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Summary

Telomere dysfunction and shortening induce chromosomal instability and tumorigenesis. In this
study, we analyze the adrenocortical dysplasia (acd) mouse, harboring a mutation in Tppl/Acd.
Additional loss of p53 dramatically rescues the acd phenotype in an organ-specific manner, including
skin hyperpigmentation and adrenal morphology, but not germ cell atrophy. Survival to weaning age
is significantly increased in Acd2¢/acd p53~/~ mice. On the contrary p53~/~ and p53*/~ mice with the
Acdacd/acd genotype show a decreased tumor free survival compared to Acd*/* mice. Tumors from
Acdacd/acd 53+~ mice show a striking switch from the classical spectrum of p53~/~ mice towards
carcinomas. The acd mouse model provides further support for an in vivo role of telomere
deprotection in tumorigenesis.

Significance—Critically shortened dysfunctional telomeres of the Terc™~ mice have been shown
to impact tissue development and maintenance and lead to the occurrence of a pro-cancer genome.
The present study examines the contribution of telomere shortening vs. telomere deprotection to the
development of genetic instability and cancer. By studying the acd mouse, we show that telomere
deprotection without significant telomere shortening is sufficient to induce tumor formation in the
context of p53 absence. It also raises the possibility that telomere deprotection contributes to the high
prevalence of carcinomas in humans.

Introduction

Telomere dysfunction has been shown to interfere with tissue maintenance and to induce
chromosomal rearrangements which can provide the genetic basis for malignant transformation
(Artandi, 2002; Blasco, 2005).
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Telomeres, the outer ends of chromosomes, consist of stretches of hexameric repeats. Over
multiple cell cycles telomeres are shortened due to the inability of the semi-conservative DNA
replication to completely synthesize the 3’ end of linear chromosomes, which is also known as
the end-replication problem. In some tissues and cancers, this problem is overcome by the
activity of telomerase, a ribonucleoprotein that adds telomeric repeats to the 3’ end of the
leading strand (reviewed by (Greider, 1996)).

Normal telomeres are protected through a specialized DNA structure (T-loop) and a set of
protein factors, termed the shelterin complex, which prevents the chromosome ends from
causing activation of the DNA damage surveillance and repair machinery, as well as regulating
telomerase access (de Lange, 2005). While some parts of the shelterin complex directly bind
to either double-stranded (TRF1, TRF2) or single-stranded (POT1) telomere repeats, TIN2,
RAP1 and TPP1/ACD serve as critical interconnectors of the shelterin complex. TPP1/ACD
(originally termed PTOP, TINT1 and PIP1) was first described as an integral part of the
shelterin complex that binds to POT1 and TIN2 (Houghtaling et al., 2004; Liu et al., 2004; Ye
et al., 2004). We and others have since shown TPP1/Acd to be necessary for the recruitment
of POT1 to the telomere and moreover that it is required for the telomere protective and length
regulatory function of POT1 (Hockemeyer et al., 2007; Xin et al., 2007).

Concurrent with the cloning of human TPP1/ACD, we had identified a recessive mutation
(Acd2cd) in the mouse ortholog of the gene encoding TPP1 as the genetic cause of the
adrenocortical dysplasia (acd) phenotype, hence termed Acd (Keegan et al., 2005). The acd
phenotype displays a significant overlap with late generation Terc”~ and Tert~ mice (Lee et
al., 1998; Liu et al., 2000; Rudolph et al., 1999). Both are infertile due to severely reduced
spermatogenesis and have a reduced body size. In addition, the acd mouse is characterized by
skin hyperpigmentation, patchy or absent fur growth, abnormal morphology of the adrenal
cortex with large pleomorphic nuclei, skeletal abnormalities and hydronephrosis (Beamer et
al., 1994; Keegan et al., 2005).

Most of our current knowledge about the consequences of telomere dysfunction stems from
analysis of the phenotype of the Terc ™~ mouse, which lacks the telomerase RNA component.
The phenotype of Terc™~ mice is believed to be due to a progressive shortening of telomeres
over consecutive generations of Terc’~ homozygous breedings and over the lifetime of the
Terc~ organism (Blasco et al., 1997; Chin et al., 1999; Hande et al., 1999; Rudolph et al.,
1999). With continued telomere shortening, cells from Terc™~ mice exhibit cytogenetic
abnormalities, including chromosomal fusions, presumably due to the ligation of unprotected
telomeres by the DNA repair machinery. Similar observations have been made in cell culture
models of telomere deprotection such as overexpression of a dominant negative isoform of
TRF2 (van Steensel et al., 1998).

In contrast, the acd phenotype manifests within the first generation of Acdacd/acd mjce
generated by heterozygous matings (Beamer et al., 1994; Keegan et al., 2005). The telomere
deprotection phenotype in cells lacking TPP1/Acd has been well described. The acute reduction
of TPP1 levels in human cells induces telomere dysfunction-induced foci (TIFs) and telomere
elongation (Guo et al., 2007; Hockemeyer et al., 2007; Liu et al., 2004; Ye et al., 2004). Mouse
embryo fibroblasts (MEFs) from acd mice with a severe deficiency of Tppl/Acd show a
telomere deprotection phenotype and a moderate increase in genomic alterations such as
chromosome fusions (Else et al., 2007; Hockemeyer et al., 2007). The acute loss of Tpp1/Acd
in wt MEFs strongly induces a DNA damage response inducing senescence through a p53-
sensitive pathway (Guo et al., 2007; Hockemeyer et al., 2007; Xin et al., 2007).

Telomere dysfunction of Terc ™~ mice leads to the accumulation of genomic alterations and
the development of tumors (Chin et al., 1999). Cells harboring critically short telomeres are
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usually removed from the pool of proliferating cells by p53-dependent pathways leading to
apoptosis or senescence in mice and/or additional p16/Ink4a-sensitive pathways in humans
(Jacobs and de Lange, 2004; Smogorzewska and de Lange, 2002). In accordance with this
finding, Terc ™~ p53~/~ exhibit a partial reversal of their infertility due to germ cell failure at
the expense of an increased tumor incidence (Artandi et al., 2000; Chin et al., 1999).

With the exception of the Pot1b™~ mouse, attempts to create deletions of components of the
shelterin complex in whole murine organisms have led to phenotypes with early embryonic
lethality (Celli and de Lange, 2005; Chiang et al., 2004; Hockemeyer et al., 2006; Karlseder
et al., 2003; Wu et al., 2006). The Acdacd/acd genotype that results in a viable mouse despite
severe Tppl/Acd deficiency presents a unique opportunity to investigate the in vivo effects of
direct telomere deprotection without telomere shortening (Else et al., 2007; Hockemeyer et al.,
2007). In order to study the in vivo consequences of telomere dysfunction in the absence of
telomere shortening, we crossed Acd2°d/acd mice to a p53~/~ background and analyzed the
surviving offspring for both the rescue of organ phenotypes and the emergence of cancer.

Organ specific rescue of the acd phenotype by p53 ablation

Because the acd phenotype is predicted to be induced by telomere dysfunction resulting in
activation of p53-sensitive signaling pathways, we crossed Acdacd/acd mice to a p53 7~
background. On macroscopic examination, a striking complete normalization of the
characteristic acd phenotype of patchy or complete lack of fur and hyperpigmentation was
evident in Acdacd/acd p53-/~ mice (Fig. 1A, Suppl. Fig. 1A). Although the fur and skin
phenotype of acd mice varied significantly between individual animals, hyperpigmentation in
acd mice is always present in the skin overlying the paw pads, ears, tail and the ano-genital
region. In Acdacd/acd 53/~ mice, macroscopic hyperpigmentation was completely abolished
and there was a dramatic reduction of pigment in epidermis and dermis (Fig. 1B, Suppl. Fig.
1B). Hyperpigmentation in acd mice not only led to a darker skin color but was also evident
in skin associated lymph nodes presumably due to the uptake and lymphatic transport by
macrophages (Suppl. Fig. 4). These dark lymph nodes were not present in Acdacd/acd p53-/-
mice (data not shown).

We analyzed the genotype of 162 male pups resulting from double heterozygous matings
(Acd*/acd p53+/~ x Acd*/acd p53+/7) at weaning age (21 days). For p53*/* as well as p53*/~
offspring, a significantly lower number of Acd2¢?/acd genotypes were observed than were
expected (p=0.03 and p=0.03, Chi-square test), whereas for p53~/~ offspring, the Acdacd/acd
genotypes were nearly in the expected Mendelian proportions (p=0.6), indicating that p53~/~
increases survival of the Acdacd/acd genotype (Fig. 1C). Like Acdacd/acd p53+/+ aAcqacd/acd
p53~/~ mice were significantly smaller than their respective Acd*/* littermates at weaning age
(3 weeks) and at 6 weeks of age (p<1077) (Fig. 1D).

Testes of both, Acdacd/acd and late generation Terc™'~ mice, show similar germ cell failure
(Hemann et al., 2001; Keegan et al., 2005; Lee et al., 1998). Therefore we examined whether
the observed spermatogenic defect involved p53 signaling. In contrast to the observation of a
moderate genetic rescue of spermatogenesis in Terc ™'~ p53~~ mice and the striking rescue of
the skin phenotype in Acdacd/acd p53-/= we did not find any rescue of the testicular acd
phenotype in Acdacd/acd 53/~ mice (Fig. 2A) (Chin et al., 1999). Testes of Acdacd/acd mijce
of all p53 genotypes either completely lacked (Fig. 2B) or displayed severely reduced
spermatogenesis (Fig. 2A) with testis histology reminiscent of a Sertoli cell-only syndrome
(SCOS). Total absence of germ cells in tubules without spermatogenesis was confirmed by
Gcna immunohistochemistry (Fig. 2A) (Enders and May, 1994). However, in some animals
we observed areas of seminiferous tubules with normal spermatogenesis adjacent to empty
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seminiferous tubules, completely devoid of germ cells. Relative testicular weights were lower
in Acdacd/acd gnimals regardless of their genetic p53 status when compared to their Acd*/*
littermates (Fig. 2C). Due to the infertility phenotype, male and female mice were regularly
housed together and only on very rare occasions did we observe successful pregnancies.
Because some components of the adult testis, specifically the Leydig cells, share a common
developmental lineage and steroidogenic function with adrenocortical cells, we next examined
morphology and characteristics of these interstitial testicular cells (Else and Hammer, 2005).
The Leydig and Sertoli cell populations were morphologically normal as evidenced by
histologic analysis and Sf1 staining, a marker specific for these cell populations in the testis
(Fig. 2A) (Luo et al., 1995). The data indicate that, unlike the spermatogenic defect in
Terc™'~ mice, the germ cell failure of Acd2cd/acd mice may not be caused by p53-mediated
senescence or apoptosis and suggests that the Acdac/acd decapping phenotype may not be
identical to a short telomere phenotype or may be of a different degree of severity.

Absence of p53 partially normalizes the adrenocortical phenotype

The main feature of the acd phenotype which led to its name, is the characteristic dysmorphic
small adrenal cortex (Beamer et al., 1994). In acd adrenal glands there was variable
intermingling of the normally distinct adrenal cortex and adrenal medulla, and a lack of the
physiological concentric zonation of the mammalian adrenal cortex. Adrenocortical cells of
acd animals displayed large eosinophilic cytoplasm and prominent enlarged pleomorphic
nuclei sometimes harboring inclusion bodies. Remarkably, relative adrenal organ size was
completely rescued in Acd@c¥/acd p53~/~ mice and an obvious albeit partial normalization of
organ architecture with areas of a distinct cortical zonation was observed (Fig. 3A & 3B).
Moreover, while some areas of nuclear atypia remained, Acdacd/acd p53~/~ adrenal cortices
exhibited a partial rescue in cellular and nuclear size as well (Fig. 3A).

As telomere dysfunction in general and loss of Tpp1/Acd in particular is known to activate p53
signaling leading to cellular senescence, we examined whether p53-mediated cellular
senescence contributed to the adrenal phenotype observed in Acdacd/acd mice. While many
adrenocortical cells in Acdacd/acd p53+/+ mice stained positive for senescence associated -
galactosidase, a reduced number of stained cells was observed in Acdacd/acd 53/~ adrenal
cortices (Suppl. Fig. 2). Consistent with this observation was a reduction of p21 gene expression
(as determined by quantitative RT-PCR analysis) and a reduction in p21 protein (as determined
by immunohistochemical analysis) in whole adrenal glands of Acda°d/acd p53=/= mice in
comparison to Acdacd/acd p53+/+ mice (Fig. 3A & 3C). Caspase 3 and TUNEL staining was
typically only observed in Acd*/* p53*/* mice at the corticomedullary boundary, where
physiologic apoptosis normally occurs (data not shown). Specifically, there was no increase
in cell number or intensity of cells that were positive for apoptotic markers in Acdacd/acd
cortices. The changes in senescence associated p-galactosidase activity and in p21 expression
levels as well as the absence of positive markers of apoptosis strongly argue for p53-dependent
senescence induction as a main mechanism leading to the adrenocortical phenotype of
Acdacd/acd p53+/+ mice,

The Acdacd/acd genotype accelerates tumorigenisis in p53~~ mice

In Terc™~ mice, tumors can be observed at old age even without additional genetic challenge.
Although we followed a relatively small cohort (5 animals) of Acdacd/acd p53+/* 'we never
observed tumors in either this specific aging cohort or in any other animal of this genotype in
our colony (survival 386+78 days, average mean+SD). The cause of death could not be
determined in these mice, but the majority suffered from severe uni- or bilateral hydronephrosis
(Suppl. Fig. 3). Therefore, to investigate whether the accumulation of genomic alterations leads
to increased tumorigenesis a set of four animal groups with the p53~/~ or p53*/~ genotype and
either Acdacd/acd or Acd*/* were analyzed for tumor development. Tumor free survival of
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Acdacd/acd p53-/~ mice was approximately half of that observed in Acd** p53~~ mice
(p=2x10"11) (Fig. 4A). Macroscopic and histomorphological analysis of both genotypes
identified a tumor spectrum comparable to previous studies of p53~/~and Terc '~ p53~/~ mice.
Most of the neoplastic lesions belonged to the lymphoma (46% in Acd*/* p537/~, 38% in
Acdacd/acd n53-/17) or sarcoma (44% in Acd*/* p53/~, 47% in Acdacd/acd p53-/-) spectrum (Fig.
4B, Table 1, Suppl. Fig. 4) (Donehower etal., 1992; Jacks et al., 1994). A sub-analysis of tumor
types of the sarcoma spectrum revealed angiosarcomas as the dominant tumor type in both
groups followed by undifferentiated sarcomas and rhabdomyosarcomas in Acdacd/acd p53-/-
mice and fibrosarcomas in Acd*/* p53~~ mice. Interestingly, two tumors (6%) of the carcinoma
spectrum were observed in the Acdacd/acd p53~/~ hut none in the Acd*/* p53~/~ group (Table
1).

Acdacd/acd 553+~ mice predominantly develop tumors of the carcinoma spectrum

As in the p53~/~ groups, tumor risk was approximately doubled in Acdacd/acd p53+/~ compared
to Acd** p53*/~ mice (p=2x10"9) (Fig. 4A). Paralleling the reports for Terc '~ mice, we
observed a remarkable difference in histological tumor types between these animal groups
(Artandi et al., 2000). The main tumor type observed in Acd*/* p53*/~ mice was sarcoma, with
a preponderance of osteosarcomas. However the majority of neoplasms in Acdacd/acd p53+/-
animals were carcinomas, varying from squamous cell carcinomas (SCC) to adenocarcinomas
with a large fraction exhibiting adenosquamous differentiation (Fig. 4C, Fig. 5A, Table 1). The
majority of these tumors identified by routine histological analyses also stained positive for
pankeratin confirming the diagnosis of carcinoma-type tumors (Fig. 5A). Most carcinomas
grew as subcutaneous lesions attached to the cutis and frequently presented with ulcerations,
suggestive of an epidermal origin (Fig. 5B). While some of the SCCs appeared to directly arise
from the epidermis, the adeno- and adenosquamous carcinomas may have their origin in
epidermis-associated glands such as sweat or mammary glands. Most interestingly, 5% of
tumors were of adrenocortical origin as proven by positive Sf1 staining (Fig. 5C, Fig. 5D, Table
1). None of these adrenocortical cancers (ACC) stained positive for p21 (Fig. 5C) as shown
for the normal acd adrenal cortex (Fig. 3A). This is further evidence that these tumor cells
bypassed the senescent phenotype at some point in the process of neoplastic transformation.
Finally, at least 11 of 16 tumors from Acdacd/acd p53+/~ mice showed apparent loss of the wt
p53 allele, whereas at most 4 of 14 tumors from Acd*/* p53*~ mice showed a similar loss

(Suppl. Fig. 5).

Genomic alterations underlying tumorigenesis in Acdacd/acd mice are the consequence of
dysfunctional telomeres and subsequent breakage fusion bridge cycles

Cells derived from Acdacd/acd animals display deprotected telomeres and acquire genomic
aberrations (Else etal., 2007; Hockemeyer et al., 2007). Tumors from Acdacd/acd p53-/~showed
a significant higher number of TIFs (Fig. 6A, Fig. 6B). As further evidence for dysfunctional
telomeres as the underlying mechanism of tumorigenesis, we observed a significantly higher
percentage of anaphase bridges in tissue sections from tumors of Acdacd/acd animals (Fig. 6C).
Some of the mitotic figures with anaphase bridges revealed multiple strings of chromatin
spanning the two poles of the dividing cells and in some cases, genomic material seemed to be
localized or trapped between the two dividing poles, lacking a clear connection to either side
(Fig. 6D).

We next compared telomere length in neoplastic and non-neoplastic tissues from different
genotypes. In contrast to previous cell culture experiments that reported an increase in telomere
length we did not observe a significant difference between non-neoplastic tissues from
Acdacd/acd and Acd*/* animals (Fig. 6E). Some degree of telomere shortening was observed in
some tumors when compared to non-neoplastic tissue regardless whether they were from
Acdacd/acd or Acd*/* animals. This is in contrast to the Terc™~ mouse model where progressive
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telomere shortening provides the basis for telomere dysfunction. Anaphase bridges are viewed
as one morphological correlate of breakage-fusion bridge cycles (BFBSs). Therefore, we
analyzed tumors and a tumor cell line by comparative genomic hybridization (CGH) and
spectral karyotyping respectively. In CGH analysis multiple amplifications as well as areas of
“step-like” amplifications were present in the genome from Acdacd/acd tymors (Fig. 7A & 7B,
Suppl. Fig. 6). These alterations are an expected result of recurrent BFBs. The average number
of segments deviating from the normal tissue baseline was higher in Acdac®/acd than Acd*/*
tumors (90.6 +/— 38.4 transition points vs. 27 +/— 8.3 transition points, p=0.0048) (Fig. 7A).
As this analysis may be influenced by simple background noise of the hybridization analysis,
we next identified the number of chromosomes affected by copy number alterations. There
were significantly more chromosomes with at least one copy number change in Acd2cd/acd than
Acd** tumors. Notably, several of the observed amplifications encompass loci that may
contribute to tumorigenesis. This includes amplifications of potential or proven oncogenes
such as the cluster of Wnt genes on chromosome 11 and the Kras locus on chromosome 6,
which has recently been shown to be amplified in tumors from Terc™~ mice. As a proof of
principle, we found very specific rearrangements by spectral karyotyping analysis of an
Acdacd/acd n53-/~ rhahdomyosarcoma cell line, consisting of segments of two different
chromosomes in an alternating pattern (Fig. 7C). These alterations are likely due to reoccurring
BFBs involving two different chromosomes and represent the cytogenetic correlate of the
stepwise regional amplifications found in CGH analysis.

Discussion

In this study we show that the ablation of p53 both profoundly rescues a number of
characteristics of the acd phenotype and increases tumorigenesis. These results underscore the
importance of p53 activation as a driving force in the development of major characteristics of
the adrenocortical dysplasia phenotype. The acd mouse is the first viable animal model that
permits analysis of the selective deficiency of an integral part of the shelterin complex.
Moreover, acd mice allow for analysis of the contribution of telomere deprotection in the
absence of telomere shortening to genetic instability and tumorigenesis. In contrast telomere
dysfunction in Terc™~ mice is less defined and only observed after significant telomere
shortening following breeding over successive generations. Deprotection versus shortening
may underlie the distinct phenotypes of acd mice and Terc ™~ mice.

Phenotypic rescue through the ablation of p53 in the Acd2¢?/acd mice was most profound in the
skin where hyperpigmention was macroscopically completely absent in Acdacd/acd 53/~
mice. Two possible scenarios are discussed as the basis for hyperpigmentation in acd mice.
Elevated ACTH and MSH levels in the setting of adrenocortical insufficiency could directly
stimulate melanocytes or, alternatively, melanocytes that progressed to senescence could be
more active in terms of pigment production. The first possibility seems to be unlikely because
mouse models of adrenocortical insufficiency like the Mc2r~ (ACTH receptor) mouse do not
develop hyperpigmentation (personal communication D. Chida) (Chida et al., 2007).
Furthermore, we were not able to detect significant differences in baseline ACTH and
corticosterone levels (data not shown). Overall it seems more likely that skin
hyperpigmentation is induced by telomere deprotection and direct activation of p53-sensitive
pathways in melanocytes as it has been shown for other mouse models (Atoyan et al., 2007;
Cui et al., 2007; Hadshiew et al., 2008; Khlgatian et al., 2002).

Male germ cells have a very high proliferative rate and therefore, seem to depend more than
other tissues on telomere integrity and perhaps telomerase activity (Hemann et al., 2001; Lee
et al., 1998). We did not observe any rescue of the testicular Acd°d/acd phenotype through
p53 ablation in Acdacd/acd gnimals, which is in contrast to the moderate rescue observed in late
generation Terc™/~ p53~~mice (Chinetal., 1999). Therefore, it can be hypothesized that unlike
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other tissues, germ cells do not completely depend on p53-sensitive pathways to induce their
removal from the proliferative cell pool. It is also possible that different degrees of severity of
telomere dysfunction can induce alternative pathways in an organ-dependent manner. The
observation of completely empty SCOS-like tubules adjacent to seminiferous tubules with
grossly normal spermatogenesis suggests a developmental defect in Acdc%/acd mice, as it seems
unlikely that the complete germ cell epithelium of some tubules but not others disappears at
the same time as the result of postnatal germ cell failure. For a degenerative mechanism in
adult life, one would expect random losses of germ cells and an overall reduction of
spermatogenesis rather than the observed “all-or-nothing” phenomenon. It is worthwhile
mentioning that TPP1/ACD expression and telomerase activity are reduced in biopsies of
SCOS testes (Feig et al., 2007; Schrader et al., 2002).

A main characteristic of the acd phenotype is cytomegalic adrenal hypolplasia congenita
(AHC) which is not observed in late generation Terc™~ mice (data not shown) and has not
been reported for any other mouse model of telomere dysfunction. In this study we show that
the adrenal acd phenotype is caused by the induction of p53-dependent senescence. In the
adrenal cortex of Acdacd/acd p53-/~ mice we observe a normalization of organ size and
architecture. In humans, cytomegalic AHC is observed in random pediatric or fetal autopsies
as well as part of several syndromes. The majority of humans with cytomegalic AHC (with
hypogonadotropic hypogonadism) have a germ line mutation in NROB1 (DAX1) (Achermann
etal., 1999; Zanaria et al., 1994). The emerging role of NROB1 in embryonic and tumor stem
cell physiology suggests that cytomegalic adrenal failure may reflect acommon morphological
endpoint of stem cell failure and exhaustion of organ maintenance capacity due to a number
of causes, including telomere dysfunction (Kim et al., 2008; Mendiola et al., 2006; Niakan et
al., 2006).

In summary, ablation of p53 rescues the Acdacd/acd phenotype to varying degrees and in an
organ-specific manner. The differences of the Acd?¢¥/acd and the Terc™~ phenotype and their
different rescue by p53 ablation can be explained by distinct molecular mechanisms induced
by either short telomeres or deprotected telomeres. Alternatively, telomere dysfunction
induced by deprotection in Acdacd/acd mice could be more severe than telomere dysfunction
induced by telomere shortening in Terc ™~ mice and therefore not as readily rescued by simple
p53 ablation. Indeed, one would expect some telomere deprotection on every telomere in
Acdacd/acd mice due to the severe deficiency in Tpp1/Acd as opposed to Terc ™~ mice, where
telomere decapping gradually develops with the loss of telomere sequences, resulting in the
inability to bind shelterin components. Furthermore, it would be of interest to investigate
potential roles of TPP1/Acd independent of its function in telomere protection. Such functions
have been discovered for the protein component of telomerase TERT that participates in
telomere-independent stem cell physiology (Choi et al., 2008; Sarin et al., 2005).

The onset of tumor development was significantly accelerated in Acdacd/acd p53-/~ and
Acdacd/acd 53+~ mice when compared to their Acd** p53~~ and Acd*/* p53*/~ littermates,
respectively. This underscores the role of telomere dysfunction in the induction of
tumorigenesis as it has been described for Terc ™/~ mice (Artandi et al., 2000; Chin et al.,
1999). For the Acdacd/acd phenotype, the sole driving force for genomic instability can be
attributed to the telomere deprotection phenotype (Else et al., 2007; Hockemeyer et al.,
2007). In contrast to the Terc ™~ mice, no telomere shortening was necessary for tumor
development. Though our experiments do not entirely exclude the possibility that a small
fraction of telomeres reach a critical short length and dysfunctional state, this possibility seems
to be unlikely as we did not observe any differences in telomere length comparing normal
tissues from Acdacd/acd gnd Acd*/* animals. Some degree of telomere shortening was
inconsistently observed comparing tumor tissue and normal tissue (liver) from the same animal
and was independent of the Acd genotype. Furthermore, a hallmark of telomere dysfunction
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in Terc™"~ mice is the presence of chromosomal fusions lacking telomere signals at the fusion
site (Hande et al., 1999). In contrast, we have previously shown that telomere signals are
detectable at the non-homologous fusion sites in Acdacd/acd MEFs (Else et al., 2007). The lack
of significant telomere length differences between Acdacd/acd and Acd*/* animals shows that
Tppl/Acd deficiency in vivo does not lead to average telomere length differences as opposed
to reports in human cells where the acute loss of TPP1/ACD, or the use of a dominant negative
isoform, leads to excessive telomere lengthening (O’Connor et al., 2006; Xin et al., 2007; Ye
et al., 2004).

Considering the role of telomeres and telomerase in the telomere-based two step model of
carcinogenesis, the acd mouse is a useful tool to selectively investigate the in vivo consequences
of telomere deprotection (Artandi and DePinho, 2000; Cosme-Blanco et al., 2007; Ju and
Rudolph, 2006). Telomere dysfunction is hypothesized to lead to genomic shuffling via BFBs,
which contributes to tumorigenesis. Later, the genome becomes stabilized through a telomere
maintenance mechanism such as telomerase activity or alternative telomere length
maintenance mechanisms (ALT) (Farazi et al., 2003; Maser and DePinho, 2002; Rudolph et
al., 2001). Telomere deprotection has been recently suggested to participate in oncogenesis in
a variety of human cancers (Poncet et al., 2008; Vega et al., 2008). Our studies of the
Acdacd/acd p53-/~ mouse model reproduce the genomic alterations proposed by the telomere-
based model of carcinogenesis (Chin et al., 2004; O’Hagan et al., 2002). The multiple
chromosomal amplifications and cytogenic changes observed in Acdacd/acd tymors together
with an increased number of anaphase bridges support BFBs as a main mechanism of ongoing
genomic alterations in tumorigenesis. Additionally, we argue that BFB-induced losses of
genetic material are also responsible for the increased frequency of loss of the wt p53 allele in
Acdacd/acd p53+/= y5 Acd*/* p53*/~ tumors.

The observations of marked senescence in the adrenal cortex of Acdacd/acd mice and the
development of ACC in Acdacd/acd p53+/~ mice, suggests that the escape from senescence may
contribute to adrenocortical carcinogenesis. Although ACC is not the main neoplasia (5% of
tumors in Acdacd/acd p53+/-) ghserved in this study, it is a finding of great importance as there
is currently no mouse model that specifically develops ACCs. ACC in humans is a rare disease
with a dismal prognosis. Mouse models of telomere dysfunction may be further exploited to
study this rare type of cancer and may serve as a useful tool to understand the pathogenesis
and pathophysiology of this disease. In humans ACC is one of the syndrome-defining
pathologies in Li-Fraumeni syndrome. The specific occurrence of this tumor in Acdacd/acd
p53*~ mice may further suggest a participation of telomere dysfunction in Li-Fraumeni
associated carcinogenesis. Indeed it has recently been shown that telomere length correlates
with age at tumor onset in patients with Li-Fraumeni (Tabori et al., 2007).

It has been assumed for a long time that telomere deprotection can provide the basis for
generating a pro-cancer genome during tumorigenesis in human tissues. We believe that the
acd mouse provides an excellent model for the in vivo dissection of these mechanisms
underlying this phenomenon and will increase our understanding of how telomere
pathophysiology impacts the origin of tumors in mammalian organisms. Lastly TPP1/ACD
and other genes of the shelterin complex may facilitate both our understanding of a genetic
basis in patients with dyskeratosis congenital-like heritable cancer syndromes that do not
exhibit significant changes in overall telomere length.

Experimental procedures

Animal procedures

All experiments involving animals were performed in accordance with institutionally approved
and current animal care guidelines (UCUCA-09458). Adrenocortical dysplasia (acd) mice used
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in this study were from a mixed DW/IXCAST/Ei background and genotyped as described
previously (Keegan et al., 2005). p53~/~ mice (C57BL6/J;Trp53M1TYi) were purchased from
Jackson Laboratories (JAX mice and Services, Bar Harbor, ME) and genotyped as described
previously (Jacks et al., 1994). Double heterozygous animals (Acd*/2cd p53+/~) were crossed
to generate the genotypes used in this study. A series of animals (=5) of each genotype were
weighed at 3 weeks and 6 weeks. Initially autopsies were conducted at 6 weeks of age, when
organ weights of adrenal glands and testis were recorded and tissues were either preserved for
histological analysis or snap frozen for RNA preparation. For survival studies autopsy was
conducted either at the time of obvious tumor growth or at spontaneous death. Some tumors
samples were used to establish cell lines. Parts of the tumor were disintegrated using cell
strainers, washed in PBS and grown on fibronectin (Sigma, St. Louis, MO) coated plates in
DMEM supplemented with 5% FBS and antifungal, antibacterial solution (all Invitrogen,
Carlsbad, CA). Chi-Square test was used to test the amount of observed pups with the
Acdacd/acd genotype within a certain p53 genotype. Survival between groups was analyzed
with log-rank tests. Animals without obvious tumor, or in which degradation precluded
meaningful analysis or with a histological benign pathology were considered censored at the
time of death.

Histology and Immunohistochemistry

For general histological analysis tissues were fixed in 4% formaldehyde, dehydrated and
paraffin embedded. 6pum sections were used for routine hematoxylin and eosin staining or
further immunohistological procedures. Immunohistochemical analyses followed standard
protocols using the ABC Elite kit (Vector Laboratories, Burlingame, CA) and DAB Sigma
Fast (Sigma, St. Louis, MO) or fluorescent secondary antibodies. Primary antibody incubation
was done at 4°C overnight. Primary and secondary antibodies were used at the following
concentrations: p21 (1:50, mouse monoclonal, #556430, BD Biosciences, San Jose, CA),
GCNA (1:200, rat monoclonal IgM, obtained from G. C. Enders (Enders and May, 1994)), Sf1
(1:1000, provided by Ken-ichirou Morohashi), pan-keratin (1:100, mouse monoclonal,
#MS343, Lab Vision, Fremont, CA), yH2ax (1:50, #2577 Cell Signalling, Danvers, MA),
biotinylated anti-mouse (1:200, BA9200, Vector Laboratories, Burlingame, CA), biotinylated
anti-rabbit (1:200, BA1000, Vector Laboratories, Burlingame, CA), biotinylated-anti-rat
(1:200, #161603, KPL, Gaithersburg, MD), Alexa-Fluor 486-coupled anti mouse 19G (1:200,
#A11029, Carlsbad, CA),. Telomere FISH procedure was conducted as described previously
following a protocol modified from Meeker et al. (Else et al., 2008; Meeker et al., 2002).
Pictures were taken and in plane telomere signals were counted (at least 250/slide) in nuclei
with positive yH2ax staining. The ratio of telomeres with to telomeres without co-localizing
yH2ax staining (TIFs) was calculated for at least 4 tumors per group. Anaphase bridges and
anaphase mitoses were counted in >4 tumors per genotype. The anaphase bridge index was
calculated as the ratio of anaphase bridges per total metaphases. Pathological diagnosis was
made in synopsis of macroscopic and microscopic pathologies. Images were captured with an
Optiphot-2 microscope (Nikon, Melville, NY) with a DP-70 camera and software system
(Olympus, Hauppauge, NY). For comparative immunohistochemical analyses, system and
software processing (Adobe Photoshop, Adobe Illustrator, San Jose, CA) settings were kept
constant over sample groups. For statistical analysis data were fit using a 1-way ANOVA, and
pairs of groups compared using the resulting F-tests.

Reverse Transcribed Quantitative Polymerase Chain Reaction (RT-gPCR)

RNA was extracted from adrenal glands by a standard method using TRIzol® (Invitrogen,
Carlsbad, CA). RNA was quantified and reverse transcription was carried out using the i-
Script™ kit (Bio-Rad, Hercules, CA) following the manufacturers protocol. Intron spanning
primers were used for Gapdh (fwd, 5-TGT CCG TCG TGG ATC TGA C-3'; rev, 5-CCT GCT
TCA CCA CCT TCT TG-3'), Sf1 (fwd, 5-ACA AGC ATT ACA CGT GCA CC-3’; rev, 5'-
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TGA CTA GCA ACC ACC TTG CC-3), p21 (Cdknla) (fwd 5-TCC ACA GCG ATATCC
AGA CA-3';rev, 5'-GGA CAT CAC CAG GAT TGG AC-3’) (Invitrogen, Carlsbad, CA). For
the PCR reaction 2x SYBR Green PCR master mix was used in a ABI 7300 thermocycler (both
Applied Biosystems, Foster City, CA). For statistical analysis data were fit using a 1-way
ANOVA, and pairs of groups compared using F-tests.

Telomere restriction fragment (TRF) length assay

TRF analysis utilized published protocols with modifications (Else et al., 2008; Hemann and
Greider, 2000). A purification kit (#13343, Qiagen, Hilden, Germany) was used to obtain high
molecular weight genomic DNA. 2ug genomic DNA were digested with 60U of Dpn |1 for
36h and run in 1% agarose (Seakem, Lonza, Rockland, ME) using a CHEF mapper (BioRad,
Hercules, CA). The automatic algorithm was set to a range of 5kb to 200kb. A PFG low
molecular weight marker (NEB, Ipswich, MA) was used as a size marker. DNA-gels were
further processed as described previously (Else et al., 2008).

Comparative Genomic Hybridization (CGH)

Isolated high molecular weight genomic DNA (#13343, Qiagen, Hilden, Germany) from 6
acd tumors and 4 wt tumors was run on a 1% agarose gel and spectrophotometric measurements
at 230nm, 260nm and 280nm were conducted to exclude samples with significant degradation
or contamination. CGH was conducted on the CGH0150-WMG platform using the NimbleGen
service (NimbleGen, Madison, WI). The raw data is available in ArrayExpress (experiment E-
TABM-680). The NimbleGen CGH-SegMNT algorithm was used to divide chromosomes into
segments that were separated by transitions in the logarithm of test to reference sample ratios.
We excluded data from the Y chromosome (which had a lower probe density) as well as small
segments represented by 30 or fewer probes. The software created segments even when the
change in average estimated log-ratio was very small. Consequently we selected segments as
abnormal if the base-2 log-ratio was greater than 0.5 or less than —0.5, or if the log-ratio was
larger than 0.3 in absolute value and the change in log-ratio from the previous segment was
also greater than 0.3. The second criterion selects segments where the change in copy number
was abrupt, while the first criterion selects a segment even if the estimated log-ratio rises and
falls gradually. We combined neighboring selected segments that were all estimated to have
copy numbers greater than 2, or all less than 2, into “runs”, and counted the number of distinct
runs in each tumor. We counted the total number of chromosomes containing selected segments
for each tumor, and compared these and the other metrics between Acdacd/acd agnd Acd*/* tumors
using one-sided Rank-Sum tests.

Karyotypic Analyses

Metaphases were generated using standard procedures. Slides were then subjected to SKY
analysis using mouse SKY paint mixture from Applied Spectral Imaging (ASI, Vista, CA)
according to the manufacturer’s protocol. All imaging was performed on an Olympus BX-61
microscope equipped with an interferometer driven by a desktop computer and specialized
software (ASI, Vista, CA). Inverted DAPI images were generated using SKYview software
(ASI, Vista, CA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. p53 ablation reverses the macroscopic appearance of adrenocortical dysplasia mice and
increases perinatal survival

(A) The macroscopic hyperpigmentation and fur phenotype of Acdacd/acd mice were
completely rescued by p53 ablation. Macroscopic appearance of 6 week old mice: Acdacd/acd
p53~'~ mice shown on top of the picture showed normal fur growth and completely lacked
hyperpigmentation. As a comparison an Acdacd/acd p53++ mouse is shown below.

(B) Hyperpigmentation is always present on the footpads of adrenocortical dysplasia mice. In
Acdacd/acd p53-/~ mjce the hyperpigmentation completely disappeared at the macroscopic
level. Eosin-stained sections showed a striking reduction of pigment in the epidermis and
dermis of Acdacd/acd p53-/~ mice. The same results are shown for tail skin sections (scale bars
for foot pads 200um, for tails 100um).
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(C) Genotype analysis of 162 male pups at weaning age shows an increased survival for
Acdacd/acd p53-/~ mice. Acdacd/acd mice with either the p53*/~ or the p53*/* genotype were not
observed in the expected ratio (p=0.03 and p=0.03 as compared to p=0.6 for p53~/~, Chi-square
test).

(D) Acdacd/acd 53/~ mice are still smaller than their Acd*/* p53*/* littermates (p<10~7). Body
weight did not differ from Acdacd/acd p53+/+ mice (p=0.4 at 3 weeks and p=0.1 at 6 weeks, 1-
way ANOVA and F-test, data shown as mean +/— SD). Post-weaning weight gain was
comparable in both Acda¢®/acd groups to their wt littermates..
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Figure 2. Loss of p53 does not rescue spermatogenesis in Acd2°4/acd testes. Testes of Acd?cd/acd mice
display focal or complete absence of germinal epithelia reminiscent of Sertoli-cell-only syndrome
regardless of their genetic p53 status

(A) Testes of Acdacd/acd p53+/+ a5 well as Acdacd/acd p53~/~ mice show focal spermatogenesis.

Seminiferous tubules with an intact germinal cell epithelium harbored Gcna-positive germ
cells. The Sfl-positive interstitial Leydig (black arrows) and Sertoli cell (red arrows)
populations did not appear altered in either genotype compared to Acd*/* p53*/* littermates
(scale bars for different levels of magnification: high 100pm, medium 200pm, low 400pm).
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(B) Some Acdacd/acd p53+/+ and Acdacd/acd p53-/- testes completely lack spermatogenesis and
germ cells. Only empty seminiferous tubules were present in these testes (scale bars for
different levels of magnification: medium 200pm, low 400um).

(C) Testis weight relative to body weight is severely reduced in both Acdacd/acd p53+/+ angd
Acdacd/acd n53-/~ mice and therefore independent of their genetic p53 status (Acd*/* p53*/*
vs. Acdacd/acd p53-/~ p=1x10711, Acd*/* p53*/* vs. Acdacd/acd p53+/+ p=4x10-12 Acdacd/acd
p53*+/* vs. Acdacd/acd p53-/= p=0.19, 1-way ANOVA and F-test, data shown as mean +/— SD)
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Figure 3. Adrenocortical architecture, weight and p21 expression is normalized in adrenal cortex
of Acdacd/acd p53=/= mjce

(A) The adrenal cortex of Acdacd/acd mice appears highly disorganized and consists of scattered
cells with a high grade of nuclear pleomorphy. This phenotype was partially rescued in
Acdacd/acd p53-/~ mice, where adrenal glands appeared more clearly zonated and organized,
while increased nuclear size and pleomorphy partially persisted. This became obvious using
differentiation markers for the adrenal cortex (Sf1, steroidogenic factor 1) and for the adrenal
medulla (Th, tyrosine hydroxylase). Two examples of adrenal glands from Acdacd/acd p53+/+
and Acd@d/acd p53~/~ and, as a comparison, one wt (Acd*/* p53*/*) adrenal, are shown.
Acdacd/acd p53+/+ adrenal cortices stained positive for p21, a downstream mediator of p53-
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mediated senescence induction (scale bars for different levels of magnification: high 100um,
low 200pm).

(B) Relative adrenal gland weight is normalized in Acd2cd/acd p53~/~ mice. Adrenal glands
from Acdacd/acd p53+/+ animals were about 66% the relative weight of Acd*/* p53*/* adrenal
glands (Acdacd/acd p53+/+ ys Acd*/* p53+/* p=0.008, Acdacd/acd p53+/+ v Acdacd/acd p53-/~
p=0.005, Acdacd/acd p53-/= ys Acdacd/acd p53+/+ n=0.95, 1-way ANOVA and F-test, data
shown as mean +/— SD).

(C) In Acdacd/acd p53+/+ mice telomere deprotection induces p21 expression as a marker of
senescence. Ablation of p53 strikingly reduced p21 expression (Acdacd/acd p53+/+ ys Acd*/*
p53*+/* p=0.02, Acdacd/acd p53+/+ ys Acdacd/acd p53-/~ p=0.03, Acdacd/acd p53-/~ ys, Acd*/*
p53*/* p=0.99, 1-way ANOVA and F-test, data shown as mean +/— SD).

Cancer Cell. Author manuscript; available in PMC 2010 June 2.



Else et al. Page 21

A.
‘C_?— — i o e = — — — — — =5
S -. '._‘, Acqedacd » n53++

Z o a

3 ° +

A b8 -

E o _| _a & i

© o 1 L ¥

2 g H :

Z ‘ﬁ .I. + I'l

5 Y, : iy

@ =+ _| 1 > i

o o L i 3] i

& o+ 8 s

5 L % B ' 8

£ o EEY. 3

= o Y S .gl -]
' 9 -8
:l'+-J e e 1.5

i
g _ n=30 'n=40 ‘n= ' n=18
T T T T T T

rhabdomyosarc {Acdﬂm‘” ; p534 ) undlff sarcoma (Acdmm’ p53~‘) :denocarcinoma (Acgicdad - p53*")
Figure 4. The Acd?cd/acd genotype severely reduces tumor free survival in p53~~ and p53*/~ mice

(A) Tumor free survival is shown for the different genotype cohorts as a Kaplan-Meier plot.

On average in both groups, p53~~ and p53*/~, mice with the Acdad/acd genotype developed

tumors in approximately half the amount of time compared to their Acd*/* littermates

(Acdacd/acd p53-/=ys. Acd*/* p53~~ p=2x10711 and Acdacd/acd ys. p53*/~ Acd*/* p53+/-

p=2x10"9, log-rank test). In contrast none of the Acdacd/acd p53+/+ developed any tumors.

(B) The main categories of solid tumors in Acdacd/acd p53-/~ and Acd*/* p53~/~ are of the

sarcoma spectrum (examples of angiosarcoma, osteosarcoma, rhabdomyosarcoma and
undifferentiated sarcoma are shown, scale bars 200um)).
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(C) In Acdacd/acd p53+/= byt not Acd*/* p53*/~, mainly carcinomas arose with a varying degree
of squamous cell carcinoma or adenocarcinoma differentiation (scale bars 200um).
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Figure 5. Acd2°d/acd p53*+/~ mice predominantly develop carcinomas

(A) Some Acdacd/acd p53+/~ carcinomas show an intermediate adenosquamous differentiation
type with elements of squamous cell as well adenocarcinoma-like elements. Skin associated
carcinomas stained highly positive for pankeratin (scale bars 200um).

(B) Most carcinomas arise in the cutaneous or subcutaneous regions and typically show central
Necrosis.

(C) 5% of Acdacd/acd p53+/~ develop adrenocortical cancers. Their origin could readily be
identified by positive Sf1 staining. Adrenocortical cancers were p21 negative indicating that
they evaded senescence (scale bars 100um).

(D) Macroscopically, adrenocortical cancer expanded within the peritoneal cavity adhering to
adjacent organs. Two examples of ACC from Acdacd/acd p53+/~ mice are shown.
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Figure 6. Tumors from Acd2°9/2¢d mice exhibit hallmarks of genomic instability in the absence of

significant telomere shortening

(A) Acdacd/acd tymors had significantly more telomere dysfunction induced foci (TIFs) per
total telomere signals than Acd*/* tumors indicating that telomere decapping is evident in these
neoplasms (p=0.047 for Acdacd/acd p53~/~ ys, Acd** p53~~ tumors and p=0.002 for
Acdacd/acd p53+/= ys Acd** p53+/~ tumors, 1-way ANOVA and F-test, data shown as mean

+/- SD).

(B) Decapped telomeres recruit factors of the DNA surveillance machinery, such as yH2ax and
form TIFs. TIFs, the classical co-localization of telomere FISH signal (red) and yH2ax
immunohistochemistry (green), were observed in Acd2cd/acd tymors (scale bars 5um).
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(C) Tumors from Acdacd/acd mice (p53~/~ or p53*/~) have a significantly increased anaphase
bridge index (Acdacd/acd p53/~ys. Acd*/* p53~~ p=5x107° and Acdacd/acd ys. p53+/~ Acd*/*
p53*/~ p=0.001, 1-way ANOVA and F-test, data shown as mean +/— SD).

(D) Classical anaphase bridges, a morphological correlate of breakage-fusion-bridge cycles
(BFBs), are present in tumors from Acdac/acd mice (black arrows). In some instances
chromosomal material (red arrows) appeared in between the two poles without a clear
connection to either of the poles of the emerging daughter cells (scale bars 20um).

(E) Telomere length as measured by TRF gel analysis. No clear differences between normal
tissues (liver) of different genotypes were observed. The Acdacd/acd genotype itself did not lead
to invivo telomere length alteration in normal tissues. Some Acdacd/acd a5 well as Acd*/* tumors
showed a moderate shortening of telomere length.
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Figure 7. Telomere deprotection in tumors from Acd2¢/acd mice [eads to genomic and cytogenetic
alterations as a consequence of breakage fusion bridge cycles
(A) Table summarizing characteristics of Acdac?/acd tymors as analyzed by CGH. Acdacd/acd
tumors have significantly more transition points compared to Acd** tumors as would be
expected with repeated BFBs and significantly more chromosomes exhibited copy number

alterations.

(B) CGH example of tumor DNA normalized to same animal liver DNA. Multiple

amplifications sometimes presenting in a stepwise manner of increasing amplification values
on the same chromosome (e.g. chr. 1 and chr. 3 of two samples) were observed in Acdacd/acd

(lower panel) but not in Acd*/* tumors (upper panel) (y-axis: log, of tumor/liver).
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(C) Spectral karyotyping of a cell line derived from a Acdacd/acd p53/~ rhabdomyosarcoma

revealed genomic rearrangements in the form of hybrid chromosomes consisting of genomic
stretches of original chromosome 16 and chromosome 19 (see magnification lower right)
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Table 1
Distribution of tumor types in the different genotypes

Animals were autopsied at the time of either spontaneous death or visible tumor growth. Tumors from Acdacd/acd
p53*~ mice had an overall higher occurrence of tumors of the carcinoma spectrum (p=1x10"14, 2-sided Fisher’s Exact

test). Carcinomas and sarcomas are broken down in distinct tumor diagnosis. Most of the Acdacd/acd p53*+/~ tumors
were of a squamous cell carcinoma, adenocarcinoma or adenosquamous carcinoma differentiation type. All other tumor

types fell into the typical spectrum of p53~~ tumors (i.e., sarcomas and lymphomas).

acd/acd; p53—/— +/+; p53—/— acd/acd; p53+/— +/+; p53+/—
sarcoma 16 (47%) 18 (44%) 11 (26%) 9 (50%)
angiosarcoma 7 (21%) 12 (29%) 0 (0%) 0 (0%)
rhabdomyosarcoma 3 (9%) 1 (2%) 0 (0%) 0 (0%)
osteosarcoma 2 (6%) 0 (0%) 4 (10%) 6 (33%)
MFH 1 (3%) 0 (0%) 2 (5%) 0 (0%)
fibrosarcoma 0 (0%) 2 (5%) 0 (0%) 1 (6%)
chondrosarcoma 0 (0%) 0 (0%) 1(2%) 0 (0%)
undiff. sarcoma 3 (9%) 3 (7%) 4 (10%) 2 (11%)
carcinoma 2 (6%) 0 (0%) 27 (64%) 1(6%)
adenocarcinoma 1(3%) 0 (0%) 8 (19%) 0 (0%)
adenosquamous ca. 0 (0%) 0 (0%) 6 (14%) 0 (0%)
scc 0 (0%) 0 (0%) 7 (17%) 1 (6%)
HCce 1 (3%) 0 (0%) 1(2%) 0 (0%)
ACC 0 (0%) 0 (0%) 2 (5%) 0 (0%)
undiff. carcinoma 0 (0%) 0 (0%) 3 (7%) 0 (0%)
lymphoma 13 (38%) 19 (46%) 3 (7%) 7 (39%)
Germ cell 1 (3%) 1 (2%) 0 (0%) 1 (6%0)
Brain 1 (3%) 2 (5%) 0 (0%) 0 (0%)
undiff./not class. 1(3%) 1(2%) 1(2%) 0 (0%)
Total 34 (100%) 41 (100%) 42 (100%) 18 (100%)

Cancer Cell. Author manuscript; available in PMC 2010 June 2.



