J c I The Journal of Clinical Investigation

Diabetes and exocrine pancreatic insufficiency in E2F1/E2F2
double-mutant mice

Ainhoa lglesias, ..., Francisco X. Real, Ana M. Zubiaga

J Clin Invest. 2004;113(10):1398-1407. https://doi.org/10.1172/JCI118879.

m Metabolism

E2F transcription factors are thought to be key regulators of cell growth control. Here we use mutant mouse strains to
investigate the function of E2F1 and E2F2 in vivo. E2F1/E2F2 compound-mutant mice develop nonautoimmune insulin-
deficient diabetes and exocrine pancreatic dysfunction characterized by endocrine and exocrine cell dysplasia, a
reduction in the number and size of acini and islets, and their replacement by ductal structures and adipose tissue. Mutant
pancreatic cells exhibit increased rates of DNA replication but also of apoptosis, resulting in severe pancreatic atrophy.
The expression of genes involved in DNA replication and cell cycle control was upregulated in the E2F1/E2F2 compound-
mutant pancreas, suggesting that their expression is repressed by E2F1/E2F2 activities and that the inappropriate cell
cycle found in the mutant pancreas is likely the result of the deregulated expression of these genes. Interestingly, the
expression of ductal cell and adipocyte differentiation marker genes was also upregulated, whereas expression of
pancreatic cell marker genes were downregulated. These results suggest that E2F1/E2F2 activity negatively controls
growth of mature pancreatic cells and is necessary for the maintenance of differentiated pancreatic phenotypes in the
adult.

Find the latest version:

https://jci.me/18879/pdf



http://www.jci.org
http://www.jci.org/113/10?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI18879
http://www.jci.org/tags/73?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/28?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/18879/pdf
https://jci.me/18879/pdf?utm_content=qrcode

Research article

Diabetes and exocrine pancreatic
insufficiency in E2F1/E2F2
double-mutant mice

Ainhoa Iglesias,! Matilde Murga,! Usua Laresgoiti,'! Anouchka Skoudy,?2
Irantzu Bernales,! Asier Fullaondo,! Bernardino Moreno,3 José Lloreta,*
Seth J. Field,5 Francisco X. Real,? and Ana M. Zubiaga'

"Department of Genetics, Physical Anthropology and Animal Physiology, Faculty of Sciences, University of the Basque Country, Bilbao, Spain. 2Unitat de
Biologia Cellular | Molecular, Institut Municipal d’Investigacio Médica, Universitat Pompeu Fabra, Barcelona, Spain. 3Basque Institute for Agrarian Research
and Development (NEIKER), Derio, Spain. “Servei de Patologia, Hospital del Mar, Barcelona, Spain. ®Division of Signal Transduction, Beth-Israel Deaconess

Hospital and Division of Endocrinology, Massachusetts General Hospital, Harvard Medical School, Boston, Massachusetts, USA.

E2F transcription factors are thought to be key regulators of cell growth control. Here we use mutant mouse
strains to investigate the function of E2F1 and E2F2 in vivo. E2F1/E2F2 compound-mutant mice develop non-
autoimmune insulin-deficient diabetes and exocrine pancreatic dysfunction characterized by endocrine and
exocrine cell dysplasia, a reduction in the number and size of acini and islets, and their replacement by ductal
structures and adipose tissue. Mutant pancreatic cells exhibit increased rates of DNA replication but also of
apoptosis, resulting in severe pancreatic atrophy. The expression of genes involved in DNA replication and
cell cycle control was upregulated in the E2F1/E2F2 compound-mutant pancreas, suggesting that their expres-
sion is repressed by E2F1/E2F2 activities and that the inappropriate cell cycle found in the mutant pancreas
is likely the result of the deregulated expression of these genes. Interestingly, the expression of ductal cell and
adipocyte differentiation marker genes was also upregulated, whereas expression of pancreatic cell marker
genes were downregulated. These results suggest that E2F1/E2F2 activity negatively controls growth of mature

pancreatic cells and is necessary for the maintenance of differentiated pancreatic phenotypes in the adult.

Introduction
Normal cellular proliferation and differentiation require the tran-
scriptional control of a large number of genes. Aberrant expression
of a single transcriptional regulator may result in neoplasia or in
altered tissue differentiation and development (1). E2F transcrip-
tion factors, targets of retinoblastoma family members, regulate
the expression of many genes implicated in cell growth and differ-
entiation (2-4). E2F was first found to be important for the tran-
scriptional activation of genes involved in G1/S progression and
DNA replication (2-4). Recently, DNA microarray analyses have
extended the list of potential E2F target genes to include DNA
damage checkpoint and repair genes, factors involved in chromatin
assembly/condensation, chromosome segregation, mitotic spindle
checkpoint, apoptosis, differentiation, and development (5-8).
The E2F family is composed of six members (E2F1-6) that het-
erodimerize with DP proteins to form a DNA-binding transcrip-
tional activator (2). Although much has been learned about the
biological properties of the E2F transcription factors, the precise
roles of each individual member, as well as the level of redun-
dancy among them, need to be resolved. Chromatin immunopre-
cipitation assays in cultured cells have not detected the selective
association of individual E2F-DP complexes to a variety of known
E2F-regulated promoters (9, 10), suggesting that there is little
target specificity and much redundancy among the E2F family
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members. Conversely, analysis of mouse strains carrying targeted
mutations for individual E2F genes have shown that loss of indi-
vidual E2Fs can have distinct developmental and physiological
consequences, implying the existence of specific target genes for
each E2F. E2F17/~ mice display defective thymocyte apoptosis
and impaired thymic negative selection, increased tumor suscep-
tibility, exocrine gland dysplasia, and testicular atrophy (11-14).
E2F27/~ mice exhibit increased proliferation of hematopoietic
cells and frequently develop autoimmunity and tumors (15, 16).
E2F37/~ mice exhibit a partially penetrant embryonic lethality,
and the surviving animals die prematurely with signs typical of
congestive heart failure (17). E2F47/~ mice are runts and show
defective maturation of particular cell types (18, 19), and E2F57/~
mice develop nonobstructive hydrocephalus as newborns (20).
Importantly, a recent DNA microarray-based study comparing
gene expression in E2F17/~ and WT mice identified E2F1-specific
target genes whose promoters were bound exclusively by E2F1
(21), thus implying target gene specificity and unique functions
among the E2Fs. Remarkably, these promoters do not contain
consensus E2F sites, suggesting that E2F1 is recruited to the pro-
moter regions either by binding to a novel sequence element or
by interaction with another DNA-binding protein.

Studies of mice carrying two or more mutant E2F loci simulta-
neously have shown that the development of a variety of tissues is
mainly dependent on the dosage of individual E2F members, but
these studies have also provided support for the specificity model
for certain E2F-dependent functions. In E2F1/E2F3-compound
mutant mice, almost all of the developmental and age-related
defects arising in the individual E2F17/- or E2F37/~ mice were exa-
cerbated by the mutation of the other E2F, suggesting that the
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development of a wide variety of tissues shows a critical dependence
on the dosage of E2F1 and E2F3 (22). The one exception to this
rule was the incidence of tumor formation, which did not increase
in double-mutant mice compared with E2F1 single-mutant mice.
The combined mutation of E2F3 with E2F1, E2F2, or both results
in progressive reductions in cell cycle reentry of murine embryonic
fibroblasts (MEFs), and triple-mutant MEFs are completely unable
to proliferate (23). Reexpression of E2F3 completely restores prolif-
eration, however, whereas E2F1 or E2F2 reexpression only partially
rescues the growth defect of triple KO cells. The interpretation of
these results has been that E2F1, E2F2, and E2F3 may contribute
unique functions in cell-cycle control (4, 23). An extensive analysis
of these mutant mouse models should shed light on the unique
and redundant roles of each, individual E2F member in vivo.

Our previous studies with E2F17~ and E2F27~ mice led to the dem-
onstration that these genes play unique biological roles in T lym-
phocyte homeostasis (14, 15). We now report that E2F1 and E2F2
are required for normal pancreatic function. E2F1/E2F2 double-
deficient (DKO) mice develop diabetes as well as exocrine gland dys-
function. Cell cycle analyses show a high turnover rate of E2F1/E2F2
double-mutant pancreatic cells compared with WT cells, character-
ized by an increased DNA replication rate and an increased apoptosis
rate. The analysis of the E2F1/E2F2-responsive genes that are dereg-
ulated in double-mutant mice suggests a critical role for E2F1 and
E2F2 gene activity in controlling proliferation and maturation of
pancreatic cells. This identifies a novel function for these E2F family
members in the maintenance of end-organ differentiation.

Methods

Metabolic studies. Mice were maintained on a normal light/dark cycle
in cages with microisolator lids and were genotyped as previously
described (14, 15). All procedures were approved by the University
of the Basque Country Animal Care and Use Committee.

Blood glucose levels were determined from blood taken from
mouse tails, using an automatic glucose monitor. Blood for insu-
lin, glucagon, amylase, ions, and metabolite levels was taken by ret-
roorbital bleeds. Insulin levels were measured in serum by ELISA
(ALPCO Diagnostics, Windham, New Hampshire, USA), glucagon
was measured in plasma by radioimmunoassay (ALPCO Diagnos-
tics), and amylase activity was measured in serum (BioSystems S.A.,
Barcelona, Spain), according to the manufacturer’s instructions.
Amylase activity results were expressed as microkatals (ukats) of
enzymatic activity per liter of serum. For insulin-tolerance tests,
fasted (16 hour) diabetic animals received saline or human insu-
lin intraperitoneally (0.5 U/kg of body weight; Novo Nordisk A/S,
Bagsvaerd, Denmark). Blood glucose levels were determined imme-
diately before injection and at the indicated times. Results were
expressed as percentages of initial blood glucose concentration.

Histology, ultrastructural analysis, and immunohistochemistry. Freshly
collected tissues were fixed with 10% formalin in PBS and embed-
ded in paraffin for staining with H&E. For quantitation of acinar
cell density, sections obtained from 7-day-old and 2-month-old
male mice (n =6 WT; n=4E2F1 null; n =4 E2F2 null; n = 6 E2F1/
E2F2 DKO) were stained with H&E, and the total number of acinar
cells per area (200 um?) was counted manually. In each animal, six
randomly selected areas lacking any islets were used to calculate
the average number of acinar cells per area.

For electron microscopy, small pancreas pieces were processed
following standard procedures. A digitalized image-capture system
was used to measure the size of secretory granules present in exo-
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crine and endocrine cells from WT mice, as well as granules present
in cells containing mixed granule populations in DKO mice.

Immunohistochemical assays were performed on tissues fixed
with 4% paraformaldehyde in PBS using an indirect immunoper-
oxidase-detection protocol (DAKO A/S, Glostrup, Denmark) after
antigen retrieval, with autoclave treatment for 1 minute at 120°C.
Ab localization was determined using 3,3-diaminobenzidine in
PBS. The Ab’s used were rabbit mAb’s to glucagon (1:5,000; ICN
Biomedicals Inc., Irvine, California, USA), and a-amylase (3 ug/
ml; Sigma-Aldrich, St. Louis, Missouri, USA), rabbit polyclonal
ADb’s to Pax-6 (1:4,000) and Pdx-1 (1:300), mouse mADb to insulin
(1:3,000; Sigma-Aldrich), and mouse mAD to Isl-1 (1:4). Control
immunostainings using the secondary Ab in the absence of the
primary Ab were routinely performed.

In vivo S-phase labeling and apoptosis. For S-phase labeling, mice
were injected intraperitoneally with BrdU (50 ug/g of body
weight). Mouse organs were harvested 8 hours later and fixed
in 10% formalin. Tissue sections were processed using the BrdU
staining kit according to the manufacturer’s instructions (Onco-
gene Research Products, Cambridge, Massachusetts, USA). Sec-
tions were counterstained with hematoxylin.

For in vivo apoptosis, pancreata and thymuses from WT, E2F17-,
E2F27/-, and E2F1/E2F2 double-mutant mice were harvested
and processed for TUNEL, according to the instructions for the
peroxidase Apoptag Kit (Intergen Co., Purchase, New York, USA).

Oligonucleotide microarrays. Total RNA was isolated from pancre-
atic tissue with the TRIzol reagent (Invitrogen Corp., Carlsbad,
California, USA), according to the manufacturer’s instructions,
purified using the RNeasy kit (QIAGEN GmbH, Hilden, Germa-
ny), and electrophoresed on a denaturing agarose gel to exam-
ine for RNA integrity. Poly(A)* RNA samples from 15-day-old
pancreata (n = 6 for each genotype) were purified, and two pools
were made from either WT or E2F1/E2F2 double-mutant mice.
Each pool was a mix of RNA samples from three pancreata of the
same genotype obtained from one female and two male mice.
Target preparation, microarray hybridization, and transcriptome
analysis were carried out with the Affymetrix GeneChip System
(Affymetrix, Santa Clara, California, USA) at Medplant Genetics
(Barakaldo, Spain). Briefly, each pool of purified mRNA samples
was used to generate a cDNA with the SuperScript Choice System
Kit (Invitrogen Corp.) according to the protocol of the Affymetrix
Expression Analysis Technical Manual. The cDNA was then used
to synthesize biotinylated cRNA with the BioArray High Yield
RNA transcript-labeling kit (Enzo Diagnostics Inc., Farmingdale,
New York, USA) according to the manufacturer’s instructions,
purified with the RNeasy Kit (QITAGEN GmbH), and fragmented.
Target cRNA (15 ug) was hybridized overnight to each oligonu-
cleotide microarray (murine genome U74A V.2 Array; Affymetrix)
containing probes for approximately 12,000 murine genes and
expressed sequence tags (ESTs). Arrays were then washed and
stained with streptavidin phycoerythrin. Fluorescent intensities
were analyzed with GeneChip software (Affymetrix). We iden-
tified an upregulated or downregulated gene as one that was
enhanced or reduced twofold or more in DKO samples relative
to WT samples, respectively.

RT-PCR. Semi-quantitative RT-PCR was performed with total
RNA isolated from pancreatic tissue, as described above. The
cDNA was synthesized from 0.2 ug/ml of RNA using RT-PCR
Superscript First-Strand Synthesis System for RT-PCR (Invitrogen
Corp.), and all samples were diluted to the same final cDNA con-
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Figure 1

Hyperglycemia and pancreatic atrophy in E2F1/E2F2 compound-mutant mice. (A) Life span data obtained from WT (n = 40), DKO male (DKO M;
n =25), and DKO female (DKO F; n = 25) mice were analyzed using a log-rank nonparametric test (P < 0.01) and expressed as Kaplan-Meier sur-
vival curves. (B) Spot blood glucose levels in WT, E2F1--, E2F2--, and DKO mice were determined at the indicated times. Results are the means
+ SEM for five to ten animals per sex and genotype. Data were analyzed using the two-tailed t test (***P < 0.001). (C) Insulin and glucagon levels in
serum of 2-month-old and 6-month-old WT and DKO mice (n = 7 per genotype; *P < 0.05; **P < 0.01). (D) Insulin-tolerance test was performed in
starved animals following intraperitoneal injection of insulin into 5- to 6-month-old hyperglycemic female DKO mice (n = 8) or normoglycemic female
WT controls (n = 7). Results are expressed as percentage of initial blood glucose concentration (*P < 0.05). Similar results were obtained for males
(not shown). (E) RT-PCR analysis of RNA samples from 2-week-old WT, E2F1--, E2F2--, and DKO (n = 2 per genotype) mice showing expression
of E2F1, E2F2, E2F5, and E2F6 in the pancreas of WT mice (E2F3 and E2F4 expression was absent in pancreas). As shown, E2F5 and E2F6 were
similarly expressed in the WT and DKO pancreas. The last row shows expression of an internal standard (GAPDH) amplified in a reaction parallel
to the test genes. (F) Pancreas weight expressed as fraction of total body weight. Shown are means + SEM for four to six animals per genotype and
sex at each time point analyzed. The nonparametric Mann-Whitney U test was used for comparative analysis (*P < 0.05).

centration. PCR was performed for 35-40 cycles, depending on
the primer set, and we ensured linear amplification in all cases.
PCR reactions were performed a minimum of two times. Primers
for each target gene were selected within their respective coding
regions, such that genomic DNA and unspliced pre-mRNA would
amplify as larger fragments because of the presence of introns.
Primer sequences are available upon request. Internal standards
for every PCR (GAPDH) were included, and all data were normal-
ized to the internal standard. PCR products were analyzed on 2%
1400
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agarose gels and stained with ethidium bromide. As positive con-
trols for E2F1, E2F2, and E2F3 expression, RNA obtained from
activated lymphocytes was used. As positive controls for E2F4,
E2F5, and E2F6 expression, RNA obtained from mouse embryon-
ic fibroblasts was used. For each RT-PCR reaction, a negative con-
trol containing an RNA sample, but lacking the corresponding
cDNA, was also included. Data were quantitated with a Molecu-
lar Imager (BioRad Laboratories Inc., Hercules, California, USA)
using the Quantity One program.
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Figure 2

Pancreatic histopathology of E2F1/E2F2 double homozygotes. Pancreas sections obtained from E2F-deficient and WT animals stained with H&E.
(A and B) Representative pancreas section of 7-day-old (A) and 2-month-old (B) WT male mice. Magnification, x600. (C and D) Representative
pancreas section of 2-month-old (C) and 6-month-old (D) E2F1-deficient male mice showing aberrantly large nuclei (marked with arrowheads).
Magnification, x600. (E-G) Representative pancreas section of 7-day-old (E) and 2-month-old (F and G) DKO male mice. (E and F) Magnifica-
tion, x600. (G) Magnification, x400. The acini and islets (marked with an asterisk) in the DKO pancreas are abnormal and have lost their typical
tubular organization, which has been replaced by ductal structures. Note the dysplasic changes in acinar cells, characterized by hypertrophy and
karyomegaly. (H) Representative pancreas section of a 2-month-old E2F2-deficient male mouse. Magnification, x600. The morphology of the
pancreas in female E2F-deficient mice was essentially the same as the morphology of the pancreas in male counterparts (data not shown). The
sections shown are representative examples from histology for six WT (n = 3 male, n = 3 female), 15 DKO (n = 8 male, n = 7 female), six E2F1--

(n =3 male, n = 3 female), and six E2F2-- (n = 3 male, n = 3 female) mice.

Results
Development of diabetes in E2F1/E2F2 compound-mutant mice. The
E2F1-deficient and E2F2-deficient mice have revealed unique
roles for each of these genes. There may be functions that are
common to multiple E2F family members, however, that are not
revealed by single-gene mutations. To begin to understand the
functions that are shared by E2F family members, we have gener-
ated mice deficient in both E2F1 and E2F2, two E2F
family members that preferentially interact with the
retinoblastoma protein. Crosses between E2F1%~/
E2F2%-, E2F17/-/E2F2"/~, or E2F1*-/E2F27~ mice yield-
ed viable E2F1~/-/E2F27~ pups (DKO) at the expected
Mendelian frequency. The E2F1/E2F2 DKO mice
appeared overtly normal and similar in size to their
littermates at birth, but their growth became increas-
ingly retarded relative to their littermates through-
out postnatal development. Although E2F17/~/
E2F27~ mice were viable and outwardly appeared
grossly normal, they had a severely limited life span
(Figure 1A). Mean survival was 3.2 + 0.9 months for
males and 5.3 + 1.6 months for females.

Adult DKO mice exhibited polyuria, polydipsia,
and appeared lethargic prior to death. These fea-
tures made us consider whether the mice were
hyperglycemic. Indeed, random blood glucose levels
increased to 471 = 94 mg/dl in 3-month-old DKO
males near the mean time of death of these animals
(normal level, 83 + 20 mg/dl) (Figure 1B). Although
females became hyperglycemic at an older age than
males and had a longer life expectancy, the pheno-
type was fully penetrant in both sexes. Female E2F1/2
double-mutant mice remained normoglycemic for
the first 2-3 months of age, but levels of glucose

Figure 3
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increased dramatically to over 400 mg/dl after the fourth month
(Figure 1B). Consistent with these findings, urine glucose levels
were also very high in DKO male and female mice by 1-2 and
4-5 months of age, respectively (data not shown). By contrast,
random glucose levels in the serum of WT mice, single mutant
E2F17/~, E2F27~, or double heterozygote mice, were maintained
at a level lower than 100 mg/dl throughout their lifetime (at least

Ultrastructural analysis of E2F1/E2F2 double-homozygote pancreas sections. Exo-
crine (A) and endocrine (B) cells in pancreata from WT mice. Insets show the aspect
of normal acinar and f3 cell granules. Pancreas from a 3-month-old male DKO mouse
(C—F). Ductal structures composed of transitional cells with ductal cell features, but
containing zymogen granules (C), or both zymogen and endocrine granules, can be
observed in DKO mice (D). Cells containing both types of granules (pointed arrows,
acinar granules; round arrows, endocrine granules) (E and F). Original magnification:
(A, B, E, F) x3,400; (C) x1,100; (D) x2600; insets in A and B, x10,500.
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Immunohistochemical analysis of expression of pancreas-specific protein markers. Shown are representative pancreas sections of 7-day-old
and 2-month-old WT and DKO male mice immunostained with Ab’s to insulin, glucagon, and a-amylase. A light hematoxylin counterstaining
was performed in all sections (insulin and glucagon, x400; a-amylase, x200). Similar results were obtained when DKO female mice were

analyzed (data not shown).

beyond 1 year of age for each genotype) (Figure 1B and data not
shown). Concomitant with an increase in serum glucose levels,
insulin levels in serum of hyperglycemic male and female double-
mutant mice were reduced significantly (Figure 1C), suggesting
that E2F1/E2F2 double homozygotes develop insulin deficiency.
Serum glucagon levels, on the other hand, remained similar in
fasted hyperglycemic DKO mice relative to WT mice (Figure 1C).
Furthermore, hyperglycemic DKO mice responded to injection of
insulin with the expected reduction in serum glucose (Figure 1D).
Taken together, these results suggest that the diabetic condition
of E2F1/E2F2 double-deficient mice stems from loss of insulin
production and is not due to insulin resistance.

Finally, urinalysis failed to detect an elevation in urinary
ketones, and serum analysis failed to detect an elevated anion
gap (data not shown), arguing that the cause of death in these
mice is not diabetic ketoacidosis, as would be expected for
selective pancreatic 3 cell loss, but instead is the hyperosmolar
hypernatremic nonketotic diabetic syndrome, more characteris-
tic of complete loss of the pancreas.

Organ involution and cellular dysplasia in E2F1/2 double-deficient
mice. To further define the phenotype of E2F1/2 DKO mice we
first looked for anatomical and histological abnormalities. Loss
of E2F1 and E2F2 in mice resulted in a marked reduction of size
and cellularity of several organs, notably lymphoid organs, tes-
ticles, and salivary glands. For example, cell number in thymuses
(87.5 x 106 + 22.9 in DKO mice versus 169.6 x 10° + 54.5 in WT
mice, P < 0.05) and LNs (10.7 x 10° + 4.2 in DKO mice versus
22.1 x 10¢ £+ 3.2 in WT mice, P < 0.05) was roughly reduced by
half. Cell number in the spleen was reduced as much as two-
thirds (24.3 x 106 + 13.0 in double mutants versus 77.3 x 10° + 18.1
in WT, P < 0.05). The cellularity of all three lymphoid organs
decreased further in older animals.
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The most striking anatomical alteration was found in the pan-
creas: gross examination of this organ showed a remarkable involu-
tion over time in both male and female DKO mice (Figure 1F). The
pancreas weight relative to body mass of 1- and 2-week-old DKO

- R L
P %
Y ' ;{":‘f 3

Pdx1 -

Pax6 .

Figure 5

Immunohistochemical analysis of transcription factor expression in
the pancreas. Shown are representative pancreatic islets of 7-day-old
WT and DKO male mice immunostained with polyclonal Ab’s to Pdx1,
Pax6, and Isl1 (x400). The expression of all three transcription factors
in DKO mice was indistinguishable from age-matched WT mice.
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Increased proliferation and apoptosis in pancreas of E2F1/E2F2 com-
pound-mutant mice. In vivo BrdU labeling (as described in Methods)
identified pancreatic cells in S phase (appearing brown) in pancreata
from 15-day-old mice. As shown, young DKO mice have an increased
number of cells in S phase in the pancreas in vivo. Arrowheads in lower
left panel indicate BrdU-positive nuclei. The presence of the expected
labeling of intestinal crypt cells with BrdU in both genotypes (inset)
serves as an internal control for the injection and incorporation of the
tracer. Cell death was detected by TUNEL labeling in 15-day-old mice.
Arrowheads in lower right panel denote apoptotic nuclei (appearing
brown) detected by the TUNEL assay. Virtually no BrdU-positive or
TUNEL-positive cells were detected in 15-day-old WT pancreata. The
presence of the expected staining of thymocytes with TUNEL in both
genotypes (inset) serves as an internal control for the experiment.

mice was similar to that of WT controls, but 1-month-old DKO ani-
mals exhibited a significant reduction in pancreas size compared
with WT controls. This difference became even more pronounced
as the animals aged. After 3 months of age, the pancreas of male and
female DKO mice was almost completely atrophic, being replaced
by fat, demonstrating that both endocrine and exocrine compo-
nents were affected in these animals. Male DKO mice died shortly
after the pancreas degenerated, whereas female DKO mice survived
longer with an atrophic organ before death occurred.
By contrast, no significant differences in pancreas size
were noted in 6-month-old or younger E2FI/~ and
E2F27/~ single-mutant mice (Figure 1F),and only E2F1-
deficient mice over 6 months of age exhibited a sub-
stantial reduction in pancreas size relative to WT (ref.
12 and data not shown). Additionally, DKO mice had
a distended colon containing soft, pale, fecal material,

Table 1

and the stools of DKO, but not those of WT, animals \I;IIv?Ies
fed with a high-fat diet showed lipid droplets, suggest- EOF 1
ing fat malabsorption (data not shown). Furthermore, E2Fo--
serum amylase levels in DKO animals younger than 10 DKO
weeks old were indistinguishable from those of WT, Females
whereas they were reduced to half'in mice older than WT

10 weeks of age (23.7 + 4.9 pkat/l in WT mice com- EoF1+
pared with 11.4 + 0.7 ukat/l in DKO mice; n = 8 per EoFo-+
genotype; P < 0.02). Taken together, these results show DKO

that as DKO mice age, they develop severe endocrine
and exocrine pancreatic insufficiency.

The overall histological appearance and cellular
density of the pancreas of E2F1/E2F2 double-defi-
cient mice was essentially normal until approximate-
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ly postnatal day 15 (Figure 2, A and E). Subsequently, the exocrine
pancreas of male and female DKO mice lost its normal architecture
and showed severe cellular abnormalities, including a lower num-
ber of acini and an increased number of ductal structures, fibrosis,
and fat replacement. Furthermore, acinar cell hypertrophy with
marked karyomegaly and nuclear inclusions were noted (Figure 2,
F and G). These changes were similar to, but more dramatic than,
those observed in older E2F1~~ mice: a few large nuclei could be
found in 2-month-old animals, but older mice showed a high pro-
portion of hypertrophic cells with aberrantly enlarged nuclei (Fig-
ure 2, C and D). Consistent with these alterations, acinar cell den-
sity was lower in 2-month-old E2F17/~ mice (55 + 13 cells per area
0f 200 um? in WT mice compared with 34 + 6 in E2F17~ mice). The
reduction in acinar cell density was more dramatic in age-matched
DKO mice (12 + 3 cells per area). By contrast, the pancreas of E2F2-
deficient mice appeared histologically normal in 2-month-old or
older animals (Figure 2H), and the average number of cells per area
was similar to WT mice (53 = 4 cells per area). The endocrine pan-
creas of DKO mice also became progressively atrophic. Islet num-
ber and size were overtly normal in 1- to 2-week-old DKO mice. A
subsequent decrease in the size and number of islets was observed,
however, and no islets could be found in older sick mice (Figure
2G). The histologic alterations observed in the adult DKO pan-
creas were fully penetrant for both male and female mice.
Ultrastructural analysis of the pancreas from 2-month-old
or older DKO mice showed hypertrophy, irregular shape, loss
of polarity, lower zymogen granule content, dysplasia, and
karyomegaly in acinar cells. Single acini often harbored transi-
tional cells, characterized by ductal morphology but containing
zymogen granules (Figure 3C). Cells containing zymogen-like and
endocrine-like granules were also observed occasionally (Figure
3D). In WT mice, the size of secretory granules in acinar cells was
727 + 184 nm (n = 33 granules measured, range 467-1,248) (Figure
3A), and the size of secretory granules in endocrine cells was 279 + 58
(n = 100 granules measured, range 11-406) (Figure 3B). In WT
mice there were no cells simultaneously containing both large-
sized and small-sized granules. By contrast, DKO mice exhibited
cells containing two populations of granules: large, resembling

DNA replication and apoptosis in pancreas of E2F-deficient mice

BrdU+ TUNEL+

7 days 15 days 30 days 7 days 15 days 30 days
43+0.01 0.00 0.00 0.00 0.1£0.0 0.00
47+001 1.2+10 0.00 16+£04* 16+03* 0.00
42+001 38+15¢ 12+08 04018 0.00 04+01
45+001144+368 19274~ 04+0.18 14.0£514 3.8+22°
42+002 0603 0.00 05+£03 0.1zx0.1 0.00
43+002 48+1.18 18x07¢ 11+05° 14+05° 1.3x0.5°
45+0.01116+£31~A 53+128 05+01 05+03 0.00
44+00131.0£6.00 11.2+368 05+01 3709 24x16°

Male and female mice of the indicated ages and genotypes were injected
intraperitoneally with BrdU, and tissue sections were immunostained with a BrdU-
specific Ab. BrdU+ and TUNEL* cell ratios were calculated as the mean + SEM per
1,000 cells. Six tissue sections per animal and three to five animals per genotype
and sex were analyzed. AP < 0.001; BP < 0.01; °P < 0.05.
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zymogen granules, ranging in size from 385 to 1,129 (n = 88), and
small, endocrine-like granules, ranging in size from 97 to 256
(n =107) (Figure 3, C-F). The fact there was no overlap in the size of
both types of granules and that each type of granule had distinct
electron density strongly suggests that they represent different
entities. These results suggest that loss of E2F1 and E2F2 affects
postnatal differentiation and maturation of the pancreatic cells,
resulting in a cell type with ultrastructural features of both the
endocrine and exocrine pancreas.

The distinct pancreatic phenotype that we found in E2F1/E2F2
double-deficient mice prompted us to examine the expression pro-
files of E2F family members in WT, E2F17/-, E2F27/~, and E2F1/E2F2
double-mutant mice. As expected, E2F1 and E2F2 transcripts were
detected in the pancreas of WT animals. Moreover, loss of E2F1
alone did not result in increased expression of E2F2 mRNA and vice
versa (Figure 1E). E2F3 and E2F4 transcripts were undetectable in
the pancreatic tissue of WT mice, and, importantly, E2F3 and E2F4
transcripts were also undetectable in E2F1 or E2F2 single-knockout
or DKO mice. Finally, E2F5 and E2F6 expression levels in mutant
animals were unaltered with respect to WT controls, arguing that
the pancreatic phenotype of E2F1/E2F2 double-mutant mice does
not result from altered expression of another E2F member.

Next, we analyzed expression of pancreatic differentiation mark-
ers by immunohistochemistry. Expression of insulin, glucagon,
and a-amylase was normal in 1- to 2-week-old DKO mice of both
sexes. A progressive loss of cells containing these proteins occurred
as animals aged, however (Figure 4). Eight-week-old hyperglycemic
male mice exhibited a marked reduction in insulin-positive cells:
in some cases, only a few scattered cells could be found. The num-
ber of glucagon-producing cells was normal or near normal for
a longer period of time, although older, sick mice exhibited few
glucagon-producing cells, which seemed to be sufficient to main-
tain normal glucagon levels in the serum of hyperglycemic DKO
animals. Finally, the overall content of a-amylase was significantly
reduced in adult DKO animals, consistent with the lower enzy-
matic activity found in the serum of these animals.

We also investigated whether the allocation of specific cell
types during development was deregulated in DKO mice by
analyzing the expression of transcription factors responsible
for pancreas development and differentiation. The expression
of Pdx-1, Pax-6, and Isl-1 was similar at postnatal day 7 in DKO
and WT mice (Figure 5), arguing that pancreatic development
and cell specification were unaffected.

Increased proliferation and apoptosis in DKO pancreatic cells. We
examined cellular proliferation and apoptosis in the pancreas of
DKO mice and littermate controls. BrdU was injected into male
and female DKO and WT animals, and S-phase cells were detected
with an Ab to BrdU. Pancreatic cells divide actively during the
first week of postnatal age, but proliferation decreases by the
second week, concomitant with maturation of the pancreas (24).
Consistent with this, a small proportion of BrdU* cells were pres-
ent in the pancreas of 2-week-old WT mice (Figure 6; Table 1).
Surprisingly, when we examined 2-week-old or 4-week-old E2F1/
E2F2 double-deficient mice, we found that a significant fraction
of the cells were still replicating DNA, and many of the BrdU*
cells were those with aberrantly large nuclei (Figure 6; Table 1).
BrdU-positive cells were found both in the exocrine as well as in
the endocrine compartment. In absolute terms, the vast major-
ity of the cells undergoing DNA replication were exocrine cells
(96% = 9.3%), although a fraction of BrdU* cells was also found
1404
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within the islets. In relative terms, 1-3% of the exocrine cells and
0.5-1% of the endocrine cells were BrdU*. To examine apoptosis,
the TUNEL assay was performed. The proportion of apoptotic
nuclei detected by TUNEL was also clearly increased in 2- and 4-
week-old DKO mice (Figure 6; Table 1). These results suggest that
loss of E2F1 and E2F2 results in unscheduled DNA replication
and induction of apoptosis.

We next examined the individual contribution of E2F1 and E2F2
to the deregulated cell cycle found in pancreata of 2- and 4-week-
old DKO mice. The number of cells undergoing DNA synthesis
was significantly higher in E2F27/~ mice than in age-matched WT
mice (Table 1). DNA synthesis was similar to that of WT mice in
male E2F17/~ pancreata, however, and slightly higher in female
E2F17/~ pancreata (Table 1). Contrary to what was observed in DKO
mice, the large, aberrant nuclei present in E2F1-deficient mice did
not incorporate BrdU. Increased numbers of apoptotic cells were
observed in E2F17/~ pancreata but not in E2F27/~ pancreata (Table
1). These results argue that the severe pancreatic phenotype exhib-
ited by DKO mice is not simply a dosage effect resulting from the
addition of two similar, albeit milder, phenotypes present in indi-
vidual E2F1~/~ and E2F27~ mice and suggest that each E2F gene
plays a specific role in pancreatic homeostasis. Rather, it appears
that loss of E2F1 results in large aberrant nuclei and increased
apoptosis, while loss of E2F2 results in increased cell-cycle entry.
The combination of these effects in DKO mice in some way results
in postnatal involution of the pancreas.

Differential gene expression in DKO pancreatic cells. To gain insight
into E2F1/E2F2-regulated gene expression in the pancreas we
made use of high-density Affymetrix GeneChip oligonucleotide
microarrays and analyzed the expression profile of approximate-
ly 12,000 murine gene sequences and expressed sequence tags
(ESTs) in pancreatic cells isolated from 2-week-old DKO mice
compared with age-matched WT mice. This time point was cho-
sen because at this age the DKO pancreata appeared histologi-
cally normal. We identified approximately 300 genes and ESTs
whose expression was altered at least twofold in DKO cells rela-
tive to WT cells. Of these, 172 corresponded to annotated genes,
155 of which were upregulated and 17 downregulated (see sup-
plemental material available at http://www.jci.org/cgi/content/
full/113/10/1398/DC1.

Remarkably, a significant number of genes previously identified
as components of the E2F/Rb regulatory pathway were found to
be overexpressed more than twofold in the pancreata of 2-week-old
DKO mice. These genes could be clustered into functional groups,
previously classified by Ren and collaborators (7), related to cell
cycle regulation, DNA replication, DNA repair, mitotic check-
point, and chromosome transactions (cyclin D2, mcem’s cdc-6—related
protein, PCNA, MADI, septin) (5, 7). Expression of the proapoptotic
gene Bax was also increased in DKO samples. Other genes with
increased expression in the DKO pancreas include those encod-
ing cytoskeletal and ECM proteins, inflammatory proteins, and
enzymes involved in fatty-acid metabolism, suggesting an aber-
rant metabolic state of these cells. Markers of ductal cells (kera-
tin-19, carbonic anhydrase) and adipocytes (adipsin, Acrp30) were also
overexpressed in DKO pancreata.

By contrast, the number of genes whose expression was reduced
at least 50% upon E2F1 and E2F2 inactivation was low. Of those,
genes encoding proteins involved in exocrine and endocrine func-
tion constituted 50% of all downregulated sequences (trypsin,
a-amylase, Reg’s, IGF-1). The expression of insulin mRNA was also
Volume 113
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downregulated in 2-week-old DKO animals (35% reduction rela-
tive to WT mice), but not that of glucagon or somatostatin (data
not shown). Taken together, these results suggest that the com-
bined E2F1/E2F2 activity may be involved in negatively regulating
proliferation and in promoting and/or maintaining the terminal
differentiation of pancreatic cells.

Discussion

Our studies reveal that E2F1 and E2F2 play a critical role in the
maintenance of pancreatic homeostasis. E2F1/E2F2 compound-
mutant mice have excessive polyuria and hyperglycemia. The
marked decrease in blood insulin levels and in the proportion
of insulin-expressing pancreatic cells indicates that diabetes
results from a deficit in insulin production. The lack of pancre-
atic inflammatory infiltrates in hyperglycemic animals (Figure
2, E-G) and the inability of the immunosuppressant sodium
fusidate to lower the glycemia of hyperglycemic DKO mice at a
dose known to reduce murine inflammatory diabetes (25) argue
against an autoimmune nature of the diabetes (data not shown).
The presence of steatorrhea, the decrease in serum amylase activ-
ity, as well as the histological findings, indicate a concomitant
exocrine insufficiency. Interestingly, the diabetic phenotype is
more severe in male mice than in female mice lacking E2F1 and
E2F2, similar to what has been reported in other animal models
such as Cdk4-deficient mice (26) or Akt2-deficient mice (27); it
suggests that the control of glucose metabolism in these mice is
finely tuned by gender-specific factors.

Recent studies suggest that E2F may directly regulate develop-
mental genes through a mechanism that is independent of the
cell cycle (3). A Xenopus E2F gene has been identified that is most
closely related to E2F3, which has been found to control anterior-
posterior axis formation in Xenopus (28). Thus, we postulated that
the defects in E2F1/E2F2 compound-mutant mice could result
from aberrant pancreas development and differentiation. Several
genes encoding transcription factors that exert fundamental roles
in pancreas development and differentiation have been identified,
including PDX1, Mist1, Pax6, Isl1, and p48 (29, 30). The roughly
normal histology of the DKO pancreas at birth, and the lack of
alterations in the expression of these genes in the pancreatic lin-
eages, however, suggest that cell-type specification is not affected
and that these transcription factors are not primarily involved in
the pancreatic defects of adult DKO mice.

Dissecting the mechanisms underlying the disruption of pancre-
atic homeostasis in E2F1/E2F2 double-mutant mice has proven
complex, since E2F1 and E2F2 genes are involved in the regulation
of multiple processes. First, young DKO mice display a marked
increase in DNA synthesis rate in the pancreas. This is accompa-
nied by an increase in apoptosis, eventually leading to pancreatic
atrophy. Finally, acinar cells show marked hypertrophy and dys-
plasia, and islets essentially disappear. Although it is unclear how
the increased DNA replication is related to the increased apoptosis
in the pancreas of DKO mice, it has been reported that deregula-
tion of DNA replication can result in chromosome instability and
induction of cell death in other systems (31, 32), and recent work
by DeGregori and colleagues suggests that the increased apoptosis
observed in hematopoietic progenitors upon concomitant inac-
tivation of E2F1 and E2F2 is a consequence of inappropriate
S-phase progression and of blocked B cell maturation (33). In the
pancreas, E2F1 and E2F2 could have a role in preventing the cells
from entering the S phase during the maturation of the organ. Loss
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of E2F1 and E2F2 would result in unscheduled G1/S progression,
which could, in turn, activate an S-phase checkpoint and induce
apoptosis. The analysis of E2F17~ and E2F27~ single-mutant mice
suggests that each E2F member contributes in a nonredundant
fashion to normal pancreatic function: E2F1 may help maintain
normal nuclear structure, as suggested by Yamasaki and collabora-
tors (12), whereas E2F2 may negatively regulate pancreatic cellular
proliferation, as occurs in T lymphocytes (15). The combination
of two altered phenotypes and the loss of compensation in double
homozygote mice may account for an increased apoptotic rate and
a severe involution of this tissue.

Remarkably, many cell cycle-related genes, some of them known
E2F targets, appear to be negatively regulated by E2F1/E2F2 in
pancreatic tissue, implying that their increased expression due
to loss of E2F1/E2F2 activity could lead to the unchecked pro-
liferation and apoptosis operating in DKO pancreata. Many of
the genes identified as downregulated by the E2F1/2 proteins
include those encoding DNA replication activities (PCNA; mcm
3,5,7; cdc-6), and G1-regulated genes (cyclin G1, cyclin D2), suggest-
ing that E2F1/2 play crucial roles in the negative regulation of
G1/S progression in the pancreas. This role is important because
this tissue is essentially quiescent in the adult, and there is exten-
sive evidence from the analysis of pancreatic cancer that the p53
and Rb pathways are essential for growth control (34, 35). Over-
production of proteins encoded by genes involved in origin firing
and in G1/S progression, such as those found in the microarray
analysis of E2F1/E2F2 DKO pancreata, may force the cells to
enter S phase inappropriately and activate an S-phase checkpoint.
Ectopic expression of a deregulated form of Swi-4, a G1-specific
transcriptional activator, results in precocious S-phase entry
and activation of a Rad53-dependent checkpoint (31). Increased
expression of the p53 target gene Bax in DKO pancreata is con-
sistent with the activation of a checkpoint. Finally, consistent
with previous work, a number of E2F1/2 responsive genes in the
pancreas, including septin 2 and septin 7, are typically regulated
at G2/M in the cell cycle and encode proteins that function in
mitosis (5, 7). Although upregulation of these genes could result
from perturbations in G1/S progression, it is also possible that
E2F1 and E2F2 control the expression of mitotic genes directly,
because direct binding of E2F proteins to the promoter sites of
some of these genes has been reported (7). It remains to be deter-
mined which of these regulatory effects are direct.

Intriguingly, E2F1 and E2F2 have been traditionally included
in a subclass of E2Fs considered to be transcriptional activators,
unlike the repressors E2F4/5 (36-39). In promoter occupancy
assays, E2F1 and E2F3 were enriched at promoters activated
during the G1-to-S-phase transition, whereas E2F4 was recruit-
ed to promoters repressed in quiescent cells (9, 10). Further-
more, analyses of mice deficient in E2F4 or E2FS are consistent
with a role for these two E2F family members in regulating cell
commitment in several cell types (18, 19). Our results on T lym-
phocyte hyperproliferation challenged the notion that E2F2 isa
transcriptional activator by showing that E2F2 can repress the
transcription of promoters containing E2F sites (15). The find-
ings reported here further emphasize that E2F1/2 may function
as negative regulators of gene expression, much the same way as
the group including E2F4/5, implying that these two groups of
E2F proteins may play similar roles in mediating cell cycle arrest
and allowing cell differentiation in a tissue-specific fashion,
either directly or indirectly.
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Although the pathological features exhibited by the E2F1/E2F2
DKO pancreas are unlike those reported in other genetically mod-
ified mice or in humans, DKO mice display several features of
chronic pancreatitis. In this disease, there is also loss of acinar
cells, accompanied by extensive tissue fibrosis, inflammation, fat
replacement, and ductal metaplasia, leading to exocrine insuffi-
ciency. Abnormal activation and secretion of proteolytic enzymes,
mainly trypsin, may play a pivotal role in this process (40). Both in
mice and humans, chronic pancreatic insufficiency is associated
with reduced acinar enzyme serum levels. Despite these similari-
ties, two histological features of the pancreas of E2F1/E2F2 dou-
ble homozygotes occur rarely in chronic pancreatitis: the severe
acinar cell hypertrophy and dysplasia and the almost complete
disappearance of islets. Furthermore, Reg genes, which are typi-
cally overexpressed in pancreatitis (41, 42), were downregulated in
pancreata of DKO mice. Likewise, inflammatory infiltrates were
not seen in the involuting DKO pancreata, and treatment with
immunosuppressants failed to rescue the pancreata in these mice
(data not shown).

Presently, it is unclear whether the exocrine and the endocrine
involution of the DKO pancreas represents a single process or
two separate processes. Retroviral vector lineage tracing has
demonstrated that exocrine and endocrine cells share a com-
mon ductal progenitor during development (43). Furthermore,
studies on cell renewal and differentiation in the adult pancreas
have shown that pancreatic ductal cells have the capacity to
proliferate and differentiate terminally into both endocrine and
exocrine lineages, recapitulating embryonic development (44).
In addition, acinar-ductal transdifferentiation occurs frequently
in chronic pancreatitis and occurs in vitro upon culture of nor-
mal exocrine pancreatic cells (45). In E2F1/E2F2 DKO mice, loss
of the exocrine and endocrine components is associated post-
natally with an increase in cells with a ductal-like morphology
containing zymogen — and sometimes endocrine — granules,
an increase in ductal structures in both compartments, and a
marked downregulation of pancreas-specific genes together
with an upregulation of ductal-specific genes, suggesting that in
DKO mice there is a defect in the maintenance of the differenti-
ated pancreatic phenotype. Thus, we would like to propose that
E2F1 and E2F2 are required postnatally for the maintenance of
the endocrine and exocrine compartments. Further analysis on
the temporal and cell type-specific expression patterns of E2F1
and E2F2 in the pancreas and the selective inactivation of these
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genes in the exocrine and endocrine lineages will help establish
their precise role in pancreatic cell homeostasis.

Note added in proof. While this work was under review, a paper
entitled “The development of diabetes in E2f1/E2f2 mutant
mice reveals important roles for bone marrow-derived cells in
preventing islet cell loss” was published by DeGregori and col-
leagues (46). Their results are complementary and in agreement
with those presented in this manuscript, thus supporting the
idea that E2F1 and E2F2 transcription factors are essential for
pancreatic homeostasis.
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