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Homozygous deletion of CDKN2A (p16) is one of the most common genetic alterations in pleural

mesotheliomas, occurring in up to 74% of cases. MTAP resides in the same gene cluster of the 9p21 region

and is co-deleted in the majority of CDKN2A deleted cases. This study examines the genetic alterations in

peritoneal mesotheliomas, which may have a different pathogenesis than their pleural counterparts. Twenty-six

cases of peritoneal mesotheliomas in a triplicate tissue microarray were studied. Dual-color fluorescence in situ

hybridization was performed with CDKN2A and MTAP locus-specific probes. Nine of 26 (35%) peritoneal

mesotheliomas had homozygous deletion of CDKN2A; MTAP was co-deleted in every case. All cases with

CDKN2A deletions had loss of p16 protein expression; five cases had loss of p16 protein without evidence of

CDKN2A deletions. All patients with CDKN2A deletions were men (P, NS) and were significantly older (mean, 63

years) than the patients with no deletions (mean, 52 years) (P¼ 0.033, t-test). An association with asbestos

exposure could not be proved in this study. Similar to pleural mesotheliomas, patients with CDKN2A deletions

and loss of p16 protein expression had worse overall and disease-specific survival (P¼ 0.010 and 0.006,

respectively; Kaplan–Meier log rank). Detection of CDKN2A-MTAP co-deletion in peritoneal mesotheliomas,

coupled with a p16 immunohistochemical stain as an inexpensive screening tool, can help identify those

patients who may have an unfavorable outcome after aggressive cytoreductive surgery combined with

hyperthermic intraperitoneal chemotherapy and those who may respond to targeted therapy of the MTAP

pathway.
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Malignant mesotheliomas are aggressive tumors that
arise from serosal surfaces. The median survival of
untreated cases ranges between 6 and 18 months.1

The majority arise from the pleura, but about
10–20% of the cases in the Unites States arise from
the peritoneal surfaces.1,2 The median age at diag-
nosis is 65–69 years for peritoneal mesotheliomas,
which is slightly younger than the median age at
diagnosis of 72 years for pleural mesotheliomas.1,2

Interestingly, there is a gender difference between

the two sites. Pleural mesotheliomas occur primarily
in men (at about a ratio of 5:1 men to women),
whereas only about 55% of the cases of peritoneal
mesotheliomas occur in men.1,2 Furthermore,
peritoneal mesotheliomas account for 7% of all
mesotheliomas in men, but 17% of all mesothelio-
mas in women.3 Although peritoneal mesotheliomas
are associated with asbestos exposure,4 the associa-
tion is not as strong as with their pleural counter-
parts. This may be related to the observation that
cases of peritoneal mesothelioma that occur in
women are not associated with asbestos exposure.

Without aggressive therapy, diffuse peritoneal
mesotheliomas are, in general, rapidly fatal malig-
nancies with a median survival of about 1 year.5–8

With aggressive cytoreductive surgery (CS) com-
bined with hyperthermic intraperitoneal chemother-
apy (HIPEC), recent studies have reported survival
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rates that approach 5 years.8–10 Owing to major
morbidly after such aggressive therapy, patient
selection has a critical role in a successful outcome
and improved survival.6,11 A preoperative prognos-
tic classification for diffuse peritoneal mesothelio-
mas has been proposed and involves the following
parameters: (1) presence of extra-abdominal and/or
hepatic metastases; (2) disease potentially suitable
for complete surgical cytoreduction at preoperative
imaging studies; and (3) prognostic factors, includ-
ing histologic subtype, nuclear grade and mitotic
count.6 As only a few studies have investigated
potential biological and pathological prognostic
factors for patients with diffuse peritoneal mesothe-
liomas treated by CS and perioperative intraperito-
neal chemotherapy,9,10,12 additional studies are
warranted.

Cytogenetic and molecular changes in malignant
mesotheliomas have been well studied, primarily in
pleural mesotheliomas.13 Homozygous deletion of
CDKN2A (p16) and co-deletion of MTAP are two of
the most common genetic alterations. Both genes
reside in the same gene cluster of the 9p21 locus.
CDKN2A is deleted in 60–75% of primary tumors14–17

and up to 100% of cell lines.18,19 The detection of
homozygous deletion of CDKN2A by fluorescence in
situ hybridization (FISH) can be a useful diagnostic
tool to distinguish between malignant mesothelio-
mas and reactive mesothelial proliferations,14,20 and
as a prognostic indicator of a poor outcome in
pleural mesotheliomas.17,21,22 In a previous study
from our institution that examined the diagnostic
utility of CDKN2A deletions in malignant mesothe-
liomas, a subset of cases were from the peritoneum
and only 5 of the 20 (25%) cases harbored CDKN2A
deletions.14 This is the only study that has examined
CDKN2A deletions in peritoneal mesotheliomas.
This difference in CDKN2A deletions between
pleural and peritoneal mesotheliomas prompted
this study on an additional cohort of peritoneal
mesotheliomas.

Loss of p16 protein expression has also been
shown to predict poor survival in patients with
malignant peritoneal mesothelioma.23 In pleural
mesotheliomas, loss of p16 protein expression is
typically associated with CDKN2A deletion, but a
subset of cases showed loss of p16 due to inactiva-
tion of the gene by methylation.24–26 The correlation
between CDKN2A deletion, loss of p16 protein
expression and survival has not been made in
peritoneal mesotheliomas.

MTAP encodes methylthioadenosine phosphory-
lase, an enzyme essential in the salvage of cellular
adenine and methionine. MTAP is co-deleted in the
majority of CDKN2A deleted cases and all cases with
deletion ofMTAP also have deletion of CDKN2A.15,21

Mesotheliomas that show loss of MTAP could
be treated with targeted therapy using inhibitors of
the AMP synthesis pathway.21 However, deletion
of MTAP has not been studied in peritoneal
mesotheliomas.

The aim of this study was to determine the
prevalence of homozygous deletion of CDKN2A
and/or MTAP in a series of peritoneal mesothelio-
mas, to correlate CDKN2A deletions by FISH with
loss of protein expression by IHC and to determine
the prognostic significance of CDKN2A deletions in
this study population.

Materials and methods

All patients with malignant peritoneal mesothelio-
mas who underwent CS combined with HIPEC
between 2001 and 2007 at the University of
Pittsburgh Medical Center were reviewed and the
26 cases with available archived tissue were in-
cluded in the study (eight of these patients were
included in our earlier study14). The diagnosis of
malignant mesothelioma was based on the combina-
tion of clinicoradiographic findings, intraoperative
observations and routine H&E histology. The diag-
nosis was confirmed by immunohistochemistry
using routine antibodies such as calretinin,
WT-1, D2-40, cytokeratin 5/6, Ber-EP4, B72.3, p63,
CEA. This study was approved by the University
of Pittsburgh Institutional Review Board (IRB
#PRO08080411).

Tissue Microarray Constructions

A high-density tissue microarray was constructed
from archival formalin-fixed, paraffin-embedded
samples. For each sample, three representative areas
rich in tumor cells were identified by light micro-
scopic examination and marked on the H&E sec-
tions. Three cores measuring 0.1 cm in diameter
were taken from the donor paraffin tissue blocks of
each case and were arranged in a recipient paraffin
tissue array block by using a Manual Tissue Arrayer
(MTA-1, Beecher Instruments, Sun Prairie, WI,
USA).

Fluorescence In Situ Hybridization

Dual-color FISH was performed as previously
described using a Spectrum Green-labeled chromo-
some 9 centromeric (CEP9) probe and either a
CDKN2A (Abbott Molecular, Des Plains, IL, USA)
and/or MTAP (RP11-70L8, CHORI, Oakland, CA,
USA).14 In brief, paraffin sections of the tissue
microarray were de-paraffinized, dehydrated in
ethanol and air-dried. The slides were digested with
protease K (0.5mg/ml) at 371C for 28min, denatured
at 751C for 5min in 70% Formamide (Chemicon,
Billerica, MA, USA) and dehydrated in ethanol. The
probes were denatured for 5min at 751C before
hybridization. Slides were hybridized overnight at
371C and washed in 2�SSC/0.3% Igepal (Sigma, St
Louis, MO, USA) at 721C for 2min. Nuclei were
counterstained with DAPI/antifade (Vysis, Downers
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Grove, IL, USA). Each FISH assay included positive
and negative controls. Analyses were performed
using a fluorescence microscope (Nikon Eclipse
E600) and Cytovysion Workstation (Applied Ima-
ging, Santa Clara, CA, USA) equipped with filter
sets with single- and dual-band excitors for Spec-
trum Green, Spectrum Orange and DAPI (UV
360nm). Each core on the tissue microarray was
identified and only individual and well-delineated
cells were scored; overlapping cells were excluded
from the analysis. At least 60 cells were scored for
each case and control. Each tumor was assessed by
the average and the maximum numbers of copies of
the gene (CDKN2A or MTAP) per cell and the
average ratio of the gene to CEP9 copy numbers.
Homozygous deletion was defined by loss of both
gene signals in at least 20% of nuclei that showed at
least one signal for the CEP9 probe.14

Immunohistochemistry

Immunohistochemistry was performed using anti-
p16 mouse monoclonal antibody at a dilution of

1:200 (BD PharMingen, San Diego, CA, USA)
according to the standard avidin–biotin–peroxidase
complex method. The p16 immunostain for each
case was interpreted as previously described.23

Briefly, nuclear and cytoplasmic p16 immunoreac-
tivity was scored for intensity and extent. Intensity
of immunoreactivity was scored as 0, no staining; 1
þ , weak staining; 2þ , strong staining. The extent of
immunoreactivity was assessed as focal (o5%) or
multifocal/diffuse. Cases were considered negative
if scored as 0 or 1þ and focal; all 2þ cases and
cases scored as 1þ and multifocal/diffuse were
considered positive (Figure 1). Sections of cervical
biopsy previously identified as immunoreactive for
p16 protein served as a positive control. Negative
controls included omitting the primary antibody
and its substitution with normal serum.

Statistical Analysis

For the comparisons of means, a t-test for indepen-
dent variables was used for continuous data,
and Fisher’s exact test was used for categorical data.

Figure 1 p16 staining in peritoneal mesotheliomas by immunohistochemistry. Top: An example showing intact (positive) nuclear
staining for p16 (a, H&E; b, p16). Bottom: An example showing loss of p16 staining (c, H&E; d, p16).

CDKN2A, MTAP and p16 in peritoneal mesotheliomas

AM Krasinskas et al 533

Modern Pathology (2010) 23, 531–538



For median survival data, Kaplan–Meier survival
analysis was performed using a log-rank statistical
method.

Results

Of the 26 patients included in this study, 22 were
males (M/F ratio 5.5:1) and the mean age at the time
of surgery was 56 years (range 23–76 years). Seven
patients had a known history of asbestos exposure;
all were men with a mean age of 60 years (range, 37–
69 years). All patients underwent CS combined with
HIPEC.27 At the completion of CS, the amount of
residual disease was recorded as follows: R0
(complete) resection was achieved in 6 (23%) of
cases, R1 (remaining peritoneal implants o5mm) in
12 (46%) and R2 (remaining peritoneal implants
45mm) in 8 (31%). Median time from tumor
diagnosis to CS-HIPEC procedure was 254 days
(range, 5–1894 days). Median follow-up after sur-
gery for this cohort of patients was 450 days (mean,
635 days; range, 15–2647 days); median follow-up
after diagnosis was 553 days (mean, 885 days; range,
46–2788 days). Mortality in this cohort was 69%; 10
patients (38%) died from their mesothelioma; 3
(11%) died from late complications of surgery
(renal, respiratory and/or hepatic failure) and all 3
patients had gross residual disease; 5 (19%) with
residual/recurrent disease were lost to follow-up
and died; and 1 patient was lost to follow-up and
died. The high mortality rate from late complica-
tions of surgery is not reflective of our overall results
with the HIPEC procedure27 or our previous results
with mesothelioma patients,12 and we believe
represents a random anomaly within this subgroup.
Of the five patients who are still alive, three are free
of disease and three are alive with disease. One
patient was lost to follow-up soon after surgery.
Histopathologically, 25 (96%) of the tumors were
classified as epithelioid type (Figure 1a and c); only
one tumor was a sarcomatoid mesothelioma.

The results of CDKN2A and MTAP deletions
assessed by FISH are shown in Table 1. FISH
analysis demonstrated homozygous deletion of
CDKN2A in 9 of 26 cases (35%) of peritoneal
mesotheliomas (Figure 2b). The one sarcomatoid
mesotheliomas in this study did have the homo-
zygous deletion of CDKN2A. All cases showed
homozygous deletion in 489% of the analyzed
cells (mean, 96.8%; range, 89.5–100%). Hemizygous

loss was not identified in the 16 cases that were
analyzed.

MTAP showed homozygous deletion in nine cases
(Figure 2c), the same nine cases that also had
CDKN2A deletions. Homozygous deletions were
present in 85.3–100% of the analyzed cells (mean,
93.2%). The correlation between MTAP and
CDKN2A deletions was 100%. The nine patients
with CDKN2A-MTAP deletions were significantly
older (mean, 63 years) than the patients with no
deletions (mean, 52 years) (P¼ 0.033, t-test), and
although all nine patients were male, this did not
reach statistical significance. Asbestos exposure did
not correlate with CDKN2A-MTAP deletions (four of
the seven men with asbestos exposure had
CDKN2A-MTAP deletions, which did not reach
statistical significance).

By immunohistochemistry, 14 cases (54%)
showed loss of p16 expression (Figure 1d) and p16
loss was strongly associated with CDKN2A-MTAP
deletions. All nine cases with CDKN2A-MTAP
deletions showed loss of the p16 protein, whereas
only 5 of the 17 non-deleted cases showed p16
protein loss (P¼ 0.0007).

Patients with CDKN2A-MTAP deletions had
worse overall survival, both from the time of surgery
at our institution and from the time of initial
diagnosis (P¼ 0.010 for both). Patients with
CDKN2A-MTAP deletions also had worse disease-
specific survival, both from the time of surgery at
our institution and from the time of initial diagnosis
(P¼ 0.006 for both). Survival curves from time of
surgery are shown in Figure 3. All nine patients
with CDKN2A-MTAP deletions died with disease
(six died of the disease, two who had residual
disease were lost to follow-up and died, and one
patient with gross residual disease died of renal and
hepatic failure 2 months after surgery). The amount
of post-operative residual disease did not correlate
with overall survival or disease-specific survival in
this study (P¼NS). Patients with evidence of p16
protein loss by IHC also had worse overall survival,
both from time of diagnosis (P¼ 0.010) and from
time of surgery (P¼ 0.044), and worse disease-
specific survival from time of diagnosis (P¼ 0.038)
with a trend toward a worse prognosis from time of
surgery (P¼ 0.066) (graphs not shown). Of the five
patients with p16 protein loss but no evidence of
CDKN2A-MTAP deletions, two had evidence of
disease but were lost to follow-up and died, one
died of the disease, one is alive with no evidence of

Table 1 FISH results compared with clinical data and p16 immunohistochemistry

N (%) M/F Mean age, years Asbestos p16 loss by IHC

CDKN2A/MTAP homozygous deletion 9 (35) 9/0 51 4 9
Normal CDKN2A and MTAP 17 (65) 13/4 63 3 5

P¼NS P¼ 0.033 P¼NS P¼ 0.007
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disease 1138 days after surgery, and one was lost to
follow-up.

Discussion

CDKN2A deletions were found in 35% of peritoneal
mesotheliomas in our series. Compared with earlier
studies that used FISH, this percentage is lower than
the 60–74% deletion rate seen in pleural mesothe-
liomas14,15,17 and similar to a different cohort of
peritoneal mesotheliomas previously reported by us
(25%).14 It is unclear why this difference in
CDKN2A deletions exists between pleural and
peritoneal mesotheliomas. It is possible that
CDKN2A deletions are associated with increasing
age. In our study, patients with CDKN2A deletions
were significantly older (mean age of 63 years
compared with patients with non-deleted tumors
with a mean age of 52 years). And, in general,
patients with pleural mesotheliomas are older than

patients with peritoneal disease.1,2 It is also possible
that CDKN2A deletions are associated with gender.
All of our cases with CDKN2A deletions occurred in
men, but due to the small number of women in this
cohort, this did not reach statistical significance. In
general, women with peritoneal mesotheliomas
appear to have a better survival.28 In a recent study
of pleural mesotheliomas, gender and FISH result
predicted survival. In that study, patients who did
not have CDKN2A deletions were more frequently
women who survived more than 3 years.17 And
finally, it is possible that CDKN2A deletions are
associated with asbestos exposure. On the basis of
our study, there does not appear to be an association
between asbestos exposure and CDKN2A deletions
in peritoneal mesotheliomas as four of the seven
patients with known asbestos exposure were found
to have CDKN2A deletions. However, the small size
of the cohort and the difficulty in determining an
exposure history in this retrospective study limit
this assessment.

Figure 2 CDKN2A and MTAP deletions by FISH in peritoneal mesothelioma. (a) Normal cells are expected to show two green signals
(chromosome 9 centromeric probe) and two red signals (locus-specific probes to either CDKN2A (shown) or MTAP (not shown)).
(b) Homozygous deletion of CDKN2A (loss of both red signals in at least 20% of nuclei). (c) Homozygous deletion of MTAP in the
same case.
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Owing to its proximity to CDKN2A in the 9p21
locus, MTAP deletions have also been studied in
pleural mesotheliomas. Using FISH, Illei et al15

found MTAP co-deletions in 91% of pleural me-
sotheliomas that harbored CDKN2A deletions and
that all MTAP deletions occurred with CDKN2A
deletions. In our series of peritoneal mesotheliomas,
there was 100% correlation between CDKN2A and
MTAP deletions: all nine cases with CDKN2A
deletions also had MTAP deletions and all MTAP
deletions occurred in cases with CDKN2A deletions.
Our study further supports the finding in other
tumors that MTAP is only deleted when CDKN2A is
deleted.15,29–31

Tumors with MTAP deletions are potentially
susceptible to inhibitors of de novo purine synth-
esis. Normal cells can synthesize adenine both
de novo and through the salvage pathway where
cleavage of methylthioadenosine (MTA) by MTAP

produces adenosine triphosphate. As MTAP-defi-
cient tumors are dependent on de novo purine
synthesis, inhibitors of de novo adenine synthesis,
such as L-alanosine, could target these tumors.
Unfortunately, one Phase II clinical trial that treated
MTAP-deficient tumors (detected by IHC) with
L-alanosine was ineffective in patients with
advanced MTAP-deficient tumors.32 However, other
strategies have been proposed. One strategy involves
administering both MTA and a toxic adenine analog,
such as 2,6-diaminopurine, 6-methylpurine, or
2-fluoroadenine, or possibly even 5-fluorouracil or
6-thioguanine. In MTAP-positive cells, abundant
adenine is generated from the supplied MTA, which
competitively blocks the conversion of the analog to
its active nucleotide form. In MTAP-negative tumor
cells, the supplied MTA cannot generate adenine
and hence cannot block conversion of the analog to
its active form.33

In addition to detecting CDKN2A deletions by
FISH, we also performed IHC for the p16 protein
using a tissue microarray. More of our cases had loss
of p16 by IHC (54%) than loss of CDKN2A by FISH
(25%), but all cases with CDKN2A deletions showed
loss of p16 protein. This percentage of p16 loss is
similar to a previous report that found p16 loss in
48% of peritoneal mesotheliomas.23 A slightly high-
er percentage (61%) of p16 protein loss was reported
in a series of pleural mesotheliomas, and loss of p16
protein in this study was strongly associated with
CDKN2A deletions.17 It is possible that loss of p16
protein expression without homozygous loss of the
CDKN2A gene by FISH is due to methylation of the
CDKN2A gene. Similar to our findings, a recent
study of pleural mesotheliomas showed that all 21
cases with CDKN2A deletion had loss of p16
expression by IHC, and that two of the three cases
with p16 loss without deletion showed CDKN2A
gene methylation.25 This and other studies have
shown that, at least in a small percentage of pleural
mesotheliomas (11–21%), the CDKN2A gene is
inactivated by methylation.24–26 Although we did
not test for aberrant methylation of the CDKN2A
gene, a similar percentage of our peritoneal me-
sothelioma cases (19%) showed loss of p16 expres-
sion without loss of the CDKN2A gene.

One of the most striking observations in this study
is the strong correlation of CDKN2A-MTAP deletions
with a poor prognosis. There was also a correlation
of p16 protein loss and a poor prognosis, but the
association was not as strong. Our study is in
agreement with earlier publications that have asso-
ciated p16 abnormalities with poor outcome in
mesotheliomas. One publication that studied peri-
toneal mesotheliomas reported that p16 protein loss
(assessed by IHC) is associated with increased
risk of death. Studies on pleural mesotheliomas
have also documented the prognostic significance
of CDKN2A deletions17,22 and loss of p16 protein.17

In fact, the study by Dacic et al17 showed that cases
with positive (intact) p16 protein expression as

Normal CDKN2A-MTAP

Deleted CDKN2A-MTAP 

Normal CDKN2A-MTAP

Deleted CDKN2A-MTAP 

Overall Survival

Disease Specific Survival

Log Rank p = 0.010 

Log Rank p = 0.006 

Figure 3 Patients with CDKN2A-MTAP deletions had worse
overall survival (a) and worse disease-specific survival (b).
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assessed by IHC and no evidence of CDKN2A
deletions as determined by FISH had the best
survival time.

If left untreated, diffuse malignant mesothelioma
is a rapidly lethal disease. Although aggressive
therapy that includes CS combined with HIPEC
can significantly improve survival in these pa-
tients,8–10 it comes at a cost of major morbidity.
Hence, proper patient selection is crucial for both
successful outcome and improved survival.6,11 Prog-
nostic factors, such as histologic subtype, nuclear
grade and mitotic count, are included in a pre-
operative prognostic classification system for diffuse
peritoneal mesotheliomas.6 However, these tradi-
tional pathologic variables have either not been well
studied or have shown mixed results as predictors of
survival.9,10,12,23,34,35 In addition to finding strong
and useful predictors of survival, new target for
therapy are needed.

Our study demonstrates that detection of CDKN2A
deletions by FISH is a very strong predictor of
survival in patients with peritoneal mesotheliomas.
Loss of p16 protein as assessed by IHC is also a
predictor of a poor outcome. It appears that, at least
for peritoneal mesotheliomas, IHC for p16 could be
used as a first-line test for CDKN2A deletions, but
loss of p16 staining would have to be verified by
FISH to determine those patients at highest risk of a
poor outcome. Our study also demonstrates that
CDKN2A deletions are strongly associated with
MTAP deletions (100% correlation). These tests
could easily be incorporated into the preoperative
prognostic classification system for diffuse perito-
neal mesotheliomas and could also be used to
include patients into new novel-targeted chemother-
apeutic protocols.
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