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Background: Signaling mechanisms regulating the endocrine specification of stem cell derivatives.
Results: Inhibiting Src family kinase (SFK) and focal adhesion kinase (FAK) activity promotes endocrine commitment.
Conclusion: Select inhibitors of SFK/FAK signaling increase the derivation of �-cells.
Significance: Enhanced derivation of insulin-producing �-cells for the cell-based therapy of diabetes.

Stepwise approaches for the derivation of�-cells fromhuman
embryonic stem cells have been described. However, low levels
of endocrine specification limit the final yield of insulin-produc-
ing �-cells. In this study, we show that the pyrrolo-pyrimidine
Src family kinase (SFK) inhibitor PP2 effectively promotes the
endocrine specification of human embryonic stem cell deriva-
tives based on its capacity to induce the expression of proendo-
crine transcription factors (NGN3, NEUROD1, NKX2.2, and
PAX4) and to significantly increase the final yield of insulin-
positive cells.We further demonstrate thatPP2 inhibits the acti-
vation of focal adhesion kinase (FAK), and selective inhibition of
this kinase is also sufficient to induce early endocrine commit-
ment based on increased expression of NGN3, NEUROD1, and
NKX2.2. Additional studies using dominant negative constructs
and isolated human fetal pancreata suggest that c-Src is at least
partially responsible for inhibiting early endocrine specifica-
tion. Mechanistically, we propose that inhibition of SFK/FAK
signaling can promote endocrine specification by limiting acti-
vation of the TGF�R/Smad2/3 pathway. Moreover, we show
that inhibition of SFK/FAK signaling suppresses cell growth,
increases the expression of the �-cell-associated cyclin-depen-
dent kinase inhibitor p57kip2, and simultaneously suppresses
the expression of Id1 and Id2. This study has important impli-
cations for the derivation of �-cells for the cell-based therapy of
diabetes and sheds new light on the signaling events that regu-
late early endocrine specification.

Our understanding of the complex genetic and environmen-
tal events involved in islet development has progressed signifi-
cantly in recent years, and this knowledge has provided the

foundation for the development of some sophisticated stage-
by-stage approaches for the derivation of �-cells from human
embryonic stem cell (hESCs)3 (1–6). For the most part, these
protocols attempt to recreate in vitro the key developmental
stages required for the development of bona fide�-cells includ-
ing, in order, the derivation of mesendoderm, definitive endo-
derm, primitive gut tube, posterior foregut, pancreatic progen-
itors, and endocrine progenitors (1–6).Directed differentiation
through these stages is primarily achieved by a stepwise expo-
sure to different growth factors and differentiating agents
(1–6). However, small compound inhibitors of select signaling
pathways have also been used to potentiate specific develop-
mental steps (7). For example, inhibitors of the hedgehog path-
way and PI3K have been used to respectively optimize the der-
ivation of pancreatic progenitors and definitive endoderm (1, 3,
7, 8). However, despite such improvements, the subsequent dif-
ferentiation of pancreatic progenitors into insulin-producing
�-cells remains limited because of suboptimal levels of endo-
crine specification. Unfortunately, attempts to improve levels
of endocrine commitment using small compound inhibitors,
including inhibitors of theNotch pathway, have been onlymar-
ginally successful (1, 7, 9).
The impact ofNotch, hedgehog, and PI3K signaling on�-cell

derivation is now well documented (7); however, the contribu-
tion of other signaling pathways or intermediates remains
unknownor ill defined. Recent studies have shown that individ-
ual members of the Src family of protein-tyrosine kinases
(SFKs) have a major impact on early ESC differentiation as well
as other late stage differentiation events (10–15), however, lit-
tle to nothing is known about how individual SFKs influence
�-cell development. SFKs are nonreceptor protein-tyrosine
kinases comprising nine members that include Blk, Fgr, Fyn,
Hck, Lck, Lyn, Yes, YrK, and prototypical family member c-Src
(12). These kinases serve to transduce signals from various cell
surface receptors including growth factor receptors, cytokine
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receptors, integrins, and other cell adhesion molecules (12,
16–20). In this intermediary capacity, SFKs have been shown to
play an essential role in awide range of cellular activities includ-
ing growth and differentiation (12, 16–20). Importantly, PP2, a
well established SFK inhibitor, has recently been shown to pro-
mote the ex vivo differentiation of several cell types including
cardiomyocytes (21) and chondrocytes (13). Interestingly, PP2
appears to induce the differentiation of these cells via a com-
mon mechanism that involves the inhibition of focal adhesion
kinase (FAK) (13, 14, 21). FAK is a broadly expressed cytoplas-
mic protein-tyrosine kinase that is activated by integrin ligation
and clustering, by growth factor stimulation, and by G-protein-
linked receptor activation (19, 22–24). Among other things,
FAK recruits and activates various SFKs, including the proto-
typical c-Src (19, 22–24). The subsequent formation of FAK-
SFK complexes results in further FAK phosphorylation, which
then triggers the activation of other downstream signaling cas-
cades that then influence growth and differentiation (19,
22–24). The specific mechanism(s) whereby inhibition of SFK/
FAK signaling byPP2 induces differentiation remains to be fully
defined. However, several studies have shown that inhibition of
SFK and FAK signaling alters the association between cells and
the underlying extracellularmatrix, which in turn can have pro-
found consequences for anchorage-dependent growth and dif-
ferentiation (13, 25). Interestingly, anchorage-dependent SFK/
FAK signaling has also been shown to induce the activation of
Smad2/3, possibly as a result of cross-talk between integrins
and TGF� receptors (TGF�Rs) (26, 27). This is significant
because TGF�1-dependent activation of Smad2/3 has also
recently been shown to suppress endocrine specification (28,
29). Finally, it is noteworthy that PP2 and related SFK antago-
nists have also been shown to regulate the expression of both
cyclin-dependent kinase inhibitors (CDKIs) and inhibitors of
differentiation proteins (Ids), which together can have a major
can impact on cell fate determination and/or differentiation
(25, 30–32).
In this study, we show for the first time that the SFK inhibitor

PP2 can be used to significantly increase endocrine specifica-
tion and the subsequent derivation of insulin producing �-cells
from hESCs. Moreover, we confirm that this increase in endo-
crine commitment can be attributed to the inhibition of FAK as
well as the prototypical SFK c-Src. Inhibition of SFK and FAK
activity is further shown to limit Smad2/3 activation, which in
turn promotes endocrine specification (28, 29). Finally, we
show that inhibition of SFK/FAK activity inhibits progenitor
cell proliferation, induces the expression of the human �-cell-
associated CDKI p57kip2, and suppresses the expression of
both Id1 and Id2.

EXPERIMENTAL PROCEDURES

hESC Culture and Differentiation—Human ESC lines, H9
(WA09), CyT203, and CyT49 were maintained in DMEM/F12
medium supplemented with FGF2 (4 ng/ml; R & D Systems,
Minneapolis, MN), activin A (10–20 ng/ml; R & D Systems),
knockout serum replacement (20% v/v; Invitrogen), non-
essential amino acids (1 mM), 2-mercaptoethanol (0.55 mM),
GlutaMAXTM, and penicillin/streptomycin. Growth medium
was replaced daily, and the ESC lines were grown in the pres-

ence of a sparse monolayer of mitomycin C-treated mouse
embryonic fibroblasts (�1 � 105 cells/60-mm plate). The cul-
tures were mechanically passaged using a StemPro EZPassage
passaging tool (Invitrogen) andwere routinely split at a 1:6–1:9
ratio every 5–7 days.
Differentiation was carried out essentially as described (1, 2)

with minor modifications. The media conditions used, and the
duration of individual differentiation steps, are shown in Fig.
1A. Basal media used included RPMI (Mediatech, Manassas,
VA), DMEMhigh glucose (Invitrogen), and CMRL 1066 (Invit-
rogen). These media were supplemented with GlutaMAXTM

and with either FBS (0.2–2%; HyClone, Lakewood, NJ) or B27
supplement (1% v/v; Invitrogen). Human recombinant activin
A (100 ng/ml), mouse recombinant Wnt3a (25 ng/ml), mouse
recombinantNoggin (50 ng/ml), and human recombinant KGF
(50 ng/ml) were all purchased from R & D Systems. KAAD-
cyclopamine (0.25 �M) was purchased from EMD Biosciences
(Gibbstown, NJ), and all-trans-retinoic acid (2 �M) was from
Sigma. The cultures were variously treated with PP2 (2–20 �M;
EMD Biosciences), SKI-1 (3 �M; EMD Biosciences), ALK5
inhibitor-II (0.5–5 �M; Enzo Life Sciences Inc., Farmingdale,
NY), or the FAK inhibitor PF-228 (2–3 �M; Tocris, Ellisville,
MI). Please note that ESC cultures were grown to a high cell
density prior to initiating differentiation, and cultures were
washedwith PBS (Invitrogen) at the beginning of stages 1 and 2.
Generation and Treatment of Fetal Pancreatic Islet-like Cell

Clusters—Fetal pancreata (gestational age, 18–21 weeks) were
obtained from Advanced BioResources (Alameda, CA). These
pancreata were minced and digested with collagenase prior to
being allowed to form islet-like cell clusters (ICCs) as described
(33, 34). ICCs were subsequently washed and resuspended in
RPMI 1640 supplemented with 10% FCS and were then seeded
into 24-well plates precoated with C-IV (30 �g/ml). As
required, ICCs were seeded in the presence of PP2 (20 �M) or
Me2SO vehicle alone and were then cultured for 72 h. For
Q-PCR analysis, total RNA was extracted from ICCs prior to
and after culture in the presence of PP2 or Me2SO alone.

To assess the contribution of c-Src, ICC preparations were
nucleofected with a dominant negative kinase-inactive mutant
of c-Src (c-Src K297M) or with empty vector (pcDNA 3.1). The
plasmid c-Src K297M was kindly provided by Dr. David Schla-
epfer (University of California, San Diego) and has been
described (35). For transfection, fetal ICCs were cultured as a
monolayer on HTB-9 matrix for 3 days as and were then
nucleofected essentially as described (36). In brief, cell mono-
layers were harvested as single cells using a 0.025% trypsin-
EDTA solution, and 2� 106 cells were resuspended in 100�l of
Amaxa nucleofector solution (VPI-1005; AmaxaGmbH,Gaith-
ersburg,MD) containing 5�g of plasmid andwere then nucleo-
fected using an Amaxa Nucleofector II (S-005 program). Using
the same approach, additional cells were nucleofected with 10
nM of Ambion Silencer Select Validated src siRNA (identifier
s13414), Silencer Select Validated lyn siRNA (identifier s8356),
or scrambled siRNA (identifier 4611) from Invitrogen. After puls-
ing, the cells were transferred toC-IV-coated dishes andwere cul-
tured inRPMI1640 supplementedwith 10%FCS for an additional
2 days. For Q-PCR analysis, total RNA was extracted from
expanded ICCs prior to and after nucleofection and subsequent
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culture. �-Cell transfection efficiency based on the use of a GFP
construct under identical experimental conditions was 30–35%.
Real TimeQ-PCR—Q-PCR analysis was performed on differ-

entiated hESC cultures and fetal pancreatic preparations
(ICCs). Total RNAwas extracted using an RNeasy Plus mini kit
50 (Qiagen), and cDNA was synthesized from 100–300 ng of
RNA using an iScript cDNA synthesis kit (Bio-Rad). cDNA
reactions (20 �l) were further diluted 1:5. PCRs (20 �l of total
volume) were then run in duplicate using 3 �l of cDNA, com-
bined with TaqMan� Universal PCR Master Mix (4324018;
Applied Biosystems) and unlabeled PCR primers and TaqMan
FAMTM dye-labeled probes listed in supplemental Table S1.
RT-Q-PCR was performed using an Applied Biosystems
StepOnePlus real time PCR system machine. The results were
analyzed by the standard curve method or by the comparative
Ct (ddCt)method as indicated in the text. Standard curveswere
generated using cDNA prepared from pooled 11–17-week
human fetal ICCs (provided byUniversity ofWashington, Seat-
tle, WA). Quantified values for each gene of interest were nor-
malized to cyclophilin A (stem cells) or RPS-16 (fetal ICCs).
TheQ-PCR results shown in this study are the average values of
2–5 repeat experiments (means � S.D.). The statistical signifi-
cance of Q-PCR data were assessed using Student’s t test.
Western Blotting—Levels of NGN3 and p57kip2 expression

and the phosphorylation status of FAK, SFKs, and SMAD2were
assessed by Western blot analysis. The lysates were generated
using a buffer consisting of Triton X-100 (1%), sodium deoxy-
cholate (0.5%), SDS (0.1%), Tris (50 mM), and sodium chloride
(150 mM) (pH 8.0). To assess NGN3 expression, lysates were
generated using a buffer containing SDS (1%), urea (6 M), and
Hepes (50 mM). Both buffers were further supplemented with
PMSF (1 mM), pepstatin (10 �g/ml), leupeptin (10 �g/ml), and
a complete protease inhibitor mixture (Roche Applied Sci-
ence). To inhibit phosphatase activity, the buffers were further
supplemented with sodium orthovanadate (1 mM), �-glycero-
phosphate (25mM), sodiumpyrophosphate (2mM), and sodium
fluoride (10 mM). Equal quantities of protein were separated
under reducing conditions using polyacrylamide gels (4–12%
Bis-Tris, NuPage; Invitrogen). Proteins were transferred by
electroblotting onto PVDF membranes (Immobilon-P; Milli-
pore), and themembranes were then probed with rabbit Abs to
p57kip2 (antibody 2557), phosphoFAK Tyr-397 (antibody
3283), phosphoFAK Tyr-576/577 (antibody 3281), phospho-
FAKTyr-925 (antibody 3284), phospho-SFKTyr-416 (antibody
2101), and phospho-SMAD2 (antibody 3108). All of the rabbit
Abs were from Cell Signaling (Danvers, MA) and were used at
1:1000 overnight at 4 °C. Additional membranes were probed
with a sheep pAb to NGN3 (1 �g/ml antibody AF3444; R & D)
for 2.5 h at room temperature. Detection was performed using
donkey anti-rabbit or anti-sheep IgG-HRP conjugates (Jackson
Immunoresearch,West Grove, PA) and by chemiluminescence
(ECL normal RPN2109; Amersham Biosciences). To ensure
equal loading, themembraneswere striped and probed for total
FAK (1:1000 pAb 3285; Cell Signaling), total Src (1:000 pAb
21080), total SMAD2 (1:1000 antibody 5339), or �-actin
(1:5000 mouse mAb AC-15; Sigma).
Immunofluorescence—Differentiated hESC cultures, were

fixed with 4% paraformaldehyde and then treated for 45 min

with PBS containing 0.2%Triton X-100 (Sigma) and 5% normal
donkey serum (Jackson ImmunoResearch). The cells were sub-
sequently washed and incubatedwith primarymAbs or pAbs to
insulin (15�g/ml sheep pAbPC059; Binding Site), glucagon (15
�g/ml mouse mAb, Clone K7961310; Sigma), NGN3 (5 �g/ml
sheep pAbAF3444; R & D Systems), phospho-SFK Y416 (1:100
rabbit pAb 2101), phospho-FAK Y925 (1:100 rabbit pAb 3284),
phospho-FAKY397 (1:100 rabbit pAb 3283), p57kip2 (1:25 rab-
bit pAb SC-1040 Santa Cruz), or PDX1 (1:5000 goat pAb)
(kindly provided by Dr. Christopher Wright, Vanderbilt Uni-
versity Medical Center, Nashville, TN). Rabbit pAbs to phos-
pho-FAK or phospho-SFKwere added in combination with the
goat pAb to human PDX1. The sheep pAb to NGN3 was added
alone or in combination with the rabbit pAb to p57kip2. The
sheep pAb to insulin was used in combination with the mouse
mAb to glucagon. The cells were incubated with primary anti-
bodies overnight at 4 °C in PBS containing 0.1% Triton X-100
and 0.5% normal donkey serum. Bound antibodies were subse-
quently detected using donkey anti-sheep Alexa Fluor 488
(1:500 antibody A11015; Molecular Probes-Invitrogen), don-
key anti-goat Rhodamine RedTM-X (1:500; Jackson Immu-
noresearch), donkey anti-rabbit Alexa Fluor 488 or 568 (1:500
antibodyA21206/10042;Molecular Probes-Invitrogen) or don-
key anti-mouse Alexa Fluor 488 or 568 (1:500 antibody
A21202/A10037; Molecular Probes-Invitrogen). Secondary
immunoconjugates were used alone or in combination as
required, and staining was performed for 90 min at room
temperature.
Flow Cytometry—Differentiated hESC cultures were har-

vested as single cells using 0.25% Trypsin/EDTA (Invitrogen)
and were permeablized and fixed using IntraPrep permeabili-
zation reagent kit (PN IM2388; Beckman Coulter) according to
the manufacturer’s instructions. After fixation and permeabili-
zation, the cells were blocked with 5% normal donkey serum in
the presence of the permeabilization reagent, for 20 min at
room temperature. The cells were subsequently stained with
antibodies to NGN3 (5 �g/ml sheep pAb; pAb AF3444; R & D
Systems), human C-peptide (10 �g/ml mouse mAb Clone
C-PEP-01; AbB Serotec), insulin (15 �g/ml sheep pAb; pAb
PC059; Binding Site), or glucagon (12 �g/ml mouse mAb;
Clone K7961310; Sigma). Incubations were performed for 1–2
h at room temperature. For detection, the cells were incubated
with donkey anti-sheep Alexa Fluor 488 (1:500 antibody
A11015; Molecular Probes-Invitrogen) or donkey anti-mouse
Alexa Fluor 488 (1:500 antibody A21202; Molecular Probes-
Invitrogen) for 1 h. Washing and incubation steps were per-
formed using PBS containing 0.5% BSA. The cells were ana-
lyzed on a Becton Dickinson FACScan using CellQuest v. (3.3)
software.

RESULTS

The SFK Inhibitor PP2 Promotes Endocrine Specification and
the Derivation of �-Cells from hESCs—The impact of the SFK
inhibitor PP2 on the derivation of pancreatic endocrine pro-
genitors from hESCs was assessed using a modified version of a
protocol described by D’Amour et al. (1) and Kroon et al. (2)
(Fig. 1A). Using this stage-by-stage approach, we were able to
confirm a greater than 200,000-fold induction of insulin mes-
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sage and the generation of discrete clusters of insulin-positive
cells (Fig. 1, B and C). Based on FACS analysis, the final yield of
insulin- and C-peptide-positive cells from various ESC lines
including H9, CyT49, and CyT203 was between 6 and 13% (not
shown).
The initial recruitment of cells into endocrine lineages has

been shown to occur during stage 3 culture or between days 6
and 9 of the differentiation protocol described by Kroon et al.
(2) (Fig. 1A). The impact of PP2 on the initial endocrine com-
mitment of CyT49 hESCs was subsequently assessed by adding
the inhibitor for no more than 48 h starting on day 6 (Fig. 1A).
Levels of endocrine specification were subsequently deter-
mined on day 9 based on the relative expression of the tran-
scription factor NGN3. NGN3 is required for endocrine com-
mitment and, based on its restricted expression, can be used to
monitor the emergence of endocrine progenitors (37). Impor-
tantly, Q-PCR analysis confirmed that treatment with PP2
induces a significant, time- and dose-dependent increase in the
expression ofNGN3 (Fig. 1,D and E). In contrast, PP3, an inac-
tive structural analog of PP2, was found to be ineffective (Fig.
1E). PP2 was also found to be effective in inducing NGN3
expression in CyT203 cells, H9 cells, and a cloned population of

human induced pluripotent stem cells derived from human
skin fibroblasts (supplemental Fig. S1). It is important to note
that PP2 also induced NGN3 expression at later stages of dif-
ferentiation (i.e. stages 4 and 5) (supplemental Fig. S2). How-
ever, NGN3 expression was suppressed if PP2 was added at an
earlier developmental stage (i.e. stage 2) (supplemental Fig. S2)
or if it was added for more than 48 h (not shown). SKI-1,
another small compound SFK inhibitor, was also found to
induce NGN3 expression (supplemental Fig. S3). The SFK
inhibitor SU6656 induced cell death and was ineffective (sup-
plemental Fig. S3).
The ability of PP2 to induce expression of NGN3was further

confirmed at the protein level. Thus, immunostaining revealed
a marked increase in the frequency of cells expressing NGN3
(Fig. 1F), and Western blot analysis verified the induction of a
band corresponding to the predicted molecular mass of NGN3
(�29 kDa) (Fig. 1G). FACS analysis performedonday 9 cultures
confirmed that PP2 treatment increased the derivation of
NGN3-positive cells by 2-fold (Fig. 1H). It is important to note
that NGN3 is only transiently expressed by endocrine progen-
itors and that prior treatment with PP2 continued to induce
higher levels of NGN3 expression during subsequent stage 4

FIGURE 1. PP2 induces NGN3 expression. A, design of differentiation protocol and timing of PP2 addition and removal. B, real time PCR results showing
induction of insulin message after the directed differentiation of CyT49 hESCs. The results are fold induction relative to the lowest detectable levels of insulin
prior to day 12. C, photomicrographs (40�) showing differentiated CyT49 cultures (day 15) stained for insulin (red) and DNA (DAPI; blue). D, Q-PCR analysis
showing induction of NGN3 after stage 3 culture in the presence or absence of PP2 (10 �M). PP2 or Me2SO (DMSO) alone was added on day 6, and cultures were
evaluated 48 or 72 h later. The results show relative levels of NGN3 expression based on standard curves established using fetal ICCs. E, Q-PCR analysis showing
a dose-dependent induction of NGN3 by PP2 and lack of induction by PP3. The cells were harvested on day 9, and the results show fold induction relative to
Me2SO control. *, levels induced by PP2 were significantly greater than by Me2SO alone at p � 0.01 (n � 3). F, photomicrographs (20�) showing nuclear NGN3
expression in CyT49 cells differentiated in the presence of PP2 or Me2SO alone. PP2 was added on day 6 and was removed 48 h later. The cells were
immunostained on day 9 using an anti-NGN3 pAb (green), and the nuclei were stained using DAPI (blue). G, Western blot showing levels of NGN3 expression in
CyT49 cells differentiated in the presence or absence of PP2. PP2 or Me2SO alone was added for 48 h at the start of stage 3 culture (day 6), and the lysates were
generated on day 9. The membranes were probed with an anti-NGN3 pAb, and the bands correspond to the predicted size of NGN3. H, FACS contour plots
showing an increase in the frequency of NGN3-positive cells after treatment with PP2. PP2 or Me2SO alone was added on day 6 and was removed 48 h later. On
day 9, cells were stained using an anti-NGN3 pAb or nonspecific IgG control.
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culture (not shown). Consequently the number of NGN3-pos-
itive cells detected on day 9 underestimates the final yield of
hormone-positive cells induced in the presence of PP2. It
should also be noted that PP2 treatment induced the retraction
of confluent stage 3 cultures into cord-like structures (supple-
mental Fig. S4) and altered the side scatter profile of cells har-
vested for FACS analysis (Fig. 1H).
To verify that PP2 is promoting endocrine commitment, we

further assessed its impact on insulin expression. Q-PCR per-
formed over the course of the differentiation protocol con-
firmed that PP2 induces a marked temporal increase in NGN3
expression, and this is then followed by a further significant
induction of insulin relative to the Me2SO control (Fig. 2A).
Importantly, FACS analysis performed upon completion of the
protocol confirmed that prior treatment with PP2 promotes an
over 2-fold increase in the final yield of C-peptide-positive cells
(Fig. 2B). In this regard, C-peptide is a component of proinsulin
that is exclusively expressed as a result of endogenous insulin
production. Indicating a role in both �- and �-cell differentia-
tion, PP2 was also found to double the yield of glucagon-ex-
pressing cells (Fig. 2C). Consistent with the observed increase
in C-peptide-positive cells, insulin release in response to IBMX
treatment was also found to be significantly greater in those
cultures that had previously been exposed to PP2 (supplemen-
tal Fig. S5).
Double immunofluorescence staining confirmed an increase

in the frequency of insulin- and glucagon-positive cells after
treatment with PP2 (Fig. 2D). It should be noted, however, that
�40% of the hormone-positive cells detected were found to
co-express insulin and glucagon, suggesting that at least some
of these cells remain immature (Fig. 2C and supplemental Fig.
S6). We found no evidence that prior treatment with PP2

altered the fraction of hormone-positive cells expressing either
insulin or glucagon alone (supplemental Fig. S6).
PP2 Inhibits SFK and FAK Activity, and Inhibition of FAK

Also Induces Endocrine Specification—Western blot analysis of
lysates derived from stage 3 cultures confirmed the presence of
SFK activity (pSFK Tyr-416) and confirmed a marked inhibi-
tion of this activity by PP2 (Fig. 3A, top bands). Because PDX-
1-positive progenitors are the presumptive source of commit-
ted endocrine progenitors, we further determined whether the
SFK activity detected is localized to PDX-1-positive cells and
whether this activity is also inhibited by PP2. Double-immun-
ofluorescent staining confirmed the presence of active SFK
(Tyr-416) within the cytoplasm of PDX-1-positive progenitors
and verified that this activity is markedly inhibited by PP2 (Fig.
3B). Double staining with DAPI confirmed that the PDX-1
observed is primarily confined to the nuclei of our putative
progenitor population (supplemental Fig. S7).
Based on prior reports demonstrating that PP2 induces dif-

ferentiation by inhibiting FAK (13, 14, 21), we determined
whether PP2 also inhibits FAK activation within our stage 3
cultures. Importantly, Western blot analysis confirmed that
PP2 markedly inhibited FAK phosphorylation at several sites
known to be activated following SFK recruitment including
pFAK Tyr-576/577 and pFAK Tyr-925 (Fig. 3A) (19). More-
over, double immunofluorescent staining confirmed the pres-
ence of active FAK (pFAK Tyr-925) within the cytoplasm of
PDX-1-positive progenitors and verified that this activity is
markedly inhibited by PP2 (Fig. 3C).
Given the ability of PP2 to suppress FAK activation, we fur-

ther determined whether pharmacological inhibition of FAK is
sufficient to promote endocrine specification. For this purpose,
we assessed the impact of a novel small compound inhibitor

FIGURE 2. PP2 induces insulin and glucagon expression. A, Q-PCR was used to assess NGN3 and INSULIN expression during the course of CyT49 hESC
differentiation. The cells were cultured in the presence or absence of PP2 (10 �M) for the first 2 days of stage 3 culture. Note that PP2 causes a large temporal
increase in NGN3 expression and a subsequent increase in INSULIN expression. The results are fold induction relative to the lowest prior detectable levels of
NGN3 or INSULIN. B and C, FACS contour plots showing that prior stage 3 treatment with PP2 increases the final yield of C-peptide-positive and glucagon-
positive cells. CyT49 hESCs were harvested and stained on day 15. D, photomicrograph (40�) showing insulin (red) or glucagon (green) expression after and
prior to stage 3 culture in the presence or absence of PP2. CyT49 cells were harvested on day 15 and were subsequently embedded in OTC for sectioning and
staining. Double positive cells are yellow.
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(PF-228 or PF-573,228) that selectively inhibits FAK catalytic
activity by blocking phosphorylation at Tyr-397 (38). This
inhibitor is highly specific for FAK relative to other tyrosine
kinases, and used at 1–5 �M, it selectively disrupts FAK-depen-
dent processes including cell migration and focal adhesion
turnover (38–40). Using the same approach adopted for PP2,
PF-228 (2�M)was added to cultures for 48 h at the start of stage

3 culture, and its impact on NGN3 expression was evaluated
2–3 days later (Fig. 3D). Importantly, Q-PCR analysis con-
firmed that PF-228 was also able to induce a significant time-
dependent increase in the expression ofNGN3 (Fig. 3E). More-
over, immunostaining confirmed a significant increase in the
frequency of cells expressing nuclear NGN3 (Fig. 3F), and
Western blot analysis verified that PF-228 induces a band cor-
responding to the predicted molecular mass of NGN3 (�29
kDa; Fig. 3G). The ability of PF-228 to inhibit FAK phosphory-
lation in stage 3 cultures and within PDX-1-positive progeni-
tors was confirmed by Western blot analysis and by immuno-
staining (Fig. 3, H and I). Together these data support the
contention that PP2 can promote endocrine specification by
inhibiting FAK activation.
Inhibition of c-Src Is Sufficient to Induce NGN3 Expression in

Fetal Islet Preparations—Induction of NGN3 by both PP2 and
SKI-1 supports the view that endocrine specification is poten-
tiated by the suppression of SFK activity. However, PP2 targets
multiple kinases including some that do not belong to the Src
family. Additional studies were therefore performed to deter-
mine whether specific targeting of the prototypical SFK c-Src is
sufficient to induce NGN3 expression. To address this issue we
used human fetal pancreatic preparations (ICCs) that contain
PDX1-positive progenitors and are amenable to nucleofection
(36). Despite repeated attempts, using a variety of approaches,
we were unable to successfully transfect stage 3 hESC cultures.
This can partly be attributed to the fact that these cultures need
to be maintained as intact highly confluent monolayers to pro-
mote endocrine specification. Moreover, based on results
obtained using PP2, it would likely be detrimental to inhibit Src
activity prior to stage-3 culture.
Fetal islet-like cell clusters (ICCs) were generated from

18-week fetal pancreata essentially as described (36) and were
subsequently cultured for 3 days in the presence or absence of
PP2. As observed in our stage 3 hESC cultures, PP2 induced a
2–3-fold increase in the expression ofNGN3 andNEUROD1, as
well as a marked increase in the expression of INSULIN (Fig.
4A). To determine whether this induction can be specifically
attributed to the inhibition of c-Src, expanded ICC prepara-
tions were nucleofected with a kinase-inactive mutant of c-Src
(c-Src K297M) or with empty vector (36). Importantly, Q-PCR
analysis performed prior to and after the culture of transfected
populations confirmed that ectopic expression of c-Src K297M
also induces a significant increase in the expression of NGN3,
NEUROD1, and INSULIN (Fig. 4B).
Using a second approach, we also observed a significant

induction of NGN3 following nucleofection with a Src siRNA
(Fig. 4C). In contrast, nucleofection with scrambled Src siRNA
or with a Lyn siRNA had no significant impact (Fig. 4C).
Together these data support the contention that inhibition of
c-Src is sufficient to induce NGN3 expression.
SFK and FAK Inhibitors May Induce NGN3 by Inhibiting

Activation of the Smad2/3 Pathway—Inhibitors of TGF�-de-
pendent Smad2/3 activation have recently been shown to
induce the endocrine commitment of hESCs derivatives, sug-
gesting that this signaling pathway normally acts to suppress
early �-cell development (28, 29). Importantly, adhesion-de-
pendent activation of FAKandSrc has also recently been shown

FIGURE 3. PP2 inhibits SFK and FAK activity and the FAK inhibitor PF-228
also induces NGN3 expression. A, Western blots showing levels of pSFK and
pFAK activity in CyT49 cells that had been differentiated in the presence or
absence of PP2. PP2 was added at the start of stage 3 culture, and lysates were
generated 48 h later. The membranes were probed with pAbs specific for
pSFK (Tyr-416), pFAK (Tyr-576/577), or pFAK (Tyr-925). Equal loading was con-
firmed using pAbs to Src and FAK. B and C, photomicrographs (40�) showing
CyT49 stage 3 cultures stained for PDX1 (red) and either pSFK (Tyr-416) or
pFAK (Tyr-925) (green). The cells were differentiated in the presence or
absence of PP2 for 48 h prior to staining. D, schematic showing the timing of
PF-228 addition and removal. E, Q-PCR analysis showing induction of NGN3
after culture in the presence or absence of PF-228 (2 �M). Relative message for
NGN3 is based on standard curves established using fetal ICCs. *, levels
induced by PF-228 were significantly greater than by Me2SO (DMSO) alone at
p � 0.01 (n � 3). F, photomicrographs (20�) showing nuclear NGN3 expres-
sion in CyT49 cells that had been differentiated in the presence or absence of
PF-228. PF-228 was added on day 6 and was removed 48 h later. The cells were
stained on day 9 using a pAb to NGN3 (green), and the nuclei were stained
using DAPI (blue). G, Western blot showing levels of NGN3 in CyT49 cells that
had been differentiated in the presence or absence of PF-228. PF-228 was
added for 48 h at the start of stage 3 culture (day 6), and the lysates were
generated on day 9. The membranes were probed with a pAb to NGN3, and
the bands correspond to predicted size of NGN3. H, Western blot showing
levels of pFAK in CyT49 hESCs that had been differentiated in the presence or
absence of PF-228. PF-228 was added on day 6, and the lysates were gener-
ated 48 h later. The membranes were probed with pAbs specific for pFAK
(Tyr-397) or total FAK. I, photomicrographs (40�) showing CyT49 stage 3
cultures stained for PDX-1 (red) and pFAK(Tyr-397) (green). The cells were
cultured in the presence or absence of PF-228 for 48 h prior to staining.
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to promote signaling via the TGF�R/Smad2/3 axis (26, 27).
Based on these observations, it is possible that PP2 and PF228
induce endocrine commitment by limiting activation of the
Smad2/3 pathway.
To address this possibility, we first determinedwhether inhi-

bition of TGF�R signaling induces NGN3 expression by the
end of stage 3 culture. The addition of a highly specific inhibitor
of TGF� R1 kinase (ALK5 inhibitor II) did indeed significantly
increase NGN3 expression by the end of stage 3 culture (Fig. 5,
A and B). Inhibition of TGF�R signaling by this inhibitor was
subsequently confirmed based on reduced levels of Smad2 acti-
vation (Fig. 5C). Supporting prior reports that Src and FAK
contribute to activation of the TGF�R/Smad2/3 pathway, PP2,
SKI-1, and PF-228 all reduced the levels of Smad2 activation in
our stage 3 cultures (Fig. 5C). Based on these data, we conclude
that PP2 and PF228 may induce NGN3 expression by limiting
SFK/FAK-dependent activation of the Smad2/3 pathway.
PP2 and PF-228 Induce Expression of p57kip2 but Suppress

the Expression of Id1 and Id2—Endocrine commitment re-
quires that pancreatic progenitors exit the cell cycle. Experi-
ments were therefore performed to determine whether inhibi-
tion of SFK or FAK signaling suppresses the growth of stage 3
cultures that are highly enriched for PDX-1-positive pancreatic
progenitors (2). Importantly, both PP2 and PF-228 significantly
inhibited the expansion of stage 3 cultures without inducing a
significant increase in cell death or apoptosis (Fig. 6A and sup-
plementary Fig. S8). In other cell types, SFK and FAK inhibitors
have been shown to inhibit proliferation and promote differen-
tiation by increasing the expression or activity of p57kip2 and
p27kip1 (25, 30, 31, 41). In this regard, exposure of stage 3
cultures to both PP2 and PF-228 was found to significantly
increase the transcription p57kip2 and had a more modest
impact on the expression p27kip1 (Fig. 6B). Given a report
showing that p57kip2 is expressed almost exclusively by post-
mitotic �-cells in the human pancreas (42), we determined
whether this CDKI is also up-regulated at the protein level and
whether it is induced in committed endocrine progenitors.
Importantly, Western blot analysis confirmed that p57kip2 is
induced by PP2 and PF-228 (Fig. 6C).Moreover, double-immu-
nofluorescent staining confirmed that p57kip2 expression is

induced in at least a subset of committed NGN3-positive pro-
genitors following treatmentwith PP2 (Fig. 6D). Together these
findings are consistent with the notion that inhibition of SFK
activity can promote cell cycle exit and subsequent �-cell dif-
ferentiation by inducing the expression of p57kip2.
The inhibitors of differentiation proteins (Ids) are a family of

proteins that suppress the activity of basic HLH transcription
factors and in this capacity regulate cell fate determination and
inhibit endocrine differentiation (43). Based on this we deter-
minedwhether PP2 and PF228might also potentiate endocrine
development by suppressing Id expression. In this regard, expo-
sure of stage 3 cultures to PP2, and to a lesser degree to PF-228,
was indeed found to suppress the expression of Id1 and Id2 (Fig.
6E). PP2 was found to suppress Id1 and Id2 expression more
effectively than ALK5 inhibitor II, suggesting a mechanism
largely independent of the TGF�R/Smad2/3 pathway (Fig. 6E).
PP2 and PF-228 Differentially Impact the Expression of the

Pancreatic Hormones and the Proendocrine Transcription Fac-
tors ARX and PAX4—Further experiments were performed to
compare the impact of PP2 and PF-228 on the derivation of the

FIGURE 4. Inhibition of c-Src promotes endocrine specification. A, fetal ICCs (18 weeks) were cultured for 3 days on collagen in the presence of PP2 or Me2SO
(DMSO) vehicle alone. Q-PCR was used to assess levels of INSULIN, NGN3, and NEUROD1 message prior to and after culture. The results show message levels
relative to the ICC starting material. *, levels induced by PP2 were significantly greater than by Me2SO alone at p � 0.01 (n � 3). B, ICCs were expanded on HTB-9
matrix for 3 days prior to nucleofection with a dominant negative c-Src construct (c-Src K297M) or an empty vector control (Vect., pcDNA 3.1). Transfected cells
were then reseeded onto collagen for 48 h. Q-PCR was used to assess levels of INSULIN, NGN3, and NEUROD1 message prior to and after culture on collagen.
The results show message levels relative to ICC starting materials. *, levels induced by dominant negative Src were significantly greater than by the empty
vector at p � 0.01 (NGN3 and INSULIN) or at p � 0.05 (NEUROD1) (n � 3). C, ICCs were expanded on HTB-9 matrix for 3 days prior to nucleofection with Src or
Lyn siRNA. Control cells received scrambled Src siRNA. Transfected cells were then reseeded onto collagen for 48 h, and Q-PCR was used to assess levels of
NGN3 message prior to and after culture on collagen. The results show message levels relative to ICC starting material. *, levels induced by Src siRNA were
significantly greater than by the scrambled Src siRNA at p � 0.01 (n � 3).

FIGURE 5. PP2 and PF-228 inhibit SMAD2 activation. A, schematic showing
the timing of ALK5 inhibitor II addition and removal. B, Q-PCR analysis show-
ing fold induction of NGN3 after culture in the presence of increasing
amounts of ALK5 inhibitor II. Fold is relative to Me2SO (DMSO) treatment
alone. *, levels induced by the ALK5 inhibitor II were significantly greater than
by Me2SO alone at p � 0.01 (n � 3). C, Western blots showing levels of
pSMAD2 activity in CyT49 cells that had been differentiated in the presence or
absence of ALK5 inhibitor II (3 �M), PP2 (10 �M), PF-228 (3 �M), or SKI-1 (3 �M).
Control cells were incubated in the presence of Me2SO alone. Inhibitors were
added at the start of stage 3 culture, and lysates were generated 48 h later.
The membranes were probed with a pAb specific for pSMAD2, and equal
loading was confirmed using a pAbs to total SMAD2.
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different endocrine subtypes. In addition to inducing insulin
and glucagon, PP2 also promoted the expression of somatosta-
tin, and to a lesser degree, pancreatic polypeptide (PP) and ghre-
lin (Fig. 7A). However, contrary to expectation, prior treatment
with PF-228 only effectively induced the expression of soma-
tostatin (Fig. 7A). These data suggest that inhibition of FAK
alone is not sufficient to promote the derivation of every endo-
crine subtype. For its part, PP2 may preferentially induce other
transcription factors that direct NGN3-positive progenitors
into the �- or �-cell lineage. To test this hypothesis, we deter-
mined whether PP2 and PF-228 differentially regulate the
expression of lineage-associated transcription factors down-
stream of NGN3 (Fig. 7B).
Proendocrine factors immediately downstream of NGN3,

namely NEUROD1 and NKX2.2, were significantly induced by
both PP2 and PF-228 (Fig. 7, B and C). However, the transcrip-
tion factor PAX4, which is essential for normal �-cell develop-
ment (44) was found to be markedly and preferentially induced
by PP2 (Fig. 7C). Based on this finding, it is conceivable that
PF-228 (unlike PP2) is unable to induce insulin expression
because it fails to induce the requisite levels of PAX4. The
observation that PP2 is more effective in suppressing Id2
expression than PF-228 (Fig. 6E) might explain why this inhib-
itor is more effective in inducing PAX4 expression (43).
Interestingly, PF-228 was much more effective than PP2 in

inducing the expression of ARX, which would normally be
expected to favor the development of �- and �-cells (Fig. 7, B
and C) (45). However, the observation that PP2 treatment
induces lower levels of ARX expression is consistent with the
fact that ARX and PAX4 are part of antagonistic cross-regula-
tory circuit (45). The transcription factor BRN4, which has
been linked to the development of �-cells, was induced by both

PP2 and PF-228 (Fig. 7, B and C). Given the ability of PF-228 to
induce both ARX and BRN4, it remains to be determined why
this inhibitor ultimately fails to induce glucagon expression.
Additional transcription factors involved in �-cell or �-cell
maturation including PAX6, MAFA and MAFB were not sig-
nificantly induced by PP2 or PF-228 during the course of stage
3 culture (not shown). However, pretreatment with PP2 did
significantly increase bothMAFB andMAFA expression by the
end of stage 5 (supplemental Fig. S9). This is consistent with
PP2 increasing overall levels of endocrine commitment, which
then allows for the subsequent emergence ofMAFA andMAFB
positive cells. Finally, it should be noted that under the condi-
tions used, PP2 and PF-228were not found to induce transcrip-
tion factors involved in the development of the exocrine pan-
creas, including MIST1 or PTF1A (Fig. 7C and not shown).

DISCUSSION

We have demonstrated that the SFK inhibitor PP2 promotes
endocrine specification and the subsequent derivation of insu-
lin-producing cells. We propose that PP2 induces endocrine
specification, at least in part, by inhibiting the activation of
FAK. These findings are consistent with prior reports showing
that inhibition of FAK by PP2 also promotes the derivation of
cardiomyocytes and chondrocytes (13, 21, 25). Because SFKs,
including c-Src, promote the activation and catalytic activity of
FAK, it is not surprising that PP2 can function as a potent inhib-
itor of FAKactivation (19).However, whether inhibition of dual
SFK/FAK signaling ultimately serves to induce differentiation
is likely to be dependent on the cell type targeted. Thus, PP2 has
been shown to actually inhibit the differentiation of certain cell
types, including neuroectodermal cells (21) andmyofibroblasts

FIGURE 6. PP2 and PF-228 inhibit the growth of stage 3 cultures and modulate the expression of p57kip2, Id1, and Id2. A, PP2 (10 �M) or PF-228 (2 �M)
was added at the start of stage 3 culture (day6) for 48 h, and the percentage of increase in cell number was determined on day 9. *, the percentage of increase
was significantly lower in the presence of PP2 and PF-228 at p � 0.01 (n � 2). B, Q-PCR analysis showing the induction of p57kip2 and p27kip1 expression after
culture in the presence of PP2 or PF-228. Inhibitors were added on day 6 for 48 h, and cultures were harvested on day 9. The results show fold induction relative
to Me2SO (DMSO) control. *, levels induced by PP2 and PF-228 were significantly greater than by Me2SO alone at p � 0.05 (n � 3). C, Western blot showing levels
of p57kip2 in CyT49 cells that had been differentiated in the presence or absence of PP2 or PF-228. Compounds were added for 48 h at the start of stage 3
culture (day 6), and the lysates were generated on day 9. The membranes were probed with a pAb specific for p57kip2, and equal loading was confirmed using
a mAb to �-actin. D, stage 3 CyT49 cells that had been differentiated in the presence or absence of PP2 were stained for NGN3 (green) and p57kip2 (red). PP2
was added for 48 h at the start of stage 3 culture (day 6), and the cells were stained on day 9. E, Q-PCR analysis showing levels Id1 and Id2 expression after culture
in the presence of PP2, PF-228, or ALK5 inhibitor II. Inhibitors were added on day 6 for 48 h, and cultures were harvested on day 9. The results show levels relative
to Me2SO control. *, levels seen in the presence of PP2 and PF-228 were significantly lower than that seen in the presence of Me2SO alone at p � 0.05 (n � 3).
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(46), and in this study we found no evidence that PP2 induces
the emergence of exocrine cells.
Several lines of evidence suggest that inhibition of SFK/FAK

signaling by PP2 potentiates endocrine differentiation by inhib-
iting the TGF�R/Smad2/3 pathway. Recent studies have shown
that pharmacological inhibitors that target the TGF� type I
receptor ALK5 (ALK5 inhibitor II) or ALK5 and its relatives
ALK4 and ALK7 (SB431542) promote the endocrine specifica-
tion of hESC derivatives (29) and ultimately increase �-cell
yields (28). Using ALK5 inhibitor II, we have been able to con-
firm that this is also true using our own differentiationmethod.
Importantly, we can confirm that PP2 and PF228 also inhibit
the activation of Smad2. This is consistent with prior reports
demonstrating that anchorage-dependent activation of SFK/
FAK results in the activation of Smad2/3, possibly because of
cross-talk between integrins and TGF�Rs (26, 27). In this
regard it has been shown that TGF�1 ligation results in
enhanced FAK activation (27). Moreover, it has also been
shown that integrin/TGF�R cross-talk can occur even in the
absence of TGF� ligation (26).

Several studies have shown that SFK inhibitors can promote
cell cycle exit and terminal differentiation by inducing the
expression of CDKIs including p57kip2 (25, 30, 31). In this
regard, we can confirm that PP2 also induces p57kip2 expres-
sion in a subset ofNGN3-positive endocrine progenitors. Inter-
estingly, inactivation of the transcription factor HES1 in mice
has been shown to induce p57kip2 expression, and this in turn
drives pancreatic progenitors out of the cell cycle, forcing them
to undergo precocious differentiation (47). In this mouse
model, however, p57kip2 failed to co-localize with endocrine
progenitors, and p57kip2 is not expressed by �-cells in the rat
(47, 48). However, it should be noted that p57kip2 is expressed
by post-mitotic �-cells in human islets (42, 49). Based on this
observation and our own findings, p57kip2 could have an
instructive role in the specification and differentiation of
human �-cells, and repressing SFK/FAK signaling should serve
to promote this process.
Based on the induction of NGN3, NKX2.2, NEUROD1, and

somatostatin by PF-228, we propose that inhibition of FAK is
sufficient to induce endocrine commitment. However, in con-

FIGURE 7. PP2 and PF-228 have a differential impact on the expression of pancreatic hormones and proendocrine transcription factors. A, results show
the expression of pancreatic hormones by CyT49 cells previously exposed to PP2 or PF-228. Inhibitors were added at the start of stage 3 culture for 48 h, and
the cells were subsequently harvested for Q-PCR analysis on day 15. Results show fold induction relative to Me2SO (DMSO) control. *, levels induced by PP2 or
PF-228 were significantly greater than by Me2SO alone at p � 0.01 (n � 3–5). B, schematic showing the putative involvement of different transcription factors
in the generation of the different endocrine subtypes. C, results show the expression of various proendocrine transcription factors after CyT49 cells were
differentiated in the presence or absence of PP2 or PF-228. Inhibitors were added at the start of stage 3 culture (day 6) for 48 h, and the cells were harvested for
Q-PCR analysis on day 9. *, levels induced by PP2 or PF-228 were significantly greater than by Me2SO alone at p � 0.01 (n � 3– 4).
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trast to PP2, this inhibitor failed to induce the expression of
either insulin or glucagon, suggesting that other specification
factors associated with the �- and �-cell lineage need to be
induced. In this regard, a prior report has shown that ectopic
expression ofNGN3 in ductal epithelial cells effectively induces
markers of early islet cell differentiation (e.g. NEUROD1 and
NKX2.2), but subsequent differentiation tended to favor the
development of somatostatin-positive cells (50). The authors
suggest that this may be due to an intrinsic deficit in the basal
expression of other transcription factors such as Pax4, Pax6, or
Nkx6.1 (50). This said, it is noteworthy that PP2, which did
promote insulin expression, was more effective than PF-228 in
inducing the expression of PAX4. Accordingly, FAK inhibition
alone may not induce the threshold of PAX4 expression
required for�-cell development. One explanation based on our
own observations could be that PF228 is less effective in sup-
pressing the expression of Id2. Higher levels of Id2 may then
suppress the activity of basic HLH transcription factors
required for�-cell development. In this regard, it is noteworthy
that Id2 has been shown to inhibit the activity of NeuroD1 and
subsequently inhibits PAX6 expression and endocrine differen-
tiation (43). In addition to inhibiting FAK, PP2 will broadly
inhibit all SFK activity, and this may also be important for the
optimal induction of PAX4. Moreover, it should be noted that
the retraction of cell monolayers into cord-like structures
observed in the presence of PP2 was not observed after the
addition of PF-228. Thus, it is conceivable that a shift from
cell-matrix to cell-cell association is required for the optimal
emergence of insulin- and glucagon-positive cells.
Our work with isolated fetal pancreata indicates that

selective inhibition of c-Src is sufficient to induce NGN3,
NEUROD1, and insulin expression. Such a role is consistent
with prior reports showing that selective inhibition of c-Src
inhibits cell growth (31), whereas active Src effectively pre-
vents differentiation (51). Moreover, c-Src has been shown to
activate FAK and to inhibit the expression or stability of both
p57kip2 and p27kip1 (31).
The observation that the SFK inhibitor PP2 can be used to

significantly enhance the derivation of �-cells from hESCs has
significant translational implications. Islet transplantation into
type I diabetics has been shown to provide clear benefits in
terms of glucose control, but a critical shortage of donor pan-
creata means that few can benefit from this approach. Any
small compound inhibitors that can be used to significantly
enhance the ex vivo derivation of �-cells prior to transplanta-
tion should help to ameliorate this problem and thus bring us
closer to a universal cell-based therapy for type I diabetes.
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