an elastin
sequences (referred as laminin hydrogel) [31].
Laminin hydrogel was shown to promote endocrine
cell differentiation from adult pancreatic ductal
progenitor-like cells in vitro [31].
Here we report that CFU-Dark are detected in
postnatal (one-week old) pancreas and liver. CFUDark are also present in the adult liver, but the
frequency is at least 30-fold lower compared with
the postnatal liver. We found that formation of
Dark colonies can be supported by Matrigel or
laminin hydrogel. However, postnatal pancreatic
and hepatic CFU-Dark display different culture
requirements to become insulin-positive. The incidence of CFU-Dark was higher in the postnatal
liver compared with postnatal pancreas and adult
liver. Expression profiles of other genes, such as
cytokeratins, alpha-fetoprotein, and albumin, were
different among Dark colonies derived from postnatal liver or pancreas, suggesting distinct origins
of these cells. Collectively, these results demonstrate that postnatal liver and pancreas contain
progenitor-like cells capable of differentiation into
specific insulin-expressing colonies in culture.
These results demonstrate that our ES cell-topancreas differentiation protocol produces cells
similar to those in endogenous tissues. Our results
also have clinical implications in generating a significant number of transplantable insulinexpressing cells from liver due to the larger cell
mass of this organ compared with pancreas.
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2. Material and methods
2.1 Mice
Postnatal mice (1 week old) or adult mice (2-4
months old) of CD1 outbred or C57BL/6 inbred
background (Charles River Laboratory, Wilmington, MA) were maintained under specific pathogen-free conditions. The experiments were conducted according to the Institutional Animal Care
and Use Committee at City of Hope.

2.2 Dissociation of pancreas and liver
Dissected pancreata (cleaned of fatty tissues) or
liver lobes (devoid of gallbladder and extrahepatic
billiary ducts) were minced (3 min) with a spring
scissor in a dry petri dish on ice, placed in
PBS/0.1% (wt/vol) BSA containing collagenase B
(2-4 mg/ml) (Roche, Mannheim, Germany) and
DNase I (2,000 U/ml) (Calbiochem, Darmstadt,
Germany), and incubated (37°C, 20-30 min) to
yield a predominately single cell suspension. To
accelerate digestion, the tissue was gently pipetted
every 5-10 min. The single cell suspension was filtered through 40 µm cell strainers before use.

2.3 In vitro colony assays
Cells were resuspended (typically 2.5×104
cells/0.5ml/well) in methylcellulose-based colony
culture medium, as described previously [25, 26,
31]. In short, culture mixture (1 ml) contained
DMEM/F12 media, methylcellulose (1%, wt/vol,
Sinetsu Chemical, Tokyo, Japan), MatrigelTM (5%,
vol/vol) (growth factor reduced and phenol red free;
BD Biosciences, Franklin Lakes, NJ), or laminin
hydrogel (100 µg/ml) (see below), conditioned media from murine embryonic stem cell-derived pancreatic-like cells (50%, vol/vol), fetal calf serum
(5%, vol/vol, FCS), nicotinamide (10 mmol/l,
Sigma, St. Louis, MO), human recombinant activin
B (10 ng/ml), exendin-4 (0.1 nmol/l), and vascular
endothelial growth factor-A (1 ng/ml; R and D Systems, Minneapolis, MN). The cells were plated in
24-well ultralow protein-binding plates (Corning,
Corning, NY) and incubated in a humidified 5%
CO2 atmosphere. Triplicate wells were routinely
plated. Colony numbers were scored after one
week in culture.

2.4 Quantitative (q) RT-PCR
Total RNA extraction, reverse transcription and
conventional qRT-PCR analysis, using Taqman
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Table 1. List of murine Taqman probes used for microfluidic quantitative RT-PCR analysis
Mouse gene

Assay ID*

β-actin

Mm 00607939_s1

β2 microglobulin

Mm 00437762_m1

Insulin1

Mm01259683_g1

Insulin2

Mm 00731595_gH

Glucagon

Mm 00801712_m1

Alpha-fetoprotein

Mm 00431715_m1

Albumin

Mm 00802090_m1

CK7

Mm 00466676_m1

CK19

Mm00492980_m1

Legend: * from Applied Biosystems Invitrogen. Abbreviations: CK cytokeratin; RT-PCR - reverse transcription polymerase chain reaction.

probes, were performed as described [21]. Microfluidic qRT-PCR was performed using the BioMarkTM
48.48 Dynamic Array system (Fluidigm, South San
Francisco, CA). Single colonies were lifted one by
one from the methylcellulose medium under direct
microscopic visualization by using a 10-µl Eppendorf pipette or a fine glass pipette with an opening
of approximately 50 µm, collected in reaction
buffer (10 µl), and followed by pre-amplification
(14 cycles) according to manufacturer’s instructions (Fluidigm).
Amplified cDNA was loaded onto a 48.48 Dynamic Array using the NanoFlex integrated fluidic
circuit (IFC) controller (Fluidigm). The threshold
cycle (Ct), as a measure of fluorescence intensity,
was determined by the BioMark PCR analysis
software (Fluidigm) and expressed as a heat map
or delta Ct compared to β-actin. All experiments
were performed with negative (water) and positive
(postnatal pancreatic cell) controls. Taqman probes
(Life Technologies, Grand Island, NY) and their
catalog numbers are listed in Table 1.

2.5 Expression and purification of laminin
hydrogel
Methods for cloning, expression, and purification of the artificial ECM protein were performed
as described previously [30]. The amino acid sequence of the laminin hydrogel, comprised of an
elastin backbone plus an α1 laminin extracellular
matrix protein domain, was as described [31].
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2.6 Flow cytometry and cell sorting
The cell suspension was first incubated with
anti-mouse CD16/32 (10 µg/ml; 5 min, on ice,
BioLegend, San Diego, CA) to diminish nonspecific
binding. Biotin-conjugated anti-mouse CD133
(clone 13A4; 5 µg/ml; eBioscience, San Diego, CA),
phycoerythrin (PE)-conjugated anti-mouse CD107b
(clone M3/84; 2.5 µg/ml; BioLegend), and FITCconjugated anti-mouse CD49f (clone GoH3; 10
µg/ml; BioLegend) antibodies were added and cells
were incubated (20 min, on ice), washed twice,
treated with streptavidin-labeled allophycocyanin
(APC) (2 µg/ml; 15 min, on ice, BioLegend),
washed
twice,
and
resuspended
in
PBS/BSA/DNase I-containing DAPI (0.2 µg/ml).
Control antibodies used were biotin-conjugated
rat immunoglobin (Ig)G1 (5 µg/ml; eBioscience),
PE-conjugated rat IgG1 (2.5 µg/ml; BioLegend),
and FITC-conjugated rat IgG2a isotypes (10 µg/ml;
BioLegend). Cell sorting was performed on a
MoFlowTM MLS (Beckman Coulter, Brea, CA) or an
Aria-special order research product (SORP) (Becton Dickinson). All analyses included an initial
gating of forward (FSC) and side (SSC) scatters to
exclude debris. Sorting further excluded doublets
by gating out high pulse-width cells, and live cells
were selected by DAPI-negative staining. The purity of the sorted population was routinely >95%.

2.7 Whole-mount immunostaining
Colonies were manually picked, pooled, and
fixed in 4% paraformaldehyde at 4°C overnight,
followed by incubation with blocking buffer containing 5% donkey serum and 0.1% Triton X-100
at 4°C overnight. Primary and secondary antibodies used were as listed in Table 2. Images were
captured by a Zeiss LSM510 META NLO Axiovert

Table 2. List of antibodies used for whole-mount immunostaining
analysis
Primary Antibodies
Antigen

Species

Source

Dilution

C-peptide

Rabbit

Cell signaling 1:500

Glucagon

Mouse

Sigma

1:500

Secondary Antibodies
Antigen

Conjugation Source

Dilution

Donkey anti-Mouse

DyLight 488

Jackson

1:1000

Goat anti-Rabbit

Cy3

Jackson

1:1000
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200M inverted microscope, and figures prepared
with LSM Image Browser software (Carl Zeiss,
Germany).

2.8 Transmission electron microscopy
Single colonies were collected, pooled, and fixed
in Karnovsky’s fixative at 4°C overnight. The colonies were placed in a round-bottom 96-well plate
under direct visualization of a microscope to facilitate rinsing without losing them, and were washed
three times with cacodylate buffer [32]. The colonies were then transferred to an Eppendorf tube,
incubated with 1% osmium tetroxide in 0.1M cacodylate buffer for 30 min, washed three times, dehydrated, embedded in eponate, and processed for
transmission electron microscopy.

A
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Single cell suspension in
methylcellulose semisolid media
(containing either Matrigel or laminin hydrogel)

A Dark colonyforming unit
(CFU-Dark)

1 week
A cell not grown
or dead

A Dark colony

Laminin hydrogel

Matrigel

B

mESC-derived

D

Liver-derived

2.9 Statistical analysis
All values are shown as mean ± standard deviation. p-values were calculated using Student’s twotailed t-test with p < 0.05 considered significant.

3. Results
3.1 Dark colonies formed from dissociated
postnatal liver or pancreas single cell suspension
Consistent with our previous findings [25] and
in Matrigel-containing colony assay (Figure 1A),
dissociated murine ES cell-derived day sixteen
cells gave rise to Dark colonies (Figure 1B). Colonies were small (<100 µm in diameter) and not
light-reflective. To test whether Dark colonies
could be grown from liver or pancreas, organs were
dissociated into a single cell suspension by collagenase B and DNase I digestion, and plated (2.5 x
104 cells/0.5ml/well) into our colony assays containing either Matrigel or laminin hydrogel. Seven
days post-plating, Dark colonies were detected in
cultures initiated with postnatal (one-week-old)
liver in the presence of Matrigel (Figure 1C) or
laminin hydrogel (Figure 1D). Dissociated postnatal pancreatic cells also gave rise to Dark colonies
in the presence of laminin hydrogel (Figure 1E).
When plated in Matrigel assay, a small number of
pancreatic Dark colonies were observed. However,
these cells were not studied sufficiently because
the culture was overwhelmed with numerous cystic colonies. Cystic colonies have been described
previously by several laboratories including ours
[31, 33-36]. They appear as ductal-like cells and
are not the subject of the current study.

www.The-RDS.org

Matrigel

C

Liver-derived

Laminin hydrogel

E

Pancreas-derived

100 µ m

Figure 1. “Dark” colonies are formed from dissociated oneweek-old murine liver or pancreas in our 3D colony assays.
A: Schematic of an in vitro methylcellulose-based colony
assay for progenitor cells. Two different colony assays were
used in this report: one contained Matrigel and the other
laminin hydrogel. B-E: Morphologically distinct colonies are
identified when observed under a phase-contrast light microscope one week after plating. B: A photomicrograph of a
Dark colony developed from dissociated murine ES cellderived day-16 cultures, which confirms our prior finding
[25]. Dark colony grown in Matrigel (C) or laminin hydrogel
(D) from dissociated postnatal liver. E: Dark colony grown in
laminin hydrogel from dissociated postnatal pancreas. Abbreviation: mESC - mouse embryonic stem cells.

The diameter of various day-seven Dark colonies (n = 20) was determined to be 25 ± 8, 15 ± 2,
and 28 ± 4 µm for postnatal hepatic Dark colonies
grown in Matrigel, laminin hydrogel, and for pan-
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Number of cells /colony

40

100 µm

100 µm

Figure 2. Dark colonies are small in size and originate from dissociated single cell suspension. Using one week old mice,
colonies were analyzed seven days post-plating (A, B). A: Data represent mean ± SD of diameters from 20 colonies. B: A total
of 50 colonies were handpicked, pooled, and dissociated into a single cell suspension by trypsin digestion. Afterwards, the
cell number was determined using a hematocytometer. Data represent mean ± SD of triplicate samples. C: Locations of individual cells after plating were noted and the development into Dark colonies was followed over time. N.D. - not done.

creatic Dark colonies grown in laminin hydrogel,
respectively (Figure 2A). The average number of
cells per colony ranged between approximately 20
to 30 cells (Figure 2B). Both hepatic and pancreatic Dark colonies started as single cells and developed into morphologically distinct clusters of
cells by day seven (Figure 2C). In later section,
FACS-sorted single cell suspension, devoid of cell
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doublets, also formed Dark colonies, suggesting a
single cell is sufficient to initiate colony formation.
These results demonstrate that Dark colonies observed on day seven were not derived from aggregation of cells at the time of plating.
Colony-forming efficiency (total colonies formed
/ number of plated cells) was ~0.1% and 0.03%
from postnatal day seven liver and pancreas, re-
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30

*

25
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10
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No. of Dark colonies
per 2.5 x 104 one wk old cells

Colony forming efficiency

5
0

Liver
Matrigel

Liver

Pancreas

Pancreas

Laminin
hydrogel

Matrigel

Laminin
hydrogel

Figure 3. Colony-forming efficiency of cells is higher from
postnatal liver than pancreas. One-week-old mice were
used. Colonies were counted seven days post-plating. Data
represent mean ± SD in triplicate wells. N.D. denotes not
done. * p < 0.05.

spectively (Figure 3). Dark colony formation was
not mouse strain-specific; postnatal cells from both
B6 and CD1 background gave rise to colonies. Dissociated adult (2-4 months old) liver and pancreas
did not give rise to Dark colonies in Matrigel or
laminin hydrogel colony assays when plated at the
maximum capacity of our assays (2.5 x 104
cells/well). However, this does not rule out the possibility that CFU-Dark are rare in adult liver or
pancreas, thus below the detection limits of our assays. Indeed this is the case for adult liver cells,
which will be shown in a later section of the results.

3.2 Many individually handpicked Dark colonies express insulin genes
To determine gene expression patterns, seven
days post-plating single Dark colonies were individually lifted from the semisolid media under direct microscope visualization. Expression of a
panel of genes in individual colonies (n = 10/group)
was analyzed by microfluidic qRT-PCR analysis.
Microfluidic qRT-PCR is a relatively new technology used to determine gene expression in as little
as one colony and in a reaction volume in the
nanoliter range [37]. We found that postnatal
liver-derived Dark colonies grown in Matrigel
(Figure 4A), but not laminin hydrogel (Figure
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4B), expressed insulin genes (Insulin1 and Insulin2). This suggests that certain components from
Matrigel are important to induce insulin gene expression in liver colonies. Out of the ten liverderived Dark colonies grown in the presence of
Matrigel, five expressed insulin genes. Among
those five liver colonies, two (#5 and #6) expressed
liver-specific genes (Alpha-fetoprotein and Albumin) (Figure 4A), demonstrating the heterogeneity of Dark colonies from postnatal liver.
Postnatal pancreas-derived Dark colonies did
not express Alpha-fetoprotein or Albumin, with the
exception of colony #24, which expressed low levels
of Albumin (Figure 4C). Nine out of ten pancreatic colonies expressed Insulin genes (Figure 4C).
Glucagon, a pancreas-specific alpha cell marker,
was expressed in seven out of the nine insulin+
pancreatic Dark colonies, but not in liver-derived
colonies. Ductal markers (Cytokeratin (CK) 7 and
CK19) were expressed by some pancreatic Dark
colonies, but not in liver-derived colonies. These
results again reveal the heterogeneity of Dark
colonies, and demonstrate that Dark colonies from
postnatal liver and pancreas have very different
gene expression profiles. When gene expression
levels in individual colonies were normalized to βactin, we found that Insulin2 messages were more
abundant than Insulin1 in Dark colonies derived
from postnatal hepatic cells grown in Matrigel (red
bars in Figure 4D). This is reminiscent of a prior
finding demonstrating that Insulin2, compared to
Insulin1, is the major insulin gene expressed in rat
fetal liver [38].
Whole-mount immunostaining and confocal imaging analyses of pooled colonies further confirmed
the presence of C-peptide+Glucagon- cells in liver
Dark
colonies
(Figure
5A)
and
Cpeptide+Glucagon- and C-peptide-Glucagon+ in the
pancreatic Dark colonies (Figure 5B). At least one
pancreatic cell was clearly double-stained with Cpeptide and glucagon (Figure 5B; arrow). Consistently, transmission electron microscopy analysis
revealed the presence of different types of granules
in one cell in a Dark colony derived from postnatal
pancreas (Figure 5C). These results demonstrate
that postnatal pancreatic CFU-Dark are able to
differentiate into poly-hormonal cells in vitro.

3.3 CFU-Dark are enriched in postnatal liver
+
low
low
CD133 CD49f CD107b cells and pancreatic
-

CD133 cells
Enrichment of CFU-Dark cells is highly desirable because of their low incidence. We tested
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Figure 4. Individual Dark colonies from postnatal liver or pancreas express different sets of genes. One week old mice were
used, and day-seven colonies were analyzed. Single-colony microfluidic qRT-PCR analysis demonstrates that Dark colonies
can express insulin genes if they are from liver grown in Matrigel (A), or from pancreas grown in laminin hydrogel (C). Some
colonies derived from liver express liver-specific genes (alpha-fetoprotein and albumin) (A and B), whereas pancreatic colonies express ductal (CK7 and CK19) and Glucagon genes (C). Each column represents a single colony. D: Data from A to C
were converted into relative gene expression compared to β-actin. Each bar represents a single colony. Abbreviations: AFP alpha-fetoprotein; B2MG - beta-2 microglobulin; CK7 - cytokeratin 7; Ct - threshold cycle; qRT-PCR - quantitative reverse
transcription polymerase chain reaction.

whether CFU-Dark could be enriched using cell
surface markers and fluorescence-activated cell
sorting. CD133 and/or CD49f have been used to
isolate embryonic or adult progenitor cells from
pancreas [39-42] and liver [43]. In our prior studies, genome-wide gene expression analysis showed
that sorted murine ES cell-derived Ngn3/EGFP+
cells expressed higher levels of CD107b (a.k.a.
Lamp2) [44, 45], compared to Ngn3/EGFP- cells
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[25], suggesting CFU-Dark may express CD107b.
We therefore tested whether the above cell surface
markers may enrich for CFU-Dark. Dissociated
postnatal liver cells were stained with antibodies
against CD133 and analyzed by flow cytometry
(Figure 6A). Cell debris was excluded by appropriate forward and side scatters (region (R) 1).
Live cells were further gated by DAPI- staining
(R2), and single cells were selected by low pulse
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Figure 5. Immunostaining and transmission electron analysis of Dark colonies. A and B: Whole-mount double immunostaining of pooled colonies with antibodies against C-peptide (red) and glucagon (green). C: Transmission electron microscopy
analysis of a seven day old Dark colony derived from postnatal pancreas grown in laminin hydrogel. Blue arrows indicate
typical insulin-like granules. Red arrows indicate non-insulin endocrine granules. Green arrows indicate other unidentified
granules, possibly lipid droplets. Blue lines mark cell membranes.

width readings (R3). Under these gated regions,
we found that CD133+ cells comprised ~10% of total one-week-old liver cells (R4). Using qRT-PCR
analysis, freshly sorted liver cells from R4, CD133+
region were found to express higher levels of Pdx1
and CK7, but lower levels of Ngn3, compared to
the CD133-cells (Figure 6B, bar 2 vs. 3). When
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plated into Matrigel colony assay (1 x 104
cells/well), only cells in CD133+, but not CD133-,
fraction gave rise to Dark colonies seven days after
plating (Figure 6C, left panel).
Next, we tested whether CFU-Dark can be further enriched using antibodies against CD49f and
CD107b in addition to CD133. We found that in
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the CD133+ region, liver cells can be further divided into CD49f–CD107b+ (window (W) 1 in Figure
6A),
CD49flowCD107bhigh
(W2),
low
low
CD49f CD107b (W3), and CD107b- (W4) cells.
These four populations were subsequently sorted
and plated into the Matrigel-containing colony assay (1 x 104 cells/well) and Dark colonies quantitated seven days after plating. We found that
CD133+CD49flowCD107blow (W3) postnatal liver cells
were most enriched for CFU-Dark (Figure 6C,
right
panel).
Freshly
sorted
CD133+CD49flowCD107blow cells retained higher expression levels of Pdx1 and CK7 and lower levels
of Ngn3, similar to CD133+ cells (Figure 6B).
However, it should be noted that the expression
levels of Pdx1 and CK7 in the liver
CD133+CD49flowCD107blow cells were much lower
compared with pancreatic CD133+ cells (Figure 7).
Also,
only
~3%
of
postnatal
liver
CD133+CD49flowCD107blow cells were CFU-Dark
(Figure 6C, right panel). Thus, the origin of the
postnatal liver CFU-Dark cannot be deduced from
these data; lineage-tracing experiments are required for future analysis.
In postnatal day-seven pancreata, CD133+ cells
consisted of approximately 30% of total dissociated
cells (Figure 7A). Dissimilar to postnatal liver
CD133+ cells, pancreatic CD133+ cells expressed
higher levels of Ngn3 compared with presort cells,
in addition to the higher levels of Pdx1 and CK7
(Figure 7B). Unlike the liver and surprisingly,
pancreatic CD133-, but not CD133+, cells gave rise
to Dark colonies in the laminin hydrogel assay
(Figure 7C). Therefore, we did not further pursue
additional antibody staining analysis. Again, the
cellular origin of pancreatic CFU-Dark cannot be
deduced from these data and needs to be clarified
in future lineage-tracing analysis.

3.4 Adult liver contains low incidence of CFUDark
Finally, we tested whether adult liver contains
CFU-Dark, and whether they may be enriched using cell surface markers. CD133+ cells consisted of
approximately 10% of the total dissociated adult
hepatic cells (Figure 8A). Unlike postnatal liver,
over 90% of the adult hepatic CD133+ cells coexpressed CD49f and CD107b (Figure 8A). Therefore, we sorted adult liver cells based solely on
CD133-positive expression. Upon plating into Matrigel and laminin hydrogel colony assays (1 x 104
cells/well), we found that only CD133+, but not
CD133-, cell fractions contained detectable CFUDark at a low frequency (approximately 0.03%)
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(Figures 8B and 8C). Considering that the incidence of CD133+ cells was ~10% among total cells,
this means that ~0.003% of total adult liver cells
were CFU-Dark.

4. Discussion
In vitro colony assays have played an essential
role in deciphering the biology of hematopoietic
progenitor cells in the past decades [46]. The basis
of the colony assay is that cells in a single cell suspension are mixed in semisolid media and cannot
migrate. However, the medium is still soft enough
to allow a single cell, if capable of doing so, to proliferate and differentiate into a colony of cells
within a three-dimensional space. By analyzing
the lineage composition of a colony, the lineage potential of the originating colony-forming cell can be
deduced. It is also a quantitative assay, in which
the prevalence of CFUs in a given population of
cells can be calculated accurately by dividing the
number of colonies formed by the total number of
plated cells. The use of semisolid media is essential for this quantitative aspect of the colony assay,
which is achieved by inclusion of methylcellulose,
a biologically inert material derived from wood fibers. The colony assays used in our study employed a concept similar to that of the hematopoietic colony assay, but with different culture components, such as growth factors and ECM proteins
pertinent to pancreatic cell growth [25, 26, 31].
Using our colony assays, we find that both
postnatal liver and pancreas contain progenitorlike cells that are capable of differentiating into
morphologically distinct Dark colonies when observed by phase-contrast microscopy. Individual
postnatal liver Dark colonies can express insulin if
cultured in the presence of Matrigel, but not in
laminin hydrogel. Matrigel is known to contain
several types of extracellular matrix proteins, such
as type IV collagen, perlecan, nidogen/entactin,
and laminin, as well as various growth factors
[47]. The laminin hydrogel that we produced and
used in this study contains defined peptide (~20
amino acids) domains from elastin and α1 laminin
molecules [31]. It remains to be determined as to
which of the components derived from Matrigel
may be responsible for inducing insulin gene expression in postnatal liver Dark colonies.
The expression pattern of other genes is different among the postnatal liver and pancreas Dark
colonies. Glucagon was expressed by pancreatic
Dark colonies, but not expressed by any of the
colonies derived from postnatal liver (Figure 4 AD). This is consistent with previous findings, in-
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Figure 7. In postnatal pancreas, Dark colony-forming progenitor cells are enriched in the CD133- cell population. A: Postnatal pancreas was dissociated into single cell suspension, stained with anti-CD133 antibodies and analyzed by flow cytometry.
B: Gene expression analysis of freshly sorted cells. C: Designated cells were sorted and plated into the laminin hydrogelcontaining colony assay. Colonies were counted seven days post-plating. Data represent mean ± SD in triplicate wells. Abbreviations: Ab - antibody; APC - allophycocyanin; CK7 - cytokeratin; DAPI - 4’,6-diamidino-2-phenylindole; FSC - forward
scatter; Ngn3 - neurogenin 3; Pdx1 - pancreatic and duodenal homeobox 1; qRT-PCR - quantitative reverse transcription polymerase chain reaction; R - region; SSC - side scatter.

cluding our own [17, 28], showing the lack of glucagon expression in murine fetal and adult liver.
Liver Dark colonies express liver, but not ductal,
markers, while pancreatic Dark colonies express
ductal, but not liver, genes (Figure 4 A-D). Taken
together, our data show that Dark colonies grown
from postnatal liver and pancreas have different
growth requirements and lineage marker expression, although displaying similar morphology.
Our results confirm our previous data showing
that at least some of the murine ES cell-derived
Dark colonies were pancreas-like, because gluca-
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gon is co-expressed in some of the Dark colonies
examined [25]. This study takes our previous findings a step further to demonstrate that liver procured from postnatal (one-week-old) mice also contains CFU-Dark capable of giving rise to insulinexpressing Dark colonies in vitro. Cells from the
fetal liver are known to express low levels of insulin genes during development [38]. Moreover,
small clusters of insulin+ cells are detected in vivo
in liver parenchyma and along the extrahepatic
bile ducts in late gestation to adult mice [28] and
in humans [29]. Experiments using cyclization re-
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Figure 8. In adult liver, Dark colony-forming cells are enriched in the CD133+ fraction. A: Adult (2-4 month old) liver was
dissociated into single cell suspension, stained with designated antibodies, and analyzed by flow cytometry. Cells were sorted
and plated into Matrigel (B) or laminin hydrogel-containing colony assay (C). Colonies were counted seven days post-plating.
Data represent mean ± SD in triplicate wells. Abbreviations: Ab - antibody; APC - allophycocyanin; DAPI - 4’,6-diamidino-2phenylindole; FITC - fluorescein isothiocyanate; FSC - forward scatter; PE - phycoerythrin; R - region; SSC - side scatter.

combinase (Cre) and locus of crossing over (Lox)
lineage-tracing system demonstrated that the hepatic insulin+ cells are descendants of albuminexpressing liver rudiment from early development,
and that they do not emigrate from the pancreas
[28]. Hepatic insulin-expressing cells are glucoseresponsive in insulin secretion in vitro [28]. It is
therefore suggested that these insulin+ cells are
evolutionary residues of endocrine cells that occur
in the biliary system of the vertebrate ancestors
[28]. In our studies, the majority of liver Dark
colonies express albumin, with a subgroup also expressing insulin genes (Figure 4A). We speculate
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that CFU-Dark may be the source of liver insulin+
cells in vivo. However, further studies are needed
to confirm this hypothesis.
Cell surface marker expression of CFU-Dark
differed in postnatal liver and pancreas. Postnatal
liver CFU-Dark were CD133+CD49flowCD107blow,
while those from the pancreas were CD133-.
CD133, also known as prominin-1, is expressed by
progenitor cells in various tissues, such as bone
marrow, brain, and liver [48]. We recently demonstrated that in adult murine pancreas, ductal colony-forming progenitors are capable of differentiating into insulin-secreting cells in vitro [31].
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These progenitor-like cells, which we termed CFURing/Dense, also express CD133 [31]. It is therefore surprising to find that postnatal pancreatic
CFU-Dark is enriched in the CD133- cell fraction
(Figure 7C). We speculate that pancreatic CFUDark (from current study) and CFU-Ring/Dense
[31] may represent two separate classes of progenitor cells, such as those observed for the primitive and definitive waves of hematopoietic progenitor cells [49]. Alternatively, CFU-Ring/Dense and
CFU-Dark may originate from the same stem or
progenitor cells that are capable of sequentially
giving rise to one and then the other cell type.
These possibilities need further investigation. In
addition, the cellular compartment from which the
pancreatic CFU-Dark originate also awaits further
studies using lineage-tracing strategy.
Liver and pancreas are developmentally-related
organs; both derive from the foregut endoderm
[50]. The liver cell mass is much larger than that
of the pancreas. Consequently, if reprogramming
can be accomplished, the liver holds exciting promise as an alternative source for the generation of
insulin-secreting cells for transplantation. It has
already been shown that primary liver cells isolated from fetus or adults can be induced to express insulin after overexpressing key pancreatic
transcription factors such as Pdx-1 and Ngn3 [5155]. The origin of cells amenable to transdifferentiation in liver, however, is not entirely clear. In
the adult liver, the biliary ducts are the candidate
source of reprogrammed cells [56, 57]. It remains
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