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There is little information regarding the status of cell
cycle regulators in malignant peripheral nerve sheath
tumors (MPNSTs) and neurofibromas (NFs). In this
study, we investigated patterns of expression of p53
and pRB, cyclin-dependent kinase inhibitors (CKIs)
p21 and p27, as well as cyclins D1 and E, in a cohort
of 35 well-characterized MPNSTs and 16 NFs. These
phenotypes were correlated with proliferative index,
as assessed by Ki-67, as well as clinicopathological
parameters of poor outcome. p53 nuclear overexpres-
sion was found in 10 of 35 (29%) MPNSTs, and it was
lacking in NFs (P = 0.02). There were no differences
in the patterns of expression of pRB, cyclin D1, and
P21 between MPNSTs and NFs. However, p27 nuclear
expression was present in most NFs, but it was absent
in the majority of MPNSTs, which displayed cytoplas-
mic staining (P < 0.001). Nuclear cyclin E expression
was more pronounced in MPNSTs than in NFs. We
observed inverse patterns of expression for nuclear
P27 and nuclear cyclin E expression. The staining
profiles of cytoplasmic p27 and nuclear cyclin E ex-
pression were found to be statistically associated (P =
0.01). High Ki-67 expression was found in 20 of 34
(59%) MPNSTs but was absent in NFs (P < 0.001).
Furthermore, detection of cytoplasmic p27 expres-
sion was found to be a prognostic factor for poor
survival in MPNSTs (P = 0.03, relative risk = 2.4).
(Am J Patbol 1999, 155:1885-1891)

Cell cycle transitions, critical in homeostasis and tumor-
igenesis, depend on the functional status of cyclin-de-
pendent kinases (CDKs), enzymes subject to positive

and negative regulation by cyclins and cyclin-dependent
kinase inhibitors (CKls). The major role in controlling the
progression from G1 to S phase is attributed to het-
erodimeric complexes formed by Cdk4-Cdk6 and D-type
cycling, as well as Cdk2 and cyclins A and E."™® These
active enzymatic complexes mediate the phosphoryla-
tion of key molecules, such as the protein encoded by
retinoblastoma (RB) gene, also known as pRB. pRB is a
nuclear phosphoprotein that appears to be active in its
hypophosphorylated state by binding to and sequester-
ing transcription factors involved in the induction of the
S-phase, such as those of the E2F family.*® Phosphory-
lation of pRB results in the release of E2F molecules,
which then bind to and activate the promoter sites of
various genes crucial for DNA replication, including thy-
milate synthase and dihydrofolate reductase.®

Cyclins primarily involved in the G1-S transition include
D-type cyclins (D1, D2, and D3) and cyclin E.”® It has
been reported that E2F1 promotes the activation of the
cyclin E gene, resulting in its synthesis during late G,.°
Cyclin E associates with Cdk2, targets pRB phosphory-
lation, and is considered the rate-limiting factor for the
transition into S phase. ™

CKIls bind to and inhibit cyclin-Cdk complexes, exert-
ing a negative regulatory function. CKls are classified into
two groups: the KIP family, which includes p21 (WAF1,
Cip1, Sdi1),""""2 p27KIP113 "and p57X'P2 ' and the INK4
family, which includes p16'™NK4A 15 p15INK4E 16 51 gINK4C
and p19NKab 1718 o1 is transactivated by p53 in re-
sponse to recognition of DNA damage or cellular stress,
producing a transient G, arrest.'® However, p27 is mainly
regulated through signals originating in the mem-
brane,®2° also inhibiting progression to S phase.

The molecular events involved in the tumorigenesis of
malignant peripheral nerve sheath tumors (MPNSTs) are
still largely unknown. Deletions affecting chromosome
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17p, including the p53 locus, as well as mutations of the
053 gene, have been described in MPNSTs.2'-22 Further-
more, p53 nuclear overexpression has been demon-
strated frequently in MPNSTs but not in neurofibromas
(NFs).23724 This is of particular interest, because MPNSTs
often arise from NFs, mainly in the clinical setting of
neurofibromatosis type 1 (NF1). A specific aim of our
study was to address not only p53, but also downstream
events of its pathway, such as p21 expression. We also
analyzed alterations affecting the RB pathway, including
G, cyclins and p27. Because these proteins are respon-
sible for the functional status of pRB and entry into S
phase, we also analyzed proliferative activity by assess-
ing Ki-67 expression. The final goal was to compare the
phenotypes of these two distinct tumor types, as well as
to conduct clinicopathological correlations.

Materials and Methods

Patients and Tissue Samples

The cases studied included 35 well-characterized, high-
grade, deep-seated MPNSTs diagnosed at our center for
which paraffin blocks were available. Information regard-
ing tumor size, type of surgical treatment, and clinical
outcome (ie, intervals to recurrence, metastasis, and
overall survival) was available for each case. Seven of the
35 patients were alive at the end of the follow-up period
for 17-276 months (median 35 months). The overall sur-
vival was 2-276 months (median overall survival 21
months). A control group consisting of 16 randomly cho-
sen NFs, including four cellular NFs, was also studied.
Cellular NFs are characterized by a moderately in-
creased cellularity with absence of nuclear atypia and
generally do not show mitotic activity, although on occa-
sion they contain a rare mitotic figure.

Immunohistochemical Analysis

Formalin-fixed, paraffin-embedded, 5-um sections mounted
on superfrost slides were deparaffinized, rehydrated in graded
alcohols, and processed using the avidin-biotin immuno-
peroxidase method. Briefly, sections were submitted to
antigen retrieval by microwave oven treatment for 15
minutes in 0.01 mol/L citric acid at pH 6.0. This procedure
was performed for all antibodies under study. For anti-
Ki-67 antibodies, an additional step of incubation in pre-
heated 0.05% trypsin, 0.05% CaCl,, in Tris-HCI (pH 7.6)
for 2 minutes at 37°C was followed by microwave oven
treatment, as described above. Slides were subse-
quently incubated for 15 minutes with 10% normal horse
serum (10% whole goat serum for anti-cyclin E staining),
followed by overnight incubation at 4°C with appropri-
ately diluted primary antibody. The antibodies used were
anti-p53 mouse monoclonal antibody (mAb) PAb1801
(clone Ab2; Oncogene Research Products/Calbiochem,
Cambridge, MA; 1:500 dilution), anti-pRB mouse mAb
(clone 3C8; QED Bioscience, San Diego, CA; 1:700 dilu-
tion), anti-cyclin D1 mouse mAb (Ab3; Oncogene Re-
search Products/Calbiochem; 1:100 dilution), anti-p21

mouse mAb (Ab1; Oncogene Research Products/Calbio-
chem; 1:20 dilution), anti-p27 mouse mAb (Ab2; Onco-
gene Research Products/Calbiochem; 1:1000 dilution),
anti-cyclin E purified rabbit antiserum (gift from Dr. A.
Koff, 1:500 dilution), and anti-Ki-67 mouse mAb (clone
MIB1; Immunotech, Westbrook, ME; 1:50 dilution). After
antibody washing, the sections were sequentially incu-
bated for 30 minutes with either biotinylated horse anti-
mouse IgG (Vector Laboratories, Burlingame, CA; 1:500
dilution) or biotinylated goat anti-rabbit IgG (Vector Lab-
oratories; 1:1000 dilution) antibodies, followed by avidin-
biotin peroxidase complexes (Vector Laboratories; 1:25
dilution). Diaminobenzidine (0.06%) was used as a chro-
mogen and hematoxylin for nuclear counterstain.

Immunohistochemical Evaluation and Scoring

Immunohistochemically stained slides were evaluated by
one pathologist (HPK), without knowledge of the clinical
outcome or other immunohistochemical results. Each his-
tological section was screened and assessed for the
percentage of tumor nuclei displaying staining. When
homogeneous distribution of the immunoreactivity was
observed, 20 HPF were evaluated with a 40X objective.
In heterogeneous distribution of the immunoreactivity the
entire tissue section was screened using a 40X objective
to arrive at the estimated degree of positivity. NFs, neo-
plasms shown by electron microscopy to contain
Schwann cells along with minor populations of perineur-
ial-like cells, fibroblasts, and cells with intermediate fea-
tures,?*2° were evaluated in a similar fashion. In these
tumors we evaluated immunohistochemical staining in
the entire cellular population, acknowledging a minor
standard error in the comparison of NFs with MPNSTs.
Intensity of the staining was recorded as 1+ (weak), 2+
(moderate), or 3+ (strong). Cases were considered pos-
itive for p53, p21, p27 (p27N), and Ki-67 if nuclear stain-
ing was observed in =20% tumor cells. For p27, the
presence of cytoplasmic staining (p27C) was also re-
corded and considered positive if the cytoplasm of
=20% tumor cells displayed staining. Cyclin D1 and
cyclin E were considered positive if staining was present
in =10% of tumor nuclei. Interpretation of pRB immuno-
reactivities was conducted by stratifying cases in those
showing undetectable (0%) to very low levels (1-3%), low
levels (>3-19%), and pRB overexpression (=20%) in
tumor nuclei. pRB expression was considered positive if
noted in more than 3% of tumor nuclei. Intracbserver
variability was tested by random reevaluation of 25% of
the cases. In no case was there a change in category
(positive/negative result) or a difference greater than
10%. The variation in most cases was in the 5% range.

Statistical Analysis

Fisher's exact test was used to study the association
between clinical parameters. The effect of the factors
examined by immunohistochemistry and clinical outcome
parameters (recurrence, metastasis, and survival) was
analyzed by the Cox regression model log-rank test. Sur-
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Table 1. Immunohistochemical Expression of Cell Cycle Regulators and Ki-67 in MPNSTs and NFs

p53* pRb* p21* p27N* p27C* CyclinD1* Cyclin E* Ki-67*

(%) (%) (%) (%) (%) (%) (%) (%)
MPNST 10/35 31/35 16/35 3/35 19/35 10/35 14/33 20/34
(N = 35) (29%) (89%) (46%) (9%) (54%) (29%) (42%) (59%)
NF 0/16 15/16 11/16 15/16 12/16 5/16 5/16 0/16
(N = 16) (94%) (69%) (94%) (75%) (31%) (31%)

*(%), Number of positive cases/total number of cases examined, (percentage of positive cases); p27C, cytoplasmic expression of p27; p27N,

nuclear expression of p27; ND, not detected.

vival was measured in months beginning from the date of
the first pathological diagnosis. Statistical significance
was set at P = 0.05.

Results

Table 1 summarizes data regarding the patterns of ex-
pression of the examined cell cycle regulators in MPNSTs
and NFs. Figure 1 illustrates the features of typical neu-
rofibroma, cellular neurofibroma, and MPNST. Figures
2-8 lillustrate alterations occurring in these tumors in
relation to the markers analyzed.

p53 nuclear overexpression was observed in 10 of 35
(29%) MPNSTs (Figure 2); however, it was not detected in
the typical and cellular neurofibromas analyzed. There
was a statistically significant difference between p53 de-
tection in MPNSTs and that in NFs (P = 0.02).

pRB nuclear immunoreactivities were identified in 31 of
35 (89%) MPNSTs (Figure 3). The intensity of staining in
this group of lesions was moderate to strong. Seven
cases showed low pRB levels, whereas 24 cases dis-
played pRB nuclear overexpression. The percentage of
tumor cells expressing pRB ranged from 5% to 80%. pRB
nuclear immunostaining was noted in 15 of 16 (94%) NFs.
The intensity of staining in typical NFs was weak. How-
ever, in the four cellular NFs nuclear pRB expression was
more pronounced in both intensity and percentage of
positive cells, resembling the pattern seen in MPNSTSs.

p21 nuclear immunoreactivity was displayed in 16 of
35 (46%) MPNSTs and 11 of 16 (69%) NFs (Figure 4). The
intensity of p21 staining was similar in the two tumor types
and scored as moderate to strong. The cellular NFs ex-
hibited higher levels of p21 expression and were scored
as displaying stronger staining signals.

Scoring of p27 was conducted by separately record-
ing nuclear and cytoplasmic expression. Nuclear p27
immunoreactivities were noted in 3 of 35 (9%) MPNSTs
(in 30-70% of the cells, mean 43%) and 15 of 16 (94%)
NFs, (in 30-90% of the cells, mean 55%), a finding of
statistical significance (P < 0.001). In contrast, cytoplas-
mic p27 expression was identified in 19 of 35 (54%)
MPNSTs (in 20-80% of the cells, mean 41%) and 12 of
16 (75%) NFs (in 20-50% of the cells, mean 28%). Cel-
lular NFs showed decreased nuclear p27 expression and
more intense cytoplasmic staining, resembling the pat-
tern noted in MPNSTs (Figure 5).

Cyclin D1 nuclear expression was identified in some
tumors of both categories, including 10 of 35 (29%) MPN-
STs and 5 of 16 (31%) NFs (Figure 6). In contrast, cyclin

E immunoreactivities were noted in 14 of 33 (42%) MPN-
STs (in 10-50% of the cells, mean 24%) and 5 of 16
(81%) NFs (in 10-20% of the cells, mean 18%). Cellular
NFs also displayed significant cyclin E levels (Figure 7).
Moreover, if cellular NFs were to be excluded from the
statistical analysis, a significant difference would then be
noted between cyclin E expression in MPNSTs and typ-
ical NFs (P = 0.03).

High proliferative index, as assessed by Ki-67 expres-
sion, was found in 20 of 34 (59%) MPNSTs (Figure 8);
however, Ki-67 was either undetectable or scored as low
(ranging from 1% to 2%) in all tested NFs (P < 0.001).

A comparative analysis of the distinct patterns of ex-
pression identified significant associations between p27
cytoplasmic immunoreactivity and nuclear cyclin E over-
expression (P = 0.01). There was also a significant as-
sociation between p53 nuclear overexpression and de-
tection of p21 nuclear immunoreactivities (P = 0.03).
Analysis of expression between the other cell cycle reg-
ulators failed to reveal statistically significant associa-
tions.

Among the patients with MPNST, 26 died of disease
during follow-up. The median follow-up of the nine survi-
vors was 24 months (16-276 months). Thirteen patients
developed recurrent disease (median time to recurrence
15 months), and 19 patients developed metastases (me-
dian time to metastasis 22 months). Tumor sizes ranged
from 4 cm to 40 cm (median and mean 13 cm). We
observed a statistically significant association between
p27 cytoplasmic expression and shortened survival, by
univariate analysis (P = 0.03, RR = 2.4, Cl = 1.0-5.6). In
addition, we found that undetectable levels of pRB were
significantly associated with a higher rate of local recur-
rence (P = 0.004, relative risk = 0.2, Cl = 0.06-0.7), but
not with shortened survival.

Discussion

Malignant peripheral nerve sheath tumors are uncommon
neoplasms?” but arise frequently in patients affected by
neurofibromatosis type 1.2772° In this setting, they are
likely to develop within a preexisting neurofibroma. This
suggests that a multistage sequence occurs for tumor
progression in these neoplasms. The molecular events
involved in such a scheme, leading from a NF to a
MPNST, are still unknown.

P53 nuclear overexpression has previously been re-
ported to be detected in 13 of 26 (50%) MPNSTSs, but in
only one of 12 NFs.?® Similar findings were independently
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Figure 1. Hematoxylin and eosin (H&E)-stained typlcal NF (A), cellular NF (B), and MPNST (C).

reported by another group of investigators, who found
p53 overexpression in 16 of 28 (57%) MPNSTs and one of
27 (4%) NFs.2* In the present study, we used a cutoff
value of =20% positive tumor cell nuclei to categorize a
case as displaying the positive phenotype. Based on this
value, we observed p53 nuclear immunoreactivities in 10
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Figure 4. p21 nuclear expression in typical NF (A) and MPNST (B).

of 35 (29%) MPNSTs. The difference in percentage of
p53 positive cases is probably due to the selection of the
cutoff point, as well as methodological differences such
as distinct primary antibody clones and immunostaining
protocols. We selected the cutoff point of =20% positive
tumor cell nuclei based on previous experience from our
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Figure 5. Expression of p27 is prominent in nuclei of NF (A) and decreased in nuclei and prominent in cytoplasm of both cellular NFs (B) and MPNSTs (C).

laboratory and other groups that compared the sensitivity
of immunohistochemistry, using clone PAb 1801, and
sequencing as a gold standard. In this context, our result

.

two of seven MPNSTs reported by Menon et al.?! It is
known that not all p53 mutations are detected by immu-
nohistochemical analyses, because those fail to identify

closely approximates the frequency of p53 mutations in mutations that result in truncated proteins. Interestingly,
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Figure 8. Ki-67 expression in MPNST.
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although p53 nuclear overexpression has been associ-
ated with poor outcome, in the present study no such
correlation was observed.

Unlike other soft tissue malignancies,3° expression of
pRB was generally maintained in both MPNSTs and NFs.
However, we noticed that all four pRB-negative MPNSTs
recurred. In contrast, the rate of recurrence for pRB-
positive MPNSTs was 65%, a finding that reached statis-
tical significance. No correlation of immunohistochemical
pRB expression with the examined cell cycle regulators
or Ki-67 was identified. It is of interest to note that
whereas only one of seven (14%) patients with MPNSTs
of low pRB expression died of the disease, 8 of 24 (33%)
patients with tumors showing pRB overexpression did so.
This difference, however, did not reach statistical signif-
icance. It has been observed that pRB overexpression
identifies a subgroup of tumors with poor outcome.3'~32
The functional status of these overexpressed pRB prod-
ucts is at present unknown. Immunohistochemistry using
antibodies that would specifically recognize the func-
tional, underphosphorylated pRB or the application of
Western blotting for detecting this form of pRB may help
in resolving this issue.

Although p21 expression was noted in a minority of
MPNSTSs versus a majority of NFs, this difference did not
reach statistical significance. p21 expression in MPNSTs
was associated with a positive p53 phenotype. This find-
ing supports the postulate that p21 could be induced via
pathways that are independent of p53 transactivation.33
In this setting, p21 expression may be related to mito-
genic stimuli via growth factor signaling. There is abun-
dant evidence regarding the up-regulation of growth fac-
tor receptor/ligand activity in soft tissue sarcomas. The
intense p21 immunoreactivity observed in cellular neuro-
fibromas might represent either a response to cellular
stress, induced by a functional p53, or the influence of
mitogenic signals produced by growth factors acting on
these lesions.

Distinct patterns of immunoreactivity were identified for
p27. A nuclear p27 phenotype was observed in 15 of 16
(94%) NFs versus only 3 of 35 (9%) MPNSTSs, a statisti-
cally significant finding. These data support the postulate
that p27 might be involved in tumor progression in the
NF-to-MPNST pathway. In contrast, the majority of MPN-
STs displayed strong cytoplasmic p27 staining. Because
no tumor-specific p27 mutations have been identified in
large series of solid tumors,®*3® the p27 phenotypes
identified in MPNSTSs are likely to be related to epigenetic
phenomena. In this regard, it has been reported that p27
is a target of degradation via the ubiquitin pathway.3¢
Thus it is possible that the cytoplasmic localization of p27
reflects delayed proteasome degradation and cytoplas-
mic accumulation. Alternatively, recent work has sug-
gested that the cytoplasmic p27 mislocalization relates to
the loss of the tuberin protein,®” 38 encoded by the tu-
berous sclerosis gene-2 (TSC-2). Whether such abnor-
malities are also present in MPNSTs remains unknown.
Interestingly, there was no association between p27 phe-
notypes and the Ki-67 proliferative index.

Complexes formed by cyclin E and Cdk2 can directly
down-regulate p27 by promoting p27 phosphorylation at

ATP concentrations approaching physiological levels,
leading to subsequent p27 elimination from the cell.*°
The significant association between cyclin E and p27 is
evidenced in this study, relating p27 cytoplasmic accu-
mulation to cyclin E nuclear overexpression. Appreciable
differences in cyclin E expression were noted among the
two tumor types under study. Many MPNSTSs, up to 40%
of the cases, expressed nuclear cyclin E, whereas only
one of 12 typical NFs exhibited such a pattern. It is
noteworthy that all four cellular NFs showed strong nu-
clear cyclin E immunoreactivity, paralleling the finding in
MPNSTs. These data indicate that cyclin E may also
participate in the pathway of NF-to-MPNST progression.

Taken together, data from this study suggest that two
distinct patterns of expression of cell cycle regulators are
associated with the two tumor types, namely NF and
MPNST. Typical NFs express nuclear p27 and lack cyclin
E, whereas MPNSTs have undetectable nuclear p27, ac-
quire p27 cytoplasmic expression, and display high lev-
els of nuclear cyclin E. These events reflect the disregu-
lation of the G1 transition and appear to contribute to
progression in the NF-to-MPNST pathway, as well as to
the process of tumor progression in MPNSTs. Further-
more, detection of cytoplasmic p27 expression was
found to be a prognostic factor for poor survival in MPN-
STs (P = 0.03, relative risk = 2.4). It is conceivable that
such biological determinants may be of clinical signifi-
cance in the prognostication of this group of neoplasms.
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