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Abstract

Mice lacking the p27iP1 Cdk inhibitor, like mice lacking Rb, develop pituitary tumors involving
pars intermedia melanotrophs, yet p27KiP1 tumors are genetically distinct from Rb derived tumors
as they exhibit haploid insufficiency. We compared tumors from mice with p27iP1 constitutive and
tissue specific null mutations to tumors arising in tissue specific Rb knockout mice with the aim of
determining whether they are distinguished by quantitative or qualitative differences. The rate of
p27KiP1 knockout tumor development was strongly influenced by strain background due to polygenic
strain modifiers in the C57BL/6J versus 12954 strains but, unlike a prior report of Rb mutants, this
impacted tumor incidence but not the tumor spectrum. p27KiP1 tumors were oligoclonal or polyclonal
based on studies of X-chromosomal inactivaton of Dock11. In contrast, Rb null tumors which
developed into monoclonal neoplasms even in the absence of a requirement for Rb mutant clonal
selection. Rb null tumors exhibited a higher proliferation rate and developed ischemic necrosis
associated with an aberrant vasculature. p27KiP1 null tumors maintained normal vascular density,
through a tumor cell dependent mechanism, but were more often hemorrhagic. Gene expression
profiles distinguished p27KiP1 from Rb null tumors including significant differences in expression
of Rb and E2F signature genes. Rb null tumors expressed higher levels of VEGF which, in other
systems, is associated with dilated vessels, ineffective perfusion and tissue hypoxia. Mouse models
lacking p27KiPL and Rb may help us better understand the pathophysiology of MEN syndromes,
retinoblastoma and other cancers that disrupt these important cell cycle inhibitors
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Introduction

Inactivation of the retinoblastoma tumor suppressor, Rb, is a common attribute of cancer cells.
It may occur through inactivating mutations, as in the case of human retinoblastoma, where
loss of Rb protein unleashes the E2F family of transcription factors. However, loss of Rb protein
is not necessary for its inactivation, as the cyclin dependent kinases, such as cyclin D/Cdk4,
normally inactivate Rb through phosphorylation. Thus activating mutations of cyclin D, or
inactivating mutations of CDK inhibitors may be oncogenic as a consequence of loss of Rb
function.. Homozygous disruption of the Rb gene in mouse models is lethal during embryonic
development but Rb heterozygous mice and genetic mosaics containing Rb null and wildtype
cells a2re :\))/iable and develop spontaneous tumors of the pituitary pars intermedia (intermediate
lobe).4

Interestingly loss of the p27KiP1 Cdk inhibitor leads to spontaneous tumors in the pituitary
pars intermedia in addition to increasing overall animal growth and causing hyperplasia of the
thymus and spleen.""6 Because p27 knockout mice develop tumors in the same tissue as Rb
null animals is has been presumed that Rb mediates the p27—/— tumor phenoytpe. However,
in addition to cyclin D complexes, p27XiPL inhibits both Cdk1 and Cdk2, both of which are
capable of phosphorylating substrates other than Rb so the mechanism of tumor suppressor
activity of p27XiP may involve other pathways. Mice harboring deletions of both Cdk2 and
p27Kipl develop pituitary tumors so it would appear that Cdk?2 is dispensable for the pituitary
tumor phenotype.7 Loss of p27Kipl leads to increased overall animal growth, hyperplasia of
the thymus and spleen, and spontaneous tumors in the pituitary pars intermedia. 46 Likewise,
mice lacking p18'™k4¢  an inhibitor specific to D-type cyclins, develop spontaneous tumors of
the pars intermedia melanotrophs, the predominant cell type in this tissue.” The p1g!nkdc
knockout mouse has other phenotypes similar to p27 null mice including increased animal size
and organ hyperplasia which reinforces the supposition that the Rb pathway mediates both the
growth and pituitary tumor phenotypes.

Although the p27KiP1 gene is seldom mutated in human cancers the high degree of genomic
instability in solid tumors leads to haploid loss of the gene relatively frequently.8 Unlike Rb,
haploid loss of p27XiP1 and p18!"k4¢ has been shown to be sufficient to induce tumor
phenotypes without the presence of mutational inactivation of the remaining allele.6: 9 1n
human cancers low expression of p27KiP1 portends a poor clinical outcome for a remarkably
wide variety of malignancies, including cancer of the breast, lung, and prostate. 10-12 Recently
the MENX mutation in rats, a model of multiple endocrine neoplasia, was mapped to a
frameshift in the p27XiP1 gene. In addition, a familial case of MEN-1 was ascribed to a
p27KiP1 non-sense mutation.13 Thus the link between CDK inhibitor mutations and endocrine
neoplasias in mouse and rat models may be prescient of a larger role of these molecules in
human endocrine neoplasias.

Despite the fact that deletions of p27KiP1 p18!nk4c or Rb cause pars intermedia tumors in
murine models they may have different mechanisms of tumor suppression. The combination
of p27KiPL and p18!nk4c disruptions, for example, increased the rate of pituitary tumor
development, compared to deletion of either gene alone.” In addition, combined deletions of
p27KirL and p18!Inkac, or p27KiPl and Rb, led to the development of multiple endocrine
neoplasms with tumors of the anterior pituitary, thyroid c-cells, and adrenal gland.14- 15 The
interpretation of these findings may be complicated by strain effects as Rb knockout mice
showed a higher frequency of endocrine neoplasms outside the pars intermedia on the C57BL/
6 background compared to 129,16

The expression of pro-opiomelanocortin (POMC), the pro-hormone of a-MSH, is relatively
specific to the pars intermedia. It has been exploited in the development of both POMC-Cre
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and POMC-FIp transgenic mice, which are capable of driving tissue specific deletion of genes
flanked by LoxP and Flp, respectively.17v 18 We used the POMC-Cre transgene to drive Rb
mutation in the pars intermedia and compared the impact of homozygous deletion of Rb to
deletion of p27KiPL in terms of tumor kinetics, strain modifiers, pathophysiology, and global
gene expression.

Material and Methods

Mouse strains

Histology

We previously described the generation of mice with constitutive deletion (p27~/") and floxed
alleles (p27-+/1+) of p27KiPL coisogenic to the 12954 substrain. 17> 19 p27+/~ mice were
backcrossed 12 generations to C57BL/6J (Jackson Labs) and then bred to the 12954 mutants.
Thusly a cohort of p27~/~ on the C57 inbred, 12954 inbred, F1 hybrid, and F2 hybrid
backgrounds (total number 94) were generated. Craniotomies were performed on animals at 9
months of age or sooner if the animals developed morbidities. Pituitaries were photographed
in situ, removed, weighed, and either frozen or fixed overnight in PBS + 4% paraformaldehyde.
Mice harboring floxed alleles of p27KiP1 (p27L+/L+ 12954 N10) or Rb (RbF19/F19 12954 N3)
with and without the POMC-Cre transgene were bred to induce pituitary pars intermedia
specific gene deletions.17: 20 Animals of each genotype (n=10) were sacrificed at 6 weeks of
age, 15 weeks of age, in addition a survival cohort (n=25 per genotype) which was followed
for signs of morbidity up to 9 months.

Paraffin sections (0.4 um) of pituitary tumors and normal pituitaries were stained with
hematoxylin and eosin. Proliferation was assessed by immunoperoxidase staining with rabbit
anti-Ki67 with a hemotoxylin counter-stain. Florescent TUNEL staining was performed on
paraffin-sectioned tumors using FragEL kit (Calbiochem). Immunostaining to vascular
endothelium was performed with (1:1000) digoxigenin labeled rat monoclonal MECCA32
antibody (courtesy of Andrew Farr, University of Washington) with an anti-digoxigenin
alkaline phosphatase and BCIP/NBT color development (Roche).

X-chromosome inactivation

The Mouse Phenome Database was queried for SNPs in mMRNA/UTRs which are polymorphic
between C57BL/6J and any 129 substrain. Of 6 genes that were PCR amplified and sequenced
only Dock11 was found to be polymorphic in the 12954 substrain vs C67BL/6J (SNP ID:
rs13483724). To test for X-chromosome inactivation of Dock11 expression, purified RNA was
reverse transcribed with a random primer and then PCR amplified with D5 plus D6 primers
(see Supplemental Table 1) x20 cycles followed by nested primers D7 plus D12 for an
additional 30 cycles with PCR conditions previously described for p27.19 Dye-deoxy
sequencing was conducted with the D11 and D12 primers. An intron prevents amplification
of genomic DNA with this approach so genomic DNA was amplified separately with D1 plus
D4 followed by nested primers D3 and D12.

Microarray assessment

RNA from large (> 20 mg) pars intermedia pituitary tumors was purified (Trizol, Invitrogen)
according to manufacturers recommendations. Similarly RNA was purified from normal
wildtype 129S4 mouse pituitary pars intermedias (n=10) which was microdissected away from
the pars distalis tissue along the hypophyseal cleft. Samples were treated with DNAse-I at
room temperature for 10 minutes and then column purified (RNeasy, Qiagen). 1 hg total RNA
was amplified through in vitro transcription (MessageAmp-I1, Ambion) and quantified (on an
Agilent BioAnalyzer). RNA from p27~/~ tumors (n=2) RbF19F19:pOMC-Cre* (n=2), and
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pooled wildtype pars intermedia RNA were labeled with Cy5 using an amino-allyl coupling
procedure and admixed with Cy3 labeled pooled wildtype pars intermedia RNA, as previously
described.21 All samples were run in duplicate on FHCRC murine 22K cDNA microarrays
(GEO accession #GPL2931).

Data Analysis

cDNA arrays were imaged and quantified with a GenePix scanner and software. Local
background subtraction was not performed to avoid introducing low intensity signal variation.
Data processing was performed with R/BioConductor software.22 To summarize, log ratios
(logo(Cy5/Cy3)) were sequentially subtracted by loess fitted values, first as a function of signal
intensity (log,(Cy5*Cy3)) and then according to 2-dimensional spot location (using
Bioconductor’s marray package).23 Inter-array amplitude scaling was performed using
median absolute deviation (MAD) of each array. Missing values were imputed using K-nearest
neighbor (KNN) and differential gene expression, most strongly correlating with Rb vs p27
null genotype, was identified using a false positive discovery approach (using the pamr
Bioconductor package).24 Gene ontologies of differentially expressed genes were surveyed
by uploading Entrez Gene IDs to the DAVID 2006 database and performing functional
annotation clustering for level 4-5 GO biological process and molecular function terms.2°
Weighted Rb null signature gene expression was calculated averaging an individual genes
expression for a given genotype (Rb null or p27 null relative to wildtype) multiplied by the
statistical weight previously reported by Black EP et al. These weighted values were averaged
for all of the all of Rb null signature genes which are present on our array (n=70). Likewise,
signature genes characteristic of MEFs lacking the Rb family members p130R02 and
p107R03 (n=85), genes characteristic E2F1 deletion (n=83), and genes which distinguishes
E2F3 from E2F1 null cells (n:876) were present on our array and were used to compare Rb and
p27KiPL null pituituary tumors.2

Quantitative PCR

Results

Tumors from p27 null (h=5) and Rb null (n=6) and were compared to 30 week old wildtype
pars intermedia from 30 week old mice. Preneoplastic 6 week old p27 null (n=7), and Rb null
(n=4) wild type (n=10, pooled) were also obtained and run in parallel. First strand synthesis
was performed using ABI RT kit (Applied Biosystems). 1/300 of the cDNA product was
assayed with 250 nM primers (see Supplemental Table 2) and SYBR green PCR master mix
(Applied Biosystems) and run at 95°C for 15 sec, 60°C for 1 min, x40 cycles in an ABI 7900
machine. All samples were run in triplicate wells with the S16 gene assayed in parallel as a
loading control and all assays were duplicated. Results were adjusted first to an S16 loading
control and then expressed in terms of the change in cycle number (ACt) relative to the 6 week
old wildtype sample.

Effect of strain background in p27KiP1 knockout pars intermedia

It has been reported that an Rb null mutation bred into the C57 background also developed
decreased incidence of pars intermedia tumors but increased spontaneous tumors of the
anterior lobe (pars distalis).16 We therefore assayed the effect of genetic background on the
rate of pituitary tumor development in p27~/~ mice. By 9 months of age 17/21 (81%) of p27
—/—mice coisogenic to the 12954 substrain developed tumors in excess of 20 mg. In comparison
only 1/17 (5.9%) of p27KiP1 knockouts on the C57BL/6J background, 1/14 (7.1%) on the F1
hybrid background, and 3/40 (7.5%) on the F2 hybrid backgrounds (see Figure 1A) developed
large tumors in this time frame. The number of large tumors in F2 hybrid mice is less than
would be expected if a single genetic modifier suppressed tumor development in the C57BL/
6J background with a Mendelian inheritance pattern (p=0.03, Pearson’s Chi-squared test). In
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addition, the survival of p27—/— 129S4 mice was significantly shorter than C57BL/6J p27—/—
animals (Figure 1B) (p = 4.5x107, chi-squared test). Tumors in C57BL/6J mice arose
exclusively in the pars intermedia and other than their smaller size, were histologically
indistinguishable from those of their 12954 counterparts. These data indicate the presence of
polygenic strain modifiers that significantly alter pars intermedia tumor development in
response to p27KiP1 Joss. In contrast to previous reports in Rb+/— the effect is principally on
the Kinetics of tumor development as because anterior lobe pituitary tumors and other endocrine
neoplasms were not observed.

Clonality of p27KiP1 —/= tumors

Unlike the case of Rb+/— mice regions containing early atypical proliferation (or so called
EAPs) have not been observed in younger p27~/~ mice.27 Thus it is difficult to specify the
time of onset of tumor in p27~/~ pars intermedia tumors. Regions of focal abnormality may
be harder to discern because the cellular morphology of p27KiPL null tumors is less altered than
Rb tumors. Another possibility is that p27/~ mice develop polyclonal tumors such that multiple
cells or the entire organ becomes progressively abnormal. An indicator of clonality that may
be assessed in hybrid mice is the pattern of an X-chromosomal inactivation strain specific
SNPs. We identified a SNP in the Dock11 gene that is polymorphic between C57BL/6J and
the 12954 substrain and showed that Dock11 RNA is expressed in the pars intermedia. We
reasoned that, since the bulk of pars intermedia tumors are comprised of melanotroph cells,
sequence analysis of RT-PCR amplified tumor RNA would detect only one allele in the case
of monoclonal tumors arising in animals heterozygous for the Dock11 SNP. However, 4 out
of 4 female p27~/~ mice, heterozygous for Dock11, expressed both copies of the allele in their
pituitary tumors at levels comparable to normal pars intermedia tissue (Figure 1C). In
comparison, 0/2 tumors arising in RbF19/F19; POMC-Cre* females, also heterozygous for
Dock11, expressed both alleles of Dock11. In summary, this data indicates that, in contrast to
Rb, p27KiP1 knockout pituitary tumors are typically not monoclonal, and that they develop as
a diffuse process at rates determined by polygenic strain modifiers.

Rb versus p27KiP1 null tumors induced by POMC-Cre

In order to compare pars intermedia tumor suppression by Rb and p27KiP1 in a similar genetic
context we backcrossed the Rb-%P targeted mutation into the 12954 strain background and
induced pituitary specific homozygous mutations with the POMC-Cre transgene (RbF19/F19;
POMC-Cre™). Rb mutants exhibited significantly shorter survival (see Figure 1E) at a median
of 29 weeks compared to 37 weeks for mice with POMC-Cre induced p27XiP! deletion
(p27-+/L+; POMC-Cre*) (p = 7x1078 chi-squared test). In addition by 15 weeks RbF19/F19;
POMC-Cre* mice developed tumors with an average weight of 30 mg, comparable to the
average weight of lethal p27 knockout tumors at 30 weeks yet at 15 weeks the Rb mutants
showed little signs of morbidity. Subsequently the Rb knockout tumors induced morbidity,
mostly through compression of the adjacent brain tissue. However, in 4 Rb null mice the tumor
cells penetrated the meninges and tracked along the under surface of the cerebrum, and event
never observed in either p27-*/-*;POMC-Cre* or p27~/~ animals. In addition, the histologic
appearance of Rb null and p27KiP1 null tumors is remarkably dissimilar.

Tumors arising in p27XiP1 deficient animals mice display a cellular morphology more closely
resembling normal pars intermedia melanotrophs and invariably display some degree of
hemorrhage or blood filled lakes. RbF19/F19: POMC-Cre* tumor cells, in contrast, are smaller,
more spindle shaped, with pale cytoplasm. Rb tumors contain a spongy meshwork of necrosis
interspersed with cords of viable tumor. This was apparent in 15 week old Rb null tumors and
became more dramatic at older ages. Centrally located within each region of viable Rb null
tumor was a small vessel which was identified by MECCAZ32 staining, a marker of endothelial
cells (see Figure 2D), and the presence of luminal RBCs. Despite being hemorrhagic, large
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p27KiP1 deficient tumors maintained a microvascular density similar to wildtype pars
intermedia tissue without areas of cellular necrosis. TUNEL staining of RbF19/F19: pOMC-
Cre*and p27-*/L+:POMC-Cre* tumors show a low level of TUNEL positivity within the tumor
tissue (Figure 2E). However, RbF19/F19: pPOMC-Cre* tumor cords are often bounded by a rim
of TUNEL positive cells. Taken together these data indicate that Rb null tumors are incapable
of maintaining adequate angiogenesis, outgrow their limited blood supply, and undergo
ischemic necrosis when they reach a critical distance from tissue capillaries. In contrast the
p27KipL deficient tumors are capable of maintaining normal vessel density during their growth
but are prone to hemorrhage.

Differential gene expression of Rb and p27XiP1 deficient pituitary tumors

To explore the basis of phenotypic differences between pituitary tumors arising in RbF19/F19:
POMC-Cre* versus those arising p27-*/L*; POMC-Cre* mice we assessed global patterns of
RNA transcript expression. Fluorescently labeled cDNA was hybridized to a 22K mouse cDNA
spotted array while RNA pooled from wildtype pars intermedia tissue was used as a common
reference and was run in parallel as a negative control. Hierarchical clustering of array data
indicates that pituitary tumors as a group cluster separately from wildtype pars intermedia
tissue. In addition RbF19/F19:pOMC-Cre* tumors clustered independently from p27KiP1 null
tumors.

Functional gene ontology clustering, using the top 10% of genes ranked by absolute change
relative to wildtype controls, demonstrates that, in general, the functional classification of
genes with altered expression is similar in p27KiP1 and Rb null tumors (Figure 3A). Figuring
prominently in both tumor types are genes involved in metabolism, kinase regulation and
apoptosis. When comparing p27iP1 null to Rb null tumors, more specific patterns of gene
expression emerge. p27KiPL null tumors had higher levels of expression of genes regulating
lipid/carbohydrate metabolism, neurogenesis, transcription, and apoptosis, whereas Rb null
tumors had higher levels of expression of genes involved with chromosome organization,
mitosis and nucleic acid metabolism (Figure 3B).

Rb and E2F signature gene expression

Of 100 genes previously reported to show altered expression characteristic of Rb null vs.
wildtype fibroblast cells, 70 were present on our cDNA array platform. 28 As shown in Figure
4C, RbF19F19: pOMC-Cre™ pituitary tumors showed increased expression of Rb null signature
genes, consistent with previous results. Using a similar approach we determined that Rb null
tumors also showed increased expression of E2F1 null signature genes, but not genes
characteristic of p130RP2/p107Rb3 nor E2F3 null cells. In contrast, p27XiPL null tumors showed
reduced levels of expression of Rb and E2F1 signature genes compared to wildtype tissues. In
summary, this data indicates that Rb and p27KiP1 null pars intermedia tumors are
phenotypically similar compared to normal wildtype tissues. Nonetheless, p27KiP1 null tumors
are distinguished by a relative lack of Rb and E2F1 signature gene expression.

Individual genes altered in Rb vs p27XiP1 null tumors

Compared to wildtype pars intermedia, p27XiPL null pituitary tumors demonstrated altered
expression of 330 genes (at an estimated median false positive discovery rate of 15%). Similarly
tumors arising in RbF19/F19;:POMC-Cre* mice demonstrated altered expression in 800 genes
compared to wildtype pars intermedia tissues. However, tumors were more similar to each
other than to normal tissues. Comparing Rb to p27%iP1 null tumors 200 genes showed
differential expression (median FDR 20%, supplemental Table 1). The top 100 genes are
displayed in a heat map (Figure 4B) along with selected gene names. In many cases p27XiPl
null tumors had higher levels of expression of specific genes compared to their Rb null
counterparts. We confirmed the altered expression levels of selected genes with quantitative

Cell Cycle. Author manuscript; available in PMC 2007 October 23.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chien et al.

Page 7

PCR of cDNA derived from pituitary tumors, as well as pars intermedia tissue from wildtype,
and 6 week old Rb or p27KiP1 null animals. Cyclin D2 levels were significantly decreased in
both p27 and Rb null tumors as well as in pars intermedia tissue from young p27 null mice
compared to wildtype tissues. Similarly pituitary tumors showed increased level of p18'kac,
p130RbZ compared to wildtype pars intermedia. Cyclin E2 levels were dimished in older
compared to younger wildtype pars intermedia tissue but levels did not drop in either Rb null
or p27 null tumors. Rb null tumor showed increased expression of VEGF compared to
p27KiPL nyll tumors. This argues against a VEGF deficiency as a cause of Rb null tumor
hypovascularity. On the other hand, p27XiP1 null tumors displayed increased expression the
tissue inhibitor of metalloproteinase 2 (Timp2) which has been implicated in angiogenesis. 29

Discussion

Mice lacking the p27KiP1 Cdk inhibitor develop spontaneous tumors of the pars intermedia,
as do mice lacking p18!"k4c and tissue specific deletions of Rb, making them useful for study
the pathogenesis of cell cycle inhibitor disruption in cancer. In the case of p27KiP1 nyl|
mutation, we observed a strong effect of genetic background on the incidence but not the tissue
distribution of pituitary tumors. The strain modifier is polygenic since F2 generation hybrids
did not show rates of tumor development predicted by a single gene Mendelian trait. Deletion
of p18!"k4c jn addition to p27KiP1 has been reported to increase rates of pars intermedia tumors
and, additionally, to induce other types of endocrine tumors. Likewise, Rb knockouts were
reported to have cause endocrine tumors outside the pars intermedia on the C57BL/6J
background compared to 129. In summary, genetic modifiers may suppress tumors of the pars
intermedia resulting from p27KiP1 null mutations, but increase the incidence of tumors in other
tissues in the case of p18!"k4c or Rb knockouts.

Our study of X-chromosome inactivation of Dock11 in female pars intermedia tumors
indicates that RbF19/F19: POMC-Cre™* tumors are monoclonal as one might expect since tumors
arising in Rb+/— mice invariably display loss of heterozygosity.3 However, our
RbFL9F18:pOMC-Cre* mice lack both copies of Rb in the entire pars intermedia. Clonal
selection in this context implies that an additional mutation was required or that a single clone
outgrows the others. In contrast, both copies of X-chromosomal Dock11 were expressed in
tumors from p27XiP1 null females, indicating that p27KiP1 null pars intermedia tumors are
typically oligoclonal or polyclonal. Thus it is possible that homozygous loss of p27KiP js
sufficient to induce pars intermedia tumors without additional genetic changes. Hemizygous
loss of p27KiP1 was reported to cause pars intermedia tumors only if mice are exposed to the
mutagens.6 In the latter case, mutation and loss of expression from the remaining p27KiPL allele
did not occur which implies that tumor development in p27iP1 hemizygotes requires additional
genetic changes even if homozygous loss of p27KiP! js sufficient.

On the 12954 genetic background, tissue specific mutation of Rb or p27KiP1 hoth induced
tumors in 100% of mice. Rb tumors, however, achieved a large size more quickly and exhibited,
on average a higher proliferation rate. The fact that p27KiP1 tumors exhibited morbidity with
relatively smaller tumors may have been due to the presence of tumor-associated hemorrhage,
which increased the compressive effect of the tumor on adjacent brain tissue. Pituitary tumors
in p27KiP null mice maintained a normal vascular density, which implies that they stimulated
angiogenesis at rates proportional to the growth of the tumor mass. These new capillaries may
have harbored structural or functional abnormalities which was the basis of the hemorrhage.
Despite their larger size, Rb null tumors were less often hemorrhagic, showed a decreased
vascular density, and displayed morphologic evidence of ischemic necrosis. Thus Rb null
tumors appear to outgrow their blood supply due to a deficiency in angiogenesis relative to the
rate of tumor growth. It was previously reported that mice lacking the combination of
p27KiP1 and p130RP2 are defective in pituitary tumor angiogenesis and that their bone marrow
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progenitor cells are deficient in their responsiveness to VEGF.30 In contrast, the pathogenesis
of the deficient angiogenesis in our RbF19F19:pOMC-Cre* mice is tumor cell autonomous
since we used the tissue specific POMC-Cre transgene to drive Rb deletion. It is therefore
plausible that the gene expression profile of Rb null tumors includes altered expression of
extracellular regulators of angiogenesis.

Not surprisingly, pars intermedia tumors arising from p27XiPL and Rb null tissues have overall
gene expression profiles that are relatively similar to one another compared to normal pars
intermedia tissue. However, gene expression in p27KiP1 ys Rb null tumors are also distinct
from one another. For example, Rb tumors expressed increased levels of genes that were
greviously reported to be distinguish Rb null or E2F1 null fibroblasts from wildtype controls.

6,28 p27KIPL null tumors, in contrast, expressed decreased levels of these Rb and E2F1
signature genes. One could postulate that the effect of p27XiP1 loss is mediated partly through
another Rb-family member, p130RP2, Our array data does not support this notion, however,
because the expression signature expression characteristic of p130RP2 and 107Rb3 was
decreased to a similar extent in both Rb null and p27XiP1 null tumors. On the other hand, gene
expression in p27KiP1 nyll pituitary tumors correlated more strongly with the E2F3 null gene
expression profile than did Rb null tumors.

We used QPCR to confirm the identities of genes differentially expressed in pars intermedia
tumors compared to normal tissue. Cyclin D2 RNA was markedly decreased in both Rb null
and p27KiPL nyll pituitary tumors. However young Rb null animals had normal cyclin D2 levels
prior to the development of pituitary tumors. This is somewhat reminiscent of earlier reports
that transformed cell lines lacking functional Rb lack cyclin D1 expression whereas Rb null
primary MEFs express normal levels of cyclin D1 and cyclin D2.31,32 Interestingly both Rb
and p27XiPL null tumors showed increased expression of p18!"™k4c and p130RP2. This is
consistent with a negative feedback loop that increases the expression of these cell cycle
inhibitors which compensates for loss of either Rb or p27KiPL, |oss of both p27XiPL and
p18!nk4c has been shown to cause a synergistic increase in pars intermedia tumors as well as
other endocrine tumors, a situation analogous to human MEN syndromes.7’ 14 p130R02 on
the other hand, is thought to compensate for p27X1P1 loss in p27XiP1 knockout MEFs as it has
been shown to complex with cyclin E/Cdk2 in conjunction with p21CiP1- 33 The increased level
of p130Rb2 in the pituitary tumors is consistent with our observation of a generalized decrease
in expression of p130/p107 null signature genes.

We also confirmed the increase in Bnip3 expression from both p27KiP1 and Rb null pituitary
tumors. Bnip3 is a Bcl2 family member that may be induced by erk5 or by hypoxic stress.

In the Rb null tumors VEGF was also substantially increased. Thus the lack of adequate
vascularization of the Rb null tumors does not appear to be due to a failure to induce VEGF in
response to hypoxia. To the contrary, Rb null tumors were characterized by large tortuous
vessels surrounded by tumor necrosis. Chronic elevation of VEGF itself can lead to dilated,
disorganized vasculature which is leaky and causes hypoxia (reviewed by Jain).35 Thus the
elevated VEGF may be an intrinsic feature of Rb null pituitary tumors and a major contributing
factor to the Rb tumor phenotype. This notion is supported by the observation that Rb
expression in human non-small cell lung carcinomas negatively correlates with VEGF
expression.

Vooijs, et al. previously noted that POMC-Flp mediated pituitary specific Rb knockouts have
a modest increase in apoptosis in the pars intermedia prior to the development of pituitary
tumors but no increased apoptosis in tumors themselves. Our TUNEL and endothelial staining
of more advanced tumors indicates that the cystic spaces of Rb null tumors are actually areas
of ischemic necrosis. The necrotic areas contain a meshwork of dilated vessels, each
surrounded by ring of viable tumor cells that are sharply demarcated by a layer of apoptotic
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cells at their periphery. Studies of Rb~/~ mice demonstrate lethality at embryonic day 13.5 with
widespread cellular apoptosis. 37,38 A major contributing factor is a placental defect effecting
trophoblast development. Rb~/~ embryos show intrinsic neurogenic defects and loss of Rb may
sensitize hepatocytes to the effect of placental ischemia.39 40 Likewise, Rb null melanotroph
tumors may be predisposed to ischemic necrosis due to a propensity towards apoptosis
compounded by ineffective angiogenesis. Despite the increased expression of E2F1 signature
genes in Rb null tumors, E2F1 is not necessarily the cause of aberrant VEGF expression and
angiogenesis defects. The inhibitor of differentiation 2 (1d2) is one of many proteins capable
of binding Rb and in doing so it inhibits Rb function. 1d2/~ deletion in combination with
hemizygous Rb loss (Rb+/-) reduced the severity of the pituitary tumor phenotype including
a reduction in the number and proliferation rate of early tumor lesions (EAPs), VEGF
production and tumor vascularity.41

In the majority of genes where p27KiP1 null tumors showed increased expression relative to
Rb null tumors both types of tumors showed reduced expression compared to normal wildtype
tissues. One exception was tissue inhibitor of metalloproteinase-2 (Timp2) which displayed
increased expression in p27KiP1 null tumors produced compared to either Rb null tumors or
normal controls. Timp2 an extracellular metalloproteinase inhibitor that is capable of binding
endothelial cell a2B1 integrin and inhibiting their proliferation.29 Rb tumors, on the other hand,
were more likely to express E2F1 signature genes, including cyclin E2 and ubiquitin specific
protease-1 (Uspl) a protein which deubiquitinates FancD2 and regulates the Fanconia anemia
protein pathway.42 Nonetheless it is unclear as to whether there is direct connection between
the altered growth and angiogenesis in Rb null versus p27 null tumors and the effects of altered
effects of Rb and E2F signature genes themselves.

Our results show that p27 null and Rb null tumors are significantly different with respect to
both their genetic and phenotypic characteristics. Rb null tumors exhibit a higher proliferation
rate and defective angiogenesis. p27 null pars intermedia tumors arise as a polyclonal process
which are able to sustain normal vascular density despite their increased growth. These
phenotypic differences are accompanied by significant alterations in gene expression profiles
including both cell cycle genes and genes known to regulate angiogenesis. The differential
effect of p27KiP1 versus Rb deletion may reflect a qualitative difference between the effects of
Rb hyperphosphorylation (in the case of p27 deletion) versus outright Rb deletion. On the other
hand p27KiP1 may have important activities entirely independent of Rb family members. In
addition to its ability to inactivate a variety of Cdks, p27<iP1 deletion has been shown to impair
cellular motility by a Cdk independent mechanism.#3: 44 The mechanism of increased
pathogenesis of p27XIP1 deficient cancer appears not simply to correlate with increased
proliferation."'5 Our data suggests that p27XiP1 null tumors are capable of maintaining adequate
levels of angiogenesis despite their cell cycle activation and that Rb or p27XiP1 protein
expression may impact tumor responsiveness to antiangiogenic therapeutics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Pituitary tumor growth and mortality

Box and whisker plots demonstrating pituitary tumor mass (A) from p27~/~ mice graphed as
a function of genetic background. F1 and F2 hybrids are compared to 12954 and C57BL/6J
inbred animals. Mean values (center bar) are shown within the middle quartiles (box), the range
(whiskers) and outliers (points). The fraction of surviving animals is plotted (B) as a function
of strain background. Sequence plots (C) of a PCR amplified Dock11 SNP are shown using
genomic DNA from F1 hybrid tissue (FIDNA), and RNA from normal pars intermedia (WT
RNA), an Rb null tumor (Rb RNA) and a p27 null tumor (p27 RNA) as the starting material.
Pituitary tumor mass in mice with tissue specific mutations (D) of Rb (Rb/Cre) and p27Kiprl
(p27/Cre) is graphed with control animals which lack the Cre transgene. The survival (E) of
Rb and p27KiP1 pituitary tissue specific animals is also plotted.
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Figure 2. Histologic comparison of p27KiP1 s Rb null pars intermedia tumors

Appearance of the pituitary in situ (A) on the floor of the cranium in a wildtype mouse (WT)
comparison to a large RbF19/F19:pOMC-Cre* tumor (Rb) p27-*/-*;POMC-Cre* pituitary
tumor (p27) with extensive hemorrhage. Hematoxylin and eosin (B) stained normal pituitary
showing the pars distalis (d), pars intermedia (i). An Rb null tumor with cords of viable tumor
and ischemic necrosis (n), and a hemorrhagic p27 null pars intermedia tumor. Ki67
immunoperoxidase staining (C) indicates proliferating cells. TUNEL staining of Rb null tissue
with normal brain (b) adjacent to tumor (t) and lined by a region of bright TUNEL positivity
on the edge of an area of ischemic necrosis (n). MECCA32 immunostaining (D) highlights the
endothelial cells and reveals the capillary density of normal pituitary compared Rb null tumor
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with a central vessel (v) surrounded circumferentially by viable tumor (t) and peripheral
necrosis (n). Anti-p27 immunofluorescence (E left) of a p27-*/L+:POMC-Cre* pituitary at 6
weeks demonstrates nearly complete loss of p27 expression (red) from the pars intermedia (i)
compared to the adjacent pars distalis (d). TUNEL staining (E mid, right) is shown for a p27
null and Rb null tumor (green) showing brain (b), tumor (t) and necrotic (n) areas (blue, DAPI).
Scale bars (A 2mm, B 0.5mm, C-E 0.1mm)
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Figure 3. Gene ontologies of p27Kipl and Rb null pituitary tumors

Pie charts summarizing functional annotation clustering results (based on GO biological
process or molecular function level 5 annotations) of the top 10% of all genes ranked by
differential expression of (A) p27~/~ tumors vs normal wildtype pars intermedia, or (B) Rb
null tumor vs. normal. The size of each segment represents the numbers of genes in each group
and functional groups are ordered clockwise (from the top) by their statistical significance
score. In contrast the genes (C) which are significantly increased in Rb null vs p27~/~ tumors
(n=82) are given in comparison to (D) the GO classification (BP or MF level 4-5) of genes
increased in p27~/~ tumors relative to Rb null tumors (n=168). For brevity only one or two
descripitive terms for each functional cluster is listed.
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Figure 4. Rb and p27XiPL null pars intermedia tumor expression profiles

Average microarray expression levels of the subset of genes (A) previously described as either
Rb, p130/p107, E2F1, or E2F3 signature genes are given for Rb null and p27KiP1 null tumors.
Change in expression compared to wildtype for each gene were multiplied by the statistical
weights (provided by Black EP et al. 2003, 2005) so the results are positive if they correlate
with the reported signature regardless of whether the gene’s expression is increased or
decreased. A heat map (B) showing differential expression of 100 genes with the most
significant differences in expression in p27~/~ vs. Rb null tumor tissue. Average values of
replicate arrays are shown from 2 Rb and 2 p27KiP1 null tumors in comparison to arrays with
negative control wildtype (WT) tissue. Locations of 41 selected genes are given after
heirarchial clustering. QPCR results (C) are shown for 8 genes showing differential expression
in Rb null (open triangle), p27XiPL null (red square) and wildtype (green circle) pars
intermedia tissue at 6 weeks of age and in tumors or 30 week old wildtype tissue. Expression
values are given in terms of -ACt (change in PCR cycle number) relative to wildtype tissue at
6 weeks of age.
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