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© 2013 The Japan Society of Histochemistry andProliferation of pancreatic β-cells is an important mechanism underlying β-cell mass adaptation

to metabolic demands. Increasing β-cell mass by regeneration may ameliorate or correct

both type 1 and type 2 diabetes, which both result from inadequate production of insulin by

β-cells of the pancreatic islet. Transforming growth factor β (TGF-β) signaling is essential

for fetal development and growth of pancreatic islets. In this study, we exposed HIT-T15, a

clonal pancreatic β-cell line, to TGF-β signaling. We found that inhibition of TGF-β signaling

promotes proliferation of the cells significantly, while TGF-β signaling stimulation inhibits

proliferation of the cells remarkably. We confirmed that this proliferative regulation by TGF-

β signaling is due to the changed expression of the cell cycle regulator p27. Furthermore,

we demonstrated that there is no observed effect on transcriptional activity of p27 by TGF-

β signaling. Our data show that TGF-β signaling mediates the cell-cycle progression of

pancreatic β-cells by regulating the nuclear localization of CDK inhibitor, p27. Inhibition of

TGF-β signaling reduces the nuclear accumulation of p27, and as a result this inhibition

promotes proliferation of β-cells.

Key words: TGF-β signaling, HIT-T15 cells, inhibition, pancreatic β-cell proliferation, p27

I. Introduction

Pancreatic β-cells in the islets of Langerhans have a

central role in glucose homeostasis, and display the property

of sensing the prevailing blood glucose and secreting insu-

lin in a manner dependent on the glucose concentration [8,

21]. The β-cell mass is dynamic and responds to variations

in metabolic demand on insulin production. Inability of the

endocrine pancreas to adapt to changing insulin demand is

found in both type 1 and type 2 diabetes mellitus. In type

1 and type 2 diabetes, there are a near-complete and partial

loss, respectively, of β-cells [6]. Transplantation of β-cells

was anticipated to be the most promising approach to

restore endogenous insulin secretion in diabetes [3, 6].

However, its application on a large scale is limited by the

availability of pancreas donors. Therefore, strategies that

lead to increased β-cell mass, as well as retained or

enhanced function of islets, would be a promising approach

for treating diabetes.

In adults, β-cell mass is stably maintained, and low

levels of proliferation suggest that most β-cells are quies-

cent. In adult humans, there are approximately 0.05 Ki-67-

positive β-cells per islet [6, 8], whereas in adult mice the

corresponding frequency is tenfold greater in lean adult

mice (~0.50 β-cells per islet), and much greater in obese

animals [7, 8, 43].

Multiple intracellular signaling pathways participate in

β-cell proliferation. These pathways include protein kinase
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A (PKA), mitogen-activated protein kinase (MAPK), janus

kinase (JAK)-signal transducer and activator of transcrip-

tion (STAT), phosphatidyl inositol-3 (PI3) kinase/protein

kinase B (AKT) and insulin-receptor-substrate pathways

[10], and epidermal growth factor (EGF)-receptor signaling

[19, 31]. These signaling cascades leads to G1/S transition,

mainly by stimulating the activity of the cyclin-dependent

kinase (CDK) 4 (CDK4)-cyclin D complex [5, 11, 18].

Eukaryotic cell cycle progression, particularly the G1/S

transition, is controlled by a series of protein complexes

composed of cyclins and CDKs, the activity of which is

regulated by a group of CDK inhibitors (CKIs). Two

groups, the INK4 family (p15, p16, p18, p19) and the Cip/

Kip family (p21, p27, p57), have been described. A member

of the INK4 family, p16, inhibits formation of the CDK4-

cyclin D2 complex, and can inhibit cell cycle progression

and regeneration of β-cells [24, 28]. A member of the Cip/

Kip family, p27, has a pivotal role in the control of cell

proliferation, and reducing p27 levels in quiescent β-cells

promotes β-cell proliferation and leads to increased β-cell

mass [17, 23].

Transforming growth factor β (TGF-β) regulates cell

proliferation and differentiation of diverse cell types,

including epithelial, endothelial and hematopoietic cells, by

autocrine and paracrine mechanisms [29, 33, 38]. Disrup-

tion of TGF-β signaling impairs embryonic pancreatic β-

cell differentiation [13, 38, 40], suggesting essential roles

for this pathway in establishing and maintaining defining

features of mature pancreatic β-cells.

In this study, we investigated the effects of TGF-β

signaling on β-cell proliferation by using the hamster pan-

creatic β-cell line HIT-T15. Inhibition of TGF-β signaling

by TGF-β receptor I (TβRI/ALK5) inhibitor, SB-431542,

led to instability of p27, and as a result, enhanced β-cell

proliferation.

II. Materials and Methods

Materials

SB-431542 was purchased from Tocris Bioscience

(Ballwin, MO). TGF-β1, anti-p16 INK4a/CDKN2 antibody

and anti-p19 INK4 antibody were purchased from Sigma

Aldrich (St. Louis, MO). Anti-p18 INK4C antibody, anti-

p21 Waf1/Cip1 antibody and anti-p57 Kip2 antibody were

obtained from Cell Signaling Technology (Beverly, MA).

Anti-p15 INK4B antibody, anti-GAPDH antibody and anti-

p27 Kip1 antibodies were obtained from Santa Cruz Bio-

technology (Santa Cruz, CA). Alexa Fluor 488 goat anti-

mouse, Alexa Fluor 488 goat anti-rabbit, Alexa Fluor 594

goat anti-rabbit antibodies, OPTI-MEM and Lipofectamine

2000 were obtained from Invitrogen (Carlsbad, CA). Dual

luciferase reporter assay system was purchased from

Promega Co. (Madison, WI).

Cell culture and cell proliferation

A hamster pancreatic β-cell line, HIT-T15, purchased

from Dainippon Pharmaceutical Corporation (Osaka, Japan),

was cultured in RPMI 1640 medium containing 10% FBS,

2 mM glutamine, 100 U/ml penicillin and 100 μg/ml strepto-

mycin at 37°C in a humidified atmosphere of 5% CO2. In

order to investigate the effect of TGF-β signaling on the

proliferation of HIT-T15 cells, for TGF-β treatment, cells

were treated with or without 5 ng/ml TGF-β1 dissolved in

1 mg/ml bovine serum albumin containing 4 mM HCl for dif-

ferent lengths of time, as indicated in the legend for Fig. 1A,

and for TβRI/ALK5 inhibitor treatment, cells were treated

with or without 2 μM SB-431542 dissolved in dimethyl

sulfoxide (DMSO) (Sigma) for different lengths of time, as

indicated in the legend for Fig. 1B. For cell count, cells

were trypsinized and enumerated with a hemocytometer.

5-Bromo-2'-Deoxyuridine incorporation

5-Bromo-2'-Deoxyuridine (BrdU) incorporation was

assessed as a measure of cells in the S phase using the

BrdU Labeling and Detection Kit (Roche Applied Science,

Penzberg, Germany). HIT-T15 cells were incubated in the

RPMI 1640 medium with or without 5 ng/ml TGF-β1 and/

or with or without 2 μM SB-431542 for 46 hr, followed

by cultured in medium containing 10 μM BrdU labeling

reagent for 2 hr before fixation. BrdU incorporation assay

was performed according to instruction manual. The stained

cells were mounted with VECTASHIELD mounting

medium with propidium iodide (PI) (Vector Laboratories,

Burlingame, CA) and observed with a confocal microscope

(FV1000; Olympus, Tokyo, Japan). Both the BrdU-positive

S phase cells and the PI-stained total cells were counted.

Immunofluorescence staining and image analysis

Cells were incubated for 2 days and fixed with 2%

paraformaldehyde in PBS for more than 1 hr. After fixation,

cells were washed 3 times with PBS for 5 min and perme-

abilized by incubation with 0.1% Triton X-100 in PBS for

10 min. Then, cells were washed 3 times with PBS for 5

min and blocked with 3% skim milk in PBS for 2 hr and

incubated with primary antibody (1:250) in 3% skim milk

solution overnight. After 5 washes with PBS for 5 min

each time, cells were incubated with secondary antibody

(1:1000) in 3% skim milk solution for 2 hr. DNA was

stained with VECTASHIELD mounting medium with PI

or TO-PRO-3 iodide (Invitrogen-Molecular Probes) for 30

min. Stained cells were observed with a FV1000 confocal

microscope.

Fluorescence intensities were quantified by using

FV10-ASW software (Olympus).

Whole cell extract and western blotting

Cells treated as indicated in the legends for Fig. 2H

and Fig. 4A were washed in PBS. Cells were lysed in the

lysis buffer (50 mM Hepes, pH 7.5, 250 mM NaCl, 0.2 mM

EDTA, 10 mM NaF, 0.5% Nonidet P-40), and whole cell

lysates were prepared. Lysates were separated on 10% SDS-

polyacrylamide gels, and analyzed by Western blotting

using anti-p15, anti-p16, anti-p18, anti-p19, anti-p21, anti-

p27 and anti-p57 antibodies.
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Luciferase reporter assays

HIT-T15 cells (1×105/ml) were seeded in 35-mm dishes.

The next day, using Lipofectamine 2000 (Invitrogen,

CA), cells were transfected with 20 ng of the internal

control plasmid pRL-CMV (Promega), and either 100 ng of

p27 full-length promoter luciferase reporter plasmid, p27PF

[32], or 100 ng of empty vector, pGVB2. For TGF-β

signaling stimulation, cells were transfected together with

either 100 ng of ALK5* (a constitutively active form of

TβRI) plasmid or 100 ng of empty vector pcDNA3.1

(Invitrogen). For TβRI/ALK5 inhibitor treatment, cells

were treated with either 2 μM SB-431542 or DMSO for

40 hr. For luciferase assays, all samples were harvested

together at 40 hr after transfection. Luciferase activity in

cell lysates was measured using the dual luciferase reporter

assay system (Promega) in a Berthold Lumat LB 9705

luminometer (Pforzheim, Germany).

Statistical analysis

Data are expressed as the mean±SD. Differences

between groups were evaluated by using Student’s t-test.

Differences of p<0.05 were considered statistically signifi-

cant. For all experiments, at least 3 replicates were included,

and all experiments were repeated at least 3 times.

III. Results

TGF-β signaling affects proliferation of HIT-T15 cells

TGF-β signaling regulates cell proliferation and differ-

entiation of diverse cell types by autocrine and paracrine

mechanisms [2, 29, 45]. To estimate the effect of TGF-β

signaling on proliferation of HIT-T15 cells [37], we ex-

posed HIT-T15 cells to culture with or without TGF-β1

(5 ng/ml), and counted the number of the cells in a time-

dependent manner. Compared with non-TGF-β1-stimulated

groups, the TGF-β1 stimulation significantly inhibited cell

Fig. 1. Effects of TGF-β signaling on cell proliferation of HIT-T15 cells. (A) HIT-T15 cells were cultured in 10% FBS RPMI 1640 medium

with or without 5 ng/ml TGF-β1 for 1 day, 2 days, 3 days and 4 days (6 independent repeats of experiments). (B) HIT-T15 cells were cultured

in 10% FBS RPMI 1640 medium containing DMSO or 2 μM SB-431542 for 1 day, 2 days, 3 days and 4 days. Six repeats of the experiment

were done independently. The data are mean±SD (error bars) of a representative experiment. *p<0.01 (n=8). (C, D) Cell cycle distribution of

HIT-T15 cells was analyzed by BrdU incorporation assay after treatment with or without 5 ng/ml TGF-β1, and/or with DMSO or 2 μM SB-

431542, for 48 hr. (C) Upper row: BrdU staining (green). Lower row: Merged with nuclear staining (PI; red). (D) Results are displayed as the

percentage of cells in S phase of the cell cycle. Six repeats of the experiment were done independently. The data are mean±SD (error bars) of a

representative experiment. *p<0.01 (n=5).



Suzuki et al.54

proliferation, by 15% at 1 day, by 13% at 2 days, by 14%

at 3 days, and by 16% at 4 days, respectively (Fig. 1A).

Next, we used a highly specific and potent TβRI/

ALK5 inhibitor, SB-431542, which instantaneously inhibits

ALK5 kinase activity [22], and treated the cells with 2 μM

SB-431542 or DMSO, which served as a control, for

different lengths of time. A marked increase in cell prolif-

eration, by 14% at 1 day, by 19% at 2 days, by 16% at 3

days, and by 15% at 4 days, was observed in SB-431542-

treated groups compared with DMSO-treated groups,

respectively (Fig. 1B). These experimental data demon-

strated that TGF-β signaling regulates cell proliferation of

HIT-T15 β-cells.

TGF-β signaling affects proportion of cell phases

To confirm that TGF-β signaling affects cell prolifer-

ation by shifting the proportion of HIT-T15 cell phases, we

investigated the proportion of cells in S phase by using

BrdU incorporation assay (Fig. 1C). Compared with non-

TGF-β1-stimulated groups, the TGF-β1 stimulation sig-

nificantly decreased the proportion of cells at S phase,

from 32.7% to 25.7% (Fig. 1D). However, a marked in-

crease in S phase, from 31.6% to 41.1%, was observed in

SB-431542-treated groups compared with DMSO-treated

groups at 48 hr (Fig. 1D). Taken together, these results

show that inhibition of TGF-β signaling enhances the cell

cycle progression, and as a result, promotes the proliferation

of HIT-T15 β-cells.

Expression of CKIs in HIT-T15 cells

Cell cycle progression, particularly the G1/S transition,

is negatively controlled by CKIs. We examined which CKIs

are expressed in HIT-T15 cells by immunofluorescence

staining and western blotting (Fig. 2). The CKI proteins,

p15, p16, p19 and p27, were expressed in HIT-T15 cells

(Fig. 2A, 2B, 2D, 2F and 2H), whereas p18, p21 and p57

Fig. 2. Expression of CKIs in HIT-T115 cells. Cells were incubated for 2 days and fixed, and then stained with different CKI antibodies. Upper

row: Expression of different indicated CKIs (green). Lower row: Merged with nuclear staining (PI; red). (A) p15; (B) p16; (C) p18; (D) p19;

(E) p21; (F) p27; (G) p57. (H) Western blotting of the whole cell extracts for p15, p16, p19 and p27.



TGF-β Signaling on β-Cell Proliferation 55

were under detectable levels both by immunofluorescence

staining (Fig. 2C, 2E, and 2G) and western blotting (data

not shown). In addition, p15 was localized in nuclei

at a low level (Fig. 2A), whereas p16 (Fig. 2B) and p19

(Fig. 2D) were uniformly present both in cytoplasm and

nuclei at a low level and a high level, respectively. p27 was

localized and present in nuclei at various levels (Fig. 2F).

These data suggest that p27 may serve as a key regulator

in controlling the progression of cell cycle in HIT-T15 β-

cells.

TGF-β signaling affects subcellular localization of p27

We investigated whether the increased cell pro-

liferation of HIT-T15 cells produced by the inhibition of

TGF-β signaling was due to the shifted p27 subcellular

localization. To stimulate TGF-β signaling, cells were

transfected with a constitutively active form of TRβ-I,

ALK5*[27], or empty vector, pcDNA3.1, which served as

a control. The nuclear protein level of p27 was increased in

the ALK5*-transfected cells (Fig. 3B and 3C). In contrast,

no marked decrease or increase of p27 protein level was

observed in the control (Fig. 3A and 3C). On the other hand,

HIT-T15 β-cells treated with 2 μM SB-431542 showed

significant decrease of the nuclear protein level of p27

(Fig. 3E and 3F) compared with the control, DMSO-treated

cells (Fig. 3D and 3F). These data demonstrated that TGF-

Fig. 3. Effects of TGF-β signaling on nuclear localization of p27 (green). To stimulate TGF-β signaling, HIT-T15 cells were transfected with

pcDNA.3.1.mRFP1 (red), which served as a transfectant indicator, and either empty vector, pcDNA3.1 (A) or a constitutively active form of

TRβ-I, ALK5* (B). (C) Nuclear p27 integrated density (A. U., arbitrary unit) in (A) and (B). To inhibit TGF-β signaling, HIT-T15 cells were

treated with DMSO (D) or 2 μM SB-431542 (E). (F) Nuclear p27 integrated density (A. U.) in (D) and (E). Nuclei were detected with TO-

PRO-3 iodide (blue) (A, B) or PI (red) (D, E). The data are mean±SD (error bars) of a representative experiment. *p<0.01.
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β signaling affects cell proliferation of HIT-T15 β-cells via

regulating p27 subcellular localization.

TGF-β signaling affects expression of p27

To examine whether TGF-β signaling influences ex-

pression of p27 post-transcriptionally, the protein level of

p27 in HIT-T15 was analyzed by using western blotting.

Compared with non-TGF-β1-stimulated groups, the TGF-

β1 stimulation significantly increased the protein level of

p27, by 28%, while in SB-431542-treated groups compared

with DMSO-treated groups, inhibition of TGF-β signaling

decreased the protein level of p27, by 40%, at 48 hr

(Fig. 4A and 4B). We further examined whether TGF-β

signaling also influences the transcriptional activity of p27

or not. p27 promoter luciferase reporter assay [9] revealed

no significant difference in p27 transcriptional activity in

the comparison of treatment with or without TGF-β1 stim-

ulation (Fig. 4C) and/or of treatment with or without SB-

431542 (Fig. 4D). Collectively, these findings suggest that

TGF-β signaling can affect the proliferation of HIT-T15 β-

cells through regulating the expression of p27.

IV. Discussion

TGF-β signaling regulates the developmental pro-

grams of many, if not all, diverse cell types [1, 29, 30].

Disrupted TGF-β signaling impairs embryonic pancreatic

β-cell differentiation and development [4, 25, 40, 44].

Fig. 4. Effects of TGF-β signaling on expression of p27.

(A) HIT-T15 cells were treated with or without 5 ng/ml

TGF-β1, and/or with DMSO or 2 μM SB-431542, for 2

days. Western blotting of the whole cell extracts for

p27, and GAPDH, which was used as a control. (B)

Results are displayed as the relative protein level of

p27. Six repeats of the Western blotting were done

independently. The data are mean±SD (error bars) of a

representative experiment. *p<0.001. (C, D) Luciferase

reporter assays in HIT-T15 cells. Cells were transfected

with either p27 luciferase reporter p27PF or empty

luciferase reporter pGVB2. In addition, transfection

was performed, to stimulate TGF-β signaling, together

with or without ALK5* in (C), or to inhibit TGF-β sig-

naling, together with treatment with either DMSO or 2

μM SB-431542 in (D). All data shown are mean±SD

(error bars) of a representative experiment performed in

at least triplicate. n.s.: not significant.
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However, the role of this pathway in pancreatic β-cell

proliferation has remained largely obscure. Here, we dem-

onstrated that TGF-β signaling regulates pancreatic β-cell

proliferation via the cell cycle regulator p27. We showed

that inhibition of TGF-β signaling promotes proliferation

of the β-cells, and that this enhanced β-cell proliferation

induced by the inhibition of TGF-β signaling is due to the

down-regulated nuclear expression of p27.

During embryogenesis, β-cells arise from differentia-

tion of pancreatic progenitor cells; these differentiated β-

cells are mitotically quiescent and do not proliferate, and

p27 accumulates in the differentiated β-cells [10, 17].

Disruption of p27 in mice results in such effects as

increased body size and multiorgan hyperplasia [15, 26]. In

the absence of p27, the differentiated β-cells are no longer

quiescent and reenter the cell cycle to proliferate, and thus

down-regulation of p27 levels in β-cells may play a key role

in promoting β-cell proliferation in vitro and in vivo [17].

We have shown using HIT-T15 cells that TGF-β signaling

regulates β-cell proliferation via controlling protein level of

p27 (Figs. 1, 3 and 4A), and not via regulating transcrip-

tional activity of p27, which thereby regulates β-cell growth

(Fig. 4). Several studies using animal models of diabetes

showed the importance of down-regulation or loss of p27

in β-cells for promoting proliferation of β-cells and thereby

expansion of β-cell mass for correcting diabetes [17, 41,

46].

In mammalian cells, two CDK enzymes, CDK4 or

CDK6, combined with three D-type cyclins (D1, D2, D3),

and CDK2 associated with cyclin E play distinct key roles

in regulating G1 progression. CDK4/6-cyclin D couples

extracellular growth signals to the cell cycle, while CDK2-

cyclin E controls the initiation of DNA replication [39]. p27

inhibits functions of cell cycle regulators like CDK2 and

CDK4 [35, 36]. For pancreatic islets, this view is consistent

with reported work showing that regulation of CDK4 is

required for islet growth control [10, 11, 16]. Replacement

of the endogenous CDK4 gene with INK4-resistant acti-

vated CDK4 allele resulted in mice with hyperplastic islets,

comprised mainly of insulin-producing β-cells [14]. The

interplay between TGF-β-inducible inhibitors and their

targets involves CDK inhibitors, p21 [12], p15 [20] and p27

[36]. In normal cells, the amount of p27 is large during the

quiescent G0 phase of the cell cycle, while it is rapidly

decreased on reentry of cells from G0 into G1 phase [42].

In proliferating cells, p27 is degraded in the nucleus during

S and G2 phases by Skp2, the F-box protein component of

the SCF ubiquitin ligase (E3) complex [34]. In fact, p27

was the first identified mediator of the CDK inhibitory

effect of TGF-β [36]. Upon addition of TGF-β to Mv1Lu

mink lung epithelial cells, induced p15 expression causes a

replacement of active p27-cyclin D-CDK4 complexes with

inactive cyclin D-CDK4-p15 [35]. Concomitantly, cyclin E-

CDK2 complexes bind p27 and become inhibited, and lead

to G1 arrest [23, 36]. Thus, further studies are required to

confirm how TGF-β signaling controls expression of p15,

cyclin E, CDK2, and CDK4 in pancreatic β-cells.

Taken together with previous reports and our data, it

is strongly argued that Skp2-dependent p27 degradation

regulated by TGF-β signaling is one of the mechanisms by

which pancreatic β-cells accumulated p27 in the nuclei, and,

as a result, controlling proliferative activity of pancreatic β-

cells.

Our data show that TGF-β signaling regulates pan-

creatic β-cell proliferation through control of cell cycle

regulator p27 expression. Inhibition of TGF-β signaling

reduces the expression of p27, and as a result this inhibition

promotes proliferation of β-cells.
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