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Mice heterozygous for the retinoblastoma (Rb) tumor suppressor
gene develop pituitary and thyroid tumors with high penetrance.
We demonstrate here that loss of the ARF tumor suppressor
strongly accelerates intermediate lobe pituitary tumorigenesis in
Rb heterozygous mice. These effects in the pituitary are greater
than those conferred by p53 loss in that Rb���;ARF��� mice
display significantly more early atypical lesions than Rb���;
p53��� mice. Also, Rb���;ARF��� compound mutants do not
develop many of the novel tumors or precancerous lesions seen in
Rb���;p53��� compound mutants. Although complete loss of
ARF expression is not obligatory for pituitary tumorigenesis in
Rb��� mice, alterations of the ARF locus are observed in tumors
from Rb���;ARF��� mice, consistent with a selective advan-
tage of ARF inactivation in this context. We conclude that inacti-
vation of ARF acts more broadly than that of p53 in connecting
abrogation of the Rb pathway to tumorigenesis.

The retinoblastoma (RB) tumor suppressor gene is critical for
control of the G1–S cell cycle transition and tumor suppres-

sion (1). Individuals heterozygous for an RB mutation are
predisposed to retinoblastoma and osteosarcoma, and RB is also
inactivated in a wide variety of spontaneously arising human
cancers (2). In addition, the protein product, pRB, is regulated
by a number of factors that are also mutated or otherwise
inactivated in other familial cancer syndromes and sporadic
tumors (2). These include amplification and overexpression of
cyclin D1 (CCND1) in carcinomas, amplification and dominant
activating mutation of CDK4 in melanomas, and mutation or
deletion of p16INK4A (CDKN2A) in multiple tumor types (3–5).
Because this pathway appears to be a central regulator of tumor
suppression, elucidation of the downstream consequences of its
inactivation is critical for understanding the molecular bases of
cellular transformation and tumor development.

pRB interacts with a number of cellular proteins to regulate
a multitude of cellular events. One such role is in the regulation
of the late G1 to S transition of the cell cycle through its
interactions with the E2F family of transcription factors. In
addition, pRB is known to regulate other cellular functions,
including differentiation through other cellular factors, and is
known to be important in the development of multiple cell
lineages (6, 7).

The effects of Rb mutation have been studied extensively in
mice (8–10). Homozygous Rb mutant (Rb���) embryos die in
midgestation because of a defect in hematopoiesis. Rb heterozy-
gous mice (Rb���) develop pituitary tumors and thyroid tu-
mors with high penetrance as well as a number of neuroendo-
crine tumors (9, 11–13), representing a syndrome of multiple
endocrine neoplasia (13). These tumors exhibit loss of the WT
allele of Rb consistent with a requirement for this event in
tumorigenesis (11, 12, 14). By generating mice mutant for
combinations of genes, we and others have been able to use this
system to probe downstream components of the Rb pathway and

establish genetic interactions that impinge on the consequences
of Rb inactivation and subsequent tumor formation (15–18).

The analysis of chimeras composed partly of Rb homozygous
mutant embryonic stem cells showed that inactivation of both
alleles of Rb is a required, rate-limiting step for pituitary
tumorigenesis (19, 20). Pituitary-specific ablation of homozy-
gous conditional alleles of Rb by a rat pro-opiomelanocortin
promoter-driven Flp enzyme resulted in mice with significantly
shorter tumor latency than that of Rbfrt�� controls lacking the
enzyme or Rb��� mice (21), confirming this result. Other
genes, notably upstream regulators of pRB, also contribute to
pituitary tumorigenesis in the mouse and further highlight the
centrality of the Rb pathway in this process. Mutation of
members of the Ink4 and Cip�Kip families of cyclin-dependent
kinase inhibitors predispose to pituitary hyperplasia. Mice lack-
ing p27Kip1 (Cdkn1b) or p18Ink4c (Cdkn2c) develop pituitary
hyperplasia, and the compound mutants for p21Cip1 (Cdkn1a)
demonstrate enhanced tumorigenesis (22–25).

A number of tumor models based on selective inactivation of
Rb family function have been developed as well, including strains
that express a truncated simian virus 40 large T (TgT121) antigen
in the choroid plexus (26) or human papillomavirus (HPV-16)
E7 in photoreceptors (27) or ocular lens (28). These strains have
been used to examine the genetic interactions between inacti-
vation of Rb and other tumor suppressor genes in tumorigenesis.

By crossing the TgT121 strain into the p53 null background, it
was shown that the proliferative advantage of tumor cells
achieved through abrogation of Rb family function resulted in
high levels of p53-dependent apoptosis contributing to the long
tumor latency. Removal of this latter mechanism of tumor
suppression resulted in rapid growth of tumors (27, 29, 30).
Subsequently, the study of Rb���;p53��� germ-line mutant
mice revealed clear cooperative roles for loss of both tumor
suppressor genes in the development of pinealoblastoma, bron-
chial epithelial hyperplasia, and pancreatic islet cell hyperplasia,
all of which were lesions not found in high frequency in Rb���
or p53��� mice (15, 16), although the predisposition to bron-
chial and islet cell hyperplasias differs for mice harboring a
different targeted Rb allele (13). Furthermore, the pinealoblas-
tomas exhibited loss of heterozygosity (LOH) for both Rb and
p53 in Rb���;p53��� mice, indicating that the inactivation of
both genes are obligate genetic events in the development of
these lesions (15). Surprisingly, pituitary tumorigenesis in
Rb��� mice was not significantly affected by inactivation of p53,
and LOH at this locus was observed very infrequently (1�16) in
pituitary tumors isolated from Rb���;p53��� mice (15).
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A previously unexplored candidate interactor is the ARF
tumor suppressor, which like the cyclin-dependent kinase inhib-
itor has growth-suppressive properties, but is not known to
directly affect cyclin-dependent kinase activity or components
(31). ARF was identified as an alternative transcript of the Ink4a
locus possessing a unique first exon (1�) and promoter (31). ARF
functions as a tumor suppressor gene in mice (32, 33) and there
is evidence to suggest such a role in humans as well (34–36).
Biochemically, ARF inhibits multiple functions of MDM2, lead-
ing to stabilization of p53 (37–42). ARF has been shown genet-
ically to be required for efficient p53-dependent responses to
cellular stresses including overexpression of oncogenes such as
RAS, MYC, and E2F-1 as well as DNA damage (43–47). Fur-
thermore, ARF is up-regulated in Rb-deficient cells (47) and has
been shown to be a transcriptional target of E2F-1 (44, 48, 49).
Therefore, as a potential bridge between the Rb and p53
pathways, ARF would be expected to play a prominent role in a
number of processes, including tumorigenesis. In at least one
strain of Rb��� mice, the development of pinealoblastoma,
bronchial epithelial hyperplasia, and pancreatic islet cell hyper-
plasia occurred in appreciable frequency only in Rb���;
p53��� mice (15). Given the role of ARF in activating p53 in
a variety of contexts, one might expect the inactivation of ARF
to have similar effects on the Rb��� background.

ARF also has functions that do not depend on p53. For
example, ARF��� mice have eye abnormalities associated with
failed hyaloid vascular system regression that does not depend on
p53 (50). Also, overexpression of ARF has been demonstrated to
impair S-phase progression in p53-deficient tumor cell lines (51).
It is not clear, however, if p53-independent functions of ARF
contribute to tumor suppression. The lack of a clear cooperative
effect between loss of p53 and loss of Rb in promoting inter-
mediate lobe pituitary tumorigenesis (15, 16) raises the inter-
esting question of whether loss of ARF can affect this process.
Such an interaction might represent effects much broader than
those conferred by p53 inactivation, perhaps demonstrating roles
for ARF in tumorigenesis beyond that of a simple link between
Rb inactivation and p53.

Materials and Methods
Mice. Rb���;ARF��� animals were generated by breeding
Rb��� mice to ARF��� mice on a mixed 129 � B6 background
to generate compound mutants. Rb���;ARF���, Rb���;
ARF���, and ARF��� mice were intercrossed to generate the
Rb���;ARF��� compound mutant mice. A similar strategy
was used to generate mixed 129 � B6 Rb���; p53��� com-
pound mutant controls. Survival curves were compiled from
mice that were killed when moribund. The logrank (Mantel–
Haenszel) test was performed to establish statistical significance
(PRISM 3, GraphPad, San Diego).

Tumor and Early Lesion Analysis. For tumor analysis, mice were
killed, heads were cut along the midline, fixed in 10% formalin
overnight, and processed, and midsagittal sections were cut and
stained for BrdUrd and terminal deoxynucleotidyltransferase-
mediated dUTP end labeling (see below). For early atypical
proliferates (EAPs), mice were anesthetized and perfused with
4% paraformaldehyde (14) or pituitaries were microdissected
immediately after death, fixed in Bouin’s fixative at room
temperature for 16 h, and rinsed in 70% ethanol. Tissues were
processed and paraffin serial sections were cut at 4 �m. Sections
were stained with hematoxylin (Mayer’s) and eosin and screened
at �600–1,000 for early lesions. The proliferation index was
calculated by counting the percentage of BrdUrd-positive nuclei
out of fields containing �500 nuclei, and significance was tested
by using a paired t test. Volumetric analysis of EAPs was
conducted by measuring the diameters of each lesion at the

widest point in each dimension, assuming an ellipsoid shape, and
calculating the volume as (��6 � d1 � d2 � d3).

Terminal Deoxynucleotidyltransferase-Mediated dUTP End Labeling
(TUNEL) and Immunochemistry. Apoptosis was assayed by using the
TUNEL assay (52). For BrdUrd analysis, a mixture of BrdUrd
(Sigma) and 5-fluoro-2�-deoxyuridine (Sigma) was injected i.p. (100
�g and 10 �g�g body weight, respectively) 1 h before death. Sections
were rehydrated, blocked in 3% H2O2, processed in pepsin and
HCl, and incubated with a mouse monoclonal anti-BrdUrd anti-
body (Becton Dickinson). All immunohistochemistry used the
ABC peroxidase detection system (Vector Laboratories).

ARF Expression. Whole pituitary tumor samples were lysed in 100
mM Tris (pH 8), 100 mM NaCl, 1% Nonidet P-40, with
Complete protease inhibitor tablets (Roche Molecular Bio-
chemicals). A total of 450 �g of total protein was electrophoreti-
cally separated on 12.5% PAGE, blotted to poly(vinylidene
difluoride) (Millipore) membrane, and probed with anti-ARF
antibodies (Novus, 1:2,000).

Southern and Northern Blot Analysis. Pituitary tumors were micro-
dissected immediately after death and frozen in liquid nitrogen.
Southern blot was performed by using standard protocols with
DNA digested with PstI�Asp718i for Rb southern or AflII for the
ARF southern. Blots were hybridized with radiolabeled probes
spanning exon 3 of the Rb locus and exon 1� of the ARF locus.
Northern blot analysis was performed by using standard proto-
cols with 10 �g total RNA isolated from pituitary tumors. Probe
was made to exon 1� of the ARF locus or to GAPDH cDNA.

Laser Capture Microdissection–PCR. Samples processed for laser
capture analysis were fixed in 4% paraformaldehyde, paraffin-
embedded, sectioned, and stained with hematoxylin and eosin.
Early abnormal proliferates or surrounding normal pituitary
tissue was captured by using a PixCell II laser capture micro-
dissection system (Arcturus, Mountain View, CA). Laser cap-
ture microdissection-captured samples were digested in protein-
ase K overnight at 42°C, inactivated for 10 min at 95°C, and used
in 50 �l [2 mM MgCl2, 50 mM KCl, 10 mM Tris�HCl (pH 8.3),
200 �M dNTPs, primers 0.4 �M (RI3, RbpA) or 0.8 �M
(Rbint3f), 0.001% gelatin, 1 �l Taq Polymerase (Amplitaq
Gold)] PCRs [94°C for 10 min, 40 times (94°C for 30 s, 61°C for
1 min, and 72°C for 1 min), 72°C for 10 min]. Primers used were:
Rbint3f (common), 5�-CACCATGTGCAATGCTTGA-3�; RI3
(WT), 5�-CCCATGTTCGGTCCCTAG-3�; and RbpA (mu-
tant), 5�-ACGAGATCAGCAGCCTCTGT-3�. PCR products
were resolved on 2% agarose gels, with �130-bp WT and 160-bp
mutant bands.

Results
Loss of ARF Dramatically Accelerates Pituitary Tumorigenesis in
Rb��� Mice. A comparison of the survival curves of Rb��� mice
versus Rb���;ARF��� compound mutant mice on a mixed 129 �
B6 background revealed a strong interaction between the inacti-
vation of these two tumor suppressor genes. Whereas Rb��� mice
(n � 37) in this cohort survived for 276 � 41 days (median � 277
days), the Rb���;ARF��� mice (n � 32) survived for 168 � 49
days (median � 168.5 days; P � 0.0001) (Fig. 1). Clinical obser-
vation and necropsy of these mice revealed that virtually all of these
mice died of intermediate lobe pituitary tumors. Although
ARF��� mice have not been observed to have pituitary or thyroid
lesions (ref. 33 and data not shown), Rb���;ARF��� mice were
highly predisposed to development of pituitary tumors as well as
thyroid C cell carcinomas.

Importantly, Rb���;ARF��� mice did not exhibit the pan-
creatic islet cell hyperplasia (0�10), pinealoblastoma (0�14), or
bronchial epithelial hyperplasia with appreciable frequency (0�
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10), as reported in Rb���;p53��� mice (refs. 15 and 16; data
not shown). Therefore, in these tissues, ARF loss is not equiv-
alent to p53 loss, implying that p53 is regulated by other means.
Similar findings have been demonstrated in a mouse model
for medulloblastoma in which loss of p53 but not ARF accele-
rates tumor development in animals heterozygous for Patched
(Ptch) (53).

Pituitary Tumors of Rb���;ARF��� Mice Have Higher Proliferative
Capacity. Examination of tumors isolated from Rb���;
ARF��� mice and Rb��� controls revealed that those derived
from the compound mutants developed much faster even though
end-stage tumors from both populations were histologically
indistinguishable. Tumors in 3- to 5-month-old Rb���;
ARF��� mice appeared similar to 5- to 7-month-old Rb���
controls and were obvious on histological examination. We
examined comparably sized tumors from these two populations
to establish whether they were different with respect to their
cellular content or growth characteristics. Although grossly
similar (compare Fig. 2 A to B), BrdUrd labeling of cells in S
phase was significantly greater in the samples of Rb���;
ARF��� mice (Fig. 2D) relative to Rb��� controls (Fig. 2C),
indicating that these tumors had higher proportions of prolifer-
ating cells. Quantitation of the proliferation index (see Materials
and Methods) for three matched pairs of tumor samples dem-
onstrated that 15.3 � 4% of nuclei in Rb���;ARF��� tumors
were labeled as compared with 2.3 � 0.6% (P � 0.05) of nuclei
for Rb��� controls. This finding indicates that loss of ARF
facilitates the proliferation of tumor cells that have lost Rb.

Alternatively, ARF mutation could accelerate tumorigenesis
by abrogating an apoptotic response in cells that might otherwise
have been eliminated. However, terminal deoxynucleotidyltrans-
ferase-mediated dUTP end labeling of tumor sections isolated in
this group of samples did not reveal any differences (data not
shown). We also examined hematoxylin�eosin-stained sections
of these tumors to identify cells exhibiting hallmarks of apopto-
sis, including marginated chromatin and fragmented nuclei. Low
levels of apoptosis were observed in all samples examined with
no distinctive differences observed (data not shown). This
evidence indicates that at this stage in tumor development,
examining comparatively sized lesions, simultaneous inactiva-

tion of Rb and ARF provides tumor cells with a proliferation
advantage without obvious effects on apoptosis.

Rb���;ARF��� Mice Develop Early, Aggressive Focal Lesions. To
investigate the basis for the marked acceleration of tumor devel-
opment in Rb���;ARF��� mice, we analyzed serial sections of
pituitary glands for EAPs (14), the first morphologically distinct
lesions that can be identified in Rb��� animals. The abnormal cells
that comprise EAPs often cluster at the border between the
intermediate and posterior (neural) lobes and are characterized by
high nuclear-cytoplasmic ratios, irregularly shaped nuclei, and
coarse chromatin (14). Rb��� mice develop the first EAPs be-
tween postnatal day (PND) 35 and PND 60 (14).

We dissected pituitary glands from PND 30 and PND 60
Rb���, Rb���;ARF���, and Rb���;p53��� mice and used
hematoxylin�eosin-stained serial sections for our analysis. In our
sample, none of the PND 30 Rb��� or Rb���;p53���
samples had any lesions, consistent with the interpretation that
loss of p53 does not accelerate the onset of pituitary tumori-
genesis. Surprisingly, a number of PND 30 Rb���;ARF���
samples had EAPs that were larger than the EAPs found in PND
60 Rb��� controls (compare Fig. 3 A to B; Table 1). Impor-
tantly, PCR analysis of microdissected EAPs demonstrated
LOH at Rb, showing that loss of Rb is still required for formation
of tumors in Rb���;ARF��� mice (Fig. 3F). The cells from
EAPs show presence of the mutant allele only with loss of the
WT allele (Fig. 3F). Whereas all of the Rb��� PND 60 EAPs
were of grade 1 or 2, 40% of the Rb���;ARF��� PND 30
lesions were of grade 4 (Table 1). Furthermore, by PND 60, the
Rb���;ARF��� mice had about three times as many indepen-
dent EAPs on average (Fig. 3 D and E; Table 2) as the Rb���
(Fig. 3B) or Rb���;p53��� (Fig. 3C) controls, and some were
so large they had begun to fuse (these were counted as single
lesions). Whereas PND 60 Rb���;p53��� samples and
Rb��� controls had comparable numbers of lesions (Table 2),
the Rb���;p53��� pituitaries contained nodules that were
larger than the lesions found in Rb��� controls (Fig. 3C; Table
1). Interestingly, whereas the PND 60 Rb���;ARF��� mice

Fig. 1. Rb���;ARF��� compound mutant mice exhibit significantly de-
creased survival relative to Rb��� and Rb���;ARF��� mice. Survival curves
of Rb��� (n � 37), Rb���;ARF��� (n � 32), and Rb���;ARF��� (n � 13)
mice show that Rb���;ARF��� mice had a significantly decreased median
survival of 168.5 days vs. 277 days for Rb��� controls (P � 0.0001). The Rb���;
ARF��� mice (n � 13) exhibited a median survival of 262 days, comparable to
that of Rb��� mice (P � 0.34) and significantly longer than that of Rb���;
ARF��� mice (P � 0.0001).

Fig. 2. Comparison of tumors of similar stage from Rb���;ARF��� and
Rb��� mice shows higher levels of proliferation in Rb���;ARF��� samples.
Midsagittal sections of pituitary tumors (P) at comparable stages of develop-
ment were stained with hematoxylin and eosin (A and B) or used for BrdUrd
immunohistochemistry (C and D). Samples from a Rb��� (6.5 months) mouse
(A) and a Rb���;ARF��� (4.5 months) compound mutant mouse (B) are
shown. These animals were injected with BrdUrd (10 �g�kg body weight) 1 h
before death, and analysis of BrdUrd incorporation demonstrated a signifi-
cantly higher S-phase fraction (P � 0.05 for three matched pairs) in the Rb���;
ARF��� sample (D) relative to the Rb��� control (C). (Calibration bar: 100 �m
for A and B; 50 �m for C and D.)
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had a significantly greater number of lesions than the PND 60
Rb���;p53��� mice, the grade distributions of the EAPs
overlapped for these two groups, indicating that loss of p53
contributes to pituitary tumor development in Rb��� mice, but
that this effect appears to be mechanistically distinct from the
effects observed with loss of ARF.

The great difference between the sizes of the PND 60 lesions

makes it impractical to compare their apoptotic or proliferative
indices. Careful examination of the large nodules in
Rb���;ARF��� samples revealed the presence of obvious
apoptotic nuclei. Virtually all of the sections through each
nodule contain apoptotic figures, indicating that apoptosis is not
completely compromised in these developing tumors in the
absence of ARF. We cannot, however, rule out the possibility
that the absence of ARF may protect cells from apoptosis be-
fore the development of early lesions that can be identified
histologically.

The ARF Locus Is Altered in Tumors of Rb���;ARF��� Mice. Ac-
quired proliferative advantage in developing tumors might pro-
vide a selection pressure to inactivate ARF in tumors of Rb���
mice, perhaps making ARF loss an obligatory event in pituitary
tumorigenesis. We addressed this possibility by examining
whether ARF expression is affected in tumors of Rb��� mice.
Because ARF can behave as a classic tumor suppressor gene,
reduction to homozygosity for the mutant allele may be selected
for in lesions of ARF��� mice as reported (32). Despite the fact
that Rb���;ARF��� mice have a survival curve that is similar
to that for Rb��� mice (Fig. 1; P � 0.34), two of six tumors from
double heterozygotes demonstrated alterations at the ARF locus
(Fig. 4). Southern blot analysis showed that all pituitary tumor
samples exhibited LOH for Rb with only the band associated with
the mutant allele remaining (Fig. 4A). DNA isolated from
normal brain tissue confirmed heterozygosity for the Rb muta-
tion (9). Similarly, the same control samples, when analyzed with
a probe specific for ARF, confirmed heterozygosity for the ARF
mutation (Fig. 4B) (33). Although four pituitary samples (Fig.
4B; pit 8566 and 8239, and data not shown) maintained equiv-
alent levels of hybridization to both alleles of ARF, the mutant
allele was enriched in two pituitary samples (Fig. 4B; pit 8904
and 8249). Western and Northern blot analyses indicated that
ARF is expressed in pituitary tumors from Rb��� mice (Fig. 5,
which is published as supporting information on the PNAS web
site, www.pnas.org). These results, showing alterations in the

Fig. 3. EAPs appear in the pituitaries of Rb���;ARF��� compound mutants
earlier than those in Rb��� and Rb���; p53��� compound mutant mice
and are larger by PND 30. Comparison of hematoxylin-stained EAPs from
Rb���, Rb���;ARF���, and Rb���; p53��� compound mutant mice. (A)
EAP of a PND 30 Rb���;ARF��� compound mutant mouse (�1,000) showing
dense groups of abnormal cells in the intermediate lobe (I) containing coarse
chromatin, and large, irregular nuclei at the border with the posterior (neural)
lobe. (B) EAP of a PND 60 Rb��� mouse at the intermediate-neural lobe
border (�1,000). Arrows indicate abnormal cells. Note the size of this EAP
relative to the lesion in A. (C) EAP of a PND 60 Rb���;p53��� compound
mutant mouse showing a large lesion with densely packed abnormal cells in
the intermediate lobe (�1,000). (D) Low-power view of an EAP of a PND 60
Rb���;ARF��� compound mutant mouse (�400) showing typical large clus-
ter of intermediate lobe (I) tumor cells near the neural lobe (N). (E) Higher-
power (�1,000) view of one of the same lesions (D) demonstrating typical
morphology of tumor cells. Note the presence of an apoptotic cell (arrow). (F)
LOH at the Rb locus is observed in PND 60 EAPs from Rb���;ARF��� mice.
PCR analysis of DNA from laser capture-dissected samples shows retention of
mutant allele with absence of WT allele in captured EAPs, while both alleles
are intact in adjacent normal pituitary (N). (Calibration bar: 10 �m for A–C and
E; 25 �m for D.)

Table 1. Size distribution of EAPs in PND 30 and PND 60 mice

Genotype and age Grade 1 Grade 2 Grade 3 Grade 4

Rb��� PND 60 40% (2) 60% (3) 0 0
Rb���;ARF��� PND 30 40% (2) 20% (1) 0 40% (2)
Rb���;ARF��� PND 60 22.9% (8) 51.4% (18) 2.9% (1) 22.9% (8)
Rb���;p53��� PND 60 0 54.5% (6) 9.1% (1) 36.4% (4)

All EAPs from all affected mice were measured and classified according to tumor volume: grade 1, �103 �m3;
grade 2, 103–5�104 �m3; grade 3, 5�104–1�105 �m3; and grade 4, 	105 �m3. Listed are the percentages and
numbers in parentheses, for each tumor grade for mice of each genotype.

Table 2. EAP analysis in PND 30 and PND 60 mice

Mice
No. of

samples
No. of mice
with lesions

Average no. of
lesions per

affected mouse

PND 30
Rb��� 8 0 N�A
Rb���;ARF��� 12 3 1.7 � 0.4
Rb���;p53��� 9 0 N�A

PND 60
Rb��� 5 3 1.7 � 0.7
Rb���;ARF��� 5 5 7.0 � 1.0
Rb���;p53��� 5 4 2.8 � 1.0

EAPs were identified in hematoxylin�eosin-stained serial sections of pitu-
itaries isolated from Rb���, Rb���;ARF���, and Rb���;p53��� mice at
PND 30 and PND 60. Only EAPs that had distinct borders were counted as
individual lesions. N�A, not available.
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ARF locus in two of six samples, indicate that although ARF loss
may not be a requisite event in pituitary tumorigenesis, there is
selective advantage for inactivating ARF in developing tumors.

Discussion
The Rb pathway is critically important in pituitary tumorigenesis
in mice. In addition to inactivation of Rb, mutations in upstream
cyclin-dependent kinase inhibitors such as p21Cip1, p27Kip1,
and p18Ink4c can contribute to this process (17, 18, 22–25).
Unlike mutants lacking genes that cooperate with loss of Rb in
this process, ARF–deficient mice do not sustain pituitary lesions
(32, 33), and evidence obtained in other systems suggested that
ARF might play an important role downstream of Rb inactivation
in tumorigenesis (44, 47–49). We probed this possibility directly
by generating mice containing mutations in both Rb and ARF.

Our results demonstrate a marked acceleration of pituitary
tumorigenesis in Rb��� mice lacking ARF. Based on the
analysis of early lesions, it is clear that the tumor suppressor
function of ARF, although important, does not appear to act
solely in a typical p53-dependent fashion. Although it has been
proposed that ARF connects the Rb and p53 pathways through
E2F activity and MDM2, respectively (3, 54, 55), other functions
of ARF appear to be critical in pituitary tumorigenesis.

Rb���;ARF��� compound mutants have significantly more
early lesions at PND 30 and PND 60 than do Rb��� or
Rb���;p53��� mice (Table 2). This early lesion analysis
extends previous work in Rb���;p53��� mice (15, 16). Nev-
ertheless, p53 loss has a measurable effect manifested in the
significantly larger size of the lesions noted at that time point
(Table 1). In addition, Rb���;ARF��� compound mutants do
not exhibit the pancreatic islet cell hyperplasia, pinealoblastoma,
or bronchial epithelial hyperplasia reported in Rb���;p53���
mice (15, 16), and at lower frequency, in Rb��� mice (13, 15).
In these tissues, ARF mutation does not recapitulate p53 inac-
tivation, indicating that p53 may be regulated through ARF-
independent mechanisms in these contexts.

The early lesion analysis has also demonstrated that EAPs
can be detected as early as PND 30 in the Rb���;ARF���
compound mutants but are absent in PND 30 Rb��� and
Rb���;p53��� controls (14). By PND 60, Rb���;ARF���
compound mutants have approximately three times as many
EAPS that are also larger than those identified in the control
populations (Table 2). Furthermore, PCR analysis of microdis-
sected PND 60 EAPs from Rb���;ARF��� animals demon-

strate that loss of Rb is still required for tumor formation (Fig.
3F), even in the absence of ARF.

We propose this finding can be explained by at least three
possible mechanisms. First, ARF could directly regulate pituitary
development, for example, by enforcing cell cycle arrest in differ-
entiated melanotrophs; however, we have not observed any gross
differences in the structures of pituitaries from mice lacking ARF,
nor have we identified any lesions in adult ARF-deficient mice that
would suggest such a role. Second, ARF deficiency may increase the
proportion of individual cells that eliminate the remaining WT
allele of Rb in development or accelerate the timing of the loss of
the WT allele of Rb. Conditional inactivation of Rb specifically in
the pituitary resulted in mice with significantly shorter tumor
latency than that of Rb��� mice (21), as was observed with
chimeric mice partly composed of Rb homozygous mutant embry-
onic stem cells (19, 20). Because the conditional Rb alleles were
inactivated by a rat pro-opiomelanocortin-driven Flp enzyme (21),
and pro-opiomelanocortin is expressed in midgestation (56), these
results indicate that inactivation of both alleles of Rb earlier in
development is sufficient to accelerate tumorigenesis. However,
there is no evidence that ARF regulates the frequency of LOH
events in tumorigenesis, for example, through increased frequency
of sister-chromatid exchange or through a more general role in
genomic instability independent of p53. Finally, ARF deficiency
may enhance the survival or outgrowth of incipient tumor cells after
the LOH event at the Rb locus. This proposal explains the findings
here most efficiently in that it accounts for the fact that there are
more individual lesions in Rb���;ARF��� compound mutants as
early as PND 30. If ARF deficiency can enhance the ability of these
first Rb-deficient cells to survive or proliferate, then the number of
histologically apparent lesions that emerge would be increased.

Importantly, this hypothesis can also explain why there is
incomplete selection against ARF in the Rb���;ARF��� mice
as LOH was detected by Southern blot in only 2�6 samples.
Perhaps the temporal window within which ARF function is
critical is quite limited and therefore incompatible with temporal
requirements for LOH. The advantage conferred by the absence
of ARF may be restricted to such a short period early in the
development of tumors that selection is not maintained long
enough to result in LOH. Alternatively, ARF loss would not be
selected for in tumor cells if ARF acted in a noncell-autonomous
fashion to suppress tumorigenesis. The incomplete ARF LOH in
Rb���;ARF��� animals, and our findings that ARF can be
detected at the RNA and protein level in tumors from Rb���
animals suggests that complete loss of ARF is not required for
pituitary tumor formation in Rb��� animals. However, we were
technically limited in our ability to obtain an appropriate amount
of normal pituitary intermediate lobe at an appropriate time in
pituitary development to compare ARF levels to those in
Rb��� tumors. Therefore it remains possible that ARF levels
may be reduced in tumors from Rb��� animals and that ARF
reduction may be important for pituitary tumorigenesis in
Rb��� mice.

Our evidence in more advanced tumors of 4- to 7-month-old
mice indicates that the tumors from Rb���;ARF��� mice have
higher proliferation indices than do tumors at similar stages in
Rb��� controls (Fig. 2). Thus ARF loss likely contributes to
tumor development by also enhancing the ability of cells within
well-developed tumors to proliferate.

We have shown that mutation of ARF significantly accelerates
pituitary tumor development in Rb��� mice. Because ARF loss
has such a dramatic effect, particularly on the number of early
lesions that is not observed with p53 loss, ARF may be regulating
a p53-independent mode of tumor suppression. Given the role of
ARF in inhibiting MDM2 (55), it is possible that the p53-
independent functions of MDM2 are being regulated by ARF.
For example, MDM2 can inhibit the transactivation function of
the p53-related protein p73, which has been shown to be

Fig. 4. Tumors isolated from Rb���;ARF��� animals exhibit alterations at
the ARF locus. (A) DNA from normal adjacent cerebellum (con) confirms that
the animals were heterozygous for Rb, and all samples of pituitary (pit) tumors
showed LOH for Rb with only the 5.2-kB lower band associated with the
mutant allele remaining. (B) DNA from normal adjacent cerebellum (con)
confirmed that all of the animals were heterozygous for ARF. Of four pituitary
samples that also showed this pattern of equivalent hybridization, two are
shown here (pit 8566 and 8239). Two pituitary samples exhibited alterations
at the ARF locus. These samples demonstrated enrichment for the lower 6.0-kB
band associated with mutant allele (pit 8904 and 8249).
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important in a variety of p53-independent apoptotic pathways
(57–59). In addition, MDM2 has been shown to potentiate
E2F-1-mediated transactivation and cellular proliferation (60,
61). Even in the absence of Mdm2, it has been shown that loss
of both ARF and p53 can cooperate in the development of novel
tumors (62), and prolonged exposure to MYC in B cell lympho-
mas provides selection for overexpression of Mdm2 in the
absence of ARF (63). Therefore, it is likely that even in the
absence of a requirement to inactivate p53 in pituitary tumori-
genesis, ARF may be restraining some other activity of MDM2
or acting independently of the Mdm2-p53 pathway to inhibit
tumor development. The finding that ARF expression can
enforce a cell cycle arrest in Mdm2�p53 double mutant mouse
embryo fibroblasts (MEFs) but not in p53��� MEFs is evidence
for novel targets of ARF (62). There is also evidence that ARF
can induce apoptosis in the absence of p53 (64). In vivo,
ARF��� mice have defects in eye development that are not
observed in p53��� mice (50).

Our analysis is an in vivo demonstration that ARF plays an
important role in tumor suppression in the context of Rb

inactivation. The early lesion analysis suggests that ARF loss does
not completely compromise apoptosis because dying cells can be
readily detected in PND 60 Rb���;ARF��� nodules. How-
ever, it is not possible to know whether ARF promotes apoptosis
immediately after loss of the WT allele of Rb as this event occurs
before the appearance of histologically recognizable lesions.
Later in tumor development, it is clear that loss of ARF can
increase the proportion of tumor cells that are proliferating.
These data help to define a broad scope of effects of the ARF
tumor suppressor in the context of Rb inactivation that extends
beyond functional inactivation of p53.
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