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VMAT?2 identified as a regulator of late-stage

B-cell differentiation

Daisuke Sakano', Nobuaki Shiraki', Kazuhide Kikawa'?, Taiji Yamazoe', Masateru Kataoka',
Kahoko Umeda', Kimi Araki®, Di Mao?, Shirou Matsumoto?, Naomi Nakagata®, Olov Andersson®’,
Didier Stainier®®, Fumio Endo?, Kazuhiko Kume', Motonari Uesugi* & Shoen Kume'*

Cell replacement therapy for diabetes mellitus requires cost-effective generation of high-quality, insulin-producing, pancreatic
B cells from pluripotent stem cells. Development of this technique has been hampered by a fack of knowledge of the molecular
mechanisms underlying B-cell differentiation. The present study identified reserpine and tetrabenazine (TBZ), both vesicular
monoamine transporter 2 (VMAT2) inhibitors, as promoters of late-stage differentiation of Pdx7-positive pancreatic progenitor
cells into Neurog3 (referred to henceforth as Ngn3)-positive endocrine precursors. VMAT2-controlled monoamines, such
as dopamine, histamine and serotonin, negatively regulated B-cell differentiation. Reserpine or TBZ acted additively with
dibutyryl adenosine 3’,5'-cyclic AMP, a cell-permeable cAMP analog, to potentiate differentiation of embryonic stem (ES) cells
into B cells that exhibited glucose-stimulated insulin secretion. When ES cell-derived B cells were transplanted into AKITA
diabetic mice, the cells reversed hyperglycemia. Our protocol provides a basis for the understanding of B-cell differentiation
and its application to a cost-effective production of functional B cells for cell therapy.

positive (Pdx1+) pancreatic progenitor cells', which prolifer-

ate and give rise to all three pancreatic lineages: acini, ducts
and endocrine islets>. Endocrine precursors are characterized
by the transient expression of the basic helix-loop-helix tran-
scription factor neurogenin 3 (Ngn3, also known as Neurog3)>.
Previous studies showed that Ngn3 specifically establishes the
endocrine lineages and that loss of Ngn3 precludes endocrine
cell development*’. Production of islet cells occurs through
the concerted activation of a combination of transcription fac-
tors®, However, the coordination of cell fate decisions remains
poorly understood.

The prevalence of diabetes mellitus in many populations is high,
and development of cell replacement therapy through generation
of B cells from ES cells is a research priority. Recent studies have
shown that mouse or human ES cells can be induced to recapitu-
late embryonic development of the pancreas®. Studies on ES cell
differentiation into endodermal or pancreatic cell lineages have
shown that stimulation with activin, FGF or retinoic acid, in addi-
tion to inhibition of hedgehog signaling by KAAD-cyclopamine,
promotes the differentiation into endoderm or pancreatic fates®”.
New signal pathways that promote ES cell differentiation into
endodermal® or pancreatic® lineages have been discovered through
large-scale screening of cell-permeable, bioactive small molecules.
However, it is still difficult to derive mature B cells that secrete
insulin in a glucose-dependent manner. A better understanding
is needed of the underlying molecular mechanisms that control
the late stages of B-cell development, in which Pdx1+ pancre-
atic progenitor cells develop into Ngn3+ endocrine progenitor

Pancreatic cells arise from definitive endoderm and Pdxl-

cells and insulin-positive (Ins+) B cells and then further differ-
entiate into mature 3 cells capable of glucose-stimulated insulin
secretion (GSIS).

Here, we identified reserpine and TBZ as potent promoters of
pancreatic progenitor cell differentiation into functional B cells.
This study highlights the use of chemical compound libraries for
the identification of new developmental pathways that control
progenitor cell differentiation into mature f cells.

RESULTS
Reserpine and TBZ increase Ins+ cells
The present study used large-scale screening of chemical com-
pounds with an ES cell line, SK7, that expresses GFP under the
Pdx] promoter®!, The Pdx1-GFP ES cell line is useful because the
expression of Pdx] is biphasic (Fig. 1a), which enabled the detec-
tion of early-stage Pdxl+ pancreatic progenitors and late-stage
Pdx1+ Ins+ B cells . We optimized the culture to promote modest
basal differentiation with high reproducibility, so that the markers
Sox17, Pdx1, Ngn3 and Insl were sequentially expressed (Fig. 1a).
To screen for compounds that potentiate the differentiation of
ES cell-derived Pdx1+ pancreatic progenitor cells into insulin-ex-
pressing cells, we tested a library of 1,120 biologically active com-
pounds arrayed as single compounds in DMSO on cultures, starting
on day 11 after confirming the appearance of PdxI-GFP+ cells and
conducting the assay on day 17 (Fig. 1a). Candidate compounds
that increased both Insl expression and the number of Ins+ cells
relative to vehicle (1% DMSO) were selected as primary hits. The
coefficient of variation of this screen was 0.36 £ 0.0447 (% s.d.),
which was difficult to minimize further owing to the long assay
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(WPI-iCeMS), Kyoto University, Kyoto, Japan. *Division of Reproductive Engineering, Center for Animal Resources and Development, Kumamoto
University, Kumamoto, Japan. ¢Department of Cell and Molecular Biology, Karolinska Institute, Stockholm, Sweden. ’Department of Biochemistry and
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Figure 1| Reserpine identified as a chemical that enhanced ES cell
differentiation into pancreatic 3 cells. Using a high-throughput screening
system, a chemical library was screened, and reserpine was identified

as a hit chemical. (a) A high-throughput screening system for chemicals
that enhance differentiation into B cells. Transcript expressions of Sox17,
Pdx1, Ngn3 and Ins1 are expressed as fold change relative to controf on

day 7. (b,¢) Reserpine (b) and TBZ (¢) (chemical structure shown at left)
increased the number of B cells relative to the total number of DAPI-
stained cells (black bars) without affecting Pdx1+ cells (light gray bars).

In a-¢, data shown are mean * s.d. (n = 3); significant differences between
treatment and control at *P < 0.05 and **P < 0.01 are shown (two-tailed
paired Student's t-test).

period. To overcome this, we investigated dose dependencies of
the hit chemicals as a secondary screen. Of our hit compounds,
the indole alkaloid antipsychotic and antihypertensive drug reser-
pine demonstrated the strongest effect. Reserpine increased the
proportion of Ins+ cells in a concentration-dependent manner
without altering the PdxI-GFP+ cell ratio (Fig. 1b). Reserpine is
known to deplete monoamines from secretory vesicles by blocking
uptake into monoamine secretary granules, mediated by VMAT
proteins'?'3. Because human pancreatic 3 cells express the isoform
VMAT?2 (refs. 16-19), we also tested another VMAT?2 inhibitor,
TBZ, which also increased the amount of insulin-expressing cells
in a dose-dependent manner (Fig. 1c). The half-maximal effective
concentration (EC,) values of reserpine and TBZ were 0.19 uM
and 0.22 UM, respectively. The concentrations that led to 50% cell
death (TDy,) were 1.56 pM reserpine and 5.98 uM TBZ. In a sepa-
rate experiment, we treated cells with 0.63 pM reserpine or 1.25 uM
TBZ (Supplementary Results, Supplementary Fig. 1). We con-
firmed the increases in the percentage of Ins+ cells out of the total
cell numbers versus the untreated cells and in the relative Insl
mRNA levels (by real-time PCR) (Supplementary Fig. 1). These
results suggested that VMAT2 is the candidate target molecule of
reserpine and TBZ, which has a pivotal role in the differentiation
of ES cells into Ins-expressing cells.

VMAT2 inhibited differentiation into Ins+ cells

To identify the role of VMAT? in differentiation of ES cells into
pancreatic B cells, we performed a knockdown of VMAT2. We
established two VMAT2-knockdown SK7 cell lines, VMAT2KD1

and VMAT2KD2, using lentiviral short hairpin RNA (shRNA)
(Fig. 2a). VMAT2KD2 exhibited lower Slci8a2 (henceforth
referred to as Vmat2) expression than VMAT2KD1 (Fig. 2a) and
showed greater increases in the number of B cells and level of InsI
transcription (Fig. 2b). These results indicated that reserpine- or
TBZ-mediated VMAT?2 inhibition led to an enhancement of dif-
ferentiation into Ins+ cells. Therefore, VMAT2-mediated mono-
amine storage functions as a negative regulator of differentiation
into Ins+ cells. Pancreaticislets have an isozyme of the monoamine-
catabolizing enzyme, monoamine oxidase B (MAQO;)*. We then
tested the effects of application of pargyline, an MAOj inhibitor
(MAOy,), to stabilize the monoamines and increase intracellular
monoamines. Indeed, application of pargyline had an inhibitory
effect on the number of B cells and the level of Insl expres-
sion, and reserpine counteracted the inhibitory effect of MAOy,
(Supplementary Fig. 2). Moreover, the number and expression
level of Pdx1-GFP+ cells was unaftected (Supplementary Fig. 2),
similarly to treatment with reserpine and TBZ (Fig. 1b,c).
Monoamines such as dopamine, histamine and serotonin are
known to be the substrates for VMAT2. We tested the effect of
these monoamines by exogenous application and found that incub-
ation with dopamine, histamine or serotonin from days 11-17
suppressed B-cell differentiation, with EC,, values of 1.25 pM
(dopamine), 0.5 uM (histamine) and 0.92 uM (serotonin) (Fig. 2c~e).
We determined the monoamine contents in the ES cell-derived
cells on day 17 (Fig. 2f-h and Supplementary Fig. 3a,b). The dop-
amine content (approximately 1.3 pg/ug DNA) was approximately
100-fold higher compared to the other monoamines, whereas his-
tamine was undetectable. Inhibition of VMAT2 with TBZ or reser-
pine and knockdown of Vinat2 with shRNA significantly decreased
(P < 0.005) monoamine contents, whereas treatment with par-
gyline increased it (P <0.01) (Fig. 2f,h and Supplementary Fig. 3).
The enzyme that synthesizes dopamine, tyrosine hydroxylase
(Th), was expressed in the ES cells during differentiation at a
level comparable to that in the embryonic pancreatic bud. By
contrast, the histamine-synthesizing enzyme histidine decarboxy-
lase (Hdc) and the serotonin-synthesizing enzyme tryptophan
hydroxylase 1 (Tph1) were expressed at approximately 0.066-fold
lower levels compared to those in the embryonic pancreas
(Supplementary Fig. 4a-c). The monoamine receptors dopamine
D2 (Drd2), histamine H1 (Hrhl), histamine H2 (Hrh2) and sero-
tonin 1A (Htrla) were expressed in day 11 and day 13 differenti-
ated cells (Supplementary Fig. 4d-f). Upon addition of chemical
compounds that inhibit the synthesizing enzymes for dopamine
(oi-methyl-tyrosine (0-MT) and 1-3,4-dihydroxyphenylalanine
(1-DOPA)), histamine (ci-fluoromethylhistidine (o-FMH)) or
serotonin (5-hydroxy tryptophan (5HTP) and carbidopa), we
observed increases in Ins+ cell numbers (Supplementary Fig. 4g-i).
Taken together, VMAT2-controlled monoamine release
exerted inhibitory effects on the differentiation of pancreatic pro-
genitor cells into Ins+ cells. Reserpine and TBZ inhibit the uptake
of monoamines into vesicular stores, which led to depletion of
monoamines and potentiation of Ins+ cell differentiation.

TBZ increased differentiation into Ngn3+ cells

We then examined the effects of TBZ on marker expression in ES
cell-derived cells by real-time PCR. We used TBZ instead of reser-
pine owing to its lower cytotoxicity; the results are expressed as
fold changes compared to control treatments without chemicals
at day 13. Treatment with TBZ resulted in a marked increase of
Ngn3, Nkx6-1 and Insl transcripts on day 15 and day 17 (Fig. 3a).
The real-time PCR results suggested that TBZ increases differen-
tiation of ES cell-derived cells into Ngn3+ endocrine progenitors.
To follow the transient increase of Ngn3+ endocrine precursors in
living cells, we developed an NGP9 ES cell line from a transgenic
mouse line bearing the Ngn3-promoter-driven eGFP transgene?®.
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Figure 2 | VMAT2- and monoamine-dependent suppression of pancreatic B-cell differentiation. The effects of VMAT2- and monoamine-mediated
inhibition on ES cell differentiation into Ins+ cells were tested, and monoamine cellular contents were determined. (@) Time-dependent expression of
VMAT2 in VMAT2KD1 (dark gray), VMAT2KD2 (black) and control nonsilencing (NS; light gray) ES cell lines. (b) VMAT2KD1 and VMAT2KD2 ES cell
lines yielded more Ins+ cells and InsT transcripts than control NS ES cells. (¢-e) Addition of monoamines, dopamine (¢), histamine (d) or serotonin (e)
suppressed differentiation of ES cells into Ins+ cells in a dose-dependent manner. (§-h) Cellular contents of dopamine (), histamine (g) or serotonin (h)
when added with VMAT?2 inhibitors or MAQj, treatment with both TBZ and dBu-cAMP. Control, no chemical treatment; MAQ,;: 1 uM pargyline; Res:
0.63 uM reserpine; MAQ,; + Res: 1 uM pargyline + 0.63 UM reserpine. For a-h, data shown are mean £ s.d. {n = 3); significant differences between
treatment and no chemical treatment at *P < 0.05 and **P < 0.01 are shown (two-tailed paired Student’s t-test). in a and b, black bars indicate Ins+ or
Pdx1-GFP+ relative cell numbers, and gray bars indicate InsT or PdxT transcript expression relative to that in cells with no chemical treatment.

We treated the NGP9 cells with TBZ from day 11 to 13 and then
performed the assay on day 13 (Fig. 3b). TBZ increased Ngn3-
GFP+ cell numbers (Fig. 3b). These results indicate that VMAT2
signaling negatively controls differentiation into Ngn3-GFP+
endocrine precursors. We observed 5-ethynyl-2’-deoxyuridine
(EdU) incorporation in Ngn3- cells but not in Ngn3+ cells, and
TBZ addition did not increase EdU+ Ngn3+ cells, indicating that
the increase in Ngn3+ cells was due to increased differentiation

into Ngn3+ cells but not proliferation of Ngn3+ cells (Fig. 3b and
Supplementary Fig. 5a). The Ngn3+ cells expressed Nkx2.2 and
Nkx6.1 in their nuclei (Supplementary Fig. 5b).

We then examined whether this mechanism existed during
normal embryonic development using an in vitro pancreas bud
culture system. Upon addition of TBZ, we observed increased
differentiation into insulin-, glucagon-, somatostatin- or pan-
creas polypeptide-expressing endocrine cells in the PdxI-GFP+
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Figure 3 | VMAT2 inhibition increased differentiation into Ngn3-GFP+ cells. TBZ increased differentiation into Ngn3-GFP+ cells without increasing
proliferation. (a) Ngn3, Nkx6.1 and InsT expression assayed on differentiation days (d) 13, 15 and 17, with or without (w/0) TBZ, expressed as fold change
relative to control on day 13. Gray bars, no chemical (vehicle) samples; black bars, TBZ-treated samples. For all graphs, (n = 3). (b) A schematic drawing of
the experimental design is shown. ES cell cultures were added with TBZ from day 11 to day 13 and assayed on day 13. Transmission or fluorescence images
(left) and quantitative representations (right) of Ngn3-GFP+ cells without TBZ on day 13 are shown. (¢) Schematic drawing of the experimental design.
Pancreatic rudiments (PB, pancreatic bud) dissected from Pdx1-GFP mice at E12.5 were used for ex vivo culture for 7 d on filter inserts. (d-f) Transmission
(left) and fluorescence (right) micrographs of explants before (d) and after culturing without TBZ (e; control DMSQ) or with TBZ (). (g) Semiquantitative
real-time PCR was used to assay the expression of Geg, Sst, PPy, Amy2b or Krt19 after 7-d culture. Data shown are mean £ s.d. (n = 3), expressed as relative
cell number compared to control. Scale bars, 200 um. *P < 0.05 and **P < 0.01 (two-tailed paired Student's t-test).
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Figure 4 | TBZ and dBu-cAMP
additively potentiated
differentiation into 8 cells. TBZ
acted with dBu-cAMP, additively
increased Ins+ cell number and
synergistically increased Ins1
mRNA. (a) Additive effects of
TBZ and dBu-cAMP on Ins+ cell
number and synergistic effects on
InsTmRNA were examined. The
results are expressed as fold change

relative to control vehicle treatment (DMSO). By contrast, treatment with 8CPT-cAMP, a cAMP
analog that specifically activates Epac2, showed no effects. Data shown are mean = s.d. (n = 3),
expressed as relative cell number compared to control (no chemical treatment). On the y axis,
1=0.3% Ins+ cells. (b) Total ES cell cultures were assayed by immunochistochemistry. Ins staining
(yellow) completely overlapped with staining (red) of Pdx1, Nkx6.1 and C-peptide for in vitro
differentiated ES cells treated on days 11-17 with TBZ and dBu-cAMP. Blue shows DAPI staining.
Scale bars, 100 um. Lower panels are enlarged pictures of the boxes in the top panels. *P < 0.05

and **P < 0,01 (two-tailed paired Student's t-test).

pancreatic bud explant culture (Fig. 3c-g). We observed a slight
decrease in Amy2b-expressing exocrine cells but no effects on
Krt19-expressing duct cells. These results therefore suggested that
VMAT2-mediated inhibition of the progress from Pdx1+ pancre-
atic progenitors to Ngn3+ endocrine progenitors exists in both
normal pancreatic endocrine development (Fig. 3c-g) and ES cell
differentiation (Fig. 3b).

The combinatory effects of TBZ and dBu-cAMP addition
Dopamine, histamine and serotonin are considered to function
through binding to their receptors. All dopamine, histamine and
serotonin receptors are G protein-coupled receptors®. In our
screen, dibutyryl adenosine 3’,5"-cAMP (dBu-CAMP), a cell-
permeable cAMP analog, was identified as a compound to pro-
mote B-cell differentiation. We examined the effects of dBu-cAMP
and its synergy with TBZ. TBZ or dBu-cAMP alone increased the
number of Ins+ cells or the amount of InsI transcript, respectively.
Simultaneous addition of TBZ and dBu-cAMP caused an approxi-
mately 300-fold increase in InsI transcript, which is approximately
30-fold or 15-fold the effect of single addition of TBZ or dBu-
cAMP, respectively (Fig. 4a).

In the adult islets, cAMP is known to regulate the potentia-
tion of insulin secretion by a protein kinase A (PKA)-dependent
mechanism and a PKA-independent mechanism that involves the
cAMP-binding protein Epac2 (ref. 23). As dBu-cAMP activates
both pathways**?*, we then tested a cell-permeable analog, 8CPT-
cAMBP; that specifically activates Epac2 but not PKA. Ins+ cell
number or Insl gene expression did not increase with application
of 8CPT-cAMP, and neither showed an additive effect after treat-
ment with 8CPT-cAMP and TBZ. The results suggested that the
potentiation of B-cell differentiation by the dBu-cAMP signaling
pathway is not mediated through activation of Epac2 but possibly
through PKA (Fig. 4a).

We then analyzed the differentiated ES
cell-derived B cells generated by TBZ and dBu-
CAMP treatment by immunocytochemistry.
The Ins+ cells expressed Pdxl and Nkx6.1,
which are mature § cell markers. Almost all
of the Pdx1+ cells were Ins+. Almost all Ins+
staining overlapped with C-peptide+ staining
(Fig. 4b). Ins+ cells expressed Nkx2.2, Nkx6.1
and MafA (Supplementary Fig. 6a). We also
observed Dolichos biflorus agglutinin (DBA)+
pancreatic duct cells but not amylase+ exocrine
cells in the ES cell culture (Supplementary
Fig. 6b). There were no qualitative differences
in the expression of the above markers among
cells treated with both TBZ and dBu-cAMP
or each alone (Supplementary Fig. 6a,b). We
examined whether the Ins+ cells also expressed
other endocrine hormones. Although some
Ins-single-positive cells, which do not express
other endocrine hormones, exist (approxi-
mately 10%) in the culture, over 90% of the
Ins+ cells were polyhormonal cells, in which
glucagon, somatostatin and/or pancreatic
polypeptide were also expressed with insulin
(Supplementary Fig. 6).

As almost all of the Pdxl+ cells derived
from ES cells treated with TBZ or dBu-cAMP
expressed insulin at the late stage (day 17),
which corresponded to the second phase of
Pdx1 expression, where Ins is also coexpressed.
(Fig. 1a), we purified ES cell-derived PdxI-
GEP+ cells by flow cytometry (Fig. 5a,b) to
analyze the B cells with respect to insulin con-
tent, GSIS and mRNA expression (Fig. 5¢-€). Pdx1-GFP+ [} cells
comprised 10.2% of the total cells recovered (Fig. 5b). TBZ alone
increased C-peptide content to 10 pg per mg, which is approx-
imately 60% of that in adult islets (Fig. 5¢). However, TBZ did
not promote differentiation into cells capable of GSIS (Fig. 5d).
Isolated Pdx1-GFP+ cells treated with dBu-cAMP alone increased
GSIS to 170 ng per mg protein per h, which is 42% of that in mature
islets (Fig. 5d). However, in contrast to TBZ, dBu-cAMP did not
increase C-peptide content on a per-protein level (Fig. 5d).

The recovery of C-peptide contents from total ES cell-derived
cells treated with TBZ, dBu-cAMP or both compounds is summa-
rized in Supplementary Figure 7a. ES cell-derived B cells with a
C-peptide content equivalent of approximately 100 islets could be
obtained from one 96-well plate. The C-peptide contents increased
by approximately 5.7-fold or 2.7-fold through treatment with TBZ
or dBu-cAMP alone, respectively, and to 8.1-fold through treat-
ment with both compounds (on a per ug DNA basis). This result
is consistent with the above result that TBZ and dBu-cAMP addi-
tively increased Ins+ cell number.

We also examined the time-dependent effects of the chemi-
cals on GSIS. TBZ alone did not alter GSIS, but dBu-cAMP alone
potentiated ES differentiation into Ins+ cells, showing the ability
for GSIS from day 15 (Supplementary Fig. 7b). To further con-
firm that the effect of dBu-cAMP occurs through potentiation
of differentiation into Ins+ cells, we treated ES cells with dBu-
cAMP in different time windows, that is, from day 11 to day 15
or from day 11 to day 17, and then assayed for GSIS on day 17.
Treatment with dBu-cAMP for a longer period (day 11 to day 17)
significantly (P < 0.01) enhanced GSIS compared to those treated
fromday 11 to day 15 (SupplementaryFig. 8). Treatment with dBu-
cAMP during the secretion assay significantly (P < 0.01) increased
GSIS. Therefore, dBu-cAMP treatment potentiated differentia-
tion into matured B cells and enhanced GSIS ability. The results
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Figure 5 | Characterization of the purified ES cell-derived Ins+ and
Pdx-GFP+ cells. TBZ and dBu-cAMP additively potentiated differentiation
and maturation of ES cells into B cells with GSIS ability. (a-e) Differentiated
B cells were purified by flow cytometry. Experimental procedures (a) and
flow cytometry results (b) are shown. Cells were tested for their C-peptide
contents (¢), GSIS (d) and quantitative PCR (gPCR) (e). In b, Pdx1-GFP+
cells (10.2% of total cells) were purified by flow cytometry on the basis

of GFP intensity. Scale bar, 50 um. In ¢ and d, treatment with TBZ alone
increased C-peptide content, and treatment with dBu-cAMP alone evoked
GSIS, as measured by C-peptide contents or secreted C-peptide with
significant differences (two-tailed paired Student’s t-test) **P < 0.01.

(e) Quantitative PCR was performed to quantify the expression of Abcc8,
Glut2, Snap25, Mafa and Gcek. In c-e, GFP+ cells from differentiated ES cells
were used, to which DMSO (no chemical treatment), TBZ or dBu-cAMP or
both (TBZ + dBu-cAMP) were added. In¢,n=4, andind and e, n = 3.

showing that dBu-cAMP potentiated GSIS suggested that the
enhancement of differentiation may be mediated by insulin. The
effect of insulin was then examined by manipulating the insulin
concentration in medium IIT (Fig. 1a), which contained 10 pM
insulin in all of the experiments reported so far. Insulin poten-
tiated the differentiation at 16 nM, and its effect declined with
increasing insulin concentrations (Supplementary Fig. 9).
Therefore, TBZ plus dBu-cAMP enhanced insulin secretion at
low levels, which in turn accelerated the expression of Insl and
further drove B-cell differentiation.

Real-time PCR analyses revealed that dBu-cAMP administra-
tion alone increased the expression of genes implicated in GSIS:
Abcc8, which encodes the regulatory sulfonylurea receptor SUR of
the ATP-sensitive potassium channel, and the glucose transporter-
encoding genes Slc2a2 (also known as Glut2) and Gek (Fig. 5e).
Double treatment with TBZ and dBu-cAMP upregulated expres-
sion of Abcc8 and Gek by ~1 x 10°-fold and upregulated expres-
sion of Glut2 and Snap25, which encodes a component involved in
the regulation of vesicular release, by ~1 x 10'°-fold compared to
expression in the control (Fig. 5e).

Taken together, these results indicated that TBZ treatment
increased insulin content and dBu-cAMP increased GSIS of the ES
cell-derived cells. Simultaneoustreatmentwith TBZand dBu-cAMP

enabled the ES cell-derived 3 cells to produce Ins and secrete Ins
in vitro in a glucose-sensitive manner at levels comparable to that
of adult islets.

The transplanted cells reversed hyperglycemia in mice

To examine their in vivo function, we transplanted ES cell-
derived B cells into AKITA mice with immunodeficiency (Ragl~-
Ins2#xt/+)27 The AKITA mouse is a model that inherits diabetes in a
dominant manner owing to a missense mutation in Ins2. Consistent
with our previous report®, all male heterogeneous AKITA mice
gradually developed hyperglycemia after they reached 6 weeks of
age (Supplementary Fig. 10a). We harvested 4 x 10 or 1 x 107 ES
cell-derived cells (treated with both TBZ and dBu-cAMP) on day 17
and grafted the cells under the kidney capsule in each experimental
mouse. The experimental mice showed a reversal of hyperglycemia
for more than 6 weeks, with larger grafts showing increasing effects
(Supplementary Fig. 10a), whereas no change in blood glucose was
observed in control untransplanted AKITA mice.

‘We then transplanted 1 x 107 ES cell-derived cells, which were
treated with no chemical, TBZ or dBu-cAMP alone or with both
TBZ and dBu-cAMP, into the kidney capsule of the AKITA mice.
Mice engrafted with cells that were not treated with growth factors
servedasnegative controls. Mice transplanted with cellstreated with
TBZ plus dBu-cAMP or dBu-cAMP alone partially recovered from
hyperglycemia and showed lowered fasting blood glucose as early
as 2 weeks after engraftment (Fig. 6a). Mice engrafted with cells
treated with both TBZ and dBu-cAMP completely recovered from
glucose intolerance, whereas those engrafted with cells treated with
dBu-cAMP alone did not (Fig. 6a-c). In both cases, the engrafted
mice showed even higher levels of plasma C-peptide compared to
that in the control wild-type BL6 mice (Supplementary Fig. 10b).
The AKITA mice are reported to be insulin resistant®. The above
results might reflect the insulin resistance of the recipient AKITA
mice. In contrast, mice engrafted with cells treated with TBZ
alone responded to glucose administration and increased plasma
C-peptide levels more rapidly compared to those engrafted with
control cells (no chemical treatment) (Supplementary Fig. 10b),
which agreed with their partial reversal of glucose tolerance
(Fig. 6b) and fasting blood glucose (Fig. 6a).

Grafts without noticeable tumor formation were recovered
from the experimental mice and were found to express insulin
(Supplementary Fig. 10¢). No insulin-positive cells coexpressed
glucagon, pancreas polypeptide or somatostatin. We confirmed that
the B-cell mass in the recipient AKITA pancreas did not increase
after transplantation, showing an altered allocation of glucagon+
cells at the center of the islets, in contrast to their peripheral local-
ization in the control wild-type mice (Supplementary Fig. 10d).
Taken together, we concluded that the reversal of hyperglycemia
and restoration of glucose tolerance was due to the transplanted
ES cell-derived cells.

These results demonstrate that treatment of both TBZ and
dBu-cAMP potentiated differentiation of ES cells into cells, with a
high level of C-peptide contents and GSIS ability, and transplanta-
tion of these cells reversed hyperglycemia in AKITA diabetic mice.

DISCUSSION

Although the function of VMAT2 in the pancreas is largely
unknown, VMAT? is known to take up monoamines such as dop-
amine, histamine and serotonin into secretory granules of neurons
and exert both autocrine and paracrine functions in the nervous
system. VMAT?2 is described to be expressed in human B cells.
However, there has been some controversy in the literature about
its presence in B cells of rodents™. Here, the target cells of the
VMAT?2 inhibitors are differentiating pancreatic progenitor cells.
We revealed a new role of VMAT2 and monoamine-dependent
suppression of differentiation from the pancreatic progenitor cells.
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Figure 6 | Transplanted cells reversed hyperglycemia and glucose tolerance. Transplantation assays showed that the induced f cells normalized fasting
blood glucose levels and glucose tolerance in the AKITA diabetic mice. (a) Top, experimental procedure. In vitro differentiated B cells, treated with TBZ and
dBu-cAMP, were harvested on day 17 and transplanted into hyperglycemic AKITA mice. Bottom, fasting blood glucose levels (mg/dL) of mice transplanted
with ES-derived B cells were measured before and after engraftment. X axis shows weeks after transplantation. (b) AKITA mice were analyzed for IPGTT
before engraftment (left), 2 weeks (middle) or 4 weeks (right) after engraftment, and time courses of blood glucose levels (mg/dL) after challenge with

glucose are shown. X axis shows minutes after glucose challenges. (€) Area under curve (AUC) of IPGTT curves shown in b. Light color bars, before
engraftment; darker color bars, 2 weeks after engraftment; darkest color bars, 4 weeks after engraftment. In a and b, blue circles represent treatment

with TBZ, green circles represent treatment with dBu-cAMP, purple circles represent treatment with TBZ and dBu-cAMP, broken lines with open circles
represent no chemical treatment at 1 107, and black lines with open circles represent cells with no growth factor treatment (negative controls). in a-¢,
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Dopamine, histamine and serotonin are synthesized and stored in
the endocrine pancreas during pregnancy® and in adult B cells®.
In the adult, there are several lines of evidence supporting that
dopamine and histamine negatively regulate insulin content, glu-
cose tolerance®-** and GSIS**-*, In contrast, serotonin is reported
to drive B-cell replication and regulate glucose tolerance in preg-
nant mice. However, the role of monoamines during embryonic
development remains largely unknown.

Among the monoamines, dopamine is produced at a high-
est level in ES cell-derived cells and during embryonic stages.
Consistent with this, dopamine synthesizing enzyme (encoded by
Th), was expressed in the ES-derived cells at a level comparable
to that in the embryonic pancreas. In spite of the differences in
their cellular contents, inhibition of all three synthesizing enzymes
showed similar effects to enhance B-cell differentiation, indicat-
ing that all of these monoamines take part in this process. It was
puzzling that application of these monoamines dose-dependently
suppressed B cell differentiation with similar EC, values, although
their EC,, against their specific receptors are very different’*-+. We
hypothesize that this is due to the fact that monoamine is taken up
into the storage vesicles and their subsequent release is required
for their action and that other components co-released from the
vesicle might be required to convey their function*.

Our results indicated that monoamines controlled by VMAT2
serve as a brake for differentiation of Pdx1+ pancreatic progeni-
tors into Ngn3+ endocrine precursors and subsequently into Ins+
cells. Once this brake is released, the Pdx1+ cells are induced to
differentiate into Ngn3+ cells, which quickly turn into Ins+ cells.
TBZ acted during a short time window to increase Ngn3+ cells,
suggesting that this brake functions transiently. However, whether
there are specific roles for each of the monoamines remains an
open question.

In the adult B cells, GLP1 and GIP are well known to activate
Goy-coupled receptors and potentiate GSIS by activating cAMP
signaling and modulating K, channel activity. It is reported that
cAMP signaling induces glucose responsiveness through both
PKA and Epac2 dependent pathway?. PKA is reported to modu-
late VMAT? by regulating its trafficking®. It is possible that cAMP
activates [B-cell differentiation through modulating VMAT2.

It remains unknown whether GLP1, GIP or other unknown
ligands function to promote the maturation of B cells to initiate
GSIS during embryonic development. This would agree with the
observation that pancreas-specific Goy-deficient mice demon-
strated reduced B-cell mass and defects in glucose response®.
Most of the ES cell-derived insulin+ cells were polyhormonal
cells, coexpressing other endocrine hormones. Maturation rapidly
occurred in vivo. They rapidly turned into insulin-single positive
cells after they were grafted under kidney capsules. Intrapenitoneal
glucose trelant test (IPGTT) results revealed that cells doubly
treated with TBZ and dBu-cAMP matured into cells capable
of GSIS and restored glucose tolerance as early as 2 weeks after
engraftment. Cells treated with TBZ alone or with no chemicals
also matured in vivo and became potent for GSIS within 2 weeks. In
mouse pancreatic development, Ins+ glucagon+ cells appear early
in “first transition, and they do not contribute to the generation
of mature B cells*. These cells do not express mature endocrine
markers®, By contrast, Ins+ glucagon+ transitional cells exist tran-
siently during the conversion of o cells into § cells*+". The poly-
hormonal cells observed in the present study expressed mature
endocrine markers. Therefore, the ES cell-derived polyhormonal
cells here might have characteristics close to the transitional cells
that appear during cell fate conversion rather than those that exist
during early mouse embryonic development. Although the exact
mechanism of how ES cells mature under in vivo environment
remains unknown, it is reported that dynamic chromatin remod-
eling occurs in human ES cells after they are engrafted in vivois.
Previous studies have shown that human ES cell-derived insulin-
expressing cells, which are polyhormonal, differentiate into o cells,
instead of B cells, after transplantation®. The discrepancies might
be due to the differences in the underlying mechanism between
the mouse and human ES cells or due to the differences between
the culture protocols. However, it is technically difficult for us to
perform further long-term analyses, such as transplantation or
re-culture of the mouse ES cell-derived Pdx1/GFP+ cells, owing to a
significant (P < 0.01) loss of cell viability after sorting at this late stage
of differentiation. Taken together, although we cannot completely
rule out other possibilities, our results suggested that the transplanted
insulin-expressing cells reversed hyperglycemia in AKITA mice.
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The graft experiments showed that transplanting 4 x 10° or
1 x 107 ES cell-derived cells, with their C-peptide contents
equivalent to 40 or 100 islets, respectively, is enough to reverse
hyperglycemia in AKITA diabetic mice. This is lower than the
previously reported observation that it is necessary to transplant
150-200 islets to reverse hyperglycemia®. Our results suggested
that these ES cell-derived cells rapidly underwent further differ-
entiation in vivo and increased their C-peptide contents or GSIS
ability so that a lower number of ES cell-derived cells was enough
for the reversal of hyperglycemia.

The ES cell-derived cells showed no signs of tumor forma-
tion. This might due to the high differentiation efficiency into the
definitive endoderm. Moreover, the long differentiation period
might also result in a low population of undifferentiated cells
remaining in culture.

In conclusion, results of the present study demonstrated a
previously unknown function of VMAT2 in controlling differ-
entiation into pancreatic endocrine precursors. VMAT2 inhibi-
tion and dBu-cAMP addition synergized and further increased
Insl transcripts and are sufficient to promote differentiation of
ES cells into functional B cells capable of reversing hyperglyce-
mia in diabetic mice. Future studies would be required to ana-
lyze the role of VMAT?2 during human induced pluripotent
stem cell cell differentiation to apply this protocol for future cell
replacement therapy.

Received 15 December 2012; accepted 15 October 2013;
published online 15 December 2013

METHODS
Methods and any associated references are available in the online
version of the paper.
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ONLINE METHODS

Ethics statement. This animal work is approved by the Institutional Review
Board for Animal Care and Use of Kumamoto University. All animal proce-
dures were conducted according to Kumamoto University guideline.

ES cell lines. The SK7 ES cell line? was established from a transgenic mouse line
bearing the Pdx1-GFP gene. NGP9 ES cells were established by culturing blas-
tocysts obtained from transgenic mice heterozygous for the Ngn3-GFP gene?.
SK7 and NGP9 cells were maintained on MEF feeder cells in Dulbeccos modi-
fied Eagle’s medium (DMEM; Invitrogen, Carlsbad, CA) supplemented with
leukemia inhibitory factor (LIF), 10% FBS, nonessential amino acids (NEAA),
L-glutarnine (1-Gln), penicillin and streptomycin (PS) and B-mercaptoethanol
(B-ME)®.

Differentiation of ES cells into pancreatic B cells. For differentiation studies,
ES cells were plated at 5,000 cells per well, in Corning 96-well plates with Ultra-
Web Synthetic Polyamine Surface (no. 3873XX1, Corning Coster, Cambridge,
MS). The cells were cultured for 7 d in Medium I: Dulbeccos Modified Eagle
Medium (DMEM: Invitrogen, Glasgow, UK) containing 4,500 mg/L glucose
and supplemented with 100 M nonessential amino acids (NEAA), 2 mM
L-glutamine (1-Gln; Nacalai tesque, Japan), 1 mM sodium pyruvate (Invitrogen),
50 units/mL penicillin, 50 ug/mL streptomycin (PS; Nacalai tesque), 100 pM
B-mercaptoethanol (B-ME; Sigma-Aldrich), ITS (10 pg/mL insulin (Sigma-
Aldrich), 5.5 pg/mL transferrin (Sigma-Aldrich) and 6.7 pg/mL selenium
(Sigma-Aldrich)), 0.25% Albmax (Invitrogen), 10 ng/ml recombinant human
Activin-A (R&D Systems, Minneapolis, MN) and 5 ng/ml recombinant
human bFGF (Peprotech). On days 7-11, the cells were cultured in Medium
1I: RPMI 1640 medium (Invitrogen) containing 2,000 mg/L glucose (Sigma,
St. Louis, MO), 1 uM retinoic acid (Sigma-Aldrich), 50 ng/mL human recom-
binant fibroblast growth factor-10 (human recombinant FGF10, Peprotech,
Rocky Hill, NJ), 2% B-27 Supplement (Invitrogen) and 0.25 uM of the Shh
signaling antagonist 3-keto-N-(aminoethyl-aminocaproyl-dihydrocinnamoyl)
cyclopamine (KAAD-cyclopamin, Calbiochem, San Diego, CA). Finally,
on days 11-17, cells were cultured in Medium III: DMEM containing
1,000 mg/L glucose supplemented with NEAA, 1-Gln, PS, B-ME, ITS, 0.25%
Albmax (Invitrogen), 10 nM glucagon-like peptide 1 (GLP-1, Sigma-Aldrich)
and 10 mM nicotinamide (NA, Sigma-Aldrich). The medium was replaced
every 2 d.

Screening of small molecules and quantitative analysis of imaging. Small
molecules from the bioactive, pharmacologically defined Prestwick Chemical
Library were screened for pro-differentiation factors. Compounds were dis-
solved in DMSO (Sigma-Aldrich) and added at 1:100 on day 11, with changes
on days 13 and 15. Cells were assayed by immunostaining with mouse anti-
insulin (Sigma-Aldrich; 12018; 1:1,000) on day 17. Fluorescent images were
quantified by counting pixel numbers representing the number of positive
cells, using a ImageXpress Micro scanning system and MetaXpress cellular
image analysis software (Molecular Devices, Japan). Data were normalized
as fold change relative to DMSO controls. Hit compounds were defined as
causing a twofold or higher increase in insulin-positive B cells. Candidate com-
pounds were tested for dose dependency and reproducibility. The screening
information is summarized in Supplementary Table 1.

Chemicals. Reserpine was purchased from Calbiochem Novabiochem
Novagen, TBZ was purchased from Tocris Bioscience, and dibutyryl-cAMP
(dBu-cAMP) was purchased from BIOMOL International.

Pargyline was purchased from Cayman Chemicals. The compounds were
dissolved in DMSO (final concentration = 1.0%) and added on days 11, 13 and
15. After initial screening, the following concentrations were used: 0.63 pM
reserpine, 1.25 uM TBZ, 0.1 uM dopamine (LKT Labs, Inc.), 0.6 uM
dBu-cAMP, 1.0 uM pargyline, 1.3 pM a-methyltyrosine (o-MT, Sigma-
Aldrich), 0.6 UM 1-3,4-dihydroxyphenylalanine (1-DOPA, Toronto Research
Chemicals Inc,), 1.3 uM o-fluoromethyl- histidine (o-FMH, Toronto Research
Chemicals Inc,), 1.3 pM 5-hydroxy tryptophan (SHTP, Sigma-Aldrich) and
0.6 UM carbachol (Sigma-Aldrich), unless otherwise specified.

Chemical characterization. To confirm the purity of reserpine, TBZ and dBu-
cAMP, we checked their HPLC, LC-MS (ESI), and 'H-NMR profiles. The results
showed that the reagents we used had high purity (>90%) (Supplementary
Figs. 11-13). HPLC analysis was performed with a Shimadzu LC-2010C
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equipped with reversed-phase HPLC column (GL science, Inertsil ODS-3,
4.6 x 150 mm, flow rate 1.0 mL/min, 0.1% TFA CH,CN/H20, 10-100%). Mass
spectra (ESI) were recorded on a Shimadzu LCMS-2010. 'H-NMR spectra
were collected on a JEOL JNM-ECP (300 MHz).

Immunocytochemistry. For immunocytochemistry, ES cells were fixed with
4% paraformaldehyde and processed after 13 days in culture (Fig. 3 and
Supplementary Fig. 5), 17 d in culture (Figs. 1, 2 and 4 and Supplementary
Fig. 6) or 6 weeks after transplantation (Supplementary Fig. 10). For examina-
tion of target protein expression in single cells, ES cell-derived differentiated
cells were dissociated with 0.25% trypsin (Invitrogen), replated for 30 min and
then fixed and processed for immunocytochemistry. The following antibodies
were used: rabbit anti-MafA (Abcam; ab17976; 1/100,), rabbit anti~C-peptide
(Cell Signaling; 4593, 1/100), guinea pig anti-insulin (Dako; A0564; 1/1,000),
rabbit anti-pancreatic polypeptide (Dako; A619; 1/100), mouse anti-Nkx2.2
(Developmental Studies Hybridoma Bank, University of Iowa; 74.5A5; 1/100),
mouse anti-Nkx6.1 (Developmental Studies Hybridoma Bank, University
of lowa; F64A6B4; 1/100), rabbit anti-GFP (MBL International Corp; 598;
1/1,000), goat anti-Pdx1 (R&D systems; AF2419, 1/100), goat anti-amylase
(Santa Cruz Biotechnology; sc-12821; 1/100), goat anti-somatostatin (Santa
Cruz Biotechnology; sc-7819; 1/100), mouse anti-glucagon (Sigma-Aldrich;
G2654; 1/1,000), biotin-conjugated D. biflorus agglutinin (DBA) lectin (Sigma-
Aldrich; 1.6533; 1/500) and mouse anti-insulin (Sigma-Aldrich; 12018; 1/1,000)
antibodies were used. Secondary antibodies used were Alexa 488-conjugated
goat anti-mouse IgG (A11029; 1/1,000), Alexa 568-conjugated goat anti-
guinea pig IgG (A11075; 1/1,000), Alexa 568-conjugated goat anti-mouse
IgG (A11031; 1/1,000), Alexa 568-conjugated goat anti-rabbit IgG (A11036;
1/1,000), Alexa 568-conjugated anti-streptabidine antibody (511223; 1/1,000),
or Alexa 633~conjugated donkey anti-goat IgG (A21082; 1/1,000), Alexa 633~
conjugated goat anti-mouse IgG (A21053; 1/1,000), Alexa 633-conjugated goat
anti-rabbit 1gG (A21072; 1/1,000) (all from Invitrogen). Cells were counter-
stained with DAPI (Roche Diagnotics, Basel, Switzerland).

Gene silencing. In the VMAT2-knockdown assays, cells were transfected
with Expression Arrest nonsilencing, control shRNA (Open Biosystems, no.
RHS4080), VMAT2 shRNA (Open Biosystems, no. RMM3981-97058457 and
no. RMM3981-97058458). The lentiviral vectors were constructed as pre-
viously described. SK7 cells were infected with viral supernatants. After 24 h
of incubation, the virus-containing medium was replaced with fresh ES main-
tenance medium. After 24 h of incubation, infected cells were selected using
1.5 ug/mL puromycin (Sigma-Aldrich). The surviving cells were harvested,
and clones were selected to establish knockdown and control cell lines.

Measurement of intracellular monoamine levels. Cells were treated with chem-
icals before harvest (days 11-17). Cells were lysed with lysis buffer containing
0.1% Triton X-100 (Nakarai Tesque, Japan) in 0.1 M PBS (pH?7.2, Sigma-Aldrich)
with protease inhibitor cocktail. Lysates were assayed for dopamine, histamine,
serotonin, adrenaline or noradrenaline with each monoamine-specific ELISA
kit (Labor Diagnostika Nord GmbH & Co,; KG Nordhorn Germany).

EdU incorporation. Cells were treated with culture medium containing
20 pM 5-cthynyl-2"-deoxyuridine (EdU) for 48 h before harvest (days 17-19),
processed using the Click-iT EdU Alexa Fluor 594 Imaging Kit (Invitrogen)
and stained with DAPI and anti-GFP antibodies, rabbit anti-GFP (no. 598;
1:1,000; MBL International Corp., Woburn, MA) and detected with Alexa 488-
conjugated goat anti-rabbit IgG (Invitrogen; A-11008; 1:1,000).

Pancreas bud in vitro culture. Pancreas buds were dissected from E12.5
embryos of a transgenic mouse line bearing the Pdx1- green fluorescent pro-
tein (GFP) gene. The tissue was placed onto 12-well Corning Transwell cell
culture inserts (Corning Coster, Cambridge, MS). The bottom of the inserts
were touched with medium containing M199 with NEAA, 1-Gln, PS, B-ME
and 10% FBS (FBS, Hyclone).

Flow cytometry. Cells were collected and suspended in 1 x HANKS with
1% FBS. A FACS Aria II flow cytometry cell sorter (Becton Dickinson
Immunocytometry Systems, San Jose, CA) was used to purify GFP-positive
cells by sorting them against the fluorescence profiles of differentiating cells
prepared from wild-type mice. Dead cells were identified using propidium
iodide (Sigma-Aldrich).
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Quantitative real-time PCR. RNA was extracted from ES cells, mouse tissue or
transplanted grafts using the RNeasy minikit (Qiagen, Hilden, Germany) and
then treated with DNase I (Qiagen).

Complementary DNA was synthesized {rom 1 pg of total RNA using
Revertra Ace gPCR RT Master Mix (Toyobo).

For real-time PCR analysis, the mRNA expression was quantified with
SyberGreen on an ABI 7500 thermal cycler (Applied Biosystems, Foster City,
CA). The level of expression of each gene was normalized with that of the
B-actin~expressing gene Actb . The PCR conditions were as follows: denatura-
tion at 95 °C for 15 s, annealing and extension at 60 °C for 60 s for up to 40 cycles.
Each measurement was normalized to Actb (mouse) expression for each sam-
ple by subtracting the average Actb (mouse) expression. C, values (threshold
cycle) from the average Each gene C,, resulting in C, Target mRNA levels are
expressed as arbitrary units. All of the primers for real-time PCR are listed in
Supplementary Table 2.

Measurement of glucose-stimulated C-peptide secretion and cellu-
lar or plasma C-peptide level by enzyme-linked immunosorbent assay.
Differentiating ES cells were preincubated for 0.5 h in low glucose (5.5 mM)
DMEM with minimal essential medium and 1% FBS. Cells were washed twice
with phosphate-buffered saline then incubated for 2 h in low-glucose (5.5 mM)
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or high-glucose (27.5 mM) DMEM with 1% FBS. The culture medium was col-
lected, and cells were lysed with a lysis buffer of 0.1% Triton X-100 in PBS with
added protease inhibitor cocktail. Insulin secretion into the culture medium
and insulin content of the cell lysates were measured using a mouse C-peptide
ELISA kit (Shibayagi Co. Ltd., Japan).

IPGTT. Mice fasted for 16-18 h were used. Body weights were measured.
Blood glucose levels were measured before (0 min) or at 15 min, 30 min,
60 min, 90 min and 120 min after intraperitoneal administration of 25%
Glucose (Sigma-Aldrich) solution at 2 g per kg body weight. Serum C-peptide
concentrations were measured as described above.

Cell transplantation into AKITA mice. Differentiated cells were dissociated
with 0.25% trypsin, resuspended in DMEM with 10% FBS and injected under
the kidney capsules of AKITA mice (C57BL/6]-Ragl"~Ins2*+; male)? with
a 24G catheter (NIPRO, Japan). The AKITA mice were at least 6 weeks old.
Six weeks after transplantation, the tissue was removed and analyzed for
insulin expression, content and secretion, as described above.

Statistical tests. Data were analyzed by two-tailed -test. Data are presented as
mean ts.d.

doi:10.1038/nchembio.1410
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Supplementary Results

SUPPLEMENTARY RESULTS

Supplemental Figure 1. The effect of VMAT?2 inhibitors
Reserpine and TBZ increased Insulin positive cells and /ns/ expression level.

Insulin (Ins)+ cell numbers (black bars) and /ns/ mRNA levels (gray bars) of reserpine
(0.63uM) and TBZ (1.25uM) versus control, respectively, are shown. Fold increases in
Ins1 transcripts (gray bars), versus controls are shown. Cont: without chemicals;
mean + SD are shown (n = 3); significant difference between treatment and control at

*p <0.05 and **p < 0.01 are shown (two-tailed paired Student’s #-test).

Supplemental Figure 2. The effect of MAQOs inhibitor.

MAOB inhibition decreased the effect of Reserpine for positive regulation of beta-cell
differentiation. A monoamine oxidase inhibitor (MAOg;) counteracted the effect of
reserpine: Inst (upper panel) or Pdxi/GFP+ (lower panel) cells. Cont: without
chemicals; mean £ SD are shown (n = 3); significant difference between treatment and

control at **p < 0.01 are shown (two-tailed paired Student’s #-test).

Supplemental Figure 3. Cellular contents of adrenaline and noradrenaline

VMAT?2 decreased but MAOg; increased the cellular contents of adrenaline and
noradrenaline. (a, b) Cellular contents of adrenaline (a), and noradrenaline (b) when
added with VMAT?2 inhibitors or MAOpg;, treatment with both TBZ and dBu-c AMP,
were determined, and normalized by their DNA contents (pg/pig DNA). Mean + SD are
shown (n = 3); significant difference between treatment and control were *p < 0.05 or

**p <0.01 (two-tailed paired Student’s #-test), and are indicated above each bars.
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Supplementary Results

Supplemental Figure 4. Dopamine, histamine and serotonin related signaling
molecules and their functions. Monoamine synthesizing enzymes and receptors were
expressed and inhibiting their synthesis increased Ins+ cell numbers. (a-f) Quantitative
PCR on d0- d15 differentiated ES cells, for the expression of the synthesizing enzymes
Th, involved in the synthesis of dopamine (a), Hdc, for histamine (b) or Tphl, for
serotonin (c), expressions of monoamine receptors, Drd2 (d), Hrhl (e, black bars), Hrh2
(e, grey bar), and Htrla (f) in differentiated ES cells on d0, d11, and d13, are shown.
Black or grey bars indicate expression levels, fold changes versus that expressed in d0
ES cells (a-c), or versus that in d11 ES cells (d-f) are shown. Expression levels in E16.5
pancreas buds are indicated as references in (a-c).

(g-1) Addition of inhibitors for the synthesis of dopamine with a-MT or L-DOPA (g),
histamine with oaFMH (h), or serotonin with SHTP or carbidopa (i), enhanced
differentiation of ES cells into Ins+ cells. Black bars indicate Ins+ cell numbers (fold
change) relative to control. Mean + SD are shown (n = 3 or 4); significant differences
between treatment and control were *p < 0.05 or **p < 0.01 (two-tailed paired Student’s

t-test), and are indicated above each bars.
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Supplementary Results

Supplemehtary Figure 5. The effect of TBZ on Ngn3+ cells

The increase in Ngn3 cells by TBZ was not due to increased proliferation, or differential
expressions of Nkx2.2, Nkx6.1 genes. (a) A representative fluorescence image (left
panel) and quantitative representation (right panel) of EdU+ proliferative cells (red)
within Ngn3/GFP- or Ngn3/GFP+ cells (green) cells, with or w/o TBZ. (b)
Representative fluorescence images on day 13 of Ngn3/GFP cells (green) that
co-expressed Nkx2.2 (upper panels) or Nkx6.1 (lower panels) in their nuclei, in
untreated control (No chem. control, left) or cells treated with TBZ (TBZ, right). For

observation in single cells, cells were dissociated and replated for 30min.
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Supplementary Results

Supplementary Figure 6. Expressions of mature endocrine, exocrine and duct
markers in ES-derived beta cells on d17.

TBZ and dBu-cAMP did not change the maturation markers of the endocrine or
exocrine. The exocrine cells did not appear in the ES cell culture.

(a, b) Beta cells treated with TBZ alone, dBu-cAMP alone or TBZ/dBu-dAMP were
analyzed for their expressions of insulin (Ins, green) with (a) mature endocrine markers
(red), Nkx2.2, Nkx6.1 and MafA, or (b) exocrine marker, Amylase (red), and a duct
marker, Dolichos biflorus agglutinin (DBA) lectin (red). Ins (green) stainings were not
observed in DBA+ cells. No Amy+ cells were observed. Adult pancreas served as
positive controls for the stainings. (c) Ins+ cells that also co-expressed other endocrine
hormones were calculated and shown as relative cell number (left panel), right panels
show representative images of each type of cells. Yellow: cell co-expressed Ins with
Geg, SS and PP. Light blue, cells co-expressed Ins with SS and PP. Blue, cells
co-expressed Ins with Gcg. Green, Ins single positive cells. The total number of

endocrine hormones-positive cells in control condition is showed as 1.
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Supplementary Results

Supplementary Figure 7. The effects of TBZ and dBu-cAMP on insulin contents,
and GSIS.

TBZ was effective to increase insulin contents and dBu-cAMP potentiates GSIS of the
ES cells. (a) The net recovery in insulin contents from total cells treated with TBZ,
dBu-cAMP, or both compounds were measured at a per well basis (left column), or per
pg DNA basis (middle column). Fold changes (right column) are shown for the
chemicals versus control (normalized with DNA contents). TBZ was more potent than
dBu-cAMP in increasing C-peptide contents of the ES cells. (b) dBu-cAMP was potent
in enhancing GSIS activity from d15, compared to controls with no chemicals. Gray
bars, low glucose (5.5mM); black bars: high glucose (27.5 mM). Significant differences
between treatment and control were **p < 0.01 (two-tailed unpaired Student’s t-test),

and are indicated above each bars.
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Supplementary Results

Supplementary Figure 8. Time dependent effects of dBu-cAMP on beta cell
differentiation into cells with GSIS ability.

VMAT?2 inhibition showed no effects, but dBu-cAMP increased GSIS ability at late
stages. (a) Upper panel, experimental procedure is shown. ES cells differentiated with
no chemicals (untreated; doted white bar), with TBZ alone (dotted black bar) or with
dBu-cAMP alone (shaded bar) during d11-15 or d11-17 were assayed for GSIS on d17
of differentiation, at conditions w/wo dBu-cAMP. (b) Secreted C-peptide level (ng mg
protein'1 hr'y at low (gray bars: 5.5 mM) or high (black bars: 27.5mM) glucose were
measured. Longer exposure to dBu-cAMP during differentiation yielded beta cells with
significantly higher GSIS ability. Significant difference between treatment and control
were *p < 0.05 or **p < 0.01 (two-tailed paired Student’s #-test), and are indicated above

each bars.

Supplementary Figure 9. Insulin potentiated differentiation into insulin+ cells.
Insulin concentration in medium III at late stage dose dependently increases transcript

level of itself.
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Supplementary Results

Supplementary Figure 10. The transplanted cells reversed hyperglycemia in
diabetic mice.

The transplanted differentiated cells decreased fasting blood glucose levels, and
increased serum insulin levels in the AKITA mice. (a) Fasting blood glucose levels of
mice transplanted with TBZ/dBu-cAMP treated cells at 4x10° (red triangles), 1x107
(blue squares) or non-transplanted sham-operation controls (black circles). X axis:
weeks after transplantation. (b) Serum C-peptide concentrations were measured at each
time points after challenged with glucose. (c) Six weeks after transplantation, engrafted
ES cell-derived cells were recovered and revealed no tumor formation (upper left panel,
bright field), and immunohistochemical analysis (upper right, low magnification;
middle panels, high magnifications) revealed that they were positive for insulin (Ins,
red), but not glucagon (Gcg, yellow), pancreatic polypeptide (PP, yellow) or
somatostatin  (Sst, yellow). Normal adult islets were used as controls for
immunohistochemical analyses (bottom panels). (d) After 6 weeks engraftment,
recipient AKITA mice grafted with ES cell-derived cells were analyzed for their beta
cell mass (% insulin+ cell). Upper panels: images of representative islets from control
wild type (WT) (left); AKITA that were not grafted (middle); AKITA grafted with
4X10% or 1X107 ES cells treated with TBZ and dBu-cAMP (right). Note that the
allocations of Ins+ cells (red) and glucagon (Gceg, yellow) are different from that of the
control. Lower panel shows quantification of the ratios of beta cell number versus the
whole pancreas. Significant difference between treatments and control were *p < 0.05 or

**p <0.01 (two-tailed unpaired Student’s z-test), and are indicated above each bars.
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