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ABSTRACT
The molecular pathogenesis of human pancreatic endocrine tu-

mors (PETs) is poorly understood. Three independent animal mod-
els have pointed to the pivotal role of the G1/S cell cycle transition
in pancreatic endocrine cell proliferation. We thus hypothesized
that the cell cycle regulator cyclin D1 may contribute to the patho-
genesis of human PETs. Overexpression of cyclin D1 was identified
in 43% of cases, and no correlation was observed with clinical

phenotype. The novel observation of frequent overexpression of
cyclin D1 suggests that this established oncogene may be impli-
cated in the pathogenesis of human PETs. The absence of detect-
able alterations in cyclin D1 genomic structure suggests that the
mechanism for its oncogenic activation in PETs may be transcrip-
tional or posttranscriptional. (J Clin Endocrinol Metab 85: 4373–
4378, 2000)

PROGRESSION THROUGH the G1 checkpoint of the mam-
malian cell cycle is regulated by the activity of D-type

cyclins and their partners, the cyclin-dependent kinases (CDKs)
-4 and -6. Of the three d-type cyclins, cyclin D1/PRAD1 has
been convincingly implicated as an oncogene in human tumor-
igenesis. Overexpression of cyclin D1 is observed in a wide
variety of malignancies, including parathyroid tumors (1),
breast cancer (2), esophageal cancer (3), and centrocytic (or
mantle cell) lymphomas (4). Tumor-specific alterations in cyclin
D1 genomic structure, specifically gene amplification or rear-
rangement, have been identified as important mechanisms of
clonal oncogene activation (2, 5). Functional evidence implicat-
ing cyclin D1 as a human oncogene includes the demonstration
that overexpression of cyclin D1 in mammary tissue of trans-
genic mice is tumorigenic (6), and that expression of a cyclin D1
antisense construct in vitro reduces the tumorigenicity of colon
and pancreatic cancer cells (7, 8).

The cyclin D1 protein forms a complex with CDK-4 or
-6, and this complex phosphorylates and thereby inacti-
vates the RB tumor suppressor gene product. The activity
of the cyclin D1/CDK complex is regulated by the CDK
inhibitor INK4Ap16. This pathway linking p16, cyclin D1,
and RB is a critical regulator of cellular growth, and al-
terations in this pathway are identified in a majority of
human neoplasms (9, 10). Furthermore, mutations among

these various components often seem to be mutually ex-
clusive, implying that a single alteration in one of the
components is sufficient to disrupt the entire pathway (11,
12).

Pancreatic endocrine tumors (PETs) are a distinctive group
of malignancies characterized by dramatic clinical syn-
dromes attributable to their overproduction of biologically
active pancreatic hormones. The recent identification of a
novel PET suppressor gene locus on chromosome 3p25 (13)
and also the multiple endocrine neoplasia type-1 (MEN1)
gene on chromosome 11q13 (14) has enhanced our limited
understanding of the molecular pathogenesis of these tu-
mors. Several murine models of pancreatic endocrine tu-
morigenesis have provided additional clues. Inactivation of
p53 and RB, either through overexpression of SV40 large
T-antigen in pancreatic islet cells (15, 16) or by double ho-
mozygous deletions (17, 18), leads to islet tumorigenesis.
Furthermore, germline expression of the R24C CDK-4 mu-
tant that cannot bind the p16 CDK inhibitor results in marked
proliferation only of pancreatic islet cells (19). These three
independent models all suggest that regulators of the G1/S
transition of the cell cycle may play a pivotal role in tumor-
igenesis of pancreatic endocrine cells. However, mutations of
p53 and Rb do not play an important pathogenic role in
human PETs (20, 21). Cyclin D1, another key regulator of the
G1/S checkpoint, thus emerged as the most attractive can-
didate for involvement. Furthermore, cyclin D1 is implicated
in the pathogenesis of parathyroid adenomas, another well-
differentiated endocrine neoplasm (1), adding to the ratio-
nale that it may also play a key role in PETs. We thus sought
to determine the role of the cyclin D1 oncogene in the patho-
genesis of human PETs.
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Materials and Methods
Patients and tumor samples

Sixty-four surgically resected PET samples were collected from 60
patients. All were obtained from 3 tertiary care centers: Massachusetts
General Hospital (58 samples), National Institutes of Health (5 samples),
and University of North Carolina (1 sample). The specimens were fixed
in formalin and embedded in paraffin. The tumors were classified as
functional or nonfunctional, on the basis of their clinical presentation
and/or serum hormone levels. Histologically, the tumors all displayed
the characteristic morphology of neuroendocrine tumors, by hematox-
ylin and eosin staining. In equivocal cases, further confirmation of the
diagnosis was obtained either with electron microscopy; staining for
neuroendocrine markers such as neuron-specific enolase, chromo-
granin, synaptophysin, and leu-7; and/or immunohistochemistry for
specific islet hormones (including insulin, gastrin, glucagon, somatosta-
tin, vasoactive intestinal peptide, pancreatic polypeptide, and seroto-
nin). Samples were collected in accordance with regulations of the in-
stitutional review board on human studies.

Cyclin D1 immunohistochemistry

Five-micron sections from formalin-fixed, paraffin-embedded tissues
were deparaffinized with xylene and rehydrated with graded ethanol.
Endogenous peroxidase activity was blocked with 3% hydrogen per-
oxide in methanol for 5 min. Sections were heated in a microwave oven
for 20 min in a citrate buffer to unmask antigen. After cooling, the
sections were incubated with blocking serum (1:40 dilution of horse
serum) for 2 h. The sections were then incubated overnight, at 4 C, in
a humidity chamber with a 1:150 dilution of the 5D4 monoclonal anti-
body (22). A biotinylated horse antimouse antibody (Vector Laborato-
ries, Inc., Burlingame, CA) was applied to the sections, and they were
then incubated with the ABC Elite reagent (Vector Laboratories, Inc.).
Staining was visualized with 3,39 diaminobenzidine-hydrogen peroxi-
dase substrate (Research Genetics, Inc., Huntsville, AL). Finally, the
slides were counterstained with hematoxylin. Parallel experiments were
performed with the absence of primary antibody to confirm specificity
of the antibody reactions. The slides were reviewed by an expert pa-
thologist (F. Graeme-Cook), who was blinded to the clinical features of
the samples.

Southern blotting

Cyclin D1 genomic structure was analyzed with standard Southern
blotting techniques, as previously described (23). Genomic DNA (7.5 mg)
was digested with one or more of the following enzymes: BamHI, EcoRI,
XhoI, and HindIII (all New England Biolabs, Inc., Beverly, MA). The
digests of genomic DNA were probed with a 32P random-prime-labeled
(Amersham Pharmacia Biotech, Piscataway, NJ) 1.4-kilobase (kb) cyclin
D1/PRAD1 complementary DNA (cDNA) fragment (24). After visual-
ization with autoradiography, the blots were stripped and probed with
one or more of the following DNA fragments; 1.6 kb human insulin gene
(American Type Culture Collection, Manassas, VA), human gastrin-59
[656 bp PCR-generated fragment from 2600 bp to exon 1 (25)], human
gastrin-39 (800 bp HindIII-HindIII fragment encoding exons 2 and 3),
pancreatic polypeptide-59 (500 bp BamHI-EcoRI fragment located 4 kb
upstream of the TATA box), and pancreatic polypeptide-39 (800 bp
SmaI-HindIII fragment encompassing exons 2–4). Pancreatic polypep-
tide plasmids were generously provided by Dr. A. Leiter (New England
Medical Center, Boston, MA). Densitometry was performed using the
UVP imager (UVP, Inc., Upland, CA) and NIH Image software package.

Northern blotting

Total RNA was isolated using Trizol reagent (Life Technologies,
Gaithersburg, MD) from selected cases in which adequate frozen tissue
was available. Fifteen micrograms of RNA were separated on a 1%
agarose gel and then transferred to a Nytran nylon membrane (Schlei-
cher & Scheull, Inc., Keene, NH) via capillary action. The membrane was
then hybridized with a 32P-labeled random-primed 1.4-kb cyclin D1
cDNA probe. The same blot was rehybridized with a control actin cDNA
probe (CLONTECH Laboratories, Inc., Palo Alto, CA). Densitometry
was performed as described above.

Statistical analysis

Correlations between immunohistochemical staining for cyclin D1
and clinical features were analyzed using the x2-test and Fisher’s exact
test. P , 0.05 was considered statistically significant.

Results
Tumor samples

Sixty-four tumor samples were collected from 60 patients.
Among the 64 samples, there were 22 insulinomas, 14 gas-
trinomas, 3 parathyroid hormone-related peptide (PTHrP)-
secreting tumors, 2 ACTH-secreting tumors, 1 glucagonoma,
1 carcinoid, 1 VIPoma, 1 somatostatinoma, 18 nonfunctional
tumors, and 1 endocrine tumor with indeterminate hormonal
function. Four patients had multiple tumors available for
analysis. In 1 patient with a primary insulinoma, nonfunc-
tional hepatic metastases were resected 9 yr later. One patient
with a primary ACTH-producing tumor had a recurrence
that was resected 18 months later. One patient with a non-
functional tumor had a PTHrP- producing retroperitoneal
recurrence resected 8 yr later. Finally, a patient with a pri-
mary insulinoma had a recurrent insulinoma resected 3 yr
later. Disease stage in 28 patients was advanced, defined by
extrapancreatic spread to surrounding soft tissue, lymph
nodes, or liver; and the remaining 32 patients had disease
that was localized (benign).

Among the 60 patients, 25 were male and 35 were female.
The mean age at the time of surgical resection among the men
was 51.0 6 17.6 yr (range, 11–83 yr); and among the women,
52.1 6 14.6 yr (range, 24–80 yr). Four of the patients devel-
oped disease in association with the MEN-1 syndrome. Two
of these tumors were insulinomas, and 1 was a gastrinoma.
The hormonal function of the fourth one was indeterminate,
because it represented one of multiple tumors obtained from
a patient with hyperinsulinemia and hypergastrinemia; and
immunohistochemical studies for various hormones failed to
define the tumor’s specific hormonal subtype.

Cyclin D1 immunohistochemistry

Overexpression of cyclin D1 protein was determined by
immunohistochemical staining with the 5D4 monoclonal an-
tibody to human cyclin D1 (22). As a positive control, strong
nuclear staining for cyclin D1 was observed in a breast cancer
specimen with a known amplification of the cyclin D1 gene
(data not shown) (26). No cyclin D1 staining was seen in
normal pancreatic islets (Fig. 1A). However, there was strong
nuclear immunoreactivity for cyclin D1 in 43% (26 of 60) of
the cases. The prevalence of this strong staining was graded
on the following scale: A (,25% positive nuclei), B (25–50%
positive nuclei), and C (.50% positive nuclei). Among the 26
positive samples, 13 (21% of total cases) were in category A,
7 (12% of total cases) in category B, and 6 (10% of total cases)
in category C. Representative examples are illustrated in Fig.
1, B, C, and D. Among the 4 cases in which multiple tumor
samples were examined, the staining pattern was identical in
3 of the cases. In the fourth case, the primary nonfunctional
tumor had no staining, but the recurrent PTHrP-secreting
tumor was positive (category A).

No correlation was observed between any degree of cyclin
D1 staining and clinical parameters, including age, sex, or
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hormonal subtype (Table 1). With regard to tumor stage, a
trend was observed between cyclin D1 staining and stage of
disease. Sixteen of twenty-eight (57%) patients with ad-
vanced disease had tumors with positive cyclin D1 staining,
and 10 of 32 (31%) patients with benign disease had tumors
that stained positively. However, this correlation was not
statistically significant (P 5 0.067). Two chromosomal loci
that are frequently deleted in human PETs are 3p25 and
11q13, as we have previously reported (13, 27). No known
tumor suppressor gene lies at 3p25, but both the MEN1 and

cyclin D1 (CCND1) genes localize to 11q13. No correlation
was observed between loss of heterozygosity (LOH) at either
of these loci and cyclin D1 staining. Finally, there was no
consistent correlation between clinical MEN-1 status and
cyclin D1 staining. Of the four tumors analyzed from MEN-1
patients, one sample (gastrinoma) stained positive for cyclin
D1 (category C).

Cyclin D1 gene expression

Levels of cyclin D1 RNA in PETs were determined through
Northern blotting. Figure 2 illustrates levels of cyclin D1 gene
expression in selected human PETs for which tissue was
available. Lane 1 represents RNA obtained from normal pan-
creas, and cyclin D1 levels are very low. In contrast, elevated
cyclin D1 RNA levels are detected in lanes 2, 4, 7, 8, and 9.
Densitometric analysis of cyclin D1 RNA normalized to actin
RNA revealed the levels of up-regulation, relative to normal
pancreas, to be 7.7, 3.2, 3.2, 11.4, and 3.3, respectively. All of
these samples are positive for cyclin D1 staining, by immu-
nohistochemistry. The tumors in lanes 5 and 6 stained neg-
atively for cyclin D1, by immunohistochemistry, and cyclin
D1 RNA levels are not elevated. Lane 3 is the one sample that
was weakly positive, by immunohistochemistry, but failed to
demonstrate elevated RNA levels.

Cyclin D1 genomic structure

Chromosomal alterations, including amplification or re-
arrangement, can account for activation of cyclin D1 in many
tumor types. Southern blotting studies were performed on 36
of the tumor samples in which high-molecular-weight
genomic DNA was available. Among the 36 cases, there was
a representative distribution among all grades of cyclin D1
staining, by immunohistochemistry. Eighteen (50%) were
negative, 9 (25%) were in group A, 4 (11%) were in group B,
and 5 (14%) were in group C. A representative example of
these blots is illustrated in Fig. 3A. The blot was stripped and
rehybridized with a control probe for human gastrin (Fig.
3B). Densitometry failed to identify any increase in cyclin D1
gene dosage in these tumors.

Translocations involving the cyclin D1 oncogene can also
underlie activation of this gene. Previous studies have de-
scribed rearrangements that pair cyclin D1 with genes ex-
pressed specifically in the tissue type from which the tumor
is derived, such as the PTH gene with cyclin D1 in parathy-
roid tumors (28). We thus sought to determine whether such
gene translocations were also present in PETs. The islet-
specific genes for the hormones gastrin, insulin, and pan-
creatic polypeptide were considered as candidate partner
genes in such a rearrangement. Among 36 cases, Southern
blotting was performed on BamHI digests of tumor DNA
using probes for cyclin D1 and also on EcoRI, XhoI, and
HindIII digests with an insulin, 2 gastrin, and 2 pancreatic
polypeptide gene probes, as described. In all the cases ex-
amined, there were no tumor-specific gene rearrangements
identified.

Discussion

Overexpression of cyclin D1 protein was identified in 43%
of human PETs. This novel observation strongly suggests

FIG. 1. Immunohistochemical detection of cyclin D1 protein expres-
sion in human PETs. A, Normal pancreatic islet, demonstrating ab-
sence of nuclear staining for cyclin D1; B, malignant ACTH-producing
tumor, demonstrating strong nuclear staining (dark signal intensi-
ties) for cyclin D1 (this tumor was categorized as group C); C, benign
nonfunctional tumor, demonstrating strong nuclear staining for cy-
clin D1 (group C); D, benign insulinoma with strong nuclear staining
in scattered nuclei (group A).
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that the cyclin D1 oncogene is involved in the pathogenesis
of these tumors. Overexpression of cyclin D1 protein was
identified in both benign and advanced lesions, suggesting
that it may be activated as an early event in tumor patho-
genesis. In addition, there was no correlation with hormonal
subtype, implying its broad importance in PETs. These find-
ings add considerably to our limited understanding of the
underlying molecular pathogenesis of PETs, which comes
from studies demonstrating the involvement of the MEN1
tumor suppressor gene (14, 29–31.) and also a novel tumor
suppressor gene locus on chromosome 3p25 (13). Genome-
wide allelotyping studies in human PETs also suggest a role
for yet-unidentified tumor suppressor genes on chromo-
somes 3q, 11p, 16p, and 22q (27).

Previously described mechanisms of cyclin D1 oncogene
activation include amplification or rearrangement of the cy-
clin D1 locus on chromosome 11q13. Southern blotting stud-
ies failed to implicate either of these two mechanisms in
PETs. Potential alternatives for cyclin D1 gene activation
include transcriptional and posttranscriptional mechanisms.

Cyclin D1 transcription can be stimulated by growth factors
such as insulin-like growth factor-I and transforming growth
factor-a (32, 33), as well as by b-catenin acting through TCF-
binding sites in the cyclin D1 promoter (34). In addition,
regulation of cyclin D1 protein levels can occur on the trans-
lational level, through the activity of eukaryotic elongation
initiation factor-4E (35). In this series of PETs, elevated levels
of cyclin D1 RNA are seen in tumors with positive staining
for cyclin D1 protein, suggesting that transcriptional up-
regulation of the cyclin D1 gene or posttranscriptional sta-
bilization of cyclin D1 messenger RNA (mRNA) may be the
predominant mechanism. One growth factor that may po-
tentially up-regulate cyclin D1 gene transcription is insulin-
like growth factor II, which is overexpressed in a murine
model of PETs (36). However, additional mechanisms cannot
be ruled out, and the identification of one tumor sample with
strong protein immunostaining, but normal RNA levels, sug-
gests that posttranslational mechanisms may also play a role
in a small subset of tumors.

Immunoreactivity against cyclin D1 was not observed uni-
formly in all tumor cells. Nevertheless, the absence of any
cyclin D1 staining in normal, nonneoplastic islet cells un-
derscores the significance of the strong staining observed in
these tumors. The heterogeneous staining pattern is consis-
tent with the known variations in nuclear cyclin D1 levels,
depending upon the specific phase of the cell cycle and the
short half-life of cyclin D1 protein (37). Furthermore, trans-
genic animals that constitutively overexpress cyclin D1 un-
der the epithelial specific EBV ED-L2 promoter demonstrate
a similar heterogenous staining pattern in targeted tissues
(38).

TABLE 1. Cyclin D1 staining

Negative
Positive

Total
A B C A, B, or C

Stagea

Benign 22 6 2 2 10 32
Advanced 12 7 5 4 16 28
Total 34 13 7 6 26 60

Tumor typeb

Insulinoma 14 5 2 1 8 22
Gastrinoma 8 3 2 1 6 14
PTHrPoma 2 1 0 0 1 3
ACTHoma 0 0 0 2 2 2
Carcinoid 0 0 1 0 1 1
VIPoma 0 1 0 0 1 1
Glucagonoma 0 1 0 0 1 1
Somatostati-
noma

1 0 0 0 0 1

Nonfunctional 10 3 2 3 8 18
Unknown 1 0 0 0 0 1
Total 36 14 7 7 28 64

MEN1 statusb

MEN1 1 3 0 0 1 1 4
Sporadic 33 14 7 6 27 60
Total 36 14 7 7 28 64

11q13 LOHb

LOH 1 11 5 0 0 5 16
LOH 2 13 5 4 5 14 27
Uninformative 12 4 3 2 9 21
Total 36 14 7 7 28 64

a Analyzed by individual case (60 total).
b Analyzed by individual tumor (64 total).

FIG. 2. Northern blot analysis of cyclin D1 mRNA expression in hu-
man PET samples. A, Blot hybridized with cyclin D1 cDNA probe.
Lane 1 represents normal pancreas. Samples 2, 3, 4, 7, 8, and 9 were
positive by cyclin D1 immunohistochemistry, and samples 5 and 6
were negative by immunohistochemistry. B, Blot rehybridized with a
control probe for b-actin.
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Cyclin D1 lies in a pathway that also includes the INK4Ap16

and RB tumor suppressor gene products. There seems to be
little redundancy among these three components, such that
a mutation in one gene is sufficient to disrupt the entire
pathway (11, 12). A previous study failed to identify RB gene
alterations in a large series of PETs (21), and data from a
group of 28 PETs also failed to identify any INK4Ap16 gene
deletions (27). Thus, the cyclin D1 oncogene seems to be a
critical target in this particular pathway. A recent study
indicated that INK4Ap16 gene alterations, including homozy-
gous deletions or methylation defects, may play a role in a
subset of gastrinomas and nonfunctional PETs (39). Al-
though the status of the cyclin D1 oncogene was not deter-
mined in these tumors, the identification of such alterations
highlights the importance of this p16-cyclin D1-RB pathway
in the development of human PETs.

Cyclin D1 overexpression has been associated with a poor
prognosis in pancreatic (40), esophageal (41), breast (42), and
colorectal (43) cancer; and in some cases, this correlation was
independent of tumor stage. However, no such correlation
was observed in this series of endocrine tumors. Interest-
ingly, cyclin D1 overexpression was observed in both early-
and late-stage tumors, suggesting that activation of this on-
cogene is a potentially early event in tumor development. In
some models, including hepatic and parathyroid tumorigen-
esis, cyclin D1 is also up-regulated early in benign prolifer-
ative stages (44, 45); and, just as in PETs, this involvement is
consistent with maintenance of a well-differentiated tumor
cell phenotype.

The identification of a potentially key role for cyclin D1 in
the tumorigenesis of pancreatic endocrine cells is consistent
with previously described animal models that implicate
other regulators of the G1/S cell cycle transition. However,
none of those factors, including p53, Rb, and CDK-4, have
been shown to be relevant to human PETs. These observa-
tions highlight the important lessons and limitations of these
particular animal models.

In summary, cyclin D1 overexpression is identified fre-
quently in a large series of human PETs. This overexpression
does not seem to be a consequence of an alteration in cyclin
D1 genomic structure. Interestingly, such overexpression is
identified in many benign, early-stage tumors. Thus, the
cyclin D1 oncogene may play an important pathogenic role
in human PETs, perhaps quite early in tumor development.
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