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Abstract

p27KiPl s a candidate human tumour-suppressor protein, because it is able to inhibit cyclin-
dependent kinases and block cell proliferationl->. Abnormally low levels of the p27 protein are
frequently found in human carcinomas, and these low levels correlate directly with both
histological aggressiveness and patient mortality6-10, However, it has not been possible to establish
a causal link between p27 and tumour suppression, because only rare instances of homozygous
inactivating mutations of the p27 gene have been found in human tumours!-14, Thus, p27Kipl
does not fulfill Knudson's ‘two-mutation’ criterion for a tumour suppressor genel®. Here we show
that both p27 nullizygous and p27 heterozygous mice are predisposed to tumours in multiple
tissues when challenged with g-irradiation or a chemical carcinogen. Therefore p27 is a multiple-
tissue tumour suppressor in mice. Molecular analyses of tumours in p27 heterozygous mice show
that the remaining wild-type allele is neither mutated nor silenced. Hence, p27 is haplo-insufficient
for tumour suppression. The assumption that null mutations in tumour-suppressor genes are
recessive excludes those genes that exhibit haplo-insufficiency.

Tumour-suppressor proteins affect several cellular pathways, such as those controlling
proliferation, apoptosis, differentiation and genomic integrity. Consequently, the
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identification of a tumour-suppressor gene is usually established genetically rather than by
any particular functional criterion. The common operational definition of a tumour-
suppressor gene requires the demonstration of mutations of both copies of a candidate gene
in tumours!®. Genetic and physical mapping of bi-allelic tumour specific mutations allows
localization of tumour-suppressor genes, and provides evidence for a causal link between
mutations in those genes and tumorigenesis. This approach has successfully demonstrated
the tumour-suppressor function of the retinoblastoma protein (Rb), p53, INK4a, and
others16-18, However, we show here that this definition is too restrictive because it excludes
tumour suppressors such as p27KiPL that exhibit haplo-insufficiency.

We studied the tumour-suppressor function of p27KiP1 by examining the susceptibility of
p27-deficient mice to tumorigenesis induced by two different DNA-damaging agents, g-
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irradiation and the chemical carcinogen N-ethyl-N-nitrosourea (ENU). p27~/~ mice showed
decreased tumour-free survival following g-irradiation compared with p27*/* controls (Fig.
1a). p27*/~ mice showed an intermediate sensitivity (see below). Thymic lymphomas were
the most frequent tumours in wild-type mice (incidence 0.07), but their frequency was not
significantly increased in p27~/~ animals (incidence 0.17). The increased mortality of p27-
null mice was mainly due to the development of pituitary tumours and intestinal adenomas
(Fig. 2). A separate group of mice was injected with a single dose of ENU, and again p27-
null animals showed increased tumour-related mortality (Fig. 1b). In p27*/* mice,
lymphoma incidence (0.26) and liver adenomas were the most frequent causes of tumour
morbidity. The frequency of these tumour types was not increased in p27~/~ animals
(lymphoma incidence 0.23). Instead, the increased tumour-related mortality in p27~/~ mice
following ENU treatment was mainly attributable to increased numbers of adenomas of the
intestine and pituitary (Fig. 2). Not all tumours caused morbidity: some were identified
concurrently at necropsy or at the termination of the experiments (see Methods). Concurrent
tumours had less time to develop in p27-deficient animals compared with controls because
of their shorter lifespan. Hence, the experimental design underestimated the contribution of
p27 deficiency to tumorigenesis.

Lesions of female reproductive organs also occurred more frequently in p27-deficient mice
(Fig. 2), and were usually associated with histological evidence of neoplasia. These lesions
included granulosa cell tumours of the ovary, endometrial adenocarcinomas, endometrial
polyps, angiosarcomas, and fibromas. Adrenal tumours, both medullary and cortical,
occurred at higher frequency in p27deficient animals (one p27*/*, four p27*/~, and four
p27~'~ mice in both experiments combined).

In p27~/~ mice, the incidence of adenomas in both the small and the large intestine was
increased (Fig. 2), as was the number of malignant tumours; 7 out of 46 (15%) of the p27-
null animals but just 1 out of 63 (1.6%) of p27*/* controls (P<0.05, chi-squared test)
developed locally invasive intestinal tumours, defined as invasion of neoplastic epithelia
through the full thickness of the muscularis, indicating progression to adenocarcinoma. A
smaller number of intestinal stromal sarcomas also occurred late in the ENU-exposed
animals, but these were independent of p27 genotype.

The number of lung adenomas was increased in p27~/~ animals following both irradiation
and ENU treatment (Fig. 2) and ranged in size from 1 to 5 mm. In three p27-null animals,
but in none of the wild-type controls, the lung tumours completely consolidated one or more
lung lobes and exhibited dysplasia typical of adenocarcinomas. Pituitary tumours in p27-
deficient mice were intermediate melanotroph adenomas, similar to those seen in untreated
p27 knockouts®.

p27*/~ mice were also significantly more susceptible than wildtype mice to y-irradiation and
ENU-induced tumorigenesis of the lung, intestine, and pituitary, but at intermediate rates
(Fig. 2). The tumours were histologically similar to those in p27~/~ animals. Increased
tumorigenesis is often observed in mice heterozygous for a germline deletion of a tumour-
suppressor gene, and in these cases, in keeping with the two-mutation model, the remaining
wildtype allele is inactivated9-22. In contrast, no deletions or rearrangements of the wild-
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type p27 allele were found in 33 tumours from p27 heterozygotes, including 15 samples of
lung, intestine and pituitary obtained after both X-ray and ENU treatments (Fig. 3a, and
results not shown). Of 13 tumours assessed further by DNA sequencing, no point mutations
were present in the p27 gene's coding region. Moreover, the p27 protein was present at
significant levels in 23 p27-heterozygote tumours analysed by immunoblot (Fig. 3b-d, and
results not shown). Five lung and four pituitary tumours that had been analysed by Southern
blotting and DNA sequencing were also analysed by quantitative immunoblotting, which
showed that the amount of p27 protein closely approximated that found in normal
heterozygous tissue, which is 50% of the level in wild-type tissue (Fig. 3c, d).
Immunostaining for p27 protein showed that p27 protein was expressed in the nuclei of the
tumour cells (Fig. 3e). Intestinal tumours contained amounts of p27 protein that were greater
than those in normal p27+/~ intestine (Fig. 3b), indicating that expression of p27 in the
intestine as a whole is not representative of its expression in the cell of origin of these
tumours. However, the amount of p27 protein in these tumours was half of that in an
intestinal tumour from a wild-type mouse, indicating that expression from the intact allele in
the p27*/~ tumors was not downregulated (results not shown).

p27 was also haplo-insufficient for suppressing spontaneous tumorigenesis. p27*/~ mice
spontaneously developed melanotroph tumours in the pituitary with a penetrance of 32%
(n=38) and a median latency of 19 months, whereas wild-type littermates developed no
pituitary tumours (n=42). We found no deletions or silencing of the wild-type p27 allele
when we analysed four of these tumours from heterozygous mice (Fig. 3f, g). We sequenced
the coding region of the p27 gene from one of these tumours, and found no mutations. Rb+/
— mice also spontaneously develop melanotroph tumours in the pituitary; however, in those
tumours the remaining wild-type Rb allele was always lost?1:22, p27 contrasts with Rb in
this regard; our results show that p27 does not conform to the paradigm of two-hit
inactivation in tumours.

Our results suggest that decreased p27 protein expression and human tumour progression are
causally related. The sensitivity to p27 dosage suggests that decreased p27 function may be
a common event in sporadic human tumours. A twofold drop in p27 expression could occur
either by heterozygous gene mutation or by changes in extragenic pathways that modulate
p27 protein levels. Evidence from studies of humans supports both of these possibilities.
More than 50% of primary breast cancers expressed low amounts of the p27 protein, and
similar results have been obtained for colon, gastric and prostate tumours6-10. This is likely
to be the result of defects in pathways that regulate p277. Hemizygous deletions at
chromosome 12p13, which include the p27KiP1 gene, have also been seen in primary human
tumours!1:14.23-25 |nactivation of both p27 alleles would be relatively rare, and may not
provide sufficient advantage over the heterozygous state to be strongly selected in tumours.

The molecular basis for p27 haplo-insufficiency is not yet understood. Decreased amounts of
p27 may alter the stoichiometric relationship between itself and cyclin-dependent kinases
(CDKs), and this could underlie the proliferative abnormalities in p27deficient cells. This
suggests that the haplo-insufficient phenotypes of p27 could be enhanced by mutations in
genes that modulate cyclin expression and CDK activity. The importance of
haploinsufficiency in tumorigenesis is also shown by the tumour predisposition of mice
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heterozygous for a transforming growth factor-p (TGF-B) deletion?®. However, because
TGF-B is a secreted protein, its tumour-inhibitory effect depends on its expression in the
whole animal, not by the tumour cell (that is, it does not produce a cell-autonomous
phenotype). Therefore, the significance of this example lies in understanding tumour-prone
phenotypes in the animal, as opposed to the genetic changes that occur within the tumour
cell.

Our results establish a new class of tumour-suppressor genes that are haplo-insufficient,
p27KiPL being one example. Inheritance of just one p27 allele resulted in a tumour-prone
phenotype, and tumour cells arising in p27*/~ mice did not show mutation or silencing of
expression of the intact p27 gene. Genes exhibiting haplo-insufficiency may be frequent
targets during the evolution of tumour cells, because inactivation of only one allele or a
moderate decrease in protein expression is sufficient to predispose to tumorigenesis.
Deletion of one p53 allele has been shown to compromise its biological functions in vivo,
indicating that haplo-insufficient phenotypes may be widespread?-29,

A potentially important strategy for cancer therapeutics will be to restore expression of
tumour-suppressor proteins. Haplo-insufficient tumour suppressors such as p27 may be
useful in achieving this goal, because they retain a functional allele in tumours.

All of the animals studied were littermates produced from heterozygous crosses. An
untreated cohort including each genotype was observed for 2 years and comprised 25 F1 and
F2 generation C57B6/J X 129/Sv hybrids, plus 15 more inbred animals (congenic to the
founding 129/Sv embryonic cell line). For the X-ray study, C57BL6/J X 129/Sv F2
generation hybrids were used as breeders. Mice for the experiment with ENU were produced
by first backcrossing the original p27 chimaera to C57BL/6J mice for six generations. These
were bred to p27+/~ 129/Sv inbred mice to produce F1 hybrids. All mice were genotyped by
the polymerase chain reaction (PCR) as described?.

The 94 mice included in the X-ray experiment were treated with 4 Gy whole-body y-
irradiation (with a 137Cs source, 330 cGy per second) at the age of 14+2 days, and were
weaned at 3-4 weeks. Twenty nine +/+, thirty-two +/—, and twenty-five -/mice were included
in the experiment. There was no increase in early mortality associated with the radiation
treatment. In a separate experiment, 109 littermates (34 p27*/*, 51 p27*/~ and 24 p277/-)
were injected intraperitoneally with ENU (0.5 mmol per g mouse) at the age of 15+2 days,
and were weaned at 3-4 weeks.

analysis

Complete necropsies were done at the first sign of morbidity, or when visible tumours were
1 cm in size. All remaining animals were necropsied at the termination of the experiment
(16 months following irradiation, or 12 months following ENU treatment). Mortality was
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scored as tumour-related if the tumour was large (=1 g) or if secondary pathophysiology was
present. Non-tumour-related morbidity occurred in ~10% of animals, independent of
genotype, and consisted primarily of ocular and skin lesions. Tumours greater than 1 mm in
size were quantified. Haematoxylin-and-eosin stained sections were separately assessed by
M.L.F. and C.J.K. and discrepancies of interpretation were resolved through an independent
pathologist's review. Separate sections were immunostained after antigen retrieval over a
steaming citrate (0.01 M, pH6) bath, followed anti-p27 monoclonal antibody (1:50;
NeoMarkers), biotinylated anti-lgG1 secondary antibody (1:200; Southern Biotech),
StreptABC-HRP (DAKO), and colour development using DAB/NICI.

Biochemical analysis

Tumours were selected for biochemical analysis if they were of sufficient size and
histological homogeneity (>95% homogeneity for lung and pituitary adenomas). Intestinal
tumours selected for analysis consisted of pedunculated polyps which could be easily
excised away from their stalk of normal tissue. Protein extracts were prepared from frozen
specimens by homogenization in buffer containing protease inhibitors. Protein content was
standardized between samples by Bradford assay (BioRad) and by staining the gel with
Coumassie blue. p27 protein expression was determined through immunoblot using a rabbit
polyclonal anti-p27 antisera as described8. Autoradiographs of p27 immunoblots were
scanned and quantified (NIH Image). A p27 standard curve generated by serial dilution was
used to ensure that all samples were within the linear range of the assay. p27 protein levels
were then normalized to the amount of tubulin protein present on the same filters (anti-
tubulin monoclonal antibody; BAbCo). Tumours were genotyped by Southern blot with the
3W p27 genomic probe, using Xbal and Xhol restriction digests, as described9. Tumours
were also sequenced using PCR to amplify and the two coding exons of p27 from 20 ng
tumour DNA with nested primers. Fifteen cycles were performed using primers K15 (5’-
TTCGAAGAGGGTTTTGCGCTCCAT-3W) and K26 (5°-
CCAGATGGGGTGTCAGTTTTGTGT3’), followed by 25 cycles with K16 (5’-
GAGAGGCGAGGCGGTGGTCC-3’) plus K25 (5’-GCTGTTTACGTCTGGCGTCGA-3’).
Dye-terminator cycle sequencing (Perkin Elmer) was used with primers for both coding
exons. Sequences were compared with the published complementary DNA sequence for
mouse p27 and with sequence data we obtained from wild-type 129/Sv and C57BL/6J
mice30. C57BL/6J wild-type mice had the following p27 polymorphism: 66 T—G, D22E;
422A—C, Q141P.
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Tumour-induced mortality according to p27 genotype. a, y-irradiation- induced tumour
mortality (all tumour types) is increased in both p27~/~ and p27*/~mice. b, ENU-induced
tumour mortality is increased in p27~/~ mice. Non-tumour-related mortality was censored at

the time of death (see Methods).
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Cumulative occurrence of specific tumour types. The mean number of tumours (+ s.e.m.) per
mouse (tumour multiplicity) following treatment with either -y-irradiation or ENU is plotted

for 27** (black bars), p27*/~ (grey bars), and p27~/~(striped bars) mice. a, Intestinal

adenomas; b, lung adenomas; and d, tumours of the female reproductive tract. (Asterisks
indicate OO , 0X05 compared with wild- type by Wilcoxon rank sum test.) ¢, The occurrence

of pituitary tumours is plotted as percentage incidence. (Asterisk indicates P< 0.05

compared with wild-type controls by chi-squared test.)
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Figure 3.
Analysis of tumours from p27*/~ mice. a, Representative Southern blots of ENU-induced

intestinal and lung adenomas are shown with the genotype of the mouse listed above. The
wild-type allele corresponds to the 2.5-kb band, and the knockout allele to the 2.1-kb band.
No evidence of allelic loss is seen in p27*/~ tumours. b-d, Immunoblots of p27 protein
expression in normal intestine, lung and pituitary, compared with p27 expression in tumours
arising in these tissues following ENU treatment (intestine and lung) and y-irradiation
(pituitary). In c, d, the expression of p27 was quantified by densitometry followed by
normalization to the amount of tubulin present in each sample (see Methods). Plotted are
levels of protein in tumours relative to levels in normal, wild-type tissue. kD (kiloDalton),
apparent relative molecular mass. e, Immunostaining of p27 protein in a p27*/~ pituitary
tumour induced by g-irradiation (compared with p27-/- control). The p27 protein is
localized to the nuclei of the tumour cells. f, Southern blot of spontaneous pituitary
adenomas, with the corresponding genotype of the mouse listed above. g,iImmunoblot of p27
protein expression in the same p27*/~ tumours as in f. The amount of p27 protein is similar
to that present in normal p27+/~ pituitary tissue.
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