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Abstract
Aims/hypothesis Prolactin (PRL)-stimulated beta cell prolifer-
ation is critical for maternal pancreatic beta cell mass expan-
sion during pregnancy. However, the molecular effectors of
the multiple putative signalling pathways downstream of the
PRL receptor (PRL-R) are still elusive. Survivin has been
shown to be induced during pregnancy. The aim of the present
study was to define the essential role of survivin in gestational
beta cell mass expansion.
Methods Expression of survivin was assessed in mouse islets
during pregnancy and in insulinoma cells (INS-1) stimulated
with PRL. Pregnant mice with targeted deletion of the survivin
gene (also known as Birc5) in beta cells were assessed to
determine the essential function of survivin in maternal beta
cell mass expansion. INS-1 cells stimulated with PRL were
used to explore the role of survivin in signalling pathways
downstream of the PRL-R.
Results Survivin was significantly upregulated in maternal
islets during pregnancy. With PRL stimulation, induction of
survivin expression occurred predominantly in the nucleus

and was associated with cell cycle progression to S and
G2/M phase. Beta cell-specific survivin-knockout pregnant
mice displayed glucose intolerance, attenuated beta cell mass
expansion and impaired beta cell proliferation, with signifi-
cant attenuation in the increased expression of Cdk4/Ccnd1,
E2f1, p53 (also known as Trp53) and p21 (also known as
Cdkn1a) compared with wild-type controls during pregnancy.
Targeted deletion of survivin in INS-1 cells resulted in cell
cycle disturbance with an arrest in G1/S phase after PRL stim-
ulation. Inhibitors of Akt, signal transducer and activator of
transcription 5 (STAT5), PIM or extracellular signal-regulated
kinase (ERK), significantly decreased the expression of
survivin in PRL-stimulated INS-1 cells.
Conclusions/interpretation Survivin directly participates in
PRL-mediated beta cell proliferation via Akt, STAT5–PIM
and ERK signalling pathways during pregnancy.
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PI3K Phosphatidylinositol 3-kinase
PRL Prolactin
PRL-R PRL receptor
siRNA Small interfering RNA
STAT5 Signal transducer and activator of transcription 5
WT Wild-type

Introduction

To meet increased physiological demands during pregnancy,
maternal pancreatic beta cell mass expands significantly in both
rodents and humans with enhanced insulin secretion per beta
cell and increased beta cell proliferation and/or neogenesis
[1–4]. Defects in compensatory beta cell mass expansion may
therefore result in gestational diabetes. Clinical evidence shows
that 70% of women with gestational diabetes develop type 2
diabetes later in life [5]. Exploring the adaptive capability of
beta cells to increased metabolic load is therefore an important
area of research aimed at preventing both gestational and type 2
diabetes. During pregnancy, the peak in beta cell proliferation
coincides with increased prolactin (PRL) and/or placental
lactogen level, suggesting that these lactogenic hormones
may be vital for enhanced beta cell proliferation and function
during pregnancy [2]. PRL (and the PRL receptor [PRL-R])
exerts its biological effects mainly by activating the Janus ki-
nase 2 (JAK2)–signal transducer and activator of transcription
5 (STAT5), IRS1/2, phosphatidylinositol 3-kinase (PI3K) and
mitogen-activated protein kinase (MAPK) pathways, leading
to increased beta cell proliferation, survival and size [6–10].
The molecular effectors of the multiple putative signalling
pathways downstream of the PRL-R are still elusive.

Survivin (also known as baculoviral inhibitor of apoptosis
repeat containing protein 5 [BIRC5]) is a multifunctional pro-
tein that intersects the fundamental network of cellular pro-
cesses, including cell death, cell division and cellular adapta-
tion [11–13]. Our previous study revealed that transient peri-
natal expression of survivin is essential for pancreatic beta cell
remodelling. Specific deletion of the survivin gene (Birc5) in
beta cells impairs beta cell mass expansion, resulting in dia-
betes later in adulthood [14, 15]. Female mice with survivin
deletion (RIP-Cre-Survivinfl/fl mice) showed a defect in beta
cell mass expansion with insufficient insulin secretion and
glucose intolerance after partial pancreatic duct ligation
(PDL) [16]. Taken together, these findings suggest that
survivin appears to exhibit a preferential requirement for pro-
liferation of pre-existing beta cells during normal beta cell
growth and at times of increased metabolic demand.

Recently, the mRNA level of survivin has been found to be
elevated in gestational islets and PRL-stimulated cultured is-
lets [17, 18]. In the current study, we further explored the
pattern of survivin expression in mouse maternal islets during
pregnancy, finding that survivin was induced with increased

nuclear localisation in response to PRL and this was associat-
ed with S and G2/M cell cycle progression via Akt, STAT5–
PIM and extracellular signal-regulated kinase (ERK) signal-
ling pathways. Pregnant RIP-Cre-Survivinfl/fl mice displayed
glucose intolerance with impaired beta cell proliferation and
mass expansion when compared with wild-type controls. Our
data demonstrate that PRL-stimulated survivin induction
plays a critical role in beta cell adaptation during pregnancy.

Methods

Mice RIP-Cre-Survivinfl/fl mice were provided by H. Okada,
Ontario Cancer Institute, Toronto, ON, Canada. Genotyping
ofRIP-Cre-Survivinfl/fl (knockout, KO) andRIP-Cre-Survivin+/+

(wild-type, WT) mice has been described previously [14, 16].
Both C57BL/6 mice and littermate WT mice were used as con-
trols. Day 0.5 of pregnancy was defined as the day on which
vaginal plugs were found. All pregnant female mice were ran-
domly divided into five groups: pregnancy day 10.5 (P10.5),
P14.5 and P18.5 and after parturition day 4 (AP4) and AP8.
Age-matched non-pregnant (NP) female mice were used as NP
controls. Glucose tolerance tests, insulin tolerance tests (ITTs)
and measurement of glucose-stimulated insulin secretion
(GSIS) were performed as previously described [19]. Animal
care and experimental protocols were approved by the Nanjing
Medical University Animal Care Committee.

Islet isolation Pancreatic islets were isolated from control and
KO female mice during pregnancy as described previously
[20]. The GSIS of islets from NP and P14.5 mice was mea-
sured as previously described [21]. For the PRL stimulation
study, islets were grown in an immunofluorescence confocal
dish (Corning, Corning, NY, USA) and treated with PRL
(Sigma, St Louis, MO, USA) (50 ng/ml) in culture medium
for 24 h. Double immunolabelling for insulin and Ki67 (Cell
Signaling Technology, Beverly, MA, USA) was assessed.

Cell culture Insulinoma cells (INS-1) were provided by
X. Han, Nanjing Medical University, Nanjing, China, and
were cultured in RPMI-1640 medium with L-glutamine con-
taining 10% (vol./vol.) FBS. After cells reached near-conflu-
ence, the following experiments were undertaken.

For the PRL stimulation study, INS-1 cells were deprived
of serum for 12 h and treated with PRL (50 ng/ml, 500 ng/ml)
in culture medium for 24 h. Cell protein lysates were collected
for western blot analysis at indicated times. To inhibit the PRL
signalling pathways, cells were treated with MK-2206 2HCl
(1 μmol/l, 48 h), SH-4-54 (25 μmol/l, 72 h), SGI-1776
(1 μmol/l, 48 h) (Selleckchem, Houston, TX, USA) or
U0126 (10 μmol/l, 30 min) (Sigma, Oakville, ON, Canada)
prior to PRL (50 ng/ml) treatment. Proteins were then harvest-
ed for western blot analysis.
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For the survivin small interfering RNA (siRNA) transfec-
tion study, INS-1 cells were transfectedwith the survivin gene,
scrambled negative control or silencer select siRNA (sense 5′-
CCGAGAAUGAGCC UGAUUUdTdT-3′ and antisense 5′-
dTdTGGCUCUUACUCGGACUAAA-3 ′ [RiboBio,
Guangzhou, China]) by Lipofectamine 2000 (Invitrogen of
Thermo Fisher Scientific, Waltham, MA, USA) according to
manufacturer’s transfection protocol.

Flow cytometry Freshly isolated islets were dispersed with
0.05% (wt/vol.) trypsin-EDTA (Gibco of Thermo Fisher
Scientific, Waltham, MA, USA). Cell suspensions (1×106

cells/islets sample or 2×106 cells/INS-1 sample) were fixed
in 80% (vol./vol.) ethanol. Pellets were resuspended in PBS
containing propidium iodide and RNaseA (BD Pharmingen,
San Diego, CA, USA). Cell cycle analyses were performed
with a flow cytometer and FACSDiva software (Becton
Dickinson, New Jersey, USA).

Quantitative real-time PCR Total RNA was isolated from
islets and INS-1 cells using TRIzol reagent (Invitrogen). The
cDNAwas synthesised from 1 μg RNA using PrimeScript RT
Master Mix (TaKaRa, Otsu, Shiga, Japan). Primers used are
listed in electronic supplementary material (ESM) Tables 1
and 2. Quantitative real-time PCRwas performed as previous-
ly described [16].

Western blotting Islets and INS-1 cells were lysed and the
protein concentration of the supernatant fractions was assayed
by the BCAmethod using the BCA assay (Bio Rad, Berkeley,
CA, USA). Extraction of nuclear and cytoplasmic proteins
from INS-1 cells was carried out as previously described
[22]. Protein, 30 μg per lane, was separated on a 12% SDS-
PAGE gel. Gels were transferred to polyvinylidene difluoride
membranes and then blotted with antibodies against survivin
(Novus Biologicals, Littleton, CO, USA), Forkhead box pro-
tein M1 (FOXM1) (Santa Cruz Biotechnology, Santa Cruz,
CA, USA), Akt, phosphorylated Akt (Ser473)(p-Akt),
STAT-5, PIM-1, ERK1/2, phosphorylated ERK1/2 (p-ERK1/
2) and GAPDH (Cell Signaling Technology), phosphorylated
STAT-5 (p-STAT5) (Abcam, Cambridge, MA, USA) and his-
tone deacetylase 1 (HDAC1) (Thermo Fisher, Waltham, MA,
USA). Specific protein bands were visualised using commer-
cial enhanced chemiluminescence reagents, with exposure by
ChemiDocXRS system (Bio Rad). Densitometric quantifica-
tion of protein bands was analysed using Image J software
version 1.37 (http://imagej.nih.gov/ij/). Samples were
normalised to GADPH. At least five mice per group were
analysed.

Immunofluorescence and morphometric analyses Insulin
and glucagon immunostaining were performed as described
previously [14]. According to the nucleus numbers, islets

were divided into small islets (1–10 nuclei) and larger islets
(>10 nuclei). Beta cell proliferation was assessed by double
immunolabelling for insulin and Ki67 (Cell Signaling
Technology). Beta cell apoptosis was detected by insulin
and TUNEL co-staining using the In Situ Cell Death
Detec t ion Ki t (Roche , Indianapol i s , IN, USA).
Morphometric analysis was performed using a fluorescent mi-
croscope system (Leica, Wetzlar, Germany).

Statistical analysis Data are presented as means±SEM and
were analysed by unpaired Student’s t test and one-way analy-
sis of variance with the post hoc Tukey test. Differences were
considered to be statistically significant when p<0.05.

Results

Upregulation of survivin expression with pregnancy-
associated increase in islet cell mass During pregnancy, in-
creased maternal pancreatic beta cell mass and insulin secre-
tion are required for elevated metabolic demands [23, 24]. Our
data showed that beta and alpha cell mass progressively in-
creased during pregnancy in C57BL/6 mice, both peaking at
P18.5, increasing about 2.1-fold and 1.6-fold, respectively,
and returned back to NP levels at AP8 (Fig. 1a). Significant
increment was observed in both islet cell number and islet size
(Fig. 1b, c). At P18.5, beta and alpha cell number increased
1.7-fold and 1.2-fold, respectively, compared with the number
of cells observed in the NP state, and similar increment in cell
size was observed. Cell cycle analysis of isolated islets re-
vealed that cell proliferation peaked at P14.5 (Fig. 1d–f). At
P14.5 there was a markedly decreased number of cells in the
G0/G1 phase and significantly increased number of cells in
the G2/M phase, returning back to the NP state after parturi-
tion. The mRNA levels of survivin progressively increased
during pregnancy, peaking at P14.5, and returned back to the
NP level after parturition (Fig. 1g). There was no detectable
survivin protein in the NP state but survivin became evident at
P10.5; levels peaked at P14.5, declined by P18.5 and became
(and remained) undetectable by AP4 and AP8 (Fig. 1h).

PRL-st imulated survivin express ion in INS-1
cells Pregnancy-associated beta cell mass expansion is mainly
stimulated by the elevation of circulating pregnancy hor-
mones, including growth hormone, PRL and placental
lactogen [25, 26], among which PRL plays a key role [26,
27]. To determine whether the rise in survivin levels with
increased beta cell proliferation was dependent on PRL, we
examined survivin expression in INS-1 cells in response to
different concentrations of PRL. The percentage of cell num-
ber in G0/G1 phase significantly decreased after PRL stimu-
lation in a concentration-dependent manner (Fig. 2a), while
that in S and G2/M phases increased markedly (Fig. 2b, c).
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Along with these changes, the levels of survivin protein in-
creased significantly upon PRL stimulation (Fig. 2d). As
survivin is expressed in different subcellular compartments
to mediate diverse cellular processes [12], we further exam-
ined the effect of PRL on the localisation of survivin in differ-
ent subcellular compartments. In response to PRL stimulation,

an increase in survivin was observed in both the nuclear and
the cytoplasmic compartment, with the more marked increase
occurring in the nucleus as determined by cell fractionation
quantification (Fig. 2e). These data indicate that the induction
in nuclear survivin expression could be regulated by PRL,
resulting in INS-1 cell proliferation.

Fig. 1 Increased islet cell mass
and survivin expression during
pregnancy in mice. (a–f) Beta and
alpha cell mass (a), cell number
(b), cell size (c) and cell cycle
analyses of islet cells (d–f) from
mice in the NP state and at P10.5,
P14.5, P18.5, AP4 and AP8.
White bars, beta cells; black bars,
alpha cells. (g, h) Quantitative
real-time PCR analysis of
survivin (g) and western blot
analysis of survivin protein (h) in
isolated islets at above time
points. The data are presented as
means±SEM (n=5). *p<0.05
and **p<0.01 vs NP; †p<0.05
and ††P<0.01 vs P10.5

Fig. 2 Survivin expression in
INS-1 cells after PRL stimulation.
(a–d) Cell cycle analyses (a–c)
and western blot analysis of
survivin (d) in INS-1 cells after
stimulation with PRL for 24 h. (e)
Western blots and quantification
showing the nuclear (N) and
cytoplasmic (C) level of survivin
protein in INS-1 cells with (black
bars) and without (control, white
bars) PRL (50 ng/ml, black bars)
stimulation for 24 h. GAPDH and
HDAC1 were used as controls.
The data are presented as
means±SEM (n=8). *p<0.05
and **p<0.01 vs control
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Impaired beta cell mass expansion with glucose intoler-
ance in pregnant survivin-KO mice To determine whether
survivin is necessary for beta cell mass expansion during preg-
nancy, we used the RIP-Cre-Survivinfl/fl (KO) mice, with
C57BL/6 and littermate RIP-Cre-Survivin+/+ (WT) mice as
controls. The body weight and pancreas weight were similar
between WT and KO mice from NP state to P18.5 (ESM
Fig. 1). We next examined glucose homeostasis in these mice.
Although KO and WT mice had similar glucose tolerance in
the NP state, they displayed slightly higher glucose excursion
than C57BL/6 mice (Fig. 3a). However, at P14.5, KO mice
had developed significantly impaired glucose tolerance while
WT and C57BL/6 mice displayed similar glucose excursion
(Fig. 3b). Circulating insulin levels following a glucose bolus
were significantly lower in KO pregnant mice at P14.5 than in
WT and C57BL/6 mice (Fig. 3c) but ITTs showed no change
in peripheral insulin sensitivity in the three groups (Fig. 3d),
suggesting that impaired glucose tolerance at P14.5 was due to
inadequate supply of insulin. GSIS from isolated islets was
markedly higher at P14.5 than in the NP state, but there was no
significant difference between the three groups, indicating that
the inadequate supply of insulin in KO mice was attributed to
the decline in beta cell mass (Fig. 3e).

Analysis of the pancreatic islet morphometry showed that
beta cell mass gradually increased from the NP state to P18.5
in WT and C57BL/6 mice, due to an increase in both cell
number and cell size (Fig. 4a–c). However, the expansion of
beta cell mass was diminished in KO mice, with a significant
reduction in total beta cell number (Fig. 4a, b). Interestingly,

the beta cell size was largest in KO mice in both the NP state
and at P18.5, but no increment in cell size was observed when
comparing P18.5 with the NP state (Fig. 4c). The increment in
total islet number was significantly attenuated in the mutant
mice; this was attributed mainly to the lack of increase in the
number of larger islets in the KO mice while the increment in
the number of smaller islets was similar to that seen in WT
mice (Fig. 4d). From the NP state to P14.5, the percentage of
Ki67-positive beta cells was increased by almost threefold in
WT and C57BL/6 mice but failed to increase in the KO mice
(Fig. 4e). The percentage of TUNEL-positive beta cells was
similar among the three groups of mice at P14.5 (Fig. 4f).
Taken together, the absence of survivin impairs prolifer-
ation of existing beta cells leading to impaired beta cell
mass expansion during pregnancy. PRL directly stimu-
lates beta cell proliferation and this effect is diminished
without survivin.

To gain insight into potential cell cycle abnormalities dur-
ing pregnancy, quantitative real- time PCR analysis for genes
involved in cell cycle progression in maternal islets was per-
formed. In WT mice, there was a marked upregulation of
Cdk4/Ccnd1, Cdk2/Ccne1, Cdk1/Ccnb1, Rb1, E2f1, p53 (also
known as Trp53) and p21 (also known as Cdkn1a) expression
with significant downregulation of p16 (also known as
Cdkn2a) at P14.5, compared with the NP state, coinciding
with cell cycle progression during pregnancy (Fig. 4g).
However, KO mice displayed a significant attenuation in the
increase in Cdk4/Ccnd1, E2f1, p53 and p21 expression at
P14.5 when compared with WT controls, while the change

Fig. 3 Absence of survivin leads to glucose intolerance in pregnant mice.
(a, b) Intraperitoneal glucose tolerance test in RIP-Cre-Survivinfl/fl (KO;
triangles), RIP-Cre-Survivin+/+ (WT; squares) and C57BL/6 (diamonds)
mice in the NP state (a) and at P14.5 (b). (c, d) GSIS (c) and ITT (d) of
KO (triangles), WT (squares) and C57BL/6 (diamonds) mice at P14.5.

*p<0.05 and **p<0.01 vsWTmice; †p<0.05 and ††p<0.01 vs C57BL/6
mice. (e) GSIS of islets isolated from KO (black bars), WT (grey bars)
and C57BL/6mice (white bars) in the NP state and at P14.5. *p<0.05 and
**p<0.01 vs 3.3 mmol/l; †p<0.05 vs NP 16.7 mmol/l. The data are
presented as means±SEM (n=8)
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in Cdk2/Ccne1 and p16 expression in KO mice was more
pronounced (Fig. 4g).

Knockdown of survivin blocks PRL-stimulated beta cell
proliferation To assess the direct effect of PRL on islets, we
incubated isolated islets from NP KO andWTmice with PRL
for 24 h. The percentage of Ki67-positive beta cells was mark-
edly increased in islets from WT mice while there was no
apparent change in islets from KO mice (Fig. 5a). To further
examine whether survivin directly participated in PRL-
stimulated beta cell proliferation, INS-1 cells were transfected
with survivin siRNA and showed reduced survivin mRNA
expression by 58% and survivin protein expression by 51%
when compared with cells transfected with scrambled siRNA
(Fig. 5b, c). Cell cycle analysis revealed that PRL significantly
promoted cell cycle progression in a concentration-dependent
manner in blank and negative controls, with a marked de-
crease in the percentage of cells in G0/G1 phase and an in-
creased percentage of cells in S and G2/M phases (Fig. 5d–f).
However, PRL-stimulated cell cycle progression was

diminished in the survivin siRNA group, which showed a
persistently high percentage of cells in G0/G1, no change in
S phase and significantly low levels of cells in G2/M phase
when compared with the control siRNA or blank control
groups (Fig. 5d–f). These data suggest that knockdown of
survivin led INS-1 cells to arrest in G1/S phase. Analysis of
cell cycle genes in control groups showed markedly increased
Cdk4/Ccnd1, Cdk1/Ccnb1, Cdk2/Ccne1, Rb1, E2f1, p53 and
p21 expression but significantly decreased p16 expression
after PRL stimulation (Fig. 5g), indicating that these genes
might have contributed to PRL-stimulated INS-1 cell prolif-
eration. In the survivin siRNA group, compared with corre-
sponding controls, the increments in Cdk4/Ccnd1, E2f1, p53
and p21 levels were attenuated after PRL stimulation, with
significant elevation of Cdk2/Ccne1 and downregulation of
p16 mRNA (Fig. 5g), further confirming the vital role of
survivin in PRL-mediated beta cell proliferation.

PRL-stimulated survivin expression through multiple
signalling pathways During pregnancy, multiple signalling

Fig. 4 Beta cell mass, proliferation and apoptosis in RIP-Cre-Survivinfl/fl

mice during pregnancy. (a) Beta cell mass of RIP-Cre-Survivinfl/fl (KO,
black bars), RIP-Cre-Survivin+/+ (WT, grey bars) and C57BL/6 mice
(white bars) in the NP state and at P10.5, P14.5 and P18.5. (b, c) Beta
cell number (b) and cell size (c) of KO (black bars), WT (grey bars) and
C57BL/6 (white bars) mice at P18.5. (d) Islet number of KO and WT
mice at P18.5. White bars, larger islets (>10 nuclei); black bars, small
islets (1–10 nuclei) (e, f) Percentage of Ki67-positive (e) and TUNEL-

positive (f) beta cells of KO (black bars), WT (grey bars) and C57BL/6
(white bars) mice at P14.5. (g) Quantitative real-time PCR analyses of cell
cycle-related genes from islets of KO andWTmice in the NP state and at
P14.5. White bars, WT mice in the NP state; light-grey bars, WT mice at
P14.5; dark-grey bars, KO mice in the NP state; black bars, KO mice at
P14.5. The data are presented as means±SEM (n=5). *p<0.05 and
**p<0.01 vs NP; †p<0.05 and ††p<0.01 vs other counterparts
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pathways such as JAK2–STAT5, ERK1/2, PI3K and FOXM1
are activated in rodent maternal islets [7, 28]. We found that
the protein levels of p-Akt, p-STAT5, p-ERK1/2 and FOXM1
were markedly increased in mouse maternal islets at P14.5 as
well as in PRL-stimulated INS-1 cells (Fig. 6a, b). To further
examine the role of survivin in PRL-stimulated signalling
pathways, inhibition studies in PRL-stimulated INS-1 cells
were performed. Specific inhibitors of Akt, STAT5, PIM and
ERK pathways significantly decreased the protein levels of
FOXM1 and survivin in PRL-stimulated INS-1 cells
(Fig. 6c–f), revealing that FOXM1 and survivin are the com-
mon downstream effectors of these pathways in response to
PRL (Fig. 6g).

Discussion

Survivin has been shown not only to be transiently expressed
within pancreatic islets during embryogenesis and the neona-
tal period but also to be induced in adult islets during chronic
pancreatitis or type 1A diabetes in humans, or after partial
PDL in mice [14–16, 29–31], suggesting the vital role of
survivin in beta cell mass regulation. In this study, we revealed
the pattern of survivin expression in mouse maternal islets
during pregnancy and defined the essential role of survivin
in PRL-mediated pancreatic beta cell proliferation.

During pregnancy, the expression of survivin gradually in-
creased from P10.5, peaked at P14.5 and then declined by

Fig. 5 Survivin absence blocks PRL-mediated beta cell proliferation. (a)
Percentage of Ki67-positive beta cells in islets isolated from RIP-
Cre-Survivinfl/fl (KO) and RIP-Cre-Survivin+/+ (WT) mice following
stimulation with PRL for 24 h. White bars, WT mice; black bars, KO
mice.**p<0.01 vs WT control; ††p<0.01 vs WT+PRL. (b) Level of
survivin mRNA after transfection with siRNA against survivin. INS-1
cells were untransfected (blank control, white bars) or were transfected
with non-silencing control siRNA (negative control, grey bars) or with
siRNA against survivin (survivin siRNA, black bars). **p<0.01 vs neg-
ative control. (c) Western blots and quantification showing decreased
levels of survivin in INS-1 cells after siRNA transfection. GAPDH was

used as control. **p<0.01 vs negative control. (d–f) Aberrant cell cycle
progression in INS-1 cells after survivin knockdown and PRL stimulation
for 24 h. White bars, blank control; grey bars, negative control; black
bars, survivin siRNA. *p<0.05 and **p<0.01 vs no PRL; †p<0.05 and
††p<0.01 vs negative control. (g) Quantitative real-time PCR analyses of
cell cycle-related genes in INS-1 cells after survivin knockdown and PRL
stimulation for 24 h. White bars, negative control; grey bars, negative
control+PRL; black bars, survivin siRNA+PRL. *p<0.05 and
**p<0.01 vs negative control; †p<0.05 and ††p<0.01 vs negative+PRL
control. The data are presented as means±SEM (n=3–5)
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P18.5; this pattern closely mirrors gestational islet cell prolif-
eration trends [23]. The pregnant RIP-Cre-Survivinfl/fl mice
developed glucose intolerance, compromised beta cell mass
expansion and impaired beta cell proliferation, with an atten-
uated increase in Cdk4/Ccnd1, E2f1, p53 and p21 expression
at P14.5. In the early G1 phase cyclin-dependent kinase
(CDK) 4/cyclin (CCN) D1 can directly phosphorylate Rb,
which releases E2F1 and leads to transcriptional activity for
cell cycle progression [32]. p21 is the target gene of p53, and
p21 protein serves not only as a cell cycle inhibitor [33, 34]
but also as a promoter of cell cycle progression [35, 36], pro-
moting mitosis by forming a complex with caspase-3 and
survivin [37]. Therefore, attenuation of the increased expres-
sion of Cdk4/Ccnd1, E2f1, p53 and p21 in mutant islets may

lead to cell cycle delay. Meanwhile, the changes in
Cdk2/Ccne1 and p16 expression were more pronounced in
the KO mice. During G1/S phase, Cdk2/Ccne1 and Cdk4/
Ccnd1 can serve partially overlapping functions [38] and the
effects of CDK2/CCNE1 can occur independently of the Rb/
E2F1 pathway [39]. Therefore, upregulation of Cdk2/Ccne1
and downregulation of the cell cycle inhibitor p16 during
pregnancy could be an adaptive change in an attempt to over-
come the defects in cell cycle progression in mutant islets. In
addition, beta cell apoptosis in the NP state was similar to that
at P14.5 in these mice, which is consistent with our previous
reports [14, 16], indicating that apoptosis did not significantly
contribute to the defect in gestational beta cell mass expansion
in the mutant mice.

Fig. 6 Signalling pathways of PRL-stimulated beta cell proliferation. (a)
Expression of p-Akt, p-STAT5, p-ERK1/2 and FOXM1 in maternal islets
from mice in the NP state (white bars) and during pregnancy at P14.5
(black bars). *p<0.05 and **p<0.01 vs NP. (b) Expression of p-Akt, p-
STAT5, p-ERK1/2 and FOXM1 in INS-1 cells, unstimulated (control,
white bars) or stimulated with PRL (50 ng/ml, black bars) for 24 h. (c–
f) Expression of indicated proteins in PRL-stimulated INS-1 cells without

(control, white bars) or with (black bars) Akt inhibitor (MK2206-2HCl,
c), STAT inhibitor (SH-4-54, d), PIM inhibitor (SGI-1776, e) or ERK1/2
inhibitor (U0126, f). The data are presented as means±SEM (n=5).
*p<0.05 and **p<0.01 vs control. (g) Diagram illustrating the signalling
pathways of FOXM1/survivin in the regulation of PRL-stimulated beta
cell proliferation
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Previous studies have demonstrated convincingly that acti-
vation of the PRL-R is critical for the occurrence of
pregnancy-associated changes in beta cell mass and function
[1, 27]. Single-nucleotide polymorphisms of the PRLR gene 5′
UTR and promoter region are associated with increased risk
for gestational diabetes mellitus in humans [40]. We found
that PRL could significantly promote beta cell proliferation
in islets and INS-1 cells. Exposure of INS-1 cells to PRL
markedly increased nuclear localisation of survivin with cell
cycle progression to S and G2/M phase. Survivin transcription
increases during G1 and reaches a peak in G2/M [15].
Targeted deletion of survivin in INS-1 cells resulted in cell
cycle disturbance with an arrest in G1/S phase after PRL stim-
ulation. The compromised induction of cell cycle genes, such
as Cdk4/Ccnd1, E2f1, p53 and p21, was similar to changes in
islets of maternal KOmice, further confirming the vital role of
survivin in PRL-mediated beta cell proliferation.

To define the signalling pathway upstream of survivin that
might regulate beta cell mass expansion during pregnancy, we
analysed several potential pathways. Consistent with the find-
ings of other rodent studies [7, 28], levels of p-Akt, p-STAT5,
p-ERK1/2 and FOXM1 were markedly increased in maternal
islets at P14.5 as well as in PRL-stimulated INS-1 cells.
FOXM1, an essential factor expressed during S phase, was
involved in regulation of proliferation by binding with G2/M
regulators [41]. Survivin has been found to be an essential
downstream target of FOXM1 [42]. Inhibitors of the Akt,
STAT5, PIM or ERK pathway significantly decreased the ex-
pression of survivin and FOXM1 in PRL-stimulated INS-1
cells. This reveals that FOXM1/survivin is the common
downstream effector of Akt, STAT5, PIM and ERK pathways
during PRL-stimulated beta cell proliferation. In addition,
PRL-R activation could lead to transactivation of the EGF
receptor, which activates MAPK and PI3K–Akt–mTOR path-
ways to stimulate survivin gene expression [18].

Some limitations to our study include the presence of
pre-existing decrease in beta cell mass of female KO mice
that could potentially impact on the observed effects during
gestation. The use of an inducible Cre model such as the
MIP-Cre-ERmouse may have circumvented this limitation.
Also, since RIP-Cre is expressed to some degree in brain
tissue [43], the extent to which survivin in brain contributes
to glucose homeostasis during pregnancy remains to be
determined. Finally, Brouwers et al recently revealed that
the RIP-Cre mouse model produces human growth hor-
mone (hGH), which binds to the PRL-R leading to
pregnancy-like changes in the islets [44]. However, our
data in mice showed beta cell mass, insulin secretion and
beta cell proliferation to be comparable between the RIP-
Cre mice and C57BL/6 mice during pregnancy. This dis-
crepancy might be due to the different level of expression of
transgenic hGH in the islet in various background strains in
addition to different potential environmental factors.

Taken together, our data reveal that transient induction of
survivin in pancreatic beta cells during pregnancy is essential
for beta cell mass expansion. Survivin directly participates in
beta cell proliferation during pregnancy and the FOXM1–
survivin pathway functions downstream of Akt, STAT5–
PIM and ERK in PRL-stimulated beta cell proliferation.
These results clarify the molecular effectors of the signalling
pathways downstream of PRL-R activation that have thera-
peutic implications for the expansion of beta cell mass in the
setting of diabetes treatment.
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