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ABSTRACT

Context Prolactin is one of the most potent
growth stimulating growth hormones of
pancreatic beta cells.

Objective We investigated the role of
prolactin on the proliferation of the beta-cell
line INS-1.

Design In particular, we investigated the
involvement of intracellular signal
transduction molecules in prolactin-dependent
upregulation of INS-1 growth.

Setting The effect of prolactin on the growth
of INS-1 cells was assessed in vitro under
various feeding conditions.

Main outcome measures Cell proliferation
was measured in the pancreatic beta-cell line
INS-1 using *H-thymidine incorporation. The
activation of mitogenic signaling proteins was
assessed by co-immunoprecipitation,
immunoblot analysis and in proliferation
assays using specific protein inhibitors.

Results Prolactin (0.5-2 nM) increased INS-1
cell proliferation in the presence of 3-24 mM
glucose up to 48 fold, having a maximum in
the presence of physiological glucose
concentrations (6 mM). Prolactin activated
the JAK2/STATS pathway and phosphatidyl-
inositol-3’-kinase (P13’K) in the presence of
all the glucose concentrations used (3-15
mM). At low glucose concentrations (3 mM),
PI3’K activation occurred through IRS-2

phosphorylation whereas, in the presence of
physiological glucose concentration IRS4 and
at high glucose concentrations (15 mM), IRS-
1 triggered a proliferative effect. PI3’K
activation was essential for prolactin and
glucose stimulated INS-1 cell proliferation.
Co-stimulation with different growth factors
(IGF-I, growth hormone) in addition to
prolactin and glucose had no additive effects.

Conclusion These results define prolactin as
an important hormone. mediating glucose-
dependent pancreatic beta-cell proliferation
primarily by the activation of PI3’K-
dependent signaling pathways.

INTRODUCTION

Pancreatic beta-cells are terminally dif-
ferentiated and display a low mitotic index [1,
2]. Nevertheless, beta-cell proliferation is
affected by a plethora of nutrients, hormones
and growth factors. Due to this abundance of
regulatory inputs, control of the beta-cell
proliferation at the molecular level is highly
complex. In particular, the response to certain
hormonal ligands is highly dependent on the
nutritional state of the cell [3, 4].

Under certain conditions, such as pregnancy
and obesity, a low pancreatic beta-cell
proliferation rate can increase considerably.
Certain nutrients such as aminoacids or
glucose, as well as changes in electrolyte
concentrations (e.g. calcium ions), are known
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to increase the mitotic index of primary
pancreatic beta-cells from 0.5 to 6%, and to
even higher ratios in pancreatic beta-cell lines
[2, 5, 6, 7,]. By contrast, an inhibitory effect
on beta-cell proliferation has been observed in
the presence of free fatty acids [8].
Furthermore, growth factors such as insulin-
like growth factor (IGF-I), growth hormone
(GH) or hepatocyte growth factor (HGF) have
been shown to considerably enhance the
numbers of replicating beta-cells in rodent
islets [2, 9, 10].

The intracellular events modulating mitogenic
signal transduction in pancreatic beta-cells in
the presence of growth factors still remain
largely unknown. IGF-1 and GH stimulate
beta-cell proliferation in a glucose-dependent
fashion [6, 7] whereas HGF also stimulates
cell proliferation glucose independently [11].
IGF-1 stimulates beta-cell proliferation mainly
via tyrosine autophosphorylation activation of
the IGF-I-receptor tyrosine kinase which, in
turn, results in a downstream tyrosine
phosphorylation of insulin receptor substrate-
2 (IRS-2) and a subsequent activation of
phosphatidylinositol-3’-kinase  (PI13’K), as
well as protein kinase B (PKB), mammalian
target of rapamycin (mTOR) and 70 kD S6
kinase (p70°%) [7, 12]. In contrast, the effect
of GH and HGF is initiated via the activation
of janus kinase 2 (JAK2) and the consecutive
activation of the signal transducer and
activator of transcription 5 (STAT 5) [6, 11].
Since growth factors initiate a plethora of
signaling cascades, combinations of growth
factors may act synergistically, as we have
demonstrated previously, e.g. for IGF-I and
GH [6].

Aside from being a required nutrient for
pancreatic beta-cell growth, glucose initiates
many signal transduction pathways. Glucose
concentrations also modulate the proliferative
response to other hormonal ligands [6, 11].
Therefore, glucose induces the activation of
IRS-4 [11] and protein kinase C [7, 11, 13;,
and triggers the elevation of intracellular Ca*"
and cAMP concentrations [2, 5, 14]. In
contrast, the involvement of mitogen
activated protein kinase (MAPK) is only
observed at low, subphysiological
concentrations of glucose [6, 7, 12].

Prolactin is a hormone which is a strong
candidate involved in the increase of
pancreatic beta-cell proliferation observed
during pregnancy. Production and secretion of
prolactin is elevated in pregnancy, and the
hormone has been recognized as a potent
growth factor for pancreatic beta-cells [9, 15,
16]. Furthermore, it has been demonstrated
that prolactin activates the JAK/STAT
signaling pathway in pancreatic beta-cells
[16, 17, 18]. However, our knowledge of
other signaling pathways involved in
prolactin-stimulated  pancreatic  beta-cell
proliferation is still incomplete.

INS-1 cells secrete insulin in a glucose
dependent manner [19]. The proliferation of
this cell line is stimulated by nutrients and
several growth factors [6, 7]. Thus, the INS-1
pancreatic beta-cell line is a well-defined
model for the study of cell proliferation in
insulin-producing cells. We herein report on
the molecular signaling events which are
triggered by the mitogenic action of prolactin
in INS-1 cells.

METHODS

Materials

Methyl[®H]thymidine (20 Ci/mmol) was
purchased from Dupont/NEN (Boston, MA,
USA). Prolactin, IGF-1, GH and all protein
activity inhibitors came from Calbiochem-
Novabiochem (La Jolla, CA, USA). Anti-
phospho-MAPK antiserum was purchased
from Promega Corp. (Madison, WI, USA); all
the other antisera were from Upstate
Biotechnology (Lake Placid, NY, USA).
Transblot nitrocellulose membrane (0.45 pum
pore size) was from Biorad (Hercules, CA,
USA), Chemiluminescence detection Kit
(ECL+) was from Amersham (Buckingham,
England). AIll the other chemicals were
purchased from Sigma (Providence, RI, USA)
or Merck AG (Darmstadt, Germany) and were
of the highest purity available.

Cell Culture

The glucose sensitive pancreatic beta-cell line
INS-1 was used for all experiments [19]. INS-
1 cells were maintained at 37°C, 5% CO; in
RPMI 1640 medium containing 50 uM beta-
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mercaptoethanol, 1 mM sodium pyruvate, 2
mM L-glutamine, 10% fetal calf serum, 11.2
mM glucose, 100 units/mL penicillin, 100 p
g/mL streptomycin as described [19] and
were subcultured at 80% confluence.

[*H]Thymidine Incorporation

INS-1 cell proliferation was quantified using
[*H]thymidine incorporation [14, 20].
[*H]thymidine incorporation was more suited
for the assessment of INS-1 cell proliferation
than other methods (e.g., cell counting
because INS-1 cells are adherent and are not
easy to separate). The INS-1 cells (10°/well)
were subcultured in 96-well plates and
incubated for 48 h to allow the cells to attach.
The cells were made quiescent by starving
them for 24 hours, replacing the medium with
glucose free RPMI 1640 containing 0.1%
BSA instead of serum. Cell growth was then
stimulated for 24 hours by different glucose
concentrations (0-24 mM) with or without
prolactin (0.5-2 nM), plus/minus insulin-like
growth factor 1 (IGF-1, 10 nM), plus/minus
growth hormone (GH, 5-20 nM) with or
without various protein activity inhibitors.
Five uCi/mL [*H]thymidine was added for the
last 4 hours of the incubation period to assess
the proliferation rate of the INS-1 cells. The
cells were then lysed using a semiautomatic
cell harvester (Inotech, Dietikon, Switzerland)
and the lysates were transferred to glass fiber
micropore filters (Packard, Meriden, CT,
USA). INS-1 cell DNA was trapped on the
filters and the incorporated [*H]thymidine
was counted by liquid scintillation counting
method. All experiments were done in
triplicate.

Protein Preparation

INS-1 cells were subcultured in 10cm dishes
to about 60% confluence and made quiescent
by glucose and serum deprivation for 24 h as
described above. The cells were then
incubated in fresh RPMI 1640 medium
containing 0-24 mM glucose with our without
0.5-2 nM prolactin for 5-60 min and the cells
then lysed in 0.5 mL of ice-cold lysis buffer
(50mM Hepes, pH 7.5, 1% (v/v) nonidet P40,
2 mM sodium vanadate, 50 mM sodium

fluoride, 10 mM sodium pyrophosphate, 4
mM EDTA, 10 uM leupeptin, 10 pg/mL
aprotinin, and 100 uM phenylmethylsulfonyl
fluoride) as described previously [21, 22].
Cell lysates were stored at -80°C. Protein
concentrations were determined using the
bicinchoninic acid method (Pierce, Rockford,
IL, USA).

Protein Immunoblot and Co-
Immunoprecipitation Analysis

Mitogenic  signal  transduction  protein
expression and protein tyrosine
phosphorylation were tested using
immunoblot analysis. Stimulated protein-
protein interactions between mitogenic signal
transduction proteins were tested using co-
immunoprecipitation analysis as described
previously [21, 22]. Horseradish peroxidase
based chemiluminescence reaction was used
as the secondary detection method. Fifty to 75
ug of INS-1 cell total protein lysate were used
for immunoblot analysis and 750 pg for co-
immunoprecipitation analysis. Experiments
were done at least three times. Quantification
was performed by densitometric scanning
with Bio-1D® (Vilber Lourmat, Eberhardzell,
Garmany) software analysis and is presented
as the sum of intensities (10° pixel).

STATISTICS

Data are presented as mean+SE of at least 5
independent experiments. Statistically
significant differences between groups were
analyzed by using the Student’s t test. Two-
tailed P values of less than 0.05 were
considered statistically significant. Statistical
analysis was carried out by using MS Excel
software.

RESULTS

Prolactin Stimulates the Proliferation of
INS-1 Cells in the Presence of Physiological
Glucose Concentrations

[*H]thymidine incorporation was used to
determine INS-1 cell proliferation after
stimulation with different glucose
concentrations (0-15 mM) with or without
0.5-2.0 nM prolactin. INS-1 cells were used
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Figure 1. Different prolactin concentrations stimulate
[*H]thymidine incorporation in INS-1 cells at different
glucose concentrations. Approximately 10° quiescent
INS-1 cells/well were incubated for 24 h in RPMI 1640
medium containing 0.1% BSA, 0 or 6 mM glucose
plus/minus 0.5-2 nM prolactin, then assessed for
proliferation rate by [®H]thymidine incorporation. All
experiments were done in triplicate on at least eight
independent occasions. The data are presented as x-
fold standardized value above the control observation
in the absence of prolactin and glucose (i.e. 3,000-
4,000 cpm/10° cells), and depicted as a mean+SE
(n=8).

* Significant differences (P<0.05) vs. control
observation in the absence of prolactin.

as a model to examine pancreatic beta-cell
proliferation, as they respond, unlike the
majority of other pancreatic beta-cell lines, to
glucose in the physiological relevant range (6-
18 mM glucose) in terms of insulin secretion
[19] and cell proliferation [6, 7] with no
indication of dedifferentiation [6, 7, 11].

Prolactin (0.5-2 nM) stimulated INS-1cell
proliferation up to 2.4-fold even in the
absence of glucose (Figure 1). In the presence
of physiological glucose concentrations (6
mM), the same effect is seen (Figure 1).
Glucose in concentrations from 3 to 15 mM
stimulated INS-1 cell proliferation in a
concentration-dependent manner up to 23-
fold compared to unstimulated controls, with
a maximum at 15 mM glucose (Figure 2b).
Co-stimulation with glucose and 0.5-2 nM
prolactin further increased cell proliferation.
Maximum stimulation (a 48.6-fold increase)
was observed in the presence of 6 mM
glucose and 0.5 nM prolactin, whereas no
significant  additional effect could be
demonstrated upon higher doses of prolactin;
instead, a trend towards reduced proliferation
was observed. The effect was not significant

(P=0.960 for 2 nM prolactin) and, at even
higher ~ prolactin ~ concentrations,  the
proliferative effect lessened (data not shown).
The additional stimulatory effect of prolactin
at 0.5 surpassed the effect of glucose alone up
to 3.5-fold (Figure 2a, P<0.001) with a
maximum in the presence of 3 mM glucose.
Insulin secretion/total protein in prolactin
stimulated cells was slightly but not
significantly increased (1.358 ng/mg total
protein versus 1.128 ng/mg in non prolactin
controls). Thus, the observed proliferative
effect was not due to increased insulin
secretion.
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Figure 2.  Prolactin-dependent  [*H]thymidine
incorporation in INS-1 cells at different glucose
concentrations. Approximately 10° quiescent INS-1
cells/well were incubated for 24 h in RPMI 1640
medium containing 0.1% BSA, 0-15 mM glucose
plus/minus 0.5 nM prolactin, then assessed for
proliferation rate by [*H]thymidine incorporation. All
experiments were done in triplicate on at least eight
independent occasions. The data are presented as x-
fold standardized value above the control observation
in the absence of glucose and prolactin (i.e. 3,000-
4,000 cpm/10° cells), and depicted as a mean+SE
(n=8). Referred significant changes are marked (*). a.
Standardized value in [*H]thymidine incorporation in
prolactin-stimulated INS-1 cells at different glucose
concentrations versus only glucose-stimulated cells. b.
Standardized value versus unstimulated controls.

* Significant differences (P<0.05)
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As compared to combined stimulation with
0.5 nM prolactin and 6 mM glucose (48.6-
fold increase, Figure 2), additional stimulation
with 10 nM IGF-1 did not result in an
additional  increase  of  [*H]thymidine
incorporation (44-fold increase with glucose
plus prolactin plus IGF-I relative to
completely unstimulated controls), but rather
yielded a slightly diminished proliferation,
even though this reduction was not significant
(P=0.313) (Figure 3). Co-stimulation of INS-1
cells with 6 mM glucose, 0.5-2 nM prolactin,
and 5-20 nM rat growth hormone (GH) lead
to an almost significant (P=0.053) GH-
dependent  reduction in  INS-1  cell
proliferation at all GH-concentrations as
compared to stimulation with glucose and
prolactin alone (Figure 3, Table 1). The
reduction was also dependent on the glucose
concentration. [°H]thymidine incorporation in
the presence of 20 nM GH in addition to 15
mM glucose and 2 nM prolactin was reduced

60
* Ono prolactin
W0.5 nM prolactin

50 @2 nM prolactin

-

=3 1
30 -

20 4

Standardized values
vs. the unstimulated control

10

6mM glucose IGF-1 + 8 mM glc GH + 6mM glc

Figure 3. [*H]thymidine incorporation in INS-1 cells
stimulated with 0.5 or 2nM prolactin with or without
additional growth factors. Approximately 10° quiescent
INS-1 cells/well were incubated for 24 h in RPMI 1640
medium containing 0.1% BSA, 6 mM glucose
plus/minus 0.5 or 2 nM prolactin plus/minus 10 nM
IGF-1 plus/minus 10 nM GH, then assessed for
proliferation rate by [*H]thymidine incorporation. All
experiments were done in triplicate on at least five
independent occasions. Data are presented as x-fold
standardized value above the control observation in the
absence of glucose and prolactin, and depicted as a
meanzSE (n=5).

* Significant differences (P<0.05)

Table 1. [*H]thymidine incorporation in INS-1 cells stimulated with 0.5-2 nM prolactin and 0, 5, 10 or 20 nM GH.
Approximately 10° quiescent INS-1 cells/well were incubated for 24 h in RPMI 1640 medium containing 0.1% BSA, 0-
15 mM glucose and 0-2 nM prolactin plus/minus 5, 10 or 20 nM GH, then assessed for proliferation rate by
[*H]thymidine incorporation. All experiments were done in triplicate on at least five independent occasions. Data are
presented as x-fold standardized value above the control observation in the absence of glucose and prolactin, and

depicted as a mean+SE (n=5).

Prolactin
0nM 0.5nM 1nM 2nM

0nM GH

0 mM glucose 1.0£0.03 2.310.28 2.240.17 2.4+0.31
3 mM glucose 9.1+0.80 27.9+3.17 32.2+3.80 27.0+3.54
6 mM glucose 17.6+1.61 48.615.51 47.716.20 44,5+5.61
15 mM glucose 23.0£1.74 47.2+5.69 45.7+4.55 40.5+4.86
5nM GH

0 mM glucose 2.6+0.24 2.0+0.07 2.4+0.27 2.1+0.14
3 mM glucose 24.5+1.11 21.3+1.60 18.4+1.37 18.8+0.76
6 mM glucose 41.3£1.73 34.4+£3.91 34.1+2.66 30.8+1.49
15 mM glucose 50.7+2.47 31.3+2.63 37.6+2.21 28.5+0.76
10 nM GH

0 mM glucose 2.240.16 2.1+0.11 2.240.17 2.0£0.13
3 mM glucose 24.3+1.89 21.4+2.22 243+1.80 19.841.20
6 mM glucose 40.8+2.43 36.1+4.45 33.5+2.83 31.5£1.72
15 mM glucose 47.9+3.36 34.0£3.08 37.3+2.27 31.3+1.25
20 nM GH

0 mM glucose 2.4+0.08 2.1+0.08 2.4+0.26 2.1+0.61
3 mM glucose 24.6+1.48 22.0+£1.95 18.5+1.22 18.5+0.99
6 mM glucose 42.9+2.29 34.6+3.74 33.6+2.46 29.5+1.02
15 mM glucose 48.7+2.19 32.7+2.59 37.0+2.16 29.5+0.82
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to merely about 60% of the maximal
stimulation observed at 6 mM glucose and 0.5
nM prolactin (29-fold increase compared to
unstimulated controls; Table 1).
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Figure 4. Prolactin increases IRS-1 activation mainly
in the presence of high glucose concentrations. IRS-1
activation was examined in INS-1 cells (80% confluent
on a 15-cm diameter dish) after a treatment with 0- 3, 6
or 15 mM glucose plus/minus 1 nM prolactin for 10
min. Cell lysates were subjected to immuno-
precipitation (i.p.) with antiserum against phospho-
tyrosine residues (PY) (a.) or against the p85
regulatory subunit of PI3‘K (b.). Immunoprecipitates
were then subjected to immunoblot (i.b.) analysis with
anti-IRS-1 antibodies. Experiments were done at least
three times. A representative blot for co-
immunoprecipitation analysis is shown. Quantification
was performed by densitometric scanning with Bio-
1D®  (Vilber Lourmat, Eberhardzell, Garmany)
software analysis and is presented as sum of intensities
(10° pixel).

Prolactin Dependent Mitogenic Signal
Transduction Pathways in INS-1 Cells

The  protein  phosphorylation-dependent
activation of mitogenic signal transduction
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Figure 5. Prolactin increases IRS-2 activation mainly
in the presence of low glucose concentrations. INS-1
cells (80% confluent on a 15-cm diameter dish) were
stimulated with 0. 3, 6 or 15 mM glucose plus/minus 1
nM prolactin for 10 min. Cell lysates were subjected to
immunoprecipitation (i.p.) with antiserum against
phosphotyrosine residues (PY) (a.) or against the p85
regulatory subunit of PI3‘K (b.). Immunoprecipitates
were then subjected to immunoblot (i.b.) analysis with
anti-IRS-2 antibodies. Experiments were done at least
three times. A representative blot for co-
immunoprecipitation analysis is shown. Quantification
was performed by densitometric scanning with Bio-
1D® (Vilber Lourmat, Eberhardzell, Garmany)
software analysis and is presented as the sum of
intensities (10° pixel).
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Figure 6. Prolactin increases the association of PI3‘K
with IRS-4 especially in the presence of physiological
glucose concentrations. INS-1 cells (80% confluent on
a 15-cm diameter dish) were stimulated with 0, 3, 6 or
15 mM glucose plus/minus 1 nM prolactin for 10 min.
Cell lysates were subjected to immunoprecipitation
(i.p.) with antiserum against the p85 regulatory subunit
of PI3‘K. Immunoprecipitates were then subjected to
immunoblot (i.b.) analysis with anti-IRS-4 antibodies.
Experiments were done at least three times. A
representative blot for co-immunoprecipitation analysis
is shown. Quantification was performed by
densitometric scanning with Bio-1D® (Vilber Lourmat,
Eberhardzell, Garmany) software analysis and is
presented as the sum of intensities (10° pixel).

pathways by 1 nM prolactin plus/minus 3, 6
and 15 mM glucose in INS-1 cells was
investigated using co-immunoprecipitation
and immunoblot analysis. Immunoprecipitat-
ion with an anti-phosphotyrosine (PY)
antibody followed by immunoblot analysis
with IRS-1 antiserum showed an increase in
phosphotyrosine phosphorylation of IRS-1
after a 10 min exposure to 1 nM prolactin in
the presence of high glucose concentrations
(15 mM) as compared to stimulation with 15
mM glucose alone or co-stimulation with 1
nM prolactin and low glucose concentrations
(3 mM) (Figure 4). Immunoblot analysis for
IRS-2 showed tyrosine phosphorylation even
in the absence of glucose (especially if
prolactin is added) with maximum activation
in the presence of prolactin (1 nM) plus low
glucose (3 mM) (Figure 5). IRS-2 phosphor-
ylation lessened in the presence of higher

glucose levels. IRS-4 yielded the strongest
activation at 1 nM prolactin plus 6mM
glucose, but also at low glucose levels. Thus,
prolactin seems to activate the IRS proteins in
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Figure 7. Prolactin increases protein phosphotyrosine
phosphorylation of JAK-2 and STAT-5 glucose
dependently. INS-1 cells (80% confluent on a 15-cm
diameter dish) were stimulated with 0, 3, 6 or 15 mM
glucose plus/minus 1 nM prolactin for 10 min. Cell
lysates were subjected to immunoprecipitation (i.p.)
with antiserum against phosphotyrosine residues (PY).
Immunoprecipitates  were then  subjected to
immunoblot (i.b.) analysis with anti-JAK-2 (a.) or anti-
STAT-5 antibodies (b.). Experiments were done at
least three times. A representative blot for co-
immunoprecipitation analysis is shown. Quantification
was performed by densitometric scanning with Bio-
1D®  (Vilber Lourmat, Eberhardzell, Garmany)
software analysis and is presented as the sum of
intensities (10° pixel).
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the  presence of  different
concentrations.
Immunoprecipitation of the 85 kDa regulatory
subunit of PI3’K (PI3’K p85) followed by
immunoblot analysis with IRS-1 antiserum
also showed increased PI3’K binding in the
presence of prolactin at all glucose
concentrations with maximum binding in the
presence of 1 nM prolactin and 15 mM
glucose (Figure 4). In contrast, PI3’K-IRS-2
binding showed a maximum in the presence
of prolactin plus low glucose concentrations
(Figure 5) which emphasizes the effect seen
in  anti-phosphotyrosine  phosphorylation.
IRS-4 showed maximum association in the
presence of physiological glucose
concentrations (6 mM plus 1 nM prolactin;
Figure 6) but also in the presence of low
glucose concentrations (3 mM).
Immunoprecipitation  with  anti-phospho-
tyrosine antibody, followed by immunoblot
analysis with anti-JAK-2 antisera showed
increased JAK-2  phosphorylation and

glucose

activation after stimulation with 1 nM
prolactin especially in the presence of
physiological and subphysiological glucose
concentrations (Figure 7) suggesting prolactin
mediated activation of the JAK/STAT
pathway in INS-1 cells as proposed before
[15, 18, 23, 24]. Immunoprecipitation with
PY prolactinand immunoblotting with STAT-
5 also showed increased phosphorylation
activation in the presence of prolactin and
physiological glucose concentrations (Figure
7).

Immunoblot analysis with specific antibodies
against phosphorylated MAPK did not show
significant phosphorylation after stimulation
with prolactin (data not shown) whereas
growth factor bound protein 2 (GRB2)
showed an increased binding to SH»-
containing protein (Shc) in the presence of
prolactin at any glucose concentration (data
not shown). These results indicate that the
MAPK pathway may not play an important
role in the prolactin-dependent proliferation

Table 2. The effect of protein phosphorylation inhibitors on glucose/prolactin stimulated [*H]thymidine incorporation
in INS-1 cells. Approximately 10° quiescent INS-1 cells/well were incubated for 24 h in RPMI 1640 medium
containing 0.1% BSA, 0. 3, or 15 mM glucose, 1 nM prolactin with or without 10 nM IGF-I, various inhibitors of
protein kinases, phosphoprotein phosphatases, or tyrosine kinases as indicated, then assessed for proliferation rate by
[*H]thymidine incorporation. All experiments were done in triplicate on at least five independent occasions. The data
are presented as a percentage of the [*H]thymidine incorporation in the absence of any inhibitor, and depicted as a

meanzSE (n=5).

Inhibitor Inhibited [°H]thymidine incorporation (% of control)
protein Glucose + 1 nM prolactin Glucose + 1 nM prolactin +10 nM IGF-I
0mM 3mM 15 mM 0mM 3mM 15 mM
Control - 100£0.1 100£3.5 100£0.0 100+2.6 100+2.7 100+1.2
Wortmannin PI3'K 18.8+0.1* 18.2+1.1* 22.8+3.2* 23.9+1.7* 29.2+1.8* 32.4+1.2*
(10 nM)
PD98059 MAPK 104+2.2 107.3+3.5 108.1+4.9 101.5+1.0 102.1+2.0 90.5+1.8
(50 mM)
Rapamycin p70%% 82.5+0.9 90.642.9  58.7+7.2* 75.2+¢1.9%  76.2#1.7*  118.1#1.3
(10 nM)
Sphingosine PKC 73.1£4.7* 88.4+£3.7* 68.5+4.5* 46.9+£0.9* 72.4£1.7* 81.4+1.8*
(10 mM)
Cyclosporine A Protein 7.7£0.5* 6.5+0.3* 48.5£7.5* 6.8+0.3* 4.8+0.4* 21.6£0.6*
(5 mM) phosphatase2B
Orthovanadate Proteintyrosin ~ 5.3+0.4* 1.5+0.0* 2.8+0.7* 2.6+0.1* 0.9+0.0* 0.9+0.1*
(0.5 mM) phosphatase
Calmidazolium Calmodulin 3.9+0.3* 0.8+0.0* 3.1+1.2* 1.6+0.2* 0.5+0.0* 1.2+0.3*
(50 nM)

* Significant differences (P<0.05 vs. control)
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of INS-1 cells, but prolactin seems to activate
an alternate pathway which is activated by
GRB2.

Effect of Protein  Phosphorylation
Inhibitors on Glucose and Prolactin-
Stimulated INS-1-Cell Proliferation

The effect of various specific protein
phosphatase and kinase inhibitors on
[*H]thymidine incorporation was examined in
the presence of 0. 3 and 15 mM glucose
plus/minus 1 nM prolactin plus/minus 10 nM
IGF-1 (Table 2). Inhibition of tyrosine
phosphatase by sodium orthovanadate (0.5
mM) completely inhibited glucose/prolactin-
dependent cell proliferation in INS-1 cells
(Table 2). No exogenous stimulus was able to
overcome this effect, e.g. neither glucose
concentration nor any combination with
prolactin and IGF-1. These results support our
previous  observations  of irreversible
orthovanadate-dependent inhibition of cell
proliferation by other growth factors such as
GH or HGF in INS-1 cells [6, 7, 11].
[*H]thymidine incorporation in INS-1 cells in
the presence of 5uM cyclosporine A, an
inhibitor of protein phosphatase 2B [25]
largely abolished prolactin-stimulated cell
proliferation (reduction greater than 90%,
Table 2). However, in the presence of high
glucose concentrations (15 mM), the
inhibition by cyclosporine A was significantly
reversed (52% reduction at 15 mM glucose
plus 1 nM prolactin, P=0.012).

Inhibition of PI3’K activity using 10 nM
wortmannin  [26]  significantly  reduced
prolactin stimulated INS-1 cell proliferation
by 77% at 15 mM glucose and by 82% at 3
mM glucose (P<0.001, Table 2). Additional
stimulation with IGF-1 slightly reversed the
reduction of [*H]thymidine incorporation
(71% and 68% reduction at 15 mM and 3 mM
glucose, respectively), but this effect was not
significant (P=0.800 and P=0.065,
respectively).

p70°%* is activated downstream of PI3’K [27].
Rapamycin (10 nM), a specific inhibitor of
p70°% reduced [*H]thymidine incorporation
in prolactin-stimulated INS-1 cells by 42% in
the presence of high glucose concentrations

(15 mM) but only by 10 to 18% in the
absence of glucose or at low glucose levels
which was not significant (P=0.365 at 3 mM,
P=0.115 at 0 mM glucose; Table 2). After
stimulation with prolactin and IGF-I, there
was an even stronger difference between low
glucose concentrations, which showed a 25%
reduction, and high glucose concentrations,
where no inhibition by rapamycin, but only a
slight stimulation of cell proliferation was
seen (Table 2). This effect was not observed
after stimulation with other growth factors [6,
7, 11] and suggests that prolactin and IGF-I
activate alternative pathways which are not
p70°%-dependent.

Inhibition of protein kinase C (PKC) by
sphingosine (10 uM) [28] resulted only in a
moderate reduction of prolactin-stimulated
[*H]thymidine incorporation (31% in the
presence of 15 mM glucose, P<0.001);
additional stimulation with IGF-I was able to
partially overcome this effect (19%
reduction). Still, inhibition of INS-1 cell
proliferation remained significant (P=0.012).
These findings suggest that certain PKC
isoforms might be involved in the regulation
of prolactin-mediated INS-1 cell proliferation
even if they do not seem to be of major
importance, especially in the presence of IGF-I.
Inhibition of the MAPK kinase (MEK), the
activator of MAPK, by PD98059 (50 uM)
[29] did not change the prolactin-dependent
proliferation rate of INS-1 cells significantly
either in the presence of low (P=0.497) or
high glucose concentrations (P=0.373), or in
the presence of IGF-I (P values ranging from
0.089 and 0.605). This suggests that the
MAPK pathway may not play an important
role in prolactin-stimulated INS-1 cell
proliferation.  High intracellular  Ca?®*
concentrations are essential for cell
proliferation as has been shown before [14,
30]. In our experiments, we used
calmidazolium (50 nM) to inhibit
Ca?*/calmodulin dependent proteins which
reduced [*H]thymidine incorporation in
prolactin-stimulated INS-1 cells by more than
95% (P<0.001). This was seen at any glucose
concentration, and additional stimulation with
IGF-I could not overcome this effect. These
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data emphasize the essential role of
Ca**/calmodulin for the growth of pancreatic
beta-cells (Table 2).

DISCUSSION

Prolactin is known to be one of the most
potent growth factors for pancreatic beta-cell
proliferation [9, 15, 16, 17, 23, 31]. However,
little is known about the molecular
mechanisms by which prolactin-dependent
pancreatic beta-cell proliferation is induced.
In this study, we show that prolactin
stimulates proliferation of the glucose-
dependent beta-cell line INS-1, in particular,
in the presence of physiological and
subphysiological glucose  concentrations
(from a 2.7- to a 3.5-fold above stimulation
with glucose alone at 3-6 mM; Figure 2).
Prolactin shows significant proliferation even
in the absence of glucose. This is different
from the stimulatory effects seen with other
growth factors [6, 7]. Proliferation increased
most in the presence of physiological glucose
concentrations (6 mM) whereas the strongest
additional effect of prolactin above glucose
was seen at low glucose concentrations (3
mM). The proliferative effect of prolactin was
significantly lower in the presence of high
glucose concentrations (2-fold as compared to
stimulation with 15 mM glucose alone,
P=0.019). A similar effect was previously
seen after stimulation with hepatocyte growth
factor (HGF) [11] whereas stimulation with
IGF-I or GH displayed the maximum
stimulatory effect in the presence of 15 mM
glucose (about 4-fold as compared to
stimulation with glucose alone) [6, 7]. The
biological reason for this effect is probably
that a greater insulin need and therefore
augmented beta-cell proliferation is provided
during pregnancy and embryogenesis even if
the glucose levels stay in the physiological or
even subphysiological range. Thus, the
organism uses different tools to react to
different situations of beta-cell need. The
stimulatory effect of prolactin was as strong
as the effect of IGF-1 (Figure 3) and surpassed
the effect of other growth factors (GH; Figure
3, Table 1; HGF maximum 2.2-fold increase
in  [®H]thymidine incorporation, [6]). In

contrast to the experiments with other growth
factors [6, 7, 11, 32], INS-1 cells also showed
a marked proliferation in the presence of
prolactin even if no glucose was present
(about 2.3-fold as compared to unstimulated
controls; Figure 1). However, co-stimulation
of INS-1 cells with prolactin, glucose and
other growth factors did instead decrease
[*H]thymidine even though this effect was not
significant (Figure 3, Table 1). This suggests
that there may be a saturation effect after
stimulation of INS-1 cells with growth
factors, and that growth factors may use a
limited number of signal transduction
pathways in common. It might also be that
extensive proliferation leads to activation of
cellular ~ factors  which inhibit  cell
proliferation. Therefore, stimulation with
additional growth factors may not necessarily
result in increased proliferation of pancreatic
beta-cells, at least, when using the INS-1 cell
line. Here as well, the cells and probably the
organism avoid unlimited cell proliferation.
Further experiments are required before
extrapolating the results to primary cells.

Prolactin induced beta-cell proliferation was
highly dependent on PI3’K activation;
inhibition of PI3’K activity by the specific
inhibitor wortmannin largely abolished INS-1
cell proliferation regardless of the stimulus
used in our experiments (Table 2). These
results underscore the central role of PI3’K in
growth factor dependent pancreatic beta-cell
proliferation since we have previously shown
that the effects of other hormonal ligands are
dependent on PI3’K as well [6, 7, 11]. PI3’K
activation by different growth factors occurs
via differing signal transduction pathways
[23, 33, 34, 35]. IGF-I primarily activates
PI3’K via IRS-2 [7]. In contrast, prolactin
triggers glucose-dependent different signaling
protein activation; in the presence of low
glucose concentrations (3 mM), prolactin
mainly activates mainly IRS-2 (Figure 5). The
other members of the IRS-family are less
activated. IRS-4 shows its strongest activation
at physiological glucose concentrations (6
mM) (Figure 6) and IRS-1 in the presence of
high glucose concentrations (15 mM) (Figure
4). This suggests that hormonal effects are
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much more complex and that proteins like
prolactin activate different signal transduction
pathways dependent on interaction with
different nutrients or growth factors.
Activated IRS-2 and IRS-4 seem to have the
strongest impact on cell proliferation since
maximal proliferation of prolactin-stimulated
INS-1 cells occurred in the presence of 3-6
mM glucose (Figure 2). This is congruent
with data which show that IRS-2
overexpression increases beta-cell
proliferation much more than other IRS-
proteins and that IRS-4 overexpression is
capable of partially compensating for an IRS-
2 decrease [32, 36, 37].

Prolactin also stimulates proliferation in the
presence of physiological glucose
concentration via the JAK-2/STAT-5 pathway
(Figure 7) as do HGF and GH [6, 11]. But this
pathway seems to be of lesser importance at
low and high glucose concentrations since the
JAK-2/STAT-5 signal transduction pathway
is less activated under these conditions
(Figure 7).

The prolactin-activated signal transduction
pathways split downstream of P13’K (Figure
8) as was seen after stimulation with other
growth factors [6, 7, 11]. Activation of p70°%
and PKC seems to play a role in the presence
of high glucose concentrations as is suggested
by protein inhibitor experiments. Inhibition of
p70°%® by rapamycin reduced prolactin-
stimulated INS-1 cell proliferation moderately
but significantly (Table 2) whereas p70°*
seems to be of lesser importance in the
presence of low glucose concentrations. A
similar pattern was seen with specific
inhibition of PKC by sphingosine. Further
experiments are required to clarify which
pathways are activated downstream of PI3’K
in the presence of low glucose.

The MAPK pathway seems to be of little
significance in prolactin-mediated INS-1 cell
proliferation. Inhibition of MAPK activity by
PD98059 showed no significant decrease in
prolactin-stimulated beta-cell proliferation
(Table 2) and no change of MAPK
phosphorylation; subsequent activation was
seen after prolactin stimulation (data not
shown). Neither did the signal transduction

proteins, murine sons of sevenless-1 protein
(mSOS) and MEK upstream of MAPK,
display any change of activation upon
prolactin stimulation in INS-1 cells (data not
shown). GH- and HGF-stimulated INS-1 cell
proliferation also does not involve the MAPK
pathway, as we have demonstrated before [6,
11]. In contrast, INS-1 cell proliferation
stimulated by IGF-1 does involve MAPK
activation [12]. However, the activation of
Shc is seen in the presence of all glucose
concentrations after stimulation with prolactin
(data not shown) which suggests the
activation of further pathways downstream of
Shc.

Another essential condition in growth factor
and glucose-mediated pancreatic beta-cell
proliferation is the intracellular Ca®* level.
Inhibition of  calmodulin  kinase by
calmidazolium leads to an almost complete
inhibition of prolactin stimulated INS-1 cell
proliferation (more than 95%, P<0.001; Table
2). A comparable result has been observed
after stimulation with HGF [11]. In contrast,
IGF-1- or GH- stimulated cell proliferation
showed no significant decrease in the
presence of calmidazolium [7]. It s

cell proliferation 1t

Figure 8. Prolactin-dependent signal transduction
pathways. Prolactin-activated beta-cell signalling in the
presence of physiological glucose concentration (6
mM). Glc: glucose; Grb2: growth factor bound protein
2; JAK-2: janus kinase 2; MAPK: mitogen activated
protein kinase; MEK: MAPK kinase; IGF-I: insulin
like growth factor-I; IRS: insulin receptor substrate;
PI13‘K: phosphatidylinositol 3* kinase; PKB: protein
kinase B = AKT; PKC: protein kinase C; PKG: protein
kinase G; Prl: prolactin; p70%%: 70kD S6 kinase; Shc:
SH,-containing protein; mSOS: murine sons of
sevenless-1 protein; STAT-5: signal transducer and
activator of transcription; mTOR: murine target of
rapamycin.
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interesting that prolactin is therefore able to
inhibit the effect seen after stimulation with
IGF-1 since IGF-I is not able to overcome the
inhibitory effect of calmidazolium in the
presence of prolactin (Table 2). These
findings provide evidence that calmodulin-
dependent proteins are of importance only for
prolactin- and HGF-stimulated INS-1 cell
proliferation and that prolactin also seems to
activate inhibitory pathways especially in the
presence of high glucose concentrations
which have to be analyzed in further
experiments.

In summary, this study provides evidence that
prolactin triggers cell proliferation glucose
dependently via various signal transduction
pathways with a maximum stimulatory effect
in the presence of physiological glucose
concentrations. Prolactin-induced INS-1-cell
proliferation is accompanied by activation of
IRS-2, IRS-4 and JAK-2/STAT-5 proteins,
and subsequent PI3’K activation. These
effects are glucose-dependent. Co-stimulation
with other growth factors showed no
synergistic effect while stimulation by either
IGF-I or GH can be enhanced in combination
with additional growth factors. The MAPK
pathway seems to be of minor importance for
prolactin-stimulated beta-cell proliferation.
Future studies are necessary to identify the
respective transcription factors which enable
crosstalk between the various pathways and
the signal transduction proteins which are
activated downstream of PI3’K, PKC and
p7086k.

janus kinase; PI3’K: phosphatidylinositol-3’-
kinase; PKA: protein kinase A; PKB: protein
kinase B = AKT; PKC: protein kinase C;
PKG: protein kinase G; Prl: prolactin; PY:
anti-phosphotyrosine;  p70%%:  70kD  S6
kinase; Shc: SHy-containing protein; STAT:
signal  transducer and activator  of
transcription.
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