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Abstract

Malignant rhabdoid tumors (MRT) are aggressive tumors associated with mutations in the
SMARCBL1 gene. In experimental systems, the loss of SMARCBL1 is hypothesized to alter
p16!NK4A nathways resulting in repression of tumor suppressors. To determine whether these
pathways are deregulated in human MRT, we used immunohistochemistry on tissue microarrays
to evaluate p16/NK4A/E2F1/RB and p14ARF/MDM2/p53 pathways in 25 atypical teratoid/
rhabdoid tumors (AT/RT) and 11 non-CNS MRT. p16!NK4A was negative or showed focal weak
expression. The p16!NK4A downstream targets CDK4/cyclin D1/ppRB were variably expressed at
moderate to low levels; E2F1 was negative. Unexpectedly, p14ARF expression was seen in many
cases, which correlated positively with p53 and inversely with MDM2 immunostaining in AT/RT.
TP53 mutational analysis in 19/25 AT/RT and 8/11 non-CNS MRT cases showed point mutations
in only 3 AT/RT cases, suggesting that p53 expression was driven mainly by p14ARF, Finally,
nucleophosmin, a protein that stabilizes p53, was positive in the majority of cases and colocalized
with p53. Together, these data suggest that in MRT there is deregulation of not only p16/NK4A byt
also the p14ARF pathway. These results provide insights into cell cycle deregulation in the
pathogenesis of human MRT and may aid in the design and evaluation of potential therapies for
these tumors.
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INTRODUCTION

Malignant rhabdoid tumors (MRT) are fatal tumors that occur predominantly in pediatric
age groups. When they were first described in 1978, they were thought to be aggressive
variants of Wilms tumor but were soon recognized as a distinct entity. Although MRT can
occur anywhere in the body, the kidney and the brain are the most common sites of
involvement. In the central nervous system (CNS) they are referred to as “atypical teratoid /
rhabdoid tumors” (AT/RT) (1).

Insight into the biology of MRT first came from cytogenetic and molecular analysis that
showed monosomy of chromosome 22 (2). Further studies demonstrated abnormalities
within the SMARCB1/INI1/SNF5/BAF47 gene in chromosome band 22g11.2 (3). These
mutations and/or deletions can be germline or somatic and result in loss of expression of
SMARCB1 protein (4-7). This loss can be detected by immunohistochemistry as loss of
nuclear protein staining in AT/RT and non-CNS MRT (8). The SMARCBL protein is a part
of the SWI/SNF complex, which plays a critical role in chromatin remodeling by influencing
histone-DNA interactions in an adenosine triphosphate-dependent manner (9). Smarcbl
knockout mice are embryonic lethal, but heterozygous Smarcb1 mice have a normal
phenotype at birth and approximately 20% of animals develop sarcoma-like rhabdoid lesions
at a median age of 1 year (10). All mice that develop such lesions show acquired deletions in
the unaltered second Smarcb1 allele. Further, conditional bi-allelic Smarcbl inactivation
results in 100% of mice developing lymphomas and 13% of mice develop sarcoma-like
tumors with a rapid median age at onset of 11 weeks, suggesting that bi-allelic inactivation
of Smarcb1 is a requirement for tumor development (11). Interestingly, SMARCB1
inactivation is also seen in other non-rhabdoid tumors such as epithelioid sarcoma (12),
familial schwannomatosis (13), renal medullary carcinoma (14), and in tumors classified by
some as extraskeletal myxoid chondrosarcoma (15). This suggests that SMARCB1 may be a
tumor suppressor. Mechanisms by which SMARCB1 inactivation contributes to either tumor
development or progression in these malignancies are poorly understood.

Several studies of cell lines and animal models suggest that loss of SMARCBL1 protein
results in alterations in key cell cycle regulators. In SMARCB1-deficient cell lines, re-
expression of SMARCBL results in Gy cell cycle arrest accompanied by both p16!NK4A anq
p21CIPUWAFL activation (16-19). Inhibition of p16!NK4A ang p21 CIPLVWAFL by jnhibitory
RNAs reversed cell cycle arrest (18, 19). Furthermore, mice with heterozygous Smarcbl
deletions show decreased p16!NK4a Jevels (10). While these studies suggest that in cell lines
and animal models p16/NK4A and p21CIPYWAFL are downstream of SMARCBL, it is not
known if there is decreased expression of p16!NK4A and p21CIPYWAFLin human MRT. To
address this, we determined expression of both p21CIPYWAFL gnd p16/NK4A gng
downstream regulators of p16!NK4A _ cyclin D1/ CDKA4, hyperphosphorylated form of pRb
(ppRb) and E2F1 in both AT/RT and non-CNS MRT.

The role of p53 in MRT is also poorly understood. Cell lines established from MRT show
overexpression of p53, without associated TP53 gene mutations (20). On the other hand,
missense mutations in TP53 were reported in 3/6 cases of non-CNS MRT (21). Knockdown
of SMARCBL in cell lines and animal models results in activation of p53 (22, 23).
Intriguingly, combined inactivation of Smarcb1 and p53, but not Rb or p16i™42 |eads to
accelerated development of MRT in mouse models (23, 24). These data have led to the
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hypothesis that 2 successive hits involving SMARCB1 and TP53 may contribute to
malignant transformation and tumor development. To evaluate the role of p53 in MRT, we
studied the expression of p53 and determined TP53 mutational status in AT/RT and non-
CNS MRT. We also studied the relationship of p53 expression with its regulators p14ARF/
MDM2 in AT/RT and non-CNS MRT.

MATERIALS AND METHODS

Cases

A tissue microarray (TMA) comprised of 36 AT/RT and 16 non-CNS MRT cases collected
between 1985 and 2008 from the Department of Pathology Children's Hospital of
Philadelphia was constructed following previously established methods (25). Briefly,
representative tumor areas were delineated on hematoxylin and eosin sections and matched
directly to corresponding blocks. A cylindrical portion (0.6 mm) of tumor tissue was
transferred into the recipient block at specific positions to form a TMA. Normal CNS tissue
and non-CNS tissues were included in the block. Evaluation of the TMA confirmed that the
appearance of tumor tissue cores corresponded to the original blocks. Loss of expression of
SMARCB1 was confirmed in all cases by immunohistochemical staining of both the
original donor blocks and the TMAs. Cores with artifacts, low cellularity, cautery effect or
viable tumor less than 90% per core were not analyzed. To assess the relationship between
the different variables, only cores that showed preserved tumor for all the different markers
were considered. Out of 36 cases of AT/RT and 16 cases of non-CNS MRT in the TMAs, 25
AT/RT cases and 11 non-CNS MRT cases met these criteria. These patients ranged in age
from 6 to 240 months with a median age of 28 months; 22 were males and 14 were females
(Table 1).

Immunohistochemistry

Tissue microarrays were stained with the primary antibodies listed in Table 2. Sections were
soaked in xylene (EMD Chemicals Gibbstown, NJ) for 30 minutes, rinsed in 2 changes of
xylene for 5 minutes each, and then rehydrated in a series of descending concentrations of
ethanol (Fisher Scientific Fair Lawn, NJ). Slides were treated with 0.3% H,O,/methanol
(AppliChem Darmstadt, Germany/Fisher Scientific) for 30 minutes to block endogenous
peroxide. Heat-induced epitope retrieval was achieved by treating slides in a pressure cooker
with 0.01M Citrate buffer (Vector Laboratories, Burlingame, CA), pH 7.6. Slides were then
rinsed in 0.1M Tris Buffer with Tween 20 (both from Dako), then blocked with 2% fetal
bovine serum (Sigma-Aldrich St. Louis, MO) for 5 minutes. Slides were subsequently
incubated with the primary antibody at specified concentrations for 1 hour at room
temperature (RT) or overnight at 4°C (Table 2). Slides were rinsed in Tris and then
incubated with biotinylated anti-mouse 1gG or anti-goat IgG (Vector) for 30 minutes at RT.
After rinsing in Tris, slides were incubated with the avidin biotin complex (Vector) for 30
minutes at RT, followed by incubation with 3, 3' diaminobenzidine (Dako) for 10 minutes at
RT. Slides were then rinsed, dehydrated through a series of ascending concentrations of
ethanol and xylene, and coverslipped. Optimal staining conditions for any given antibody
were determined using appropriate positive and negative controls.

Scoring of Tissue Microarrays

Each slide was scanned using the Aperio Scanscope Scanner (Aperio, Vista, CA), and
viewed through Aperio's ImageScope software program. Staining for each antibody was
considered positive when reaction products were localized in the expected cellular
component. Staining intensity was determined using a semiquantitative system of negative
(0), weak (1+), moderate (2+) and strong (3+), as illustrated in Figure 1. The percentage of
positive tumor cells in each core was roughly estimated and multiplied by the staining
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intensity to provide a semiquantitative measure for each antibody for each core. To
determine if there was an association of longer sample storage duration and lower staining
intensities, the staining intensities for each individual marker were correlated against time
(numbers of years in storage); no significant relationships were observed for any of the
markers. Further, staining intensities for all markers were cumulatively correlated with the
number of years in storage to assess any global trends and no significant relationships were
observed (spearman r = 0.0169, p = 0.8250).

PCR and DNA Sequencing Analyses

PCR and DNA sequence analyses were performed on 19/25 AT/RT and 8/11 non-CNS
MRT cases due to limited tissue availability using primers for exons 2-9 of TP53, as
previously described (26, 27). PCR products were sequenced utilizing the BigDye
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA), per the
manufacturer's protocol. Sequencing products were analyzed on a 3730 DNA Analyzer
(Applied Biosystems) by the Children's Hospital of Philadelphia Nucleic Acid/Protein Core
(27).

Immunofluorescence Double Labeling

For immunofluorescence double labeling antibodies to nucleophosmin (NPM) (1:100) or
phosphorylated nucleophosmin (pNPM) (1:50) were each used in conjunction with p53
(1:25) to stain formalin fixed-paraffin embedded slides. Slides were rinsed in 2 changes of
xylene for 5 minutes each then rehydrated in a series of descending concentrations of
ethanol. Sides were treated in a pressure cooker with 0.01M Citrate buffer pH 7.6. After
cooling, slides were rinsed in 0.1M Tris Buffer then blocked with 2% fetal bovine serum for
15 minutes. Slides were then incubated with the primary antibody pairs overnight at 4°C.
Slides were again rinsed then incubated with Alexa 594 anti-Rabbit and Alexa 488 Anti-
Mouse (both from Invitrogen, Carlshbad, CA) at a 1:200 dilution for 1 hour at RT. Slides
were rinsed then counterstained for 5 minutes in DAPI Hydrochloride (Sigma-Aldrich).
Slides were rinsed, then coverslipped with Mowiol 4-88 (Sigma-Aldrich).

Statistical Analysis

RESULTS

Data were analyzed using PRISM software (Graphpad, San Diego, CA). ANOVA with 95%
confidence intervals were used to determine differences between p16!NK4A p21CIPI/WAF1
and p14ARF staining. Non-parametric correlations using 95% confidence intervals were
performed to quantify the relationship between various immunohistochemical markers.
Results from correlation analyses are represented by r2, the Spearman'’s coefficient.

AT/RT and Non-CNS MRT Show Negative or Focal Weak p21CIPVWAFL gnd p16!/NK4A
Expression with Comparatively Higher p14ARF Protein Expression

Most cases of AT/RT (22/25, 88%) and 6/11 (55%) non-CNS MRT cases were negative for
p21CIPLWAFL Eocal weak (1+) immunostaining with p21CPYWAFL was noted in 3/25
(12%) AT/RT cores and 5/11 (45%) non-CNS MRT cores (Fig. 2; Table 3). Similarly, no
staining for p16!NK4A was present in 17/25 AT/RT (68%) and 4/11 (36%) non-CNS MRT
cases. The remaining cases showed focal weak (1+) immunostaining with p16'NK4A in 8/25
(32%) AT/RT cores and 6/11 (55%) non-CNS MRT cores. A single non-CNS MRT core
showed strong (3+) staining with p16'NK4A (Fig. 2: Table 3).

In contrast, 21/25 (84%) and 11/11 (100%) non-CNS MRT showed staining with p14ARF,

Weak p14ARF (1+) staining in 6/25 (24%), moderate (2+) staining in 13/25 (52%) and
strong (3+) staining in 2/25 (8%) were observed in AT/RT cases. No p14ARF staining was
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seen in 4/25 (16%) of AT/RT cases. All Non-CNS MRT cases were positive for p14ARF
ranging from weak (1+) staining in 3/11 (27%), moderate (2+) staining in 6/11 (55%) to
strong (3+) staining in 2/11 (18%) cases (Fig. 2; Table 3).

Expression Profiles of p16/NK4A Downstream Targets CDK4, Cyclin D1, ppRB, and E2F1

Because p16/NK4A was either absent or focally weakly expressed, we examined the
expression pattern of p16/NK4A downstream targets: CDK4, cyclin D1, ppRB, and E2F1
(Fig. 1). CDK4 expression was noted in 13/25 (52%) of AT/RT (1+ staining in 12/25 (48%)
and 2+ staining in 1/25 (4%) cores) and 8/11 (73%) of non-CNS MRT (1+ staining in 7/11
(64%) and 2+ staining in 1/11 (9%) cores). 12/25 (48%) cases of AT/RT and 3/11 (27%)
non-CNS MRT were negative for CDK4 (Fig. 3; Table 3).

20/25 (80%) AT/RT cases and 6/11 (55%) of non-CNS MRT were negative for cyclin D1
expression. Weak (1+) cyclin D1 expression was noted in 5/25 (20%) of AT/RT and 6/11
(45%) of non-CNS MRT (Fig. 3; Table 3).

ppRB was positive in 16/25 (64%) cases of AT/RT (1+ staining in 14/25 (56%) and 2+
staining in 2/25 (8%) cores). In non-CNS MRT cases, 10/11 (91%) were positive for ppRB
(weak staining in 6/11 (56%), moderate staining in 3/11 (27%) and strong staining in 1/11
(9%) of cores). No staining was observed in 9/25 (36%) of AT/RT cases and 1/11 (9%) of
non-CNS MRT cases for ppRB (Fig. 4; Table 3). Surprisingly, no E2F1 was identified in
any of the cases (Fig. 4; Table 3). The absence of E2F1 expression was confirmed in 2
independent laboratories (A.R.J. and K.J.S.) using appropriate positive (i.e. several
carcinomas and normal tissue samples) and negative controls (data not shown).
Additionally, no significant correlations were observed between p16/NK4A CDK4, cyclin
D1, ppRB, and E2F1 (data not shown).

AT/RT and Non-CNS MRT Show p53 Protein Expression that Correlates with p14ARF

Positive immunostaining with p53 was noted in 84% (21/25) AT/RT, and 100% (11/11)
non-CNS MRT cores. Weak staining was seen in 16/25 (64%) of AT/RT cases. Similarly,
weak staining was seen in 5/11 (45%) non-CNS MRT cases. Moderate staining was seen in
5/25 (20%) AT/RT cases and 4/11 (36%) non-CNS MRT cases. Strong diffuse
immunoreactivity was seen in 2/11 (14%) non-CNS MRT cases (Fig. 5; Table 3). No
staining was observed in 4/25 (16%) of AT/RT cases.

Positive correlations were observed with p53 and p14ARF protein expression in both AT/RT
(r2=0.6159, p = 0.001) and non-CNS MRT cases (r2 = 0.7446, p = 0.0086) (Fig. 6). No
significant correlations were observed between p53 with p16/NK4A or p21 CIPYWAFL jn hoth
AT/RT and non-CNS MRT.

MDM?2, a downstream regulator of p14ARF was positive in 18/25 (72%) of AT/RT cases
(weak staining in 14/25 (56%) and moderate staining in 4/25 (16%). In non-CNS MRT cases
9/11 (82%) showed weak staining. No staining was detected in 7/25 (28%) cases of AT/RT
and 2/11 (18%) of non-CNS MRT cases for MDM2 (Fig. 5; Table 3). Negative correlation
was observed between p53 and MDM2 in AT/RT (r? = —0.4938, p = 0.0229), but not in
non-CNS MRT (r2 = —0.1431 p = 0.6747) (Fig. 6).

TP53 Mutational Analysis

Due to limitations in tissue availability, TP53 mutational analyses were conducted on 19
AT/RT and 8 non-CNS MRT cases. Polymorphisms in TP53 were seen in all cases
analyzed; the most common of these was a proline to arginine change in codon 72 (c.
215C>G). Any changes found that were not listed in the International Agency for Research
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on Cancer database of known TP53 polymorphisms were classified as mutations
(www-p53.iarc.fr). Four TP53 mutations (2 missense and 2 silent) were observed in 3/19
(16%) of the AT/RT cases (Table 1). These included c.722C>T (Ser>Phe), c.246G>A
(Pro>Pro), c.467G>A (Arg>His) and ¢.582T>C (Leu>Leu) (Table 1). No mutations were
observed in the non-CNS MRT cases (Table 1).

AT/RT and Non-CNS MRT Show NPM and pNPM Expression

NPM is a nuclear phosphoprotein that may associate with p14ARF and p53 to stabilize these
factors (28, 29). Because both p14ARF and p53 were expressed in AT/RT and non-CNS
MRT, we examined NPM and pNPM expression. We found that all 25 AT/RT and 11 non-
CNS MRT were positive for NPM (100%). In AT/RT cases, 17/25 (68%) cases showed
weak staining, 6/25 (24%) showed moderate staining and 2/25 (8%) showed strong staining
(Fig. 7; Table 3). Similarly, in the non-CNS MRT cases 10/11 (91%) showed weak (1+)
staining and 1/11 (9%) showed strong (3+) staining with NPM. Weak staining was seen in
22/25 (88%) and moderate staining was seen in 2/25 (8%) of AT/RT cases with pNPM. 3/25
(12%) AT/RT cases were negative for pNPM. All 11/11 (100%) non-CNS MRT cases
showed weak staining with pNPM (Fig. 7; Table 3). Finally, immunofluorescent double
labeling showed that both NPM and pNPM colocalized in nuclei with p53 (Fig. 8).

DISCUSSION

MRT are lethal cancers that predominantly arise in pediatric age groups in the CNS, kidney,
and soft tissues (30, 31). Mutations and deletions in the SMARCB1 gene with a
corresponding loss of protein expression are associated with AT/RT and non-CNS MRT (3,
5, 6). SMARCBL1 is a part of the SWI/SNF complex and insights from animal models and
cell culture systems support the role of SMARCBL1 as a tumor suppressor (10, 22, 32).

The mechanisms by which loss of the SMARCBL1 protein contributes to tumorigenesis are
poorly understood. Current hypotheses implicate alterations in cell cycle regulators, but it is
not known whether these pathways are altered in human MRT.

The p16'NK4A pathway in MRT

p16!NK4A is a key cell cycle regulator implicated in many cancers. Increased levels of
p16!NK4A resylt in inhibition of the CDK4/Cyclin D1 complex, retaining RB in its anti-
proliferative hypophosphorylated state, which sequesters E2F1, preventing activation of
genes needed for cell cycle entry (Fig. 1C) (33). Data from cell lines and animal models
suggest that p16/NK4A s a direct downstream target of SMARCB1 (16-18, 23). Restored
SMARCBI in rhabdoid cell lines binds to the p16/NK4A promoter and enhances its
expression leading to cellular senescence (17, 18). Conversely, mice generated with
heterozygous Smarcb1 deletions show decreased p16/NK4A Jevels (10). Cell lines generated
from MRT contain virtually undetectable levels of p16!NK4A (16, 34). Further, low levels of
p16!NK4A were detected in SMARCBI deleted cell lines with after long exposures on
western blot analyses suggesting that this was due to reduced transcription of p16!NK4 pyt
not gene deletion (16). Consistent with this observation, we did not detect any p16/NK4A
deletions using high resolution single nucleotide polymorphism-based oligonucleotide array
analysis (6). These data predict that a loss of SMARCB1 would result in absent or decreased
p16'NK4A Jevels in human MRT. In accordance with this prediction, our studies show that
p16'NK4A is absent or weakly focally expressed in both AT/RT and non-CNS MRT (Fig. 2).

Because p16/NK4A is decreased or lost in experimental systems, much emphasis has been
placed on the p16!/NK4A downstream targets (i.e. cyclin D1/ CDK4-RB-E2F1) as central to
the pathogenesis of MRT (Fig. 1C). Data on these downstream targets of p16!NK4A jn
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experimental systems of MRT appear contradictory or difficult to interpret. SMARCB1-
deficient cell lines that showed absent or low expression of p16INK4A exhibited no
amplification of cyclin D1 (16). Similarly, re-expression of SMARCBL1 did not alter CDK4
or cyclin D1 expression in cell lines (35). In contrast, others report decreased transcription
of cyclin D1 with re-expression of SMARCB1 in an HDAC-dependent manner (36).
Pharmacological inhibition of cyclin D1 induced cell cycle arrest and apoptosis both in
rhabdoid cell lines and in a xenograft model of MRT (37). Despite these differences in cell
culture systems, in vivo data from mice with heterozygous Smarcbl deletions show
decreased tumor development on ablation of cyclin D1 (38). We noted focal expression of
cyclin D1 in 20% of AT/RT and 45% of MRT similar to focal cyclin D1 expression reported
by others in a small number of AT/RT cases (36, 39). CDK4, the kinase partner of cyclin
D1, showed similar low focal expression in 52% of AT/RT and 45% of non-CNS MRT (Fig.
3).

Re-expression of SMARCBL activated RB resulting in G1 cell cycle arrest (16). However,
this study showed that SMARCB1-deficient cell lines that contain absent or low expression
of p16!NK4A show normal RB protein levels, suggesting that loss of SMARCB1 does not
upregulate RB, despite low levels of p16/NK4A (16). Regulation of cyclin D1 with re-
expression of SMARCB1 was dependent on HDAC but was independent of RB function
(36). Furthermore, co-inactivation of SMARCB1 and RB had no significant effect on the
rate of tumor formation in an animal model of MRT (23). Mice with compound
heterozygous inactivation for Rb and Smarcb1 developed pituitary tumors with no
differences in the rate of tumor development on inactivation of either protein alone (40).
These studies suggest that RB may not be critical to SMARCB1 deletion induced
oncogenesis attributed to redundant tumor-suppressing capabilities of these 2 proteins (23).
Consistent with this hypothesis, we noted weak to moderate expression of
hyperphosphorylated RB in both AT/RT and MRT cases, similar to a previous report (41)

(Fig. 4).

E2F1 is downstream of RB and is released upon hyperphosphorylation of RB. Re-expression
of SMARCBL1 in MRT cell lines showed markedly lower levels of E2F1 and some target
genes of E2F such as CDC6 and cyclin A, but not others such as cyclin E, CDK2 or B-myb
(35). Gene profiling experiments report decreased E2F-related genes in rhabdoid cells lines
with SMARCBL re-expression (42). Similarly, gene profiling of murine embryonic
fibroblasts with deleted Smarcbl show increased E2F target genes (23). In contrast to these
data, Smarchl deletion in murine embryonic fibroblasts caused no alterations in E2f1 levels
or E2F target genes (43). In our study, despite modest expression of hyperphosphorylated
RB, all AT/RT and non-CNS MRT cases were strikingly negative for E2F1 (Fig. 4), similar
to data reported by Yaniv et al (43).

These discrepancies in downstream regulators of p16!NK4A may be due to differences in
various MRT model systems, but may also reflect the complexity of pathways that regulate
the cell cycle. It is tempting to speculate that lowered p16/NK4A may drive oncogenic
pathways distinct from those regulated by E2F1. However, we recognize the limitations of
our study, including those applicable to the examination of human tissues, such as variability
in fixation times, processing methods and procurement. Furthermore, the complex dynamic
and temporal interactions intrinsic to cell cycle proteins make clinically derived human
tumor samples a less than optimal system for resolving these questions. Nevertheless, the
ability to interrogate these pathways in human tumors is a valuable addition to previously
published data derived from various model systems. Similar discrepancies have been noted
with expression of tyrosine kinase receptors (e.g. platelet-derived growth factor receptor and
epidermal growth factor receptor) on comparing experimental systems with human MRT
samples (44, 45).
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p14ARF and p53 in MRT

The role of p53 and p14ARF in MRT is less studied and poorly understood. p14ARF binds to
MDM2 to prevent p53 degradation (Fig. 1). Once stabilized, p53 may regulate several
functions including cell cycle arrest and apoptosis (46). Altered expression of p53 has been
noted in medulloblastoma, another CNS embryonal tumor, and was initially reported to be
associated with p53 mutations and a worse prognosis (47). However, subsequent studies
have not confirmed this (48). In mouse models of MRT, Smarcbl loss leads to marked
upregulation of p53 (23). The best evidence that p53 is important in MRT pathogenesis is
from studies of animal models in which homozygous or heterozygous p53 inactivation
cooperates with inactivation of Smarcbl to accelerate latency of tumor formation (23, 24).
More importantly, no synergy was observed between inactivation of Smarcbl and either
p16!NK4a or Rb, suggesting a specific role for p53 in the pathogenesis of MRT (23).

There are 2 main hypotheses regarding the function of p53 in MRT. The first is the double
hit hypothesis, which postulates that mutations in both SMARCB1 and p53 contribute to
tumorigenesis. Data supporting this hypothesis are limited. Increased p53 expression by
immunohistochemistry was described in 5/6 non-CNS MRT, 3 of which showed p53
missense mutations (21). In a study involving CNS embryonal tumors, 2/3 AT/RT cases
showed staining for p53 (49). No definitive correlation exists between p53 expression by
immunohistochemistry and TP53 mutations in either CNS or non-CNS malignancies (50—
54). There has been no systematic study of p53 immunohistochemistry and its relation to the
mutational status in MRT. In our cohort, 84% of AT/RT cases and 100% of non-CNS MRT
cases showed p53 positivity. Despite this staining profile, only 3/19 AT/RT and none of the
non-CNS MRT cases showed TP53 mutations (Table 1). Of the 3 cases, only case #18
showed both strong p53 immunoreactivity and a TP53 mutation. No 17p deletions or loss of
heterozygosity were observed by high resolution single nucleotide polymorphism array
analysis (6). Interestingly, TP53 polymorphisms were observed in all the analyzed AT/RT
and non-CNS MRT cases. The significance of this finding is not known. Overall, these data
do not support the TP53 / Smarcbl 2 gene hit hypothesis.

Alternatively, it has been hypothesized that intact SMARCB1 and p53 may cooperate in
preventing oncogenesis in an unknown manner (23). Upregulation of p53 in a SMARCB1-
deficient state may be a mechanism used to combat prooncogenic effects of SMARCB1 loss
that are eventually overcome when MRT develop (23, 43). Unexpectedly, we found that p53
expression correlated positively with p14ARF expression in MRT. Negative correlations
were observed with MDM2 in AT/RT cases. These data together raise the possibility that
p53 expression in MRT may be driven by p14ARF, We sought to determine if expression of
p53 or p14ARF had any prognostic implications. Unfortunately, survival data was available
only on 14/25 AT/RT cases and 6/11 non-CNS MRT cases. Cases that expressed p53/
p14ARF showed a non-significant trend towards greater survival periods than cases that did
not show expression (data not shown). This may be due to the relatively small number of
samples with available survival data. Another possibility is that the uniform dismal
prognosis of MRT (average survival time of 12 months after presentation) may not allow for
clear prognostic indicators.

As with the p16!'NK4A pathway, experimental data regarding p53 and p14ARF in MRT
models also vary. Cell culture and animal models of MRT do not show changes in p14ARF
expression with SMARCBL1 loss (18, 23). Human carcinoma cells with SMARCB1
knockdown show decreased p53 expression (55), but (similar to our data) Yaniv et al
observed increased levels of p53 and p14ARF in murine embryonic fibroblasts with Smarcbl
deletion (43).
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One of the functions of p21WAFL/CIPL js to mediate the tumor suppressor activity of p53 by
inducing growth arrest, differentiation or senescence (56). In the context of MRT,
p21WAFL/CIPL js activated in p53-dependent and -independent fashions at the onset of
SMARCBL1 induced growth arrest (19). Interestingly, the expression of p21C!P1/WAF1
upregulation precedes p16/NK4A syggesting a complex temporal regulation by SMARCB1
(19). Our results show negative or focal weak expression of p21CIPYWAFL jn narallel with
these data (Fig. 2). Furthermore, no correlations were observed between p53 and
p21CIPLYWAFL g ggesting that downregulation of p21SIPLYWAFL may also occur
independently of p53 expression (19).

NPM is a nuclear phosphoprotein that can regulate cellular proliferation and growth
suppression and is frequently expressed in many human tumors such as gastric (57), ovarian
(58) and colon (59) carcinomas. Genetic alterations result in NPM fusion with 1) retinoic
acid receptor-a (RARA) seen in acute promyelocytic leukemia (APL); 2) anaplastic
lymphoma kinase (ALK) in anaplastic large cell lymphoma (ALCL); and 3) myelodysplasia/
myeloid leukemia factor 1 (MLF1) in myelodysplastic syndromes (60, 61). Amongst its
many functions, NPM associates with p14ARF in the nucleolus and stabilizes it by retarding
its turnover (28). NPM can also interact with MDM2 and protect p53 from MDM2-mediated
degradation (62). Finally, NPM can interact with p53 itself and stabilize p53 (29). Because
our results suggest activation of p53 downstream of p14ARF, we evaluated NPM expression
in MRT and found that all of the MRT cases showed nuclear staining for NPM.
Phosphorylation of NPM is important for mitotic function of cells (63) and we found that
88% of AT/RT cases and 100% of non-CNS MRT cases were immunopositive for pNPM.
Further, both NPM and pNPM colocalized with p53 in MRT. Thus, NPM may play a role in
stabilizing p53, as well as function in regulating mitotic activity in MRT. Mechanisms that
mediate NPM activation in MRT are not currently known.

Based on cell culture systems and animal models, the deregulation of cell cycle proteins
(e.g. those downstream of p16/NK4A) is a leading hypothesis relating SMARCB1 loss with
oncogenesis in MRT and it is imperative to determine whether the same pathways apply to
human MRT for the development of therapies. TMAs enabled assessing multiple AT/RT
and non-CNS MRT cases simultaneously but a drawback of this approach is sampling bias,
especially in the context of the heterogeneity of MRT. Another limitation lies in the
semiquantitative approach in comparing expression of various proteins. Antibodies have
different avidities to their respective antigens and comparison of expression of various
proteins under different staining conditions (e.g. concentrations and incubation times) may
be challenging.

Our data show both similarities and differences in comparison to experimental systems. We
observe low or no expression of p16'NK4A and p21CIPYWAFL No E2F1 expression was
noted despite focal expression of cyclin D1, CDK4 and ppRB. In contrast, we observed the
expression of p53 in the absence of TP53 mutations, which was correlated with changes in
the p14ARF / MDM2 pathway. Our data support the hypothesis that SMARCB1 and TP53
may cooperate in preventing oncogenesis. Upregulation of p53 in MRT may be an anti-
oncogenic mechanism that is overcome by the effects of Smarcbl inactivation. The
expression of markers associated with p14ARF / MDM2 / p53 in human MRT suggest that
this pathway may explain the oncogenic effects of loss of SMARCB1 expression, and
provide a potential target for designing therapies to treat MRT.
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Figure 1.

Organization of tissue microarray (TMA) and scheme for staining assessment. (A)
Hematoxylin and eosin sections of entire atypical teratoid/rhabdoid (AT/RT) and non-CNS
malignant rhabdoid tumor (MRT) TMA. Shaded boxes indicate control non-tumor samples.
(B) Illustration of the p16ARF and p14!NK4A pathways. Each component of these pathways
was stained on both AT/RT and non-CNS MRT TMAs. (C) Stained variables were scored as

strong (3+), moderate (2+), weak (1+) or negative (0).

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2012 July 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Venneti et al.

X TN ;: b
) Q TeoOO
& *09@

“x s 5 e e e
o0 g
Pe® 30000 C
VoD@

K

Non-CNS MRT

% ec000e
QOP® PP oD
' XYY u 5]
0006 3002¢ >, (moderate) 0 (negative)

Figure 2.

Page 15

Immunohistochemical expression profiles of p21CIPYWAFlang p16!/NK4A and p14ARF in
atypical teratoid/rhabdoid (AT/RT) and non-CNS malignant rhabdoid tumors (MRT). (A, B)
Representative images displaying lack of expression (score = 0) of both p21CIPLWAFL (A)
and p16/NK4A (B) in AT/RT cases. (C) Representative image from an AT/RT case showing
strong (3+) p14ARF expression. (D) Semiquantitative estimation of staining in all AT/RT
and non-CNS MRT cases. p14ARF expression ranged from focal weak to diffuse strong
staining and was higher in both AT/RT and non-CNS MRT relative to p21C'PLYWAFlang

p16/NKA4A expression. Data were analyzed using ANOVA (***p < 0.0001). The y-axis

represents a semiquantitative measure of the product of staining intensity and percentage of

positive cells in each case.
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Figure 3.

Immunohistochemical expression profiles of CDK4 and cyclinD1 in atypical teratoid/
rhabdoid (AT/RT) and non-CNS malignant rhabdoid tumors (MRT). (A) CDK4
immunostaining showed weak (1+) expression in AT/RT. (B) Semiquantitative estimation of
CDK4 shows weak expression in both AT/RT and non-CNS MRT. (C) Focal weak (1+)
expression of cyclin D1 staining in AT/RT. (D) Semiquantitative estimation of cyclinD1
showed focal weak expression in both AT/RT and non-CNS MRT. The y-axes in B and D
represent a semiquantitative measure of the product of staining intensity and percentage of
positive cells in each case.
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L
.
Non-CNS MRT

non-CNS MRT

Immunostaining for ppRB and E2F1 in atypical teratoid/rhabdoid (AT/RT) and hon-CNS
malignant rhabdoid tumor (MRT). (A) Moderate (2+) staining with ppRB in non-CNS
MRT. (B) Semiquantitative estimation of ppRB staining showing focal weak to moderate
expression in both AT/RT and non-CNS MRT. (C) Representative image demonstrating
negative E2F1 staining (score = 0) in a non-CNS MRT. (D) Semiquantitative estimation of
SE2F1 showing no staining in all cases of both AT/RT and non-CNS MRT. The y-axes in B
and D represent a semiquantitative measure of the product of staining intensity and

percentage of positive cells in each case.
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Figure 5.

Immunohistochemical expression of p53 and MDM2 in atypical teratoid/rhabdoid (AT/RT)
and non-CNS malignant rhabdoid tumors (MRT). (A) Representative p53 immunostaining
of an AT/RT case showing moderate (2+) p53 expression. (B) Semiquantitative estimation
of p53 showed moderate to weak expression in many AT/RT and all non-CNS MRT cases.
(C) Weak (1+) expression of MDM2 staining in an AT/RT case. (D) Semiquantitative
estimation of MDMZ2 showed focal weak to moderate expression in AT/RT and non-CNS
MRT cases. The y-axes in B and D represent semiquantitative measures of the product of
staining intensity and percentage of positive cells in each case.
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Figure 6.

Relationship between p53 and p14ARF / MDM2 in malignant rhabdoid tumors (MRT). Non-
parametric correlations using 95% confidence intervals were performed to quantify the
relationship between p53, p14ARF and MDM2. Results from correlation analyses are
represented by r2, the Spearman's coefficient. (A) Positive correlations between p53 and
p14ARF in AT/RT. (B) Negative correlations between p53 and MDM2 in atypical teratoid/
rhabdoid (AT/RT) tumors. (C) Positive correlations in non-CNS MRT between p53 and
p14ARF (D) No relationship between p53 and MDM2 in non-CNS MRT.
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Figure 7.

non-CNS MRT

Malignant rhabdoid tumors (MRT) express nucleophosmin (NPM). (A) NPM
immunostaining of an atypical teratoid/rhabdoid (AT/RT) tumor demonstrating strong (3+)
expression. (B) Semiquantitative estimation of NPM showed strong to weak expression in

all AT/RT and non-CNS malignant rhabdoid tumor (MRT) cases. (C) Moderate (2+)
expression of phosphorylated NPM (pNPM) in an AT/RT case. (D) Semiquantitative

Page 20

estimation of pNPM showed focal weak to moderate expression in AT/RT and non-CNS
MRT cases. The y-axes in B and D represent semiquantitative measures of the product of

staining intensity and percentage of positive cells in each case.
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Figure 8.

Nucleophosmin (NPM) and phosphorylated NMP (pNPM) colocalize with p53 in malignant
rhabdoid tumor (MRT). (A) Representative fluorescence immunostaining of an atypical
teratoid/rhabdoid (AT/RT) case demonstrates colocalization of p53 (green) and NPM (red).
Original magnification: 40%. (B) Representative fluorescence immunostaining on a non-
CNS MRT case demonstrating colocalization of p53 (green) and pNPM (red). Original
magnification: 20x. Insets shows nuclei counter stained with 4',6-diamidino-2-phenylindole
(DAPI, blue).
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Table 1

Patient Characteristics and TP53 Mutational Analysis

Atypical Teratoid / Rhabdoid Tumor

Case No. Age (mo) Sex Location TP53 polymorphism/ mutation
1 11 F Cerebello-pontine angle Yes
2 17 M Brain and spinal cord Yes
3 47 M Cerebellum Not assessed
4 6 M Pineal region Not assessed
5 9 F Pineal region Not assessed
6 19 M Pineal region Yes
7 53 M Temporal lobe Yes, €.722C>T (Ser>Phe)
8 21 F Cerebellum Yes
9 21 M Cerebellum Yes
10 23 F Cervical Spinal Cord Yes
11 96 M Clivus Not assessed
12 96 M Clivus Yes
13 19 M Cerebellum Yes
14 26 M Brain, not specified Yes
15 30 M Brain, not specified Yes, ¢.246G>A (Pro>Pro)
16 52 F Cerebellum Yes
17 120 M Spine Yes
18 9 F Brain, not specified Yes, c.467G>A (Arg>His), ¢.582T>C (Leu>Leu)
19 11 M Cerebellum Not assessed
20 11 M Cerebello-pontine angle Yes
21 44 M Frontal lobe Not assessed
22 44 M Frontal lobe Yes
23 17 M Cerebello-pontine angle Yes
24 13 M 4th Ventricle Yes
25 6 F Cerebellum Yes
Non-CNS Malignant Rhabdoid Tumor
Case No. Agemo. Sex Location TP53 polymorphism/ mutation
1 6 F Neck Yes
2 96 F Neck Yes
3 108 M Cervical Lymph Node Yes
4 52 F Hand Yes
5 96 M Liver Yes
6 240 M Abdomen Not assessed
7 96 M Axilla Not assessed
8 32 F Liver Yes
9 56 F Face Not assessed
10 40 F Liver Yes
11 6 F Kidney Yes

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2012 July 1.

Page 22



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

wduosnue Joyiny vd-HIN

Venneti et al. Page 23

The tissue microarray contained 25 cases of atypical teratoird/rhabdoid tumor (AT/RT) and 11 cases of non-CNS malignant rhabdoid tumor
(MRT). F = Female; M = Male; c. = codon; C = cytosine; T = thymidine; G = guanine; A = arginine= Ser = serine; Phe = phenylalanine; Pro =
proline; Arg = arginine, His — histidine, Leu — Leucine.
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