
Epidermal Growth Factor Receptor Signaling Regulates � Cell
Proliferation in Adult Mice*

Received for publication, July 12, 2016, and in revised form, August 29, 2016 Published, JBC Papers in Press, September 1, 2016, DOI 10.1074/jbc.M116.747840

Zewen Song‡§1, Joseph Fusco‡1, Ray Zimmerman‡, Shane Fischbach‡, Congde Chen‡¶, David Matthew Ricks‡,
Krishna Prasadan‡, Chiyo Shiota‡, Xiangwei Xiao‡2,3, and George K. Gittes‡2,4

From the ‡Division of Pediatric Surgery, Department of Surgery, Children’s Hospital of Pittsburgh, University of Pittsburgh School of
Medicine, Pittsburgh, Pennsylvania 15224, §Department of Oncology, the Third Xiangya Hospital of Central South University, 138
Tongzipo Road, Changsha 410013, China, and ¶Department of Pediatric Surgery, the Second Affiliated Hospital & Yuying
Children’s Hospital, Wenzhou Medical University, Wenzhou 325000, China

A thorough understanding of the signaling pathways
involved in the regulation of � cell proliferation is an impor-
tant initial step in restoring � cell mass in the diabetic
patient. Here, we show that epidermal growth factor receptor
1 (EGFR) was significantly up-regulated in the islets of
C57BL/6 mice after 50% partial pancreatectomy (PPx), a
model for workload-induced � cell proliferation. Specific
deletion of EGFR in the � cells of adult mice impaired � cell
proliferation at baseline and after 50% PPx, suggesting that
the EGFR signaling pathway plays an essential role in adult �
cell proliferation. Further analyses showed that � cell-spe-
cific depletion of EGFR resulted in impaired expression of
cyclin D1 and impaired suppression of p27 after PPx, both of
which enhance � cell proliferation. These data highlight the
importance of EGFR signaling and its downstream signaling
cascade in postnatal � cell growth.

Inducing � cell proliferation is a promising pathway to
restore � cell mass in the diabetic patient (1–5). Recent studies
have led to a better understanding of the signaling pathways
regulating � cell proliferation (6 –9). Since therapeutic
attempts at � cell mass restoration would most often be per-
formed in the adult population, it is increasingly important to
completely understand the proliferative signaling pathways in a
mature � cell (9, 10).

Epithelial growth factor receptor 1 (EGFR)5 is a member of
the ErbB receptor family, which consists of four transmem-

brane tyrosine kinase receptors (11). Phosphorylation of EGFR
tyrosine residues subsequent to ligand binding can initiate a
number of downstream signaling cascades leading to different
physiological processes (12). In the pancreas, EGFR is predom-
inantly expressed within the islets (13), and it has been sug-
gested to be essential in � cell development, function, and
proliferation (13–19). One study found that global EGFR
knock-out resulted in delayed � cell differentiation and
impaired � cell proliferation during organogenesis (16, 20).
Moreover, inhibition of EGFR signaling in the pancreas led to
impaired � cell proliferation postnatally (13), during pregnancy
(21), and in response to high-fat diet (19, 21). Here, in these
studies the � cell phenotype could result from secondary effects
due to either a global EGFR knock-out or from a pancreas-
specific EGFR knock-out affecting non-� cells. Hence, a � cell-
specific EGFR knock-out model seemed attractive.

Recently, we showed that transforming growth factor �
(TGF�) receptor signaling plays differential roles in workload-
induced � cell proliferation and in inflammation-induced � cell
proliferation (22). � cell proliferation can result from either a
direct insult (e.g. local inflammation) to � cells, or from a
metabolic need for more � cells, such as after surgical
removal of part of the pancreas (PPx) or in a situation of
increased physiologic demand (e.g. pregnancy). For the lat-
ter, we have defined this type of � cell proliferation as work-
load-induced � cell proliferation. For inflammation-induced
� cell proliferation, activation of EGFR appears to regulate
the outcome of the TGF� receptor signaling on � cell prolif-
eration through blocking the nuclear translocation of
SMAD2, a component of the TGF� receptor signaling path-
way and a potential inhibitory factor against � cell prolifer-
ation (23). SMAD signaling is an important component of
the EGFR pathway as well, and � cell proliferation likely
responds to multiple different stimuli (22, 24). Thus, we
investigated how the EGFR signaling pathway may be
involved in workload-induced � cell proliferation.

Here, EGFR was specifically ablated in pancreatic � cells in
order to investigate the role of EGFR signaling in � cell pro-
liferation. Workload-induced � cell proliferation was stim-
ulated by 50% partial pancreatectomy (PPx) (22). We found
that EGFR signaling is required for workload-induced � cell
proliferation, mediated by enhancing cyclin D1 and sup-
pressing p27.
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Results

EGFR Was Up-regulated in Islets after 50% Partial Pan-
createctomy—Although we have previously shown that EGFR
regulates inflammation-induced pancreatic � cell proliferation
(23), the role of EGFR signaling in the regulation of workload-
induced � cell proliferation remains unclear. To address this
question, a well-documented non-hyperglycemic workload-in-
duced � cell proliferation model, 50% PPx, was utilized to ana-
lyze the role of EGFR signaling in � cell proliferation.

One week after PPx, C57BL/6 mice showed the expected
robust � cell proliferation (Fig. 1A). To analyze the role of EGFR
in this context, the mRNA and protein levels of EGFR in the
islets of C57BL/6 mice were measured after either PPx or sham
surgery. RT-qPCR showed a more than 4-fold increase in EGFR
mRNA (Fig. 1B, p � 0.05). Consistent with this transcriptional
up-regulation, the protein level of EGFR was also similarly
increased (Fig. 1C, p � 0.05), suggesting that the EGFR signal-
ing is altered after PPx. Next, we examined the levels of the
major cell-cycle regulators for � cells. We found that the pro-
tein levels of cyclin D2 and Cdk4 were both significantly up-reg-
ulated, but their mRNA levels were unchanged (Fig. 1, D–F).

The changes in cyclin D1 levels did not reach statistical signif-
icance (Fig. 1, D–F). Moreover, p27, a cyclin-dependent kinase
inhibitor, was significantly down-regulated at both the mRNA
and protein levels (Fig. 1, D–F). These changes in cell-cycle
regulators appear to be the bases for the increased � cell prolif-
eration after PPx.

Generation of Pdx1-CreERT; EGFRfx/fx Mice—EGFR�/�

global null mutant mice are not viable after 2 weeks postpar-
tum, due to epithelial immaturity and abnormalities in organ
development (14). There have been some studies in which
EGFR signaling specific to the pancreas was partially disrupted
through expression of a dominant-negative EGFR under the
Pdx1 promoter (13, 21), but there are some drawbacks to these
mice. First, expression of a dominant-negative EGFR in Pdx1�
cells likely does not completely disrupt the EGFR signaling
pathway. Secondly, the incurred disruption of EGFR signaling
in the embryonic pancreas may affect the development and
maturation of � cells, thus creating effects that are not related
to EGFR signaling in adult � cells.

To circumvent these shortcomings, and to better determine
whether EGFR signaling indeed regulates workload-induced �

FIGURE 1. EGFR is up-regulated in islets after 50% partial pancreatectomy. A, � cell proliferation increased 7 days after PPx, compared with sham-operated
C57BL/6 mice, shown by representative immunostaining images for BrdU, insulin, and Hoechst (HO). B and C, EGFR levels in islets by RT-qPCR (B), and by
Western blotting analysis (C). D, RT-qPCR analyses of mRNA of major cell-cycle regulators. E and F, Western blotting analyses of major cell-cycle regulators,
shown by quantification (E), and by representative blots (F). n � 5. All results were mean � S.E. *, p � 0.05. NS, no significance. Scale bars are 100 �m.
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cell proliferation, EGFR was ablated predominantly in pancre-
atic � cells by generating Pdx1-CreERT; EGFRfx/fx transgenic
mice (Fig. 2A). Although EGFR may also be depleted in delta
cells in these mice, its contribution to any phenotype in the
current experiments should be minimal. In these mice, the
expression of CreERT is driven by the Pdx1 promoter, but
the CreERT recombinase stays in the cytoplasm. In the pres-
ence of tamoxifen, CreERT translocates into the nucleus and
deletes exon 3 of the EGFR gene, leading to early termination of
translation. Furthermore, the deletion of exon 3 disables the
formation of the L1 subdomain, part of the extracellular
domain of EGFR, which is required for ligand binding (25).
Recent studies have highlighted the caveats of Cre expression in

� cells (26, 27). In light of these findings, although here we have
used a different mouse strain from the examined ones using
hGF mini-enhancer (26), and although we examined 8-week-
old mice rather than 24-week-old mice in Brouwers’ study (26),
we included Pdx1-CreERT mice as another control group in
addition to the control EGFRfx/fx mice. We did not find any
differences between EGFRfx/fx and Pdx1-CreERT in terms of
EGFR expression levels and � cell proliferation. Two weeks
after tamoxifen injection, the Pdx1-CreERT; EGFRfx/fx mice
showed an �97% decrease in islet EGFR mRNA by RT-qPCR
(Fig. 2B, p � 0.05), and an �80% decrease in islet EGFR protein
by Western blot (Fig. 2C, p � 0.05), compared with their litter-
mate control EGFRfx/fx mice, and PDX1-CreERT control mice.
No difference was detected in body weight among all 3 groups
(Fig. 2D).

EGFR Is Required for Baseline and Workload-induced � Cell
Proliferation—We analyzed the effects of EGFR signaling on
baseline and workload-induced � cell proliferation. Male Pdx1-
CreERT; EGFRfx/fx, control Pdx1-CreERT mice, and control
EGFRfx/fx mice received PPx or sham operation at 8 weeks of
age, 2 weeks after tamoxifen treatment. These mice were fed
with BrdU drinking water for 1 week to aid in immunohisto-
chemical analysis of � cell replication. Ki-67 expression in �
cells from these mice was also analyzed at the same time (Fig.
3A). Blood glucose (Fig. 3B) and glucose tolerance (Fig. 3C)
were measured in these mice at 1 week after PPx/Sham treat-
ment, showing no difference among the different experimental
groups.

In sham-treated mice, the ratio of BrdU�/Insulin� cells to
all Insulin� cells was 1.4 � 0.2% in EGFRfx/fx mice, 1.5 � 0.2%
in Pdx1-CreERT mice (no difference between the 2 control
groups), but was only 0.9 � 0.1% in Pdx1-CreERT; EGFRfx/fx

mice (Fig. 3, D and E, p � 0.05). In PPx-treated mice, the ratio of
BrdU�/insulin� cells to all insulin� cells was 13.1 � 1.0% in
EGFRfx/fx mice, 13.6 � 1.1% in Pdx1-CreERT mice (no differ-
ence between the 2 control groups), but was only 3.3 � 0.40% in
Pdx1-CreERT; EGFRfx/fx mice (Fig. 3, D and E, p � 0.05).
Importantly, the percent reduction in proliferation in Pdx1-
CreERT; EGFRfx/fx mice after PPx was significantly greater than
the percent reduction in proliferation observed under basal
conditions (36% reduction versus 76% reduction; p � 0.05 by
ANOVA), suggesting that EGFR signaling is required for work-
load-induced � cell proliferation.

BrdU should label all proliferating � cells during the 7-day
period, while Ki-67 labels cells within the G1 to M phase of the
cell cycle at the time the pancreas is harvested (22). We
obtained similar results on Ki-67�/insulin� cells (Fig. 4, A and
B, p � 0.05). Moreover, � cell-specific ablation of EGFR
resulted in a relative decrease in residual � cell mass, compared
with controls 1 week after PPx (Fig. 4C).

Cyclin D1 and p27 May Be Involved in the Regulation of Base-
line � Cell Proliferation by EGFR Signaling—Next, the expres-
sion of cyclin D1, cyclin D2, Cdk4, and p27 was analyzed in
purified islets (28 –30). Messenger RNA for all these genes was
not altered by EGFR deletion in � cells, except for p27, where a
slight but significant increase was detected (Fig. 5A). However,
the cyclin D1 protein was significantly decreased in the islets of
Pdx1-CreERT; EGFRfx/fx mice (Fig. 5, B and C), suggesting that

FIGURE 2. Generation of Pdx1-CreERT; EGFRfx/fx mice. A, EGFR was specifi-
cally targeted and depleted in pancreatic � cells in Pdx1-CreERT; EGFRfx/fx

transgenic mice. In these mice, the expression of CreERT is driven by the Pdx1
promoter, but the recombinase stays in the cytoplasm. In the presence of
tamoxifen, CreERT translocates into the nucleus and deletes exon 3 of the
EGFR gene, leading to early termination of translation. B and C, EGFR levels in
mouse islets were determined 2 weeks after tamoxifen injection in Pdx1-
CreERT; EGFRfx/fx mice, and control Pdx1-CreERT and control EGFRfx/fx mice,
by RT-qPCR (B, p � 0.05), and by Western blotting analysis (C, p � 0.05). D,
mouse body weight. n � 5. All results were mean � S.E. *, p � 0.05. NS, no
significance.
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EGFR may play a role in the post-transcriptional control of
cyclin D1 in � cells at baseline.

Cyclin D1 and p27 Regulation in � Cells Is Impaired in Pdx1-
CreERT; EGFRfx/fx Mice after PPx—To further understand how
EGFR signaling regulates � cell proliferation, islets were iso-
lated from both Pdx1-CreERT; EGFRfx/fx mice and control
EGFRfx/fx mice after either PPx or sham surgery for analysis of
the expression of cell cycle regulators. Consistent with the
results obtained with wild-type C57BL/6 mice, for the control
EGFRfx/fx mice, the EGFR protein level in the islets was signif-
icantly up-regulated after PPx (Fig. 6, A and B, p � 0.05). Cyclin
D1, cyclin D2, and p27 protein levels in these mice were
unchanged after PPx when compared with the levels of the
sham-treated EGFRfx/fx mice, but Cdk4 levels were significantly
increased after PPx (Fig. 6A, C–F). In Pdx1-CreERT; EGFRfx/fx

mice, however, the protein level of cyclin D1 decreased greatly
after PPx in comparison to the sham-treated mice (Fig. 6, A and
C, p � 0.05). In addition, cyclin D1 levels were lower in the islets
of sham-treated Pdx1-CreERT; EGFRfx/fx mice than in the islets

of sham-treated EGFRfx/fx mice (Fig. 6, A and C, p � 0.05),
consistent with previous results that EGFR is required for base-
line cyclin D1 expression. Moreover, the levels of Cdk4 protein
similarly increased after PPx in Pdx1-CreERT; EGFRfx/fx mice
(Fig. 6, A and E, p � 0.05), suggesting that the EGFR does not
regulate Cdk4, or that PPx increases Cdk4 in � cells in an EGFR
signaling-independent manner. Furthermore, islet p27 protein
levels were dramatically increased in Pdx1-CreERT; EGFRfx/fx

mice after PPx, compared with sham-treatment, while baseline
islet p27 levels did not alter after EGFR depletion (Fig. 6, A and
F, p � 0.05). Thus, p27 levels in � cells may be regulated in an
EGFR signaling-dependent manner upon increased � cell
workload.

Discussion

The indispensable nature of EGFR signaling in embryonic �
cell development has been convincingly illustrated (13, 14, 16,
20). However, the role for the EGFR signaling pathway in adult
� cell proliferation remains ill-defined (13, 18, 19, 21, 23). Two

FIGURE 3. EGFR is required for baseline and workload-induced � cell proliferation. A, male Pdx1-CreERT; EGFRfx/fx, control Pdx1-CreERT mice and control
EGFRfx/fx mice received PPx or sham operated at 8 weeks of age, 2 weeks after tamoxifen treatment. These mice were fed with BrdU drinking water for 1 week
to aid in immunohistochemical analysis of � cell replication. Ki-67 expression in � cells from these mice was also analyzed at the same time. B and C, blood
glucose (B) and glucose tolerance (C) were measured in these mice at 1 week after PPx/Sham treatment. D and E, BrdU�/insulin� cells were quantified, shown
by quantification (D), and by representative images (E). n � 5. All results were mean � S.E. *, p � 0.05. NS, no significance. Scale bars are 50 �m.
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studies showed that combined treatment with EGF and gastrin
promotes � cell proliferation and rescues hyperglycemia in
alloxan-treated C57BL/6 mice and diabetic NOD mice (31, 32).
Another study showed that GLP-1-induced � cell proliferation
also requires the activation of EGFR signaling (17). These stud-
ies highlight an essential role for the EGFR signaling pathway in
the regulation of adult � cell proliferation.

However, there are also reports that suggest a less important
role of EGFR signaling in adult � cell proliferation. For example,
one study showed that overexpression of EGFR in pancreatic �
cells in adult mice did not affect � cell replication, while over-
expression during the embryonic period resulted in signifi-
cantly increased � cell proliferation and � cell mass (18). In
another study using transgenic mice with EGFR dominant-neg-
ative expression under the control of the Pdx1 promoter (Pdx1-
EGFR-DN mice), the authors indicated that inflammation-in-
duced � cell proliferation was not affected by the disruption of
EGFR signaling (21). In the homozygous Pdx1-EGFR-DN
transgenic mice, phosphorylation of EGFR and activation of its
downstream components was measured to be �40% of controls
(13, 21). In these studies, heterozygous mice were used, and
therefore the disruption of the EGFR signaling pathway would
be only 20%, which may explain the conflicting results with
other studies (17, 23, 31, 32). Additionally, the fact that in this
model the EGFR signaling pathway in the pancreas is disrupted
beginning with embryonic development raises the concern that
early disruption of an important signaling pathway in the pan-
creas may cause permanent changes that prevent interpreta-
tion of a role for EGFR in adult � cells (33). Hence, a better
mouse model which circumvents these shortcomings is needed

FIGURE 4. Ki-67�/insulin� cell quantification and � cell mass. A and B, Ki-67�/insulin� cells were quantified, shown by representative images (A), and by
quantification (B). C, � cell mass in the head portion of the pancreas was analyzed at 1 week after PPx/sham treatment. n � 5. All results were mean � S.E. *, p �
0.05. NS, no significance. Scale bars are 50 �m.

FIGURE 5. Cyclin D1 and p27 may be involved in the regulation of
baseline � cell proliferation by EGFR signaling. A, mRNA of cyclin D1,
cyclin D2, Cdk4, and p27 was analyzed in purified islets by RT-qPCR. B and
C, protein of cyclin D1, cyclin D2, Cdk4, and p27 was analyzed in purified
islets by Western blotting analysis, shown by representative blots (B), and
by quantification (C). n � 5. All results were mean � S.E. *, p � 0.05. NS, no
significance.
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to unveil the true role of the EGFR signaling pathway in adult �
cell proliferation.

Here, we were able to address this issue by generating a trans-
genic mouse model with � cell specific deletion of EGFR only in
adulthood. After 50% PPx, adult C57BL/6 mice showed signif-
icant up-regulation of islet EGFR. After 5 consecutive daily
injections of tamoxifen and a 2-week waiting period for protein
degradation, the majority of EGFR in � cell-specific EGFR
knock-out mice was gone. Since there are non-� cells within the
islets that might express low levels of EGFR, we expect that
most of EGFR in � cells was depleted in this model.

We found that baseline � cell proliferation was impaired in �
cell-specific EGFR knock-out mice, possibly resulting from
the decrease in islet cyclin D1 protein levels. Since cyclin D1
mRNA was not affected by the deletion of EGFR, EGFR may
play a role in the post-transcriptional regulation of cyclin D1,
e.g. enhancing cyclin D1 protein translation, or suppressing
its degradation.

In addition to its effects on baseline � cell proliferation, dis-
ruption of the EGFR signaling pathway also impaired workload-
induced � cell proliferation. The protein level of cyclin D1 sig-
nificantly decreased in the islets of PPx-treated � cell-specific
EGFR knock-out mice. Moreover, EGFR signaling increased
after PPx. These data suggest that EGFR may be required for
sustaining the cyclin D1 levels, especially when a higher work-
load is demanded from � cells. The levels of cyclin D2 seemed to
not be significantly regulated by changes in � cell workload, nor
did EGFR appear to play a role in its regulation. Interestingly,
the levels of Cdk4 similarly increased after PPx in mice, regard-
less of the presence of � cell-specific EGFR ablation, suggesting
that EGFR may not be a regulator of Cdk4, but PPx may induce
Cdk4 in � cells through signaling pathways other than EGFR.
Finally, islet p27 levels were dramatically increased after PPx
only in � cell-specific EGFR knock-out mice, suggesting that
EGFR may be necessary for suppressing the up-regulation of
p27 upon increased � cell workload. Together, our data suggest
that EGFR may be required for sustaining cyclin D1 and sup-
pressing p27 after PPx, which are both needed for an increase in
� cell proliferation. Future experiments may be applied to study
whether insulin receptor signaling or other signaling pathways
may be responsible for activation of Cdk4 during increases in �
cell workload. Previous studies have demonstrated a direct reg-
ulation of cyclin D1 and p27 by EGFR signaling. For example,
Tao et al. showed that nuclear EGFR binds the cyclin D1 pro-
moter to induce its gene transcription (34). Narita et al. showed
that EGFR signaling down-regulates p27 through activation of
the phosphatidylinositol 3-kinase/Akt pathway (35). These
studies suggest a regulatory relationship between EGFR signal-
ing and cyclin D1/p27.

Overexpression of EGFR in the pancreatic � cells of adult
mice did not promote � cell proliferation (18), suggesting that
the EGFR signaling pathway is fundamental in maintaining
baseline and workload-induced � cell proliferation. Activation
of the EGFR signaling pathway alone may be insufficient to
stimulate � cell proliferation, but it appears to play an indis-
pensable role in modulating or co-operating with other signal-
ing pathways to induce � cell expansion in certain circum-
stances (17, 23, 31).

Here small differences in the expression of some genes in �
cells after PPx between C57/BL6 and the experimental strains
may be due to the relatively small changes in the expression
levels, the variability among samples, and the differences
between these mouse strains in response to PPx.

Nevertheless, a more detailed dissection of the crosstalk
among different signaling pathways and a complete illustration
of the network of components that regulate � cell proliferation
are required to fully understand adult � cell proliferation (9).

FIGURE 6. Cyclin D1 and p27 regulation in � cells may be impaired in
Pdx1-CreERT; EGFRfx/fx mice after PPx. Islets were isolated from both Pdx1-
CreERT; EGFRfx/fx mice and control EGFRfx/fx mice after either PPx or sham
surgery for analysis of the expression of cell cycle regulators. A, representative
Western blots for EGFR and cell cycle regulators. B–F, protein quantification of
EGFR (B), cyclin D1 (C), cyclin D2 (D), Cdk4 (E), and p27 (F). n � 5. All results
were mean � S.E. *, p � 0.05. NS, no significance.
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Experimental Procedures

Mouse Strain—All animal experiments were approved by the
Animal Research and Care Committee at Children’s Hospital of
Pittsburgh and the University of Pittsburgh Institutional Ani-
mal Care and Use Committee. C57BL/6 mice were purchased
from the Jackson Labs (Bar Harbor, ME). Transgenic mice
expressing EGFRfx/fx have been described before (25). EGFRfx/fx

mice were crossed with Pdx1-CreERT mice, which also have
been previously described, to get Pdx1-CreERT; EGFRfx/fx/
EGFRfx/fx mice (Pdx1-CreERT; EGFRfx/fx) (36, 37). The Cre-
ERT-negative littermates and Pdx1-CreERT mice of same age
were used as controls, which showed no phenotypic difference
from wild-type C57/BL6 mice. All the mouse strains in this
study have a C57/BL6 background. All the mice received sur-
gery at 8 weeks of age.

Partial Pancreatectomy—PPx (50%) was performed as previ-
ously described (5, 22). Sham operated mice were used as
controls.

Measurement of Blood Glucose, Glucose Tolerance, and �
Cell Mass—Random blood glucose, glucose tolerance, and �
cell mass were measured at previously described (5, 22, 23, 38).
The beta cell mass in PPx-mice (the head portion of the pan-
creas due to surgical removal of the tail portion) was compared
with the same part (the head portion) of the pancreas in the
sham-operated mice.

Tamoxifen Injection—Tamoxifen (Sigma-Aldrich) was dis-
solved in 10 mg/ml corn oil (Sigma-Aldrich) and 2 mg/40 g
body weight per day of tamoxifen was administered into the
backs of 6-week-old mice subcutaneously for 5 consecutive
days in order to induce nuclear translocation of CreERT to
induce Cre recombination. Control mice also received injection
of Tamoxifen at same dose and frequency. Surgery (sham or
PPx) was performed 2 weeks after tamoxifen injection.

Pancreatic Digestion and Islet Isolation—Pancreas digestion
and islet isolation procedures were performed as described
before (39 – 42). The pancreas was infused with 0.25 mg/ml
collagenase (Sigma-Aldrich) for 40 min to obtain a single cell
population. Islets were handpicked at least three times to avoid
contamination from non-islet fractions. Total RNA was
extracted from isolated islets to confirm the purity of the islets
by the absence of amylase and CK19 at the transcriptional level.

Western Blotting Analysis—Western blotting analysis was
performed as previously described (23, 38). Primary antibodies
for Western blotting analysis are rabbit polyclonal anti-
GAPDH (Cell Signaling, San Jose, CA), rabbit anti-EGFR, rabbit
anti-cyclin D1, rabbit anti-cyclin D2, rabbit anti-Cdk4, rabbit
anti-p27 (all from Santa Cruz Biotechnology). Secondary anti-
body is HRP-conjugated anti-rabbit (Dako, Carpinteria, CA).

Isolation of RNA and RT-qPCR—Total RNA was extracted
using the RNeasy mini kit (Qiagen, Valencia, CA), and then
quantified with the Nanodrop 1000 (Thermo Fisher Scientific,
Inc., Waltham, MA), followed by cDNA synthesis (Qiagen)
and RT-qPCR. RT-qPCR was done as described before (39 –
41). The primers used were cyclophilin A (QT00247709),
EGFR (QT00101584), cyclin D1 (QT00154595), cyclin D2
(QT00170618), Cdk4 (QT00103292), and p27 (QT01058708).
All primers were obtained from Qiagen. Results were first nor-

malized against the housekeeping gene cyclophilin A, which is
stable across all samples, and then against the experimental
controls.

Immunohistochemistry—Tissues were fixed in 4% parafor-
maldehyde overnight at 4 °C, followed by cryoprotection in 30%
sucrose overnight, and finally snap-freezing. All samples were
sectioned at the thickness of 6 �m. For antigen retrieval, BrdU
immunostaining slides were incubated in 2 mmol/liter HCl for
40 min. All slides were incubated with primary antibodies at
4 °C overnight, then incubated with secondary antibodies for
2 h at room temperature. Primary antibodies used in this study
were: guinea pig polyclonal insulin (Dako), rat BrdU (Abcam,
Cambridge, MA), rabbit Ki-67 (Dako), goat Pdx1 (Abcam). The
secondary antibodies used for indirect fluorescence staining
were: Cy2, Cy3, or Cy5 conjugated donkey streptavidin, anti-
rabbit, anti-guinea pig, anti-rat, and anti-goat. Nucleus staining
was performed with Hoechst staining (Becton-Dickinson Bio-
sciences, San Jose, CA). Cryosection imaging was performed
with the AxioImager Z.1 microscope (Zeiss) and Volocity
software.

BrdU Incorporation, Quantification of Proliferating � Cells,
and � Cell Mass—Mice were given BrdU drinking water for 1
week after they received 50% PPx or sham surgery, as described
before (22, 23). BrdU water was replaced every 3 days. Quanti-
fication of � cell proliferation was based on the percentage of
BrdU� � cells or Ki-67� � cells. At least 2,000 � cells were
counted for each mouse. If the percentage of BrdU� or Ki-67�

� cells was low, more than 2,000 cells were counted until at least
50 BrdU� � cells or 20 Ki-67� � cells were counted, as previ-
ously described (23). � cell mass was analyzed as described
before (22, 23, 38, 41).

Data Analysis—GraphPad Prism 6.0 (GraphPad Software,
Inc. La Jolla, CA) was used for statistical analyses. All values are
depicted as mean � S.E. Five repeats were analyzed in each
condition. All data were statistically analyzed using one-way
ANOVA with a Bonferroni correction, followed by Fisher’s
Exact Test to compare two groups. Significance was considered
when p � 0.05.
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