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The mechanisms that control proliferation, or lack thereof, in adult human β cells are poorly understood. Controlled 
induction of proliferation could dramatically expand the clinical application of islet cell transplantation and represents an 
important component of regenerative approaches to a functional cure of diabetes. Adult human β cells are particularly 
resistant to common proliferative targets and often dedifferentiate during proliferation. Here we show that expression 
of the transcription factor E2F3 has a role in regulating β-cell quiescence and proliferation. We found human islets have 
virtually no expression of the pro-proliferative G1/S transcription factors E2F1–3, but an abundance of inhibitory E2Fs 
4–6. In proliferative human insulinomas, inhibitory E2Fs were absent, while E2F3 is expressed. Using this pattern as a 
“roadmap” for proliferation, we demonstrated that ectopic expression of nuclear E2F3 induced significant expansion 
of insulin-positive cells in both rat and human islets. These cells did not undergo apoptosis and retained their glucose-
responsive insulin secretion, showing the ability to reverse diabetes in mice. Our results suggest that E2F4–6 may help 
maintain quiescence in human β cells and identify E2F3 as a novel target to induce proliferation of functional β cells. 
Refinement of this approach may increase the islets available for cell-based therapies and research and could provide 

important cues for understanding in vivo proliferation of β cells.
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Introduction

Proliferation of insulin-secreting β cells is severely restricted 
in the endogenous adult pancreas, making established diabetes 
particularly difficult to treat. It has been shown that humans can 
regenerate endogenous insulin secretion after autologous hemo-
poetic stem cell transplantation.1 However, the natural regenera-
tive capacity is limited, and patients with more severe islet loss 
may never recuperate sufficient β-cell function.2 At present, islet 
transplantation is the only minimally invasive therapy for type 
I diabetes that is able to provide endogenous insulin secretion 
sufficient to achieve normoglycemia without exogenous insulin 
administration. Most patients achieve euglycemia after the islet 
transplantation. However, over time a decline in islet function 
is observed, with long-term insulin-independence achieved in 
about 40–50% of patients after 3 to 5 y.3,4 Cadaver donors, the 

current source of islets for transplant, are too scarce to meet the 
demand of diabetic patients worldwide and provide for possible 
future re-transplants. Therefore, a stable renewable source of 
transplantable β cells is imperative for the advancement of a cell-
based therapy for diabetes.

In adult islets, it is possible to drive quiescent cells to divide 
by altering the expression of cell cycle genes. The G

1
/S transi-

tion of the cell cycle is regulated in part by E2F transcription 
factors and is a tightly orchestrated process that culminates in 
DNA synthesis.5,6 E2Fs regulate expression of genes involved in 
many cellular process, including apoptosis, mitosis, differentia-
tion, and development with E2F1, 2, and 3 as transcriptional 
activators and E2F4–8 as transcriptional repressors of these 
genes.5,7,8 Regulation of E2F 1–3 activity is achieved by forma-
tion of a complex with the retinoblastoma protein (Rb). E2F is 
released from this regulatory complex by hyper-phosphorylation 
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of Rb by cyclins D/A/E and cdks 2/4/6.9,10 E2F drives prolifera-
tion through the expression of target genes involved in DNA 
synthesis, including histone H2A, PCNA, DNA polymerase, 
RPA, Cdc6, and MCM.5,11 Aberrant E2F expression has been 
linked to most types of cancer, with E2F3 in particular being 
overexpressed in lung, bladder and prostate cancers.12-15 E2F4 
and 5 regulate the expression of their target genes by occupy-
ing E2F1–3-responsive promoters, thereby preventing these 
activating E2Fs from binding.8,16 E2Fs 4 and 6 are thought 
to be a major influence on the maintenance of cellular quies-
cence.8,17 Expression of activating E2Fs is cyclic, with E2F1–3 
highly expressed during G

1
/S and minimally expressed during 

the other phases of the cell cycle.18 E2F6 also contributes to 
the cyclic expression of E2F by decreasing the pro-proliferative 
E2Fs after S-phase, when the expression of E2F1–3 is no longer 
needed.19

Though it is a debated topic, endogenous islets are thought to 
maintain the β-cell mass, at least in part, through self-renewal 
by mitotic division.20-22 Additionally, different factors appear to 
be responsible for inducing embryonic expansion of β cells com-
pared with post-weaning proliferation.23 In adult β and progeni-
tor cells, manipulation of several cell cycle proteins, including 
cyclin D, CDK4, and CDK6, have led to significant induction 
of β-cell proliferation.24-26 Additionally, E2F1 overexpression was 
recently shown to induce proliferation and apoptosis in mouse 
and human β cells.27 E2F1 was also found to have a link to β-cell 
metabolism through its control overexpression of Kir6.2 and 
insulin secretion.28

Here we use human insulinomas as a model for the induc-
tion of β-cell proliferation. By identifying E2F3 as a differen-
tially expressed cell cycle transcription factor, we found that 
its overexpression in wild-type islets induces S-phase entry 

Figure 1. Endogenous E2F expression. (A and B) Western blot and semi-quantification of protein isolated from whole islets of 4 human islet isolations 
(H1–H4) showing E2F 1–6 expression. (C) Reverse transcription PCR for E2F 1–6 in H2 and H3, showing variability of protein expression partially correlates 
with mRNA expression. (D and E) Western blot and semi-quantification of protein isolated from the nuclear fraction of islets of 4 human islet isolations 
(H5–H8) showing E2F 1–6 expression.
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and functional proliferation of β cells in isolated human  
islets.

Results

Human adult islets have nuclear expression of anti-prolifer-
ative E2Fs

Since expression of E2F4–6 is known to inhibit proliferation, 
we sought to characterize their expression in wild-type human 
islets. Whole-cell and nuclear protein extracts from 8 human 
islet preparations (H1-H8) (Table S1) were probed for E2F1–6. 
In whole-cell extracts, islets contained all 6 E2Fs whose level of 
expression varied between donors (Fig.  1A and C). This vari-
able E2F pattern was partially confirmed at the RNA level, with 
some samples (H3) showing E2F2 at both protein or mRNA 
level, while other samples (H2) showed no E2F2 expression at 
either mRNA and protein (Fig.  1B). Additionally, all samples 
showed E2F6 mRNA expression, while E2F6 protein was only 
detected in one whole-cell lysate. Since E2Fs are only able to 
transcriptionally regulate DNA if they are located in the nucleus, 
we probed for the presence of E2F1–6 in the nuclear protein 
extracts (Fig. 1D).29 While all E2Fs were detectable in the whole-
cell lysate, only the anti-proliferative E2F4–6 were measurable in 
nuclear extracts. While whole-cell extracts displayed a variable 
E2F expression pattern, the functional E2Fs localized in nucleus 
had little variability between samples. Both western blots were 
semi-quantitatively normalized to β-actin to help illustrate vir-
tual absence of some E2Fs in the nucleus (Fig. 1C and E). The 
expression of repressive E2Fs in the nucleus may contribute to the 
slow proliferation rate seen in human islets.

Human insulinomas have an E2F expression pattern that 
may drive proliferation

To examine the E2F expression in a “positive control” for 
β-cell proliferation, we repeated the E2F protein screen on whole-
cell lysates of human insulinomas obtained from 2 patients, one 
benign (I-1) and the other malignant (I-2), at the University of 
Illinois at Chicago Hospital. These patients were hyperinsulin-
emic, hypoglycemic, and gained a significant amount of weight. 
While our access was limited to only 2 fresh insulinoma sam-
ples, making generalizations difficult, the results obtained with 
these samples appeared reproducible. E2F1–6 protein expression 
was again probed by western blot (Fig. 2A) and normalized to 
β actin to help visualize any loss of E2F expression (Figs.  2B 
and C). In these insulinomas, the pro-proliferative E2Fs 1 and 
3 were expressed compared with the virtual absence of E2F2, 4, 
5, and 6. Unlike wild-type islets, none of the anti-proliferative 
E2F4–6 were observed in either of these samples. Comparison 
of E2F expression levels between western blots may not be 
appropriate, as the strength of a band depends on several factors. 
However, the comparison of the presence or absence of a given 
E2F in wild-type vs. insulinoma samples may give insight into 
the mechanism of proliferation in β cells. The expression of pro-
liferative E2Fs in insulinomas may contribute to their increased 
proliferation rate.

Adenoviruses are able to mediate overexpression of E2F3 in 
human

Since E2F3 was differentially expressed in proliferating insu-
linomas and wild-type islets, we wanted to see if ectopic induc-
tion of E2F3 would enhance proliferation in native islets. To this 
end, we infected adult human islets with adenoviruses expressing 
E2F3-GFP to assess their ability to induce transgene expression 
in whole islets. This was confirmed by detection of E2F3 by west-
ern blot (Fig. 3A). More than a 3-fold increase in E2F3 expres-
sion was observed when these immunoblots were normalized to 
β actin (Fig. 3B). Fluorescent staining of E2F3 in an infected 
islet revealed that the adenovirus only penetrated about 1–5 cell 
layers deep, but did not infect the core of the islet (Fig.  3C). 
Visualization of the GFP tag further confirmed the viruses’ abil-
ity to infect the mantle of whole human islets (Fig. 3D).

Recapitulation of insulinoma-E2F3 expression induces pro-
liferation of otherwise quiescent adult β cells

To determine if ectopic E2F3 enhanced β-cell proliferation, 
S-phase entry was examined by EdU incorporation in rat islets 
transfected with ad-E2F3. Uninfected (Fig.  4A) and ad-LacZ 
(Fig. 4B) infected islets showed no significant difference in EdU 
incorporation, with only 2.638% ± 0.2688 and 2.879% ± 0.2122 
proliferation of insulin-positive cells. The addition of the E2F3 
adenovirus significantly increased β-cell-specific proliferation to 
23.83% ± 3.659, P = 0.004 (Fig. 4C). These results are quanti-
fied for 3 rat preparations, with a range of 700–1000 insulin-
positive cells counted per preparation (Fig. 4D).

Many methods of proliferating rodent β cells do not translate 
or translate poorly into humans.30 To confirm the proliferative 
effect of E2F3 seen in rodents, human islets were infected and 
assayed for EdU incorporation and Ki67. Representative pictures 

Figure  2. Insulinoma E2F expression. (A) Whole-cell protein samples 
from benign (I-1) and malignant (I-2) human insulinomas probed for 
E2F1–6 by western blot. (B and C) Insulinoma protein expression nor-
malized to β-actin by densitomerty.
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of uninfected (Fig. 5A) and ad-LacZ (Fig. 5B) showed little pro-
liferation by EdU incorporation, 0.5208% ± 0.0579 and 1.504% 
± 0.22, respectively, with P = 0.04. Others have noted that ade-
novirus infection with transgenes typically used as viral controls 
can activate Akt expression and produce small but statistically 
significant levels of proliferation, similar to what we see here.31 
Infection with ad-E2F3 significantly raised the β-cell prolifera-
tion rate to 7.158% ± 0.4776, P < 0.001 (Fig. 5C). There results 
were confirmed by Ki67 staining in uninfected and ad-LacZ-
infected islets, showing modest proliferation rates 0.36% ± 0.2 
and 0.34% ± 0.14 (Fig. 5E and F). Similar to the EdU assay, the 
addition of ad-E2F3 significantly increased proliferation to 3.24% 
± 0.48, P = 0.004 (Fig. 5G). Little nuclear expression of E2F3 was 
seen in the uninfected and LacZ-infected islets. Conversely, most 
Ki67-positive nuclei in the E2F3-infected group also co-stained 
for nuclear E2F3 (white arrows, Fig. 5F). These results were quan-
tified for 3 human islet preparations with 700–1000 insulin-posi-
tive cells counted per preparation (Fig. 5D and G).

Overexpression of E2F3 does not impair glucose-responsive 
insulin secretion or induce apoptosis

Efforts to proliferate β cells often result in dedifferentiation 
and apoptosis as they grow.27,32 To ensure that E2F3-proliferated 
islets retained their phenotype and glucose-sensitivity, we per-
formed a static glucose incubation on rat and human islets. Rat 
(Fig. 6A) and human (Fig. 6B) islets showed that insulin secre-
tion in response to both high (28 mM) and low (2.8 mM) glucose 

were normal in E2F3-infected islets. Additionally, overex-
pression of E2F3 did not affect the total insulin content of 
the cells (Fig. 6C and D). Previous efforts to proliferate 
β cells using E2F1 resulted in activation of apoptosis and 
cell death.27 To investigate the possibility that overex-
pression of E2F3 induced apoptosis, we assayed infected 
human islets for caspase-3 activity. Uninfected, ad-LacZ, 
and ad-E2F3 infected islets all showed similar levels of 
caspase-3 activity, indicating that unlike E2F1, E2F3-
induced proliferation does not induce apoptosis (Fig. 6E).

To further characterize the β-cell function, we assayed 
E2F3 infected islets for: (1) intracellular calcium concen-
trations in response to glucose or KCl, an indicator of the 
glucose-stimulated insulin secretion kinetics determined 
mainly by K

ATP
 and calcium ion channels and (2) hyper-

polarization of the mitochondrial membrane, an indica-
tor of glucose sensitivity and ATP production. Despite 
a small decrease in intracellular calcium levels in E2F3 
infected islets, all 3 conditions showed statistically similar 
calcium levels in response to glucose and KCl, area under 
curve P = 0.1543 (Fig. 7A). Mitochondrial potential and 
dynamic insulin secretion also revealed no impairment 
or loss of function (Fig. 7B and C). Overall, no negative 
effects on insulin secretion, glucose sensitivity, total insu-
lin content, caspase-3 activity or K

ATP
/calcium ion chan-

nels were observed with the overexpression of E2F3, and 
the islets appear to retain their phenotype.

Human and rat E2F3 infected islets reverse diabetes 
in a minimal mass mouse model

To determine if the in vitro proliferative effect of 
E2F3 resulted in functional β cells, we used a minimal mass islet 
transplant model. Similar numbers of rat or human islets were 
infected with E2F3, LacZ, or no virus, cultured and transplanted 
under the kidney capsule of STZ-induced diabetic nude mice. 
Any changes in blood glucose levels were believed to be from pro-
liferation of insulin-secreting cells rather than an enhancement 
of insulin secretion from existing cells, since we saw in vitro evi-
dence of proliferation, but not of improved insulin secretion or 
insulin secretion kinetics. We found E2F3 infected rat islets were 
able to reverse diabetes (reversal defined as blood glucose <210 
mg/dL), obtaining an average blood glucose of 184.2 ± 30.4 
mg/dL, compared with 280.1 ± 30.4 mg/dL with uninfected 
islets, P = 0.009 (Fig. 8A). All mice gained weight throughout 
the 21-d period (Fig.  8B). After 21 d, to further characterize 
the graft function, we performed IPGTTs on the transplanted 
mice, revealing the E2F3-infected mice had an enhanced abil-
ity to clear glucose, with an AUC of 24 390 mg/dL/min ± 2547 
compared with 42 654 mg/dL/min ± 10684 for uninfected, P 
= 0.04 (Fig.  8C and D). Following the IPGTT, a unilateral 
nephrectomy of the grafted kidney showed the transplanted islets 
restored normoglycemia, rather than a spontaneous regeneration 
of the native pancreas (Fig. 8A and B). This suggests that despite 
an initial culture of 250 IEq in each condition, the overexpres-
sion of E2F3 drove proliferation of insulin-secreting cells, such 
that the effective number of β cells was higher in E2F3-treated 
islets.

Figure  3. Adenovirus function and infection. (A) Western blot for whole-cell 
protein extracts following ad-E2F3 infection at a MOI of 500. (B) Quantification 
of western blots for E2F3 in uninfected and ad-E2F3 infected islets, normalized 
to β-actin by densitometry. (C) Human islets infected with ad-E2F3 and fluores-
cently stained for E2F3 showing the level of penetration the adenovirus achieves 
in whole human islets. (D) Expression of GFP-tagged ad-E2F3 in infected and 
uninfected human islets after 3 d of culture.
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To test the in vivo function of expanded human islets, we 
transplanted 2000 IEq, of uninfected islets as a positive con-
trol and 1000 IEq of uninfected islets as a negative control. 
We found mice transplanted with 1500 IEq of E2F3-infected 
islets were able to reverse diabetes, with an average blood 
glucose level of 203.2 mg/dL ± 19.2 compared with LacZ,  
157.3 mg/dL ± 20.2, and uninfected islets, 158.1 mg/dL ± 19.8, 
revealing no significant difference (Fig.  8E). Additionally, 
all groups showed weight gains during the 21 d (Fig.  8F). 
Glucose tolerance test further revealed no impairment of 
β-cell function with the addition of E2F3, with an area under 
the curve of 13 868 mg/dL/min ± 4629 for uninfected islets,  
12 792 mg/dL/min ± 776 for ad-LacZ and, 20 138 mg/dL/min 
± 3652 for ad-E2F3-infected, P = ns (Fig. 8G and H). These 

results show that E2F3 induces proliferation in human β cells, 
but under these conditions, the proliferation is not significant 
enough to affect transplant outcomes. However, E2F3 infected 
islets do not display an impaired function and are able to reverse 
diabetes in mice.

Discussion

We report several new observations of human β-cell prolifera-
tion. First, we show that wild-type islets contain repressive E2Fs 
in their nucleus. Second, we show that proliferative human insu-
linomas have virtually no expression of these repressive E2Fs, but 
do express the proliferation-inducing E2F3. Third, when E2F3 
is overexpressed in wild-type rat and human islets, it induces 

Figure  4. E2F3 induced proliferation in rat islets. (A–C) Representative pictures of paraffin embedded sections for uninfected (MOI 0) (A), ad-LacZ 
infected (MOI 500) (B) and ad-E2F3 (MOI 500) (C) stained for DNA stained with DAPI (blue) EdU (red), and insulin (green). (D) Quantification of immuno-
histochemistry for EdU+/insulin+ cells. % β-cell proliferation represents the number of cells that co-stained for EdU and insulin over the total number of 
insulin-positive cells, *P = 0.004. White arrows, sample EdU/Insulin positive nuclei. n = 3 islet preparations.
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Figure 5. E2F3 induced proliferation in human islets. (A–C) Representative pictures of uninfected (MOI 0) (A) human islets, ad-LacZ infected (MOI 500) 
(B), and ad-E2F3 infected (MOI 500) (C) cultured in the presence of EdU for 4 d and stained for DNA stained with DAPI (blue), EdU (red), and insulin (green). 
(D) Quantification of immunohistochemistry for EdU and insulin-positive cells, (*) p = 0.04 (uninfected to ad-LacZ) **P < 0.001 (ad-LacZ to ad-E2F3). % 
β-cell proliferation represents the number of cells that co-stained for EdU and insulin over the total number of insulin-positive cells. (E–G) White arrows, 
sample EdU/Insulin positive nuclei. Sample images showing Ki67 and E2F3 staining in uninfected, ad-LacZ and ad-E2F3 infected human islet. Arrows 
indicate co-stained Ki67-positive and E2F3-positive nuclei. (H) Quantification of Ki67 nuclei. n = 3 islet preparations.
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significant β-cell proliferation. Lastly, we show that this expan-
sion does not impair the β-cell phenotype, and the proliferation 
occurs without an increase in apoptosis. These observations add 
to the growing picture of the human β-cell cycle, both in vitro for 
cell replacement therapies and in vivo for regeneration of islets.

Replication of adult human β cells is a rare event, with mul-
tiple mechanisms limiting proliferation and maintaining quies-
cence. Our observation of expression of E2F4–6 in the nucleus of 
wild-type islets may represent one such mechanism. During G

0
 of 

the cell cycle, E2F4/5-p107/130 complexes and pocket protein-
independent E2F6 occupy the promoter region of genes responsi-
ble for controlling DNA synthesis, inhibiting their transcription 
and preventing transition from G

1
 to S-phase.8,10,16,17,29 E2F4 and 

5 lack a nuclear location signal and are therefore sequestered in 
the cytoplasm unless bound to a pocket protein.10,29 This implies 
the nuclear expression of E2F4 and 5 we see is p107/130 com-
plexed and functionally repressing E2F1–3 target genes, which 
may impair proliferation and promote quiescence. The presence 
of nuclear E2F3 in our Ki67 stain suggests that the constitutively 
expressed E2F3 is able to overcome endogenous Rb regulation. 
This free E2F3 is then able to enter the nucleus and affect target 
genes. The Ki67 stains also show co-staining of E2F3 and Ki67+ 
nuclei, which implies the nuclear location of E2F3 is a strong 
proliferative signal, perhaps independent of expression level. 
Methods to move the E2F3 normally found in the cytoplasm 

Figure 6. Assessing β-cell function: static glucose incubation and apoptosis. (A and B) Rat (A) and human (B) islets were incubated in low (2.8 mM) and 
high (28 mM) glucose for 1 h, P = ns (C and D): Total insulin content of uninfected, ad-LacZ (MOI 500) and ad-E2F3 (MOI 500) islets, P = ns, n = 3 islet 
preparations (E): Caspase-3 activity in uninfected, ad-LacZ and ad-E2F3 infected human islets, P = ns, n = 4 islet preparations.
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of islets into the nucleus may be a means to induce proliferation 
without overexpression of cell cycle genes.

Debate over whether proliferation or differentiation of new 
β cells maintains the adult β-cell mass is ongoing, but evidence 
suggests that mitotic division is the predominate pathway.20-22 
Insulinomas show that cell cycle mutations are capable of pro-
liferating insulin-producing β cells and could provide a model 
for their expansion for research and cell therapies. Rodent insu-
linomas have been used to reveal D cyclins and cdks, upstream 
effectors of E2F, as potent inducers of proliferation.33,34 For the 
first time, we describe expression of pro-proliferative E2F3 and 

no repressive E2F4–6 expression in human insulinomas. Since 
E2F lies downstream in the G

1
/S checkpoint, mutations of the 

many upstream regulatory genes can profoundly effect it, result-
ing in aberrant expression in almost all forms of cancer.12 E2F3 
in particular is highly expressed in lung, bladder, and prostate 
cancers.13-15 Additionally, E2F3 is required for normal prolifera-
tion and is rate limiting in the proliferation of tumor cell lines.35 
Surprisingly, though E2F1 and 3 are necessary to start quiescent 
cells cycling, only E2F3 is needed for subsequent rounds of divi-
sion.36 This may explain why both E2F1 and 3 were expressed 
in our insulinomas, with E2F3 being the more prevalent one. 
E2F1–3 are maximally expressed during G

1
/S and minimally 

expressed during G
0
, while E2F4–6 remains relatively constant.18 

This implies a decrease in E2F4–6 is not required for E2F1–3 to 
drive proliferation, as pro-proliferative E2Fs are able to displace 
the occupying E2F4–6.8 A reduction of E2F4–6 does not appear 
necessary to induce mitosis, but could further enhance E2F3-
induced proliferation.

Extracellular signals of proliferation that have dramatic 
effects in other cell types often do not elicit a similar response 
in human β cells.37-39 In contrast, efforts to manipulate genes 
controlling the G

1
/S checkpoint have led to robust proliferation 

of insulin-positive cells.24,25,27,33 These nutrient and extracellu-
lar signals of proliferation may be linked to nuclear cell cycle 
proteins through, among many others, AKT and mTORC1 
pathways.40,41 This signal likely activates DNA synthesis and 
proliferation through E2F, since they are upstream effectors 
of E2F.30 E2F expression has been shown to control prolifera-
tion through activation or repression of genes involved in DNA 
synthesis.5,6,11 However, we do not uncover specific E2F3 target 
genes involved in either maintaining quiescence or inducing pro-
liferation. Our finding that E2F3 drives proliferation in islets is 
previously unreported, but recently it has been shown that E2F1 
overexpression is capable of inducing proliferation and consider-
able apoptosis in mouse and human β cells.27 In contrast, here 
we show that overexpression of E2F3 induces significant prolif-
eration without apoptosis. Induction of apoptosis may be unique 
to E2F1, as its target genes include p53, p73, several caspases, 
and APAF1, while E2F3 is not an activator of these genes.7,42 
Similarly, E2F3 is able to positively regulate a unique set of pro-
proliferative target genes, such as DNA polymerase A, DHFR, 
and cdc6 (among others), while E2F1 is not.35,43

Whereas many attempts to proliferate β cells result in the 
loss of glucose-sensitive insulin section and the β-cell pheno-
type, E2F3 proliferated islets retained these abilities.32 These 
cells displayed unimpaired intracellular calcium levels, mito-
chondrial potential, and dynamic insulin secretion, confirming 
the presence and integrity of glucose-stimulated insulin secre-
tion coupling by the presence of functional K

ATP
 and voltage-

gated calcium channels. The Cdk4-E2F1 pathway regulates the 
expression of Pdx1, a gene expressed in the mature pancreas.44 
Additionally, E2F1 was recently found to regulate expression 
of the potassium channel subunit Kir6.2.28 Despite significant 
homology between E2F1 and E2F3, it is not known if E2F3 also 
regulates Kir6.2 expression and the secretion of insulin, though 
our results imply that the pathway allowing for insulin secretion 

Figure  7. Assessing β-cell function: microfluidic assay. (A) Dynamic 
measurement of intra-cellular calcium levels in uninfected, ad-LacZ and 
ad-E2F3 infected human islets. Islets were incubated with Fura-2 then 
loaded into a microfluidic device mounted on an epifluorescence micro-
scope and perifused by continuous flow of 2 mM glucose and 25 mM 
glucose in krebs-ringer buffer. KCl was then added to inhibit K+ efflux 
and depolarize the cells. Fura-2/AM was excited at 340 and 380 nm and 
emission was detected at 510 nm. Results are presented as percent of 
baseline. p = ns, n = 3 (B) Rh123 excitation at 490 nm and emission at 530 
nm was measured to assess mitochondrial potential during exposure to 
25 mM glucose. Results are presented as percent of baseline. P = ns, n = 3 
(C): Dynamic insulin secretion during the intracellular calcium measure-
ments in (A), P = ns. Black bar, uninfected; green bar, Ad-LacZ infected; 
red bar, Ad-E2F3 infected islets.
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Figure 8. In vivo function of E2F3 infected rat and human islets. (A) Blood glucose measurements for mice transplanted with minimal mass (250 IEq) 
of ad-E2F3 infected (MOI 500) or uninfected (MOI 0) rat islets, AUC P = 0.009 (B) Weight of mice transplanted with rat islets infected with ad-E2F3 and 
uninfected. Nephrectomy performed at day 21. (C and D) Intraperitoneal glucose tolerance testing in transplanted mice 21 d after minimal rat islet 
mass transplant and area under the curve of glucose clearance, *P = 0.04, n = 4. Blue bar, uninfected; red bar, Ad-E2F3 infected islets. (E) Blood glucose 
measurements for mice transplanted with 1500 IEq of uninfected (MOI 0), ad-LacZ (MOI 500), and ad-E2F3 (MOI 500) infected human islets, AUC P = ns. 
(F) Change in weight over the 21 d transplant follow up. Nephrectomy performed at day 21. (G and H) 21-d IPGTT of mice transplanted with human islets 
and area under the curve of glucose clearance, AUC P = ns, n = 5. Back bar with circles, uninfected islets (2000 IEq); black bar with squares, uninfected 
islets (1000 IEq); blue bar, uninfected islets (1500 IEq); green bar, Ad-Lacz infected islets (1500 IEq); red bar, Ad-E2F3 infected islets (1500 IEq); NFX, uni-
lateral nephrectomy.
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remain intact. Maintenance of Pdx1 and Kir6.2 expression could 
be one mechanism by which E2F3-proliferated islets retain their 
function during culture, since reduced Pdx1 expression has been 
linked to loss of β-cell function associated with aging.45,46 These 
features make E2F3 a favorable target for increasing human 
β-cell mass and lend to its ability to induce proliferation inde-
pendent of apoptosis while retaining the β-cell phenotype.

E2F3-proliferated rat islets showed robust function both in 
vitro and in vivo through functional increases in β-cell numbers. 
In humans, islets infected with E2F3 showed normal function 
and retained the β-cell phenotype both in vitro and in vivo, but 
did not increase the β-cell mass sufficiently to improve transplant 
outcomes. This is likely due to the difference between E2F3-
induced proliferation rates between rats (23.8%) and humans 
(7.2%). The disparity in knowledge between the rodent and 
human β-cell cycle has been emphasized recently for this exact 
reason.30 Importantly, the overall function of the islets was not 
seemingly impaired by ectopic delivery of E2F3. We propose that 
either improving the infection efficiency or concomitant E2F4–6 
knockout could increase E2F3-induced proliferation sufficiently 
to functionally impact islet grafts and reduce the islets required 
to reverse diabetes in this model. Decreased expression of inhibi-
tory cell cycle proteins, such as E2F4–6, could release the cell 
cycle “brake” and allow overexpression of genes driving prolif-
eration to have a more profound effect on the expansion of β 
cells.47 Future strategies for increasing the infection efficiency 
could include dissociation of islets, infection and expansion, then 
re-aggregation before transplantation, or the use of an alternative, 
non-viral DNA delivery system, such as gold nanoparticles, that 
infect the whole islets rather than merely the mantle.48,49

One concern with this approach is the uncontrolled expression 
of cell cycle genes, leading to the formation of tumors. While this 
is a consideration for long-term culture of permanently mutated 
cells, the use of a transient non-incorporating adenovirus less-
ens these concerns in the experiments shown here. Any cell type 
overexpressing cell cycle proteins should be carefully monitored 
and assessed for the possible formation of tumors during long-
term culture in vivo. In addition to possible oncogenic formation, 
long-term function of transfected islets also remains to be inves-
tigated. Islets transplanted under the kidney capsule have shown 
function for up to 1 y, but how the proliferative stimulus of E2F3 
may effect this is unknown.50 However, no negative effects of 
E2F3 overexpression were observed in transplanted islets after 21 
d, but long-term studies are needed to assess their function after 
sustained in vivo culture.

Further understanding of the β-cell cycle is critical for the 
advancement of islet transplantation and the understanding of in 
vivo development, growth, and death of insulin-secreting cells. 
Here, we identify expression of a key G

1
/S checkpoint regulator, 

E2F in the wild-type islets and human insulinomas. Mimicking 
this expression in human islets induces proliferation of β cells 
without induction of apoptosis. Furthermore, these proliferated 
β cells retain their phenotype with no impairment of glucose-
sensitive insulin secretion. This identifies E2F3 as a novel target 
to induce expansion of insulin-secreting cells in vitro and may 
one day allow for in vivo pancreatic regeneration.

Materials and Methods

Islet isolation and culture
Human islet isolation was preformed according to previously 

described protocols using a modified Ricordi semi-automated 
method and purified by a continuous gradient.51,52 Following 
isolation, human islets were cultured overnight in CMRL 1066 
(Cellgro) supplanted with 2.5% human albumin, 0.25% sodium 
bicarbonate, 0.02 mg/mL ciprofloxacin, 0.2% ITS, and 10 mM 
HEPES. One islet equivalent (IEq) was defined as an islet of 150 
um diameter. Rat pancreata were isolated from 8–12-wk-old 
male Lewis rats as previously described.53 Pancreatic tissue was 
digested using 2.2 mg/ml Collagenase XI (Sigma). Islets were 
cultured for 24 h in RPMI 1640 with GlutaMAX (Invitrogen) 
supplemented with 10% FBS, 100 U/mL penicillin and 100 μg/
mL streptomycin. All experiments were done in accordance with 
protocols approved by the University of Illinois at Chicago Office 
of Animal Care and Institutional Biosafety Committee.

Immunoblotting and RT-PCR for E2F 1–6
Equivalent amounts of protein were separated on 4–20% 

polyacrylamide gels (Bio-Rad) and transferred to nitrocellulose 
membranes. Membranes were incubated with E2F antibodies 
(E2F1–3 Santa Cruz Biotechnology and E2F4–6 Abcam), 1:200 
and visualized with 1:200 horseradish–peroxidase-coupled sec-
ondary antibodies (Cell Signaling). Reverse transcription PCR 
was performed on RNA samples isolated by RNeasy Mini Kit 
(Qiagen) and combined with oligonucleotide primers by heat 
shock in a 70 °C water bath followed by 5 min in ice. cDNA was 
synthesized by reverse transcription of 1 μg of whole islet RNA 
with the ImProm-II Reverse Transcription System (Promega) fol-
lowing the manufacturer’s instructions. Tubes were annealed for 
5 min at 25 °C, extended for 1 h at 42 °C, and inactivation of the 
reverse transcriptase occurred at 70°C for 15 min. PCR was per-
formed with 3 μL of cDNA from the heat-inactivated PCR tube. 
Tubes contained a final volume of 25 μL: 12.5 μL PCR Master 
Mix (Promega), 8.7 μL nuclease-free water, 3 μL cDNA, 0.4 μL 
(20nM) forward primer, 0.4 μL (20 nM) reverse primer for E2F 
1–6. Tubes were run at 95 °C for 4 min, cycled 30 times (95 °C 
for 30 s, 52 °C for 30 s, 72 °C for 1.5 min), and finally 72 °C for 
7 min. Next, the PCR products were separated on 2% agarose 
gels and visualized with SyberSafe at 1:10 000 (Invitrogen), a UV 
transilluminator, and a digital camera.

Viral infections
Full-length human E2F3 cDNA obtained from Origene was 

packaged at Vector Biolabs into an adenovirus-type 5 (dE1/
E3) with a CMV promoter and GFP tag. Control adenovirus 
for ad-CMV-LacZ was purchased Vector Biolabs. Infections of 
human and rat islets were performed in ultra-low attachment 
plates overnight in a minimal volume of media. The following 
day media supplemented with 20 μM of EdU was added to the 
plates. Following 4 d of culture the islets were collected, fixed, 
and embedded, as described below. MOI for adenoviruses were 
as described in figure legends. For determination of multiplicity 
of infection (MOI), 1 IEq was estimated to contain 1000 cells.

Immunohistochemistry
Following infection and culture, islets were collected fixed in
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Bouin solution. The islets were then suspended in 2% agarose, 
dehydrated in a series of 70–100% alcohol and embedded in paraf-
fin blocks. Paraffin blocks were serially sectioned with 5 μm sec-
tions taken every 30 μm. For EdU incorporation staining, the slides 
were de-waxed, rehydrated, and stained with the Click-IT EdU 
labeling kit (Invitrogen) according to manufacturer’s instructions. 
Following the EdU staining, slides were co-stained for insulin with 
1:200 polyclonal guinea pig anti-insulin primary antibody (Dako) 
and 1:200 anti-guinea pig 594 nm secondary antibody (Invitrogen). 
Slides contained fluorescence emitting at 461 nm (DAPI) 594 nm 
(insulin), and 647 nm. For Ki67 stains, heat-treated antigen retrieval 
was followed by incubation in Triton-X 0.1%, and overnight incu-
bation in Ki67 antibody (1:50, Dako) and E2F3 (1:200, Santa 
Cruz Biotechnology). The following day, slides were completed 
with 1:200 anti-mouse 647 nm and anti-rabbit 488nm second-
ary antibodies (Invitrogen), as well as DAPI to label DNA. Digital  
photographs were taken using an inverted fluorescence microscope.

Microfludic assays
Islets were labeled with ratiometric fluorescent dye fura-2/AM 

(Invitrogen) to determine intracellular calcium levels and fluores-
cent rhodamine 123 dye (Sigma) to determine changes in mito-
chondrial potentials, as previously described.54 Both fluorescence 
signals were expressed as “change-in-percentage” after being nor-
malized against basal intensity levels established before stimula-
tion. The perifusates were collected at 1 mL/min to determine 
insulin secretory kinetics via ELISA kit (Mercodia AB).

Glucose-static incubations
Following infection and 4 d culture, static glucose incubations 

were performed as described previously, with the exception of the 
low and high glucose concentrations, which were changed to 2.8 
mM and 28 mM.55 Quantification of insulin concentrations per-
formed by ELISA (Mercodia) per manufacture’s instruction.

Islet transplants
Islets were infected as described above and cultured overnight 

prior to transplant. Eight–12-wk-old male nude mice were ren-
dered diabetic by a single intraperitoneal injection of 220 mg/
kg streptozotocin (STZ). Diabetes was considered established 
after 2 consecutive days of blood glucose readings over 350 mg/
dL. Sub-kidney capsule transplantation of islets was performed 
as previously described.56 Mice were then monitored daily for the 
first 5 d and 3 times weekly thereafter for weight and non-fasting 
blood glucose for 21 d.

IPGTT and nephrectomy
At 21 d post-transplantation, mice were assayed for glucose 

tolerance by intraperitoneal glucose tolerance test. The animals 
were fasted overnight and intraperitoneally injected with a 3 g 
glucose/kg solution. Blood glucose was measured at: 0, 15, 30, 
60, and 120 min following injection. After IPGTT, unilateral 
nephrectomy removed the grafted islets to confirm the absence of 
in situ pancreatic regeneration.

Statistical analysis
Two-tailed unpaired t-tests were performed for pairs of data. 

One-way ANOVA was used to assess differences between mul-
tiple groups of data. The area under the curve was determined 
by Mann-Whitney U test. P values < 0.05 were considered sig-
nificant. Standard error bars were used in the appropriate figures.
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