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ABSTRACT
Background: The prognosis of adenoid cystic carcinoma
(ACC), a malignant salivary gland tumour, depends on
clinicopathological parameters. To decipher the biological
behaviour of ACC, and to identify patients at risk of
developing metastases, additional markers are needed.
Methods: Expression of the cell cycle proteins p53, cyclin
D1, p16INK4a, E2F1 and Ki-67, together with the Polycomb
group (PcG) proteins BMI-1, MEL-18, EZH2 and EED was
investigated immunohistochemically 21 formalin-fixed,
paraffin-embedded primary ACCs in relation to tumour
characteristics.
Results: ACC revealed significantly increased expression
of the cell cycle proteins compared to normal salivary
tissue (n = 17). Members of the two PcG complexes
displayed mutually exclusive expression in normal salivary
gland tissue, with BMI-1 and MEL-18 being abundantly
present. In ACC, this expression pattern was disturbed,
with EZH2 and EED showing significantly increased
expression levels. In univariate analysis, presence of
recurrence, poor differentiation and high EZH2 levels
(.25% immunopositivity) significantly correlated with
unfavourable outcome. ACCs with high proliferative rate
(.25% Ki-67 immunopositivity) significantly correlated
with high levels of EZH2 and p16. Only the development
of recurrence was an independent prognostic factor of
survival in multivariate analysis.
Conclusions: Expression of PcG complexes and of
essential cell cycle proteins is highly deregulated in ACC.
Also, EZH2 expression has prognostic relevance in this
malignancy.

Adenoid cystic carcinoma (ACC) is a relatively
common malignant salivary gland tumour, representing about 10–15% of all head and neck
neoplasms.1 This tumour shows bidirectional
differentiation towards luminal (ductal) and
abluminal (myoepithelial and basal) cells, in which
the
myoepithelial
cells
predominate.2
Histologically, three distinct patterns are recognised, namely the cribriform, tubular and solid
subtype.3
Given that this neoplasm is characterised by
slow progression, about 65% of patients are still
alive after 5 years. However, local recurrences and
late distant metastases result in a 20 year survival
rate of only about 20%.4 To identify patient groups
with unfavourable outcome, several studies have
attempted to uncover clinical and pathological
parameters with prognostic relevance in ACC.5–7
However, these clinicopathological parameters are
far from satisfactory as prognostic predictors and
744

several studies have been undertaken to search for
additional markers based on protein levels.8–13 Only
p53 proved to be a consistent marker of aggressiveness, being highly expressed in the solid
pattern,10 correlating with unfavourable clinical
outcome 14 and having high loss of heterozygosity
rates.15
Polycomb group (PcG) proteins control the
transcriptional memory of a cell by maintaining
the stable silencing of specific sets of genes through
chromatin modifications.16 They form two distinct
complexes and their members exhibit a mutually
exclusive expression pattern in differentiated,
healthy tissues.17 A growing body of work has
linked deregulated expression of human PcG genes
to malignant transformation, loss of differentiation
in tumour cells, metastatic behaviour and poor
prognosis.18 19 At the molecular level, the link
between aberrant PcG gene expression and cancer
development remains largely unclear. However,
recent in vitro studies have demonstrated that PcG
proteins interact with several negative (p16INK4a,
p53, pRb, p14)20–22 and positive regulators (E2F1,
cyclin D1)23 of the cell cycle. Disturbances in PcG
protein interaction with these cell cycle controllers
have been suggested to be an important step in
malignant transformation.
The present study was undertaken to evaluate
immunohistochemically the expression patterns of
various cell cycle-associated proteins (p16INK4a,
cyclin D1, p53, E2F1 and Ki-67) and PcG proteins
(BMI-1, MEL-18, EZH2 and EED), and to assess
their potential prognostic role in predicting tumour
characteristics and patient survival in the (myo)epithelial tumour ACC.

MATERIALS AND METHODS
Patient data
Twenty-one patients, from whom formalin-fixed,
paraffin-embedded (FFPE) primary ACCs were
available, were included in this study. In 17 cases,
matched normal salivary gland tissue could be
obtained as a control. All tumour samples were
derived from the archives of the Department of
Pathology, VU University Medical Center,
Amsterdam, The Netherlands. Patients were diagnosed with ACC between 1993 and 1999. The
design of this study adheres to the code for proper
secondary use of human tissue of the Dutch
Federation of Biomedical Scientific Societies
(http://www.federa.org).24 Patient follow-up data
were available for all 21 cases. The male to female
ratio was 1:1.3 and patients ranged in age from 25
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Table 1 Antibodies and staining conditions for immunohistochemistry
Antibody

Clone

Source

Species

Dilution

Detection method

P53
P16
E2F1
Ki-67
Cyclin D1
BMI-1
EZH2
MEL-18
EED

D07
16P04
KH95
MIB-1
DCS-6

Dako
Neomarkers
Neomarkers
Dako
Neomarkers
*
*
Santa Cruz
*

Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Goat
Mouse

1:500 o/n
1:200 1 h
1:250 1 h
1:40 o/n
1:400 o/n
1:1000 o/n
1:5 o/n
1:400 o/n
1:25 o/n

sABC-BT
Envision
Powervision Plus
sABC-BT
Envision
sABC-BT
sABC-BT
sABC-BT
sABC-BT

M18
C-20
M26

*Non-commercial.
o/n, overnight at 4uC; 1 h, 1 hour at room temperature; sABC-BT: horseradish-peroxidase conjugated streptavidin/biotin complex
and biotinylated tyramine.

to 81 years (median 54.9). Nineteen tumours were located in the
major salivary glands (9 parotid, 8 submandibular, 2 sublingual)
and two were located elsewhere in the oral cavity. Tumours
were classified by a pathologist (EB) according to the
predominant histological pattern (6 solid, 15 cribriform/
tubular). Except for two patients who received surgery alone,
all patients were treated by surgery and postoperative radiotherapy. Five patients (24%) developed a recurrence, eight
patients (38%) developed a metastasis, and two patients (9%)
developed both during the time of follow-up (range 7–128
months; median 73.6). Most ACCs spread to the lungs (n = 5),
one tumour metastasised to the liver, one to the liver and lungs,
and one spread to the liver, lungs and bones. Development of
either recurrence or metastasis was independent of the
radicality of the surgical resection margins. Disease-free survival
ranged from 2 to 121 months (median 27). Six (29%) patients
died during the time of follow-up, all due to the disease.

Immunohistochemistry
All tumour samples were fixed in 4% buffered formalin,
processed, and embedded in paraffin according to routine
procedures. Endogenous peroxidase was inhibited with 0.3%
H2O2 in methanol at room temperature; antigens were retrieved
by heating in either a microwave (antibodies BMI-1 and p16INK4a
in Tris/EDTA buffer pH 9; Ki-67 and p53 antibodies in 0.01 M
sodium citrate buffer pH 6.0) or an autoclave (EZH2 in Tris/
EDTA buffer pH 8; MEL-18 and cyclin D1 in 0.01 M sodium
citrate buffer pH 6.0). In case of PcG antibodies, the slides were
rinsed in phosphate-buffered saline (PBS) containing 0.5%
Triton-X (5 min), followed by PBS only (361 min). The slides
were washed in 0.1 M glycine (10 min) and rinsed in PBS. After
preincubation with normal rabbit serum (NRS), primary and
biotinylated secondary antibodies (rabbit anti-mouse F(ab9)2
and rabbit anti-goat together with 5% human pool serum
(HPS)) were applied; immunostaining was performed using the

Figure 1 Significantly increased
expression of the cell cycle proteins Ki67, cyclin D1, p16INK4a, p53 and E2F1 in
adenoid cystic carcinoma (ACC)
compared to normal salivary gland tissue
(all p,0.001). (A) Area of boxplot
displays 50% of middle values; thick black
line represents median number of
immunopositive cells. Representative
staining patterns of (B) Ki-67, (C) p16 and
(D) p53 in normal salivary gland tissue
(right side of picture) and in ACC (left
side). Magnification, 6200.
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Figure 2 Significantly increased
expression of members of the PRC2
complex in adenoid cystic carcinoma
(ACC) compared to normal salivary gland
tissue (p,0.001). (A) Area of boxplot
displays 50% of middle values; thick black
line represents median number of
immunopositive cells. Representative
staining patterns of (B) BMI-1 and
(C) EZH2 in normal salivary gland tissue
(right side of picture) and in ACC (left
side). Magnification, 6200.

appropriate detection method (table 1). Negative controls were
included by substitution of the primary antibody with 1%
bovine serum albumin (BSA) in PBS. The streptavidin and
biotinylated horseradish peroxidase complex (sABC) method
was performed with a biotinylated tyramine (BT) intensification step (1:1000 with 0.01% H2O2 in sterile PBS). Envision
horseradish peroxidase system (Dako, Glostrup, Denmark) and
Powervision Plus (Immunologics, Duiven, The Netherlands)
were carried out following the protocol supplied by the
manufacturer. 3-Amino-9-ethylcarbazole (AEC) (Zymed, San
Francisco, California, USA) was used as substrate for the sABCBT method, and diaminobenzidine (DAB) for the Envision and
Powervision Plus method. Sections were counterstained with
haematoxylin, dehydrated and mounted. Interpretation of the
staining was done by semi-quantitative scoring by at least two
investigators (HV and EB). Percentage of tumour cells with
positive staining was grouped as low (expression in (25% of
cells) or high (expression in .25% of cells).

evaluation was performed using non-parametric tests.
Comparison between the protein expression levels in tumour
and normal tissue was done using the Mann–Whitney U test.
Associations between protein expression and clinicopathological
parameters were performed using Fischer’s exact probability
test. Disease-free and disease-specific survival rates were
determined using the Kaplan–Meier method; differences in
survival were evaluated with the log-rank test. Univariate
analysis with the Cox proportional hazards regression model
was used to determine each identified prognostic factor. The
multivariate Cox proportional hazards regression model was
employed in a forward stepwise manner to analyse the
relevance of independent prognostic factors. A two-sided p
value ,0.05 was considered to be statistically significant.
Statistical analyses were performed using SPSS, V.12.0.1
(SPSS, Chicago, Illinois, USA).

Statistical analysis

RESULTS
Cell cycle protein expression in ACC is disturbed compared to
normal salivary gland tissue

Because of the non-normal distribution of the protein expression levels and the relatively small sample size, statistical

Seventeen cases of normal salivary gland tissue were investigated immunohistochemically for the expression of the cell

Table 2 Significant prognostic factors by univariate analysis
Clinical parameter
Histological subtype
Cribriform/tubular
Solid
Recurrence
Absent
Present
EZH2
Low ((25%)
High (.25%)

n

Mean DSS (95% CI)

p Value

14
7

115 (97 to 132)
70 (49 to 91)

0.04
(LR = 4.11)

16
5

114 (97 to 132)
58 (29 to 86)

0.001
(LR = 12.64)

15
6

115 (98 to 132)
68 (45 to 91)

0.04
(LR = 4.23)

HR (95% CI)

x2

p Value

0.2 (0.04 to 1.12)

3.63

0.05

18.4 (2.03 to 167.4)

9.03

0.003

5.04 (0.91 to 27.82)

3.72

0.05

DSS, disease-specific survival in months; LR, log rank.
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complex showed almost no immunoreactivity (both EED and
EZH2 1% median expression; range 1–10 and range 1–5,
respectively). Expression patterns of the PcG proteins were
disturbed in ACC when compared to normal salivary gland
tissue (fig 2A–C). Members of the PRC1 complex were still
abundantly expressed; BMI-1 exhibited a median expression of
95% (range 70–100) and median MEL-18 immunoreactivity
increased to 70% (range 10–95). Interestingly, EED and EZH2
displayed significantly raised expression levels in the tumour
(both p,0.001). Median expression of EZH2 increased to 10%
(range 1–80%) and in the case of EED to 35% (range 1–95).

Presence of locoregional recurrence and poor differentiation
significantly correlate with poor patient outcome in ACC

Figure 3 Overall survival curves of patients with adenoid cystic
carcinoma showing low ((25%; n = 15) and high (.26%; n = 6) EZH2
levels. A significant difference was observed between the two groups
(log rank = 4.23; p = 0.04).
cycle proteins E2F1, Ki-67, p16INK4a, p53 and cyclin D1. All
proteins showed low median expression levels (fig 1A): E2F1,
3% (range 1–5); Ki-67, 3% (range 1–15); p16INK4a, 3% (range 1–
10); p53, 3% (range 1–10); and cyclin D1, 1% (range 1–10). In
ACC, expression of all the cell cycle proteins was significantly
increased compared to normal salivary gland tissue (fig 1A–D).
E2F1 showed a median expression of 20% (range 5–90), Ki-67 of
15% (range 1–60), p16INK4a of 20% (range 1–95), p53 of 65%
(range 5–90), and cyclin D1 of 20% (range 1–75).

Mutually exclusive expression pattern of PcG complexes in
normal salivary gland tissue is deregulated in ACC
Members of the PRC1 complex, BMI-1 and MEL-18, showed
abundant nuclear staining in normal salivary gland tissue
(median expression 95% (range 80–100) and 40% (range 10–
95), respectively; fig 2A). In contrast, members of the PRC2

To examine the influence of clinicopathological characteristics
on patient outcome, we performed univariate survival analysis
with sex, age (,55 vs >55 years), perineural spread, histological
differentiation (solid vs cribriform/tubular), presence of recurrence, and presence of metastasis as prognostic factors. The
presence of recurrence and the solid subtype significantly
correlated with poor disease-specific survival rate (log
rank = 12.64, p = 0.001 and log rank = 4.11, p = 0.04, respectively; table 2). No parameters showed a significant association
with disease-free survival.

Correlation of protein expression with clinical data
To correlate the expression of cell cycle and PcG proteins with
categorical clinical data, we divided the expression rates into
low ((25%) and high (.25%) expression groups. All the
proteins analysed were correlated with sex and age of the
patient, presence of recurrence or metastasis, patient outcome,
histology (solid vs cribriform/tubular), and presence of perineural growth. Table 3 summarises significantly correlating
variables. Additionally, high p16INK4a and high Ki-67 expression
showed a tendency towards more aggressive tumour behaviour
(p = 0.08 and p = 0.09, respectively), defined as development of
either a recurrence or a metastasis. Correlation between
individual proteins revealed that ACCs with high proliferative
rate (.25% Ki-67 immunopositive cells) also displayed significantly higher EZH2 (p = 0.05) and p16 levels (p = 0.02).
Additionally, tumours with low E2F1 status tended to express

Table 3 Significant correlations between various cell cycle and Polycomb group (PcG) proteins and
clinicopathological parameters as determined by Fischer’s exact test
Clinical parameter

Metastasis
Absent
Present

Histology
Cribriform/tubular
Solid

Patient outcome
Alive
Dead

Total
patients

10
11

14
7

15
6

Patients with low staining*

Patients with high staining{

Patients with low cyclin D1
staining (n = 16)

Patients with high cyclin D1
staining (n = 5)

5 (23.8%)
11 (52.4%)

5 (23.8%)
0 (0%)

Patients with low Ki-6 staining
(n = 16)

Patients with high Ki-67 staining
(n = 5)

14 (66.7%)
3 (14.3%)

0 (0%)
4 (19%)

Patients with low EZH2 staining
(n = 15)

Patients with high EZH2 staining
(n = 6)

13 (61.9%)
2 (9.5%)

2 (9.5%)
4 (19%)

p Value

0.01

0.006

0.03

*(25% of the cells immunopositive; {.25% of the cells immunopositive.
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low amounts of EED (p = 0.07). Univariate survival analysis
classified EZH2 expression as a significant prognostic factor (log
rank = 4.23; p = 0.04; fig 3). However, multivariate survival
analysis determined the presence of recurrence to be the only
independent prognostic indicator (p = 0.003).

Take-home messages
c

c

DISCUSSION
Adenoid cystic carcinoma (ACC) is a malignant tumour of the
salivary glands with an unpredictable clinical course. It has an
unusually slow biological growth, resulting in a relatively
favourable 5-year survival. About 30% of patients are alive
after 15 years.6 Since current prognostic indicators are not as
reliable as desired, there is a need for novel molecular predictors
of tumour behaviour at the time of diagnosis. We assessed
immunohistochemically the expression patterns of various cell
cycle and Polycomb group (PcG) proteins in ACC and correlated
our findings with patient follow-up data.
Univariate analysis of clinicopathological characteristics in
relation to patient survival revealed recurrence of the primary
tumour and the solid histological subtype as significant
prognostic factors. Previous retrospective studies have also
acknowledged the importance of histology concerning survival
of patients with ACC.25–27 The cribriform and tubular subtypes
are considered to be more differentiated than the solid subtype;
loss of differentiation is related to aggressive behaviour in
several cancer types.
Varambally et al were the first to correlate increased EZH2
expression with aggressive tumour behaviour in hormonerefractory, metastatic prostate cancer and to show that
clinically localised tumours with higher EZH2 expression have
a poorer prognosis.28 Since then, raised EZH2 levels have been
found in several epithelial tumours,29–34 and in various haematological malignancies.35–37 Studies which investigated the
prognostic relevance of EZH2 revealed that high protein status
predicted recurrence,29 invasiveness and metastatic potential,38
and poor survival.29 In corroboration with this, high EZH2
(.25%) expression significantly correlated in our group of
ACCs with poor patient outcome in univariate analysis,
showing that in malignant tumours with myoepithelial
differentiation PcG expression is disturbed and EZH2 is related
to more aggressive tumour behaviour. In multivariate analysis
however, only recurrence remained as an independent prognostic factor.
It has been suggested that specific amplification of the EZH2
gene at 7q35 is responsible for its overexpression in primary
humans tumours.23 In our previous paper,39 we investigated this
same group of ACCs for frequent DNA aberrations by
microarray-based
comparative
genomic
hybridisation.
Although no amplifications were detected at 7q35, two tumours
with high EZH2 protein expression displayed a chromosomal
gain at its locus. Our findings imply that copy number
elevations are not the main mechanisms of EZH2 overexpression; disturbances at other levels, such as chromatin modification, or most likely a deregulation in the pRb-E2F pathway, are
probably more important.
Recently, the finding that EZH2 expression is critical for Sphase entry and G2-M transition has implicated this PcG protein
in cell cycle regulation.23 EZH2 transfection in lymphoma cells
increased their proliferation,37 and in cancers of the breast,
endometrium and prostate, and in cutaneous melanoma, EZH2
expression levels were strongly associated with increased
tumour cell proliferation.40 Similarly, Ki-67 expression in our
group of ACCs showed a significant correlation with EZH2
expression (p = 0.05).
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This is the first study describing Polycomb group (PcG) gene
expression in a salivary gland tumour.
Mutually exclusive expression pattern of the two PcG
complexes is highly deregulated in adenoid cystic carcinoma
(ACC).
High EZH2 expression correlates with poor survival in ACC.
Cyclin D1, p16INK4a, Ki-67, E2F1 and p53 show significantly
increased expression in ACC compared to normal salivary
gland tissue.

After the discovery of the INK4a locus as a downstream
target of Bmi-1 in murine models,22 several in vitro studies have
demonstrated the same negative regulation in human primary
cells.20 41 42 More specifically, EZH2 trimethylation of histone H3
on lysine 27 at the INK4a promoter and coding region serves as
a mark to recruit the BMI-1-containing PRC1 complex. Binding
of this complex to the locus prevents transcription by blocking
the association of RNA polymerase II.20 In our tumours, the
observed high p16INK4a expression, even in the presence of BMI1, suggests a deregulation of normal protein interactions. Two
different explanations for this might be the impairment of BMI1 function or the disruption of the pRb pathway downstream of
p16. It has been discovered that in cases of overexpression/
amplification of cyclin D1 or mutation/deletion of pRb, p16
levels can accumulate as a result of oncogenic stress without
causing proliferative arrest.43 44
In conclusion, derailments in these essential cell cycle
pathways on chromosomal and protein levels are very common
in a wide range of human cancers,44 and we speculate that
similar alterations might be involved in ACC tumourigenesis.
Acknowledgements: The authors would like to thank Laura Jacobs for obtaining the
patient data and W de Jong for technical assistance.
Funding: This work was supported by a grant from the Interuniversity Research
School (IOT), Amsterdam, The Netherlands.
Competing interests: None.

REFERENCES
1.
2.
3.
4.
5.
6.
7.
8.
9.

10.

11.

12.

Spiro RH. Salivary neoplasms: overview of a 35-year experience with 2,807 patients.
Head Neck Surg 1986;8:177–84.
Chaudhry AP, Leifer C, Cutler LS, et al. Histogenesis of adenoid cystic carcinoma of
the salivary glands. Light and electronmicroscopic study. Cancer 1986;58:72–82.
Caselitz J, Schulze I, Seifert G. Adenoid cystic carcinoma of the salivary glands: an
immunohistochemical study. J Oral Pathol 1986;15:308–18.
Spiro RH, Huvos AG, Strong EW. Adenoid cystic carcinoma of salivary origin. A
clinicopathologic study of 242 cases. Am J Surg 1974;128:512–20.
Therkildsen MH, Christensen M, Andersen LJ, et al. Salivary gland carcinomas—
prognostic factors. Acta Oncol 1998;37:701–13.
Kokemueller H, Eckardt A, Brachvogel P, et al. Adenoid cystic carcinoma of the
head and neck—a 20 years experience. Int J Oral Maxillofac Surg 2004;33:25–31.
Szanto PA, Luna MA, Tortoledo ME, et al. Histologic grading of adenoid cystic
carcinoma of the salivary glands. Cancer 1984;54:1062–9.
Alves FA, Pires FR, De Almeida OP, et al. PCNA, Ki-67 and p53 expressions in
submandibular salivary gland tumours. Int J Oral Maxillofac Surg 2004;33:593–7.
Cho KJ, Lee SS, Lee YS. Proliferating cell nuclear antigen and c-erbB-2 oncoprotein
expression in adenoid cystic carcinomas of the salivary glands. Head Neck
1999;21:414–9.
Yamamoto Y, Wistuba II, Kishimoto Y, et al. DNA analysis at p53 locus in adenoid
cystic carcinoma: comparison of molecular study and p53 immunostaining. Pathol Int
1998;48:273–80.
Franchi A, Gallo O, Bocciolini C, et al. Reduced E-cadherin expression correlates with
unfavourable prognosis in adenoid cystic carcinoma of salivary glands of the oral
cavity. Am J Clin Pathol 1999;111:43–50.
Freier K, Flechtenmacher C, Walch A, et al. Differential KIT expression in histological
subtypes of adenoid cystic carcinoma (ACC) of the salivary gland. Oral Oncol
2005;41:934–9.

J Clin Pathol 2008;61:744–749. doi:10.1136/jcp.2007.054262

Downloaded from jcp.bmj.com on 13 June 2008

Original article
13.
14.
15.
16.
17.
18.

19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

Xue F, Zhang Y, Liu F, et al. Expression of IgSF in salivary adenoid cystic carcinoma
and its relationship with invasion and metastasis. J Oral Pathol Med 2005;34:295–7.
Zhu QR, White FH, Tipoe GL. p53 oncoprotein accumulation in adenoid cystic
carcinoma of parotid and palatine salivary glands. Pathology 1997;29:154–8.
Yamamoto Y, Virmani AK, Wistuba II, et al. Loss of heterozygosity and microsatellite
alterations in p53 and RB genes in adenoid cystic carcinoma of the salivary glands.
Hum Pathol 1996;27:1204–10.
Satijn DP, Otte AP. Polycomb group protein complexes: do different complexes
regulate distinct target genes? Biochim Biophys Acta 1999;1447:1–16.
Lund AH, Van Lohuizen M. Polycomb complexes and silencing mechanisms. Curr
Opin Cell Biol 2004;16:239–46.
Glinsky GV. Genomic models of metastatic cancer: functional analysis of deathfrom-cancer signature genes reveals aneuploid, anoikis-resistant, metastasis-enabling
phenotype with altered cell cycle control and activated Polycomb group (PcG) protein
chromatin silencing pathway. Cell Cycle 2006;5:1208–16.
Raaphorst FM. Deregulated expression of Polycomb-group oncogenes in human malignant lymphomas and epithelial tumours. Hum Mol Genet 2005;14(Suppl 1):R93–R100.
Bracken AP, Kleine-Kohlbrecher D, Dietrich N, et al. The Polycomb group proteins
bind throughout the INK4A-ARF locus and are disassociated in senescent cells. Genes
Dev 2007;21:525–30.
Jacobs JJ, Scheijen B, Voncken JW, et al. Bmi-1 collaborates with c-Myc in
tumorigenesis by inhibiting c-Myc-induced apoptosis via INK4a/ARF. Genes Dev
1999;13:2678–90.
Jacobs JJ, Kieboom K, Marino S, et al. The oncogene and Polycomb-group gene
bmi-1 regulates cell proliferation and senescence through the ink4a locus. Nature
1999;397:164–8.
Bracken AP, Pasini D, Capra M, et al. EZH2 is downstream of the pRB-E2F pathway,
essential for proliferation and amplified in cancer. EMBO J 2003;22:5323–35.
Oosterhuis JW, Coebergh JW, Van Veen EB. Tumour banks: well-guarded treasures
in the interest of patients. Nat Rev Cancer 2003;3:73–7.
Huang M, Ma D, Sun K, et al. Factors influencing survival rate in adenoid cystic
carcinoma of the salivary glands. Int J Oral Maxillofac Surg 1997;26:435–9.
Fordice J, Kershaw C, El Naggar A, et al. Adenoid cystic carcinoma of the head and
neck: predictors of morbidity and mortality. Arch Otolaryngol Head Neck Surg
1999;125:149–52.
Matsuba HM, Spector GJ, Thawley SE, et al. Adenoid cystic salivary gland
carcinoma. A histopathologic review of treatment failure patterns. Cancer
1986;57:519–24.
Varambally S, Dhanasekaran SM, Zhou M, et al. The polycomb group protein EZH2
is involved in progression of prostate cancer. Nature 2002;419:624–9.
Kleer CG, Cao Q, Varambally S, et al. EZH2 is a marker of aggressive breast cancer
and promotes neoplastic transformation of breast epithelial cells. Proc Natl Acad Sci
USA 2003;100:11606–11.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

Raaphorst FM, Meijer CJ, Fieret E, et al. Poorly differentiated breast carcinoma is
associated with increased expression of the human polycomb group EZH2 gene.
Neoplasia 2003;5:481–8.
Breuer RH, Snijders PJ, Smit EF, et al. Increased expression of the EZH2 polycomb
group gene in BMI-1-positive neoplastic cells during bronchial carcinogenesis.
Neoplasia 2004;6:736–43.
Sudo T, Utsunomiya T, Mimori K, et al. Clinicopathological significance of EZH2
mRNA expression in patients with hepatocellular carcinoma. Br J Cancer
2005;92:1754–8.
Weikert S, Christoph F, Kollermann J, et al. Expression levels of the EZH2 polycomb
transcriptional repressor correlate with aggressiveness and invasive potential of
bladder carcinomas. Int J Mol Med 2005;16:349–53.
Mimori K, Ogawa K, Okamoto M, et al. Clinical significance of enhancer of zeste
homolog 2 expression in colorectal cancer cases. Eur J Surg Oncol 2005;31:376–80.
Dukers DF, Van Galen JC, Giroth C, et al. Unique polycomb gene expression pattern
in Hodgkin’s lymphoma and Hodgkin’s lymphoma-derived cell lines. Am J Pathol
2004;164:873–81.
Van Kemenade FJ, Raaphorst FM, Blokzijl T, et al. Coexpression of BMI-1 and EZH2
polycomb-group proteins is associated with cycling cells and degree of malignancy in
B-cell non-Hodgkin lymphoma. Blood 2001;97:3896–901.
Visser HP, Gunster MJ, Kluin-Nelemans HC, et al. The Polycomb group protein EZH2
is upregulated in proliferating, cultured human mantle cell lymphoma. Br J Haematol
2001;112:950–8.
LaTulippe E, Satagopan J, Smith A, et al. Comprehensive gene expression analysis
of prostate cancer reveals distinct transcriptional programs associated with
metastatic disease. Cancer Res 2002;62:4499–506.
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