
Accelerated telomere shortening and senescence in human
pancreatic islet cells stimulated to divide in vitro

T L Halvorsen, G M Beattie1, A D Lopez1, A Hayek1 and
F Levine
Center for Molecular Genetics, University of California San Diego School of Medicine, San Diego, California 92093–0634, USA
1Whittier Institute for Diabetes, University of California San Diego School of Medicine, San Diego, California 92093–0983, USA

(Requests for offprints should be addressed to F Levine, University of California San Diego, Center for Molecular Genetics, Room 122, La Jolla,
California 92093–0634, USA; Email: flevine@ucsd.edu)

(T L Halvorsen and G M Beattie contributed equally to this paper)

Abstract

Widespread application of �-cell replacement strategies for
diabetes is dependent upon the availability of an unlimited
supply of cells exhibiting appropriate glucose-responsive
insulin secretion. Therefore, a great deal of effort has been
focused on understanding the factors that control �-cell
growth. Previously, we found that human �-cell-enriched
islet cultures can be stimulated to proliferate, but expan-
sion was limited by growth arrest after 10–15 cell divisions.
Here, we have investigated the mechanism behind the
growth arrest. Our studies, including analyses of the

expression of senescence-associated �-galactosidase,
p16INK4a levels, and telomere lengths, indicate that cellular
senescence is responsible for limiting the number of cell
divisions that human �-cells can undergo. The senescent
phenotype was not prevented by retroviral transduction of
the hTERT gene, although telomerase activity was in-
duced. These results have implications for the use of
primary human islet cells in cell transplantation therapies
for diabetes.
Journal of Endocrinology (2000) 166, 103–109

Introduction

Transplantation of glucose-responsive insulin-secreting
cells holds great promise as a definitive treatment for
diabetes. Because of the complex biology of the cellular
machinery involved in glucose-responsive insulin secre-
tion, pancreatic �-cells and �-cell precursors are the best
candidates for a cell-based diabetes therapy. Unfortu-
nately, a major limiting factor in realizing their potential is
the scarcity of such cells. Pancreas transplants cure dia-
betes, but this option is limited by organ availability (only
a few thousand per year) and the need for major surgery
and chronic immunosuppression. Islet transplantation is
attractive because it involves only minor surgery and may
require less immunosuppression if the islet cells are
shielded from the immune response by encapsulation or
some other means. However, islet transplants have been
much less successful than whole-organ transplants. The
reason for this seems to be that many cells die in the
immediate post-transplant period (Davalli et al. 1996),
leading to a requirement for large numbers of cells to
achieve long-term insulin independence (Keymeulen et al.
1998). To address the need for large numbers of �-cells,
we have been developing techniques for maintaining and
expanding primary human pancreatic islet cells, derived
from �-cell-enriched cultures, in vitro.

We have previously shown that isolated populations of
primary adult islet cells consisting of greater than 90%
�-cells can be stimulated to divide on a complex extracell-
ular matrix in the presence of hepatocyte growth factor/
scatter factor (HGF/SF) (Beattie et al. 1997, 1999). How-
ever, the initially strong mitogenic response ends with
growth arrest after 10–15 cell divisions (Beattie et al.
1999). Several primary human cell types have been
reported to ‘senesce’ after only a few passages in cell
culture, including lens epithelial cells (Tassin et al. 1979,
Reddy et al. 1988, Andley et al. 1994), arterial smooth
muscle cells (Bierman 1978), kidney endothelial cells
(Miller et al. 1977, Green et al. 1992) and hepatocytes (Le
Guilly et al. 1973). However, these early studies chron-
icling life span and morphology cannot be compared
mechanistically to current models of senescence, which
have only been described in longer-lived cell types, such as
fibroblasts. To investigate the mechanism of the growth
arrest in pancreatic cells, we extended our previous
observations on expanded islet cells by establishing the
proliferative capacity of a series of �-cell-enriched human
pancreatic islet cultures and applying many of the same
studies that have been done in fibroblasts. The changes
that accompanied growth arrest, which regularly occurred
within 10–15 population doublings (PD), are consistent
with those characteristic of cellular senescence in primary
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human diploid fibroblasts (HDFs). In contrast to the
fibroblast model, the senescent phenotype was not pre-
vented by expression of the telomerase retrotranscriptase
subunit, hTERT, although telomerase activity was in-
duced. Our findings suggest that significant ex vivo expan-
sion of primary human pancreatic �-cells will be difficult
to achieve without further manipulation of cell-cycle
regulatory mechanisms.

Materials and Methods

Human adult islets

Human adult islets were generously provided by the
Diabetes Research Institute, Miami, FL, USA, the De-
partment of Surgery, University of Minnesota, MN, USA
and the Islet Isolation Core Facility, St Louis, MO, USA.
They were isolated with an automated method as de-
scribed previously (Ricordi et al. 1988) and further puri-
fied by hand picking single islets, 50–150 µm diameter,
after dithizone staining (Latif et al. 1988).

Cell culture

�-Cell-enriched monolayer cultures were established from
dithizone-purified adult islets by two previously described
methods (Beattie et al. 1999). Briefly, islet cells were sorted
by flavin adenine dinucleotide (FAD) autofluorescence or
by partially dissociating islets in non-enzymatic dissociat-
ing solution (DM; Sigma Corp., St Louis, MO, USA) to
separate the �-cell core from outer cell layers. FAD-sorted
cells were reaggregated prior to plating as described. Cell
clusters from both methods were plated in tissue culture
wells coated with HTB-9 matrix (Beattie et al. 1997) and
grown in RPMI medium with 11·1 mM glucose, 10%
fetal bovine serum, and 25 ng/ml HGF/SF.

�-Galactosidase staining

Monolayer cultures were fixed with 4% paraformaldehyde
and 0·1% glutaraldehyde. Senescence-associated (SA)
�-galactosidase enzymatic activity was localized essentially
as described (Beattie et al. 1994) except that the reaction
was carried out at pH 6 (Dimri et al. 1995) with a
6 h incubation. In some cases 5-bromoindolyl �--
galactopyranoside (Bluo-Gal; Life Technologies, Grand
Island, NY, USA) was used as a substrate instead of X-Gal
(5-bromo-4-chloro-3-indolyl �--galactopyranoside).

Telomere length comparisons

Genomic DNA was isolated by proteinase K digestion and
phenol–chloroform extraction. For telomere length com-
parisons, 3·0 µg genomic DNA were digested with Rsa1
and Hinf1 restriction enzymes and separated on a 0·6%
agarose gel. The DNA was transferred to a positively

charged nylon membrane by Southern blot and probed
with 5�-(CCCTAA)5[

32P]. Radioactive signals were de-
tected on X-ray film and scanned with a Hewlett Packard
ScanJet 6100C (Hewlett Packard, Greeley, CO, USA).
Signal densities were analyzed with Scion Image software
(Scion Corp., Frederick, MD, USA). Mean telomere
restriction fragment (TRF) lengths were calculated as
previously described (Harley et al. 1990).

Immunoblotting

Whole-cell extracts were prepared by washing cell
pellets in PBS and resuspending them in 1�CHAPS Lysis
Buffer (Intergen, Purchase, NY, USA). Samples were
separated on a 15% polyacrylamide gel, transferred in a
Mini-PROTEAN II Trans-Blot apparatus (Bio-Rad,
Hercules, CA, USA) to Hybond-P PVDF membrane
(Amersham, Arlington Heights, IL, USA) and probed
with anti-human p16INK4 monoclonal antibody G175–
405 (Pharmingen, San Diego, CA, USA). The blot was
then incubated with horseradish peroxidase-conjugated
goat anti-mouse secondary antibody (Biosource Inter-
national, Camarillo, CA, USA) followed by enhanced
chemiluminescence detection (Amersham) as directed by
the manufacturer. The results were visualized on X-ray
film.

Immunohistochemistry

Monolayers were grown on glass slides, fixed in 4%
paraformaldehyde, and stained as previously described
(Beattie et al. 1999) using a triple combination of the
primary antibodies: rabbit anti-COOH-terminal PDX-1
(a kind gift from Dr Joel Habener, Massachusetts General
Hospital, Boston, MA, USA), goat anti-human hepatocyte
nuclear factor 4 alpha (HNF4�) (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), and mouse anti-human
KL1 (pan-cytokeratin; Immunotech, Westbrooke, ME,
USA). Slides were analyzed using a confocal microscope
(Bio-Rad MRC 1024) by scanning at confocal planes of
0·3 µm thickness. Fluorescent images were collected,
and color composite images were generated using Adobe
Photoshop 4 on an iMAC.

Results

Human pancreatic islet cells have a short proliferative life span
in culture

To extend our previous observations on growth arrest of
islet cells, we established a larger series of in vitro cultures
from human pancreatic islets that were �-cell enriched
based on FAD (Van de Winkle et al. 1982, Beattie et al.
1999) or partial dissociation with EDTA (Beattie et al.
1999). Cell strains BC1–BC18 were established from 18
different human pancreases harvested from donors of
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various ages ranging from 3 to 57 years. Of these, six lines
were maximally expanded. In each case, cells consistently
stopped dividing within 10–15 PD (three to five passages
at 1:8 dilution). No consistent correlation was observed
between growth capacity and donor age (Table 1).

Morphological changes in growth-arrested cells

Loss of proliferation was invariably accompanied by mor-
phological changes (Fig. 1), including enlargement and
vacuolization of the cell body and, in some cases, multi-
nucleation. These morphological alterations are consistent
with those previously described in well-characterized
models of cellular senescence (Stanulis-Praeger 1987,
Wheaton et al. 1996). Therefore, we tested whether other
currently accepted markers of senescence were present in
the growth-arrested pancreatic cells.

Growth arrest is associated with up-regulation of SA
�-galactosidase expression

Up-regulation of SA �-galactosidase activity has been
recognized as a marker of cellular senescence (Dimri et al.

1995). This enzyme can be detected at a higher pH than
lysosomal �-galactosidase. We have previously shown that
lysosomal �-galactosidase is not highly expressed in human
adult islets (Beattie et al. 1994). However, we found that
activity levels of SA �-galactosidase, also very low in
primary cell monolayers, increased dramatically with
length of culture (Fig. 1).

p16 levels in cells undergoing growth arrest

Expression of the p16INK4a tumor suppressor protein
increases dramatically in senescent cells (Alcorta et al.
1996), and may play a role in senescence-related growth
arrest. Therefore, we compared p16 levels in unexpanded
and cultured pancreatic islet cells by Western blot. Extracts
prepared from fetal pancreatic islet-like cell clusters, adult
pancreatic islets, and early passage BC18 cultures con-
tained barely detectable levels of p16 protein (Fig. 2, lanes
3–5). In sharp contrast, p16 was highly expressed in
growth-arrested BC18, BC5, BC11 (Fig. 2, lanes 6–10)
and BC6 cultures (not shown). Saos2 cells and K562 cells
were used as positive and negative controls respectively.

Growth-arrested islet cells have short telomeres

Cellular senescence is thought to occur as a result of
telomere shortening during DNA replication. In primary
HDFs, the best-studied model of senescence, telomere
erosion occurs over more than 40 cell divisions (Harley
et al. 1990). Since the islet cell cultures growth arrest after
only 10–15 PD, we were particularly interested in exam-
ining telomere length dynamics in these cells. Primary
epithelial cultures from three different islet preparations
that had been maximally expanded were harvested at

Table 1 Characteristics of maximally expanded cell strains

Donor age, sex Terminal passage (PD)

Cell strain
BC1 16 M 5 (�15)
BC5 42 F 3 (�9)
BC6 42 M 3 (�9)
BC11 18 M 4 (�12)
BC17 57 F 4 (�12)
BC18 3 M 4 (�12)

Figure 1 Phase contrast microphotograph showing localization of SA �-galactosidase activity in islet-derived monolayers
at passage 0 (3 PD), passage 2 (9 PD), and passage 5 (�15 PD). Magnification: �100.
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growth arrest for genomic DNA analysis. TRF lengths
were compared on a Southern blot with those of adult or
fetal islets prior to expansion, telomerase-positive, trans-
formed pancreatic cell lines (Halvorsen et al. 1999), and
late passage and senescent HDFs (Fig. 3). The TRFs of
expanded primary islet cells were markedly shorter than

Figure 4 Confocal microscope image of monolayers of BC11 (A) and G418-selected BC11 TRT (B) at passage 4 immunostained for the
epithelial marker pan-cytokeratin (blue), and the insulin transcription factors PDX-1 (green) and HNF-4� (red). All cells are epithelial
and all nuclei show punctate staining for PDX-1. Bar=5 �m. Insets are light microphotographs of SA �-galactosidase activity in cells from
the culture identical to that of the confocal image.

Figure 2 Western blot illustrating p16 expression levels in human
pancreatic islet explants and in derived cell strains at early and late
passages. Saos2 cells, which express high levels of p16 (Li et al.
1994), and K562 cells, which lack the p16 gene (Quesnel et al.
1996), served as positive and negative controls respectively.

Figure 3 Southern blot comparing TRF lengths of unexpanded
(lanes 6–9) and maximally expanded (lanes 3–5) human islet cells.
Late passage and senescent Basinger (Bas) HDFs (lanes 1 and 2)
and telomerase-positive, transformed pancreatic cell lines (lanes 7
and 8) are shown for comparison.
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those of unexpanded adult or fetal cells, or the transformed
lines, but were comparable in length to TRFs of late
passage or senescent HDFs. Mean TRF lengths, which
include a variable length of subtelomeric sequences, de-
creased from 9 kb in adult islets to 6–6·5 kb in expanded
cell populations. Maximum TRF lengths and signal inten-
sity were also dramatically reduced in the expanded cells,
consistent with loss of telomeric repeat sequences.

Telomerase activity is not sufficient to prevent growth arrest

Telomerase is a multisubunit riboprotein that maintains
telomere length in germ cells, stem cells, and many
immortal cell lines. Telomerase activity is absent in most
normal somatic cells, but can be induced by exogenous
expression of a species-specific retrotranscriptase subunit.
The human homologue, hTERT, has been shown to
immortalize primary human fibroblasts and some human
epithelial cells (Bodnar et al. 1998). Therefore, we used a
Moloney murine-derived retroviral vector, LTRTNLlox,
to introduce hTERT into primary pancreatic islet-derived
cell cultures. We have tested this vector in primary human
fibroblasts and transformed human pancreatic cell lines and
demonstrated that it is capable of extending the prolifer-
ative life span of these cell types (Halvorsen et al. 1999). A
green fluorescent protein-expressing retrovirus, LGRNL
(Halvorsen et al. 1999), was used for control infections.
Both retroviral vectors impart neomycin and G418
(Geneticin, GIBCO BRL, Grand Island, NY, USA)
resistance.

In separate experiments, we infected five BC lines, as
well as unsorted, dispersed adult islets, with hTERT-
expressing retroviruses. In every case, the cells entered
a period of enlarged morphology, slowed growth and
increased cell death, similar to that observed in hTERT-
negative cells. Eventually, the pure cultures overtly
senesced and others were overtaken by fibroblasts or other
contaminants. Since we consistently observed no exten-
sion of the proliferative life span in hTERT-transduced
cells, we characterized one of the telomerase-positive lines,
BC11TRT, in more detail.

BC11 cells were infected with LTRTNLlox at four
different multiplicities of infection (MOIs) (1, 5, 10 and
20) or LGRNL (MOI of 10) in the presence of HGF at
passage 3. The retroviral infection efficiency in islet-
derived, dispersed monolayers (passage 1) typically exceeds
20% under these conditions (Leibowitz et al. 1999). The
infected wells were split into parallel cultures grown in the
presence of G418 (to confirm successful infection by
LTRTNLlox) or in G418-free media (to foster optimal
growth). Because the BC cultures sometimes retain small
numbers of pancreatic fibroblasts, the islet-specific origin
of the G418-selected BC11TRT cells was confirmed by
confocal microscopy. Both control and LTRTNLlox-
infected cells expressed endocrine markers PDX-1
(Beattie et al. 1999) and HNF-4� (Navas et al. 1999), and

epithelial marker pan-cytokeratin (Beattie et al. 1999)
(Fig. 4). BC11 cells continued to divide until late in
passage 4. In contrast to fibroblasts and transformed pan-
creatic cells, both selected and unselected BC11TRT
cells underwent identical morphological changes and be-
came growth-arrested at the same time as controls. In ad-
dition, SA �-galactosidase expression was detected in
G418-selected, LTRTNLlox-infected cells (Fig. 4, insets).
The growth arrest was not due to failure of the vec-
tor to express hTERT because telomerase activity was
present in hTERT-transgenic cells even after the cells
stopped dividing, as demonstrated by telomeric repeat
amplification protocol (TRAP) (Fig. 5).

Discussion

Our results demonstrate that cellular senescence is respon-
sible for the proliferative failure that is consistently ob-
served in primary human pancreatic islet-derived cell
cultures after 10–15 PD. This finding has significant
implications for the development of a cell-based therapy
for insulin-dependent diabetes mellitus (IDDM) using
primary pancreatic tissue. The expansion of primary
�-cells has been thought to be an extremely promising
technology to provide sufficient quantities of tissue for
therapeutic transplantation in diabetics. Because growth-
stimulated cells lose many differentiated characteristics
during proliferation, including insulin expression (Beattie
et al. 1996), recovery of differentiated function is vital to
the use of expanded primary �-cells. Unfortunately, the
ability of expanded cell populations to respond to differ-
entiating stimuli diminishes steadily as the number of PD
increases (Beattie et al. 1999). It is now apparent that this
may be due to the loss or alteration of differentiated
function characteristic of senescent cells (Hornsby et al.
1987, Campisi 1997).

Telomere shortening has been proposed as an important
trigger of cellular senescence. Our results confirm that
telomere shortening also occurs in HGF/SF-stimulated,

Figure 5 ELISA-based TRAP assay demonstrating acquisition of
telomerase activity in BC11 cells transduced with the hTERT gene.
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cultured pancreatic islet cells and that growth-arrested islet
cell populations have mean TRF lengths comparable to
those found in senescent fibroblast cultures. However, the
kinetics of telomere shortening and the effects of telom-
erase activity differ between the two cell types. The mean
TRFs of islet cells prior to expansion are at least 2·5–3 kb
higher than those of growth-arrested cells. This difference
is similar to the loss in telomere length that occurs in
primary adult fibroblast populations that have been cul-
tured to senescence (Harley et al. 1990, Allsopp & Harley
1995). However, whereas islet cell cultures senesce after
10–15 PD, the population doubling capacity of primary
adult fibroblast clones ranges from 20 to more than 60 PD
(Harley et al. 1990, Allsopp et al. 1992, Cristofalo et al.
1998). This disparity cannot be accounted for by differ-
ences in cell loss during growth and passaging. Therefore,
telomere erosion appears to be occurring at a much faster
rate (i.e. over fewer cell divisions) in islet cells than in
fibroblasts.

The demonstration that �-cell-enriched human pancre-
atic islet cell cultures senesce rapidly in culture suggests
that it may not be possible to achieve sufficient expansion
of primary human pancreatic �-cells without introducing
chemical or genetic alterations that will prevent or bypass
the senescence program. Based on the fibroblast model,
one potentially helpful modification would be the induc-
tion of telomerase activity. Telomerase is a multisubunit
riboprotein that maintains telomere length in germ cells,
stem cells, and many immortal cell lines. The human
homologue of the retrotranscriptase subunit, hTERT, is
sufficient to reconstitute telomerase activity in many
human cell types (Weinrich et al. 1997, Bodnar et al. 1998,
Nakayama et al. 1998, Halvorsen et al. 1999, Yang et al.
1999) and has been shown to immortalize primary human
fibroblasts without causing transformation or compromis-
ing genomic stability ( Jiang et al. 1999, Vaziri et al. 1999).
However, we have consistently found that transduction of
the hTERT gene and induction of telomerase activity
have no observable effect on the proliferative life span of
pancreatic islet cell cultures. Although this result contrasts
markedly with the fibroblast model, it is consistent with
the demonstration of Kiyono et al. (1998) that telomerase
activity is insufficient to immortalize human primary
keratinocyte cultures. Kiyono’s group was also able to
confirm that telomere length was maintained in telomerase-
positive keratinocytes, suggesting that factors other than
telomere shortening may drive the senescence program in
some cell types. Notably, both telomere-dependent and
telomere-independent models of senescence have impli-
cated p16INK4A and possibly p21CIP1/WAF1. This is in
accord with our previous work showing that SV40 large T
antigen, which interferes with both p16/Rb and p53/p21
pathways, cooperates with activated Ras to extend the
growth potential of islet-derived epithelial cells (Wang et al.
1997, Halvorsen et al. 1999), and that these transformed cell
lines can be immortalized by hTERT expression (Halvorsen

et al. 1999). A better understanding of the pathways in-
volved in growth and senescence in human pancreatic islet
cells will facilitate the generation of future cell lines and
may be critical to the development of cell-based therapies
for IDDM.
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