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Plakoglobin and its homologue b-catenin are cyto-
plasmic proteins that mediate adhesive functions
by interacting with cadherin receptors and signal-
ing activities by interacting with transcription fac-
tors. It has been suggested that plakoglobin can
suppress tumorigenicity whereas b-catenin can act
as an oncogene. We investigated the correlation
between the expression pattern of N-cadherin,
b-catenin, and plakoglobin and tumor behavior in
primary tumors of 20 neuroblastoma patients of all
stages and in 11 human neuroblastoma cell lines.
N-cadherin and b-catenin were detected in 9 of 11
and 11 of 11 cell lines , respectively , whereas pla-
koglobin was undetectable or severely reduced in 6
of 11 cell lines. Tumor cells from 16 of 20 patients
expressed N-cadherin and 20 of 20 patients ex-
pressed b-catenin at levels similar to those of nor-
mal ganglion cells. Plakoglobin was undetectable in
9 of 20 tumors. Plakoglobin deficiency in the pri-
mary tumors was significantly associated with ad-
verse clinical outcome. Five of the patients with
plakoglobin-negative tumors died whereas four pa-
tients are alive without evident disease. In contrast ,
all patients with plakoglobin-positive tumors are
alive; 2 of 11 are alive with the disease and 9 of 11
are alive without evident disease. These results sug-
gest that down-regulation of plakoglobin may be of
prognostic value for neuroblastoma patients as
predictor of poor outcome. (Am J Pathol 2001,
159:43–49)

Plakoglobin is a major component of the submembranal
plaque of adherens junctions and desmosomes in mam-
malian cells.1 Like its close homologue b-catenin, plako-
globin (or g-catenin) interacts with cadherins to mediate
cell-cell adhesion and associates with transcription fac-
tors of the LEF/TCF family to regulate the expression of
target genes that are involved in cell fate determination
and cell proliferation.2,3 The transmembrane N-cadherin
receptor is a Ca12-dependent adhesion molecule that
plays an important role in guiding morphogenetic events
in neuronal tissues during embryogenesis.4,5 In the em-
bryo, disassociation and migration of the cells to the
periphery follows reduction in N-cadherin levels, whereas
a subsequent re-expression of N-cadherin is required for
aggregation of neuroblasts into ganglia.4,6 The a- and
b-catenins and plakoglobin define the cytoplasmic as-
pect of the cadherin adhesive domain by anchoring cad-
herin to cytoskeletal elements at the submembrane
plaque. The resulting junctional system controls adhe-
sion, motility, growth, and differentiation.7–9 Both plako-
globin and b-catenin are posttranscriptionally up-regu-
lated in response to Wnt-1 in cultured cells.10 However,
although elevated b-catenin expression has been impli-
cated in hyperproliferation and tumor formation,11–13

overexpression of plakoglobin was shown to suppress
cell proliferation and cell tumorigenicity in experimental
animals.14 Consistent with the ability of plakoglobin to act
as a tumor suppressor are the findings that reduced
plakoglobin expression was observed in tumor tissues
and metastatic lesions of renal cells,15 esophageal car-
cinomas,16 and in skin carcinomas.17 In addition, the
plakoglobin gene displays loss of heterozygosity in some
sporadic breast and ovarian cancers.18
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Neuroblastoma is one of the most common extracra-
nial solid tumors in children. This neoplasm is comprised
mostly of primitive neuroblasts derived from the neural
crest cells, migrating toward their destined sympathetic
ganglia and the adrenal medulla. The prognosis is highly
dependent on the clinical stage of the tumor and the
patient’s age at diagnosis; patients younger than 1 year
with lesser tumor burden have the best prognosis. Cer-
tain genetic abnormalities in neuroblastoma tumor cells
correlate with the clinical outcome. Established indicators
of the aggressiveness of the tumor and poor outcome
include deletion of the short arm of chromosome 1(1p),19

the amplification of the N-myc gene20 and near diploidy
or tetraploidy.19 Additional parameters are needed for
identification and targeting of high-risk neuroblastoma
patients with intensive therapeutic regimens that may
allow an improvement in survival rates. Because impaired
E-cadherin expression is frequently associated with the
progression and metastasis in many types of carcino-
mas,21 we have asked whether the expression level of
N-cadherin and its associated molecules b-catenin and
plakoglobin might serve as indicators of tumorigenicity in
neuroblastoma. We analyzed by immunohistochemistry
the expression of N-cadherin, b-catenin, and plakoglobin
in paraffin sections of tumors derived from 20 neuroblas-
toma patients of all stages and compared them to normal
ganglion cells. In addition, expression of these proteins
was examined by Western blot analysis in a series of
human neuroblastoma cell lines. The results showed nor-
mal levels of N-cadherin and b-catenin in the majority of
tumors and cell lines, whereas approximately half of the
primary tumors and cell lines exhibited plakoglobin defi-
ciency. Moreover, the loss of plakoglobin expression in
the primary tumors was significantly associated with poor
clinical outcome. Collectively, these findings are compat-
ible with the possibility that loss of plakoglobin may pro-
mote the tumorigenicity of neuroblastoma.

Materials and Methods

Tumors and Cell Lines

Tumor specimens were obtained from the tumor bank
maintained by the Department of Pathology at Sheba
Medical Center. Paraffin-embedded blocks of tumors
from 20 neuroblastoma patients were studied. Three
specimens of normal colon mucosa with ganglion cells
and two ganglioneuroma specimens were used as pos-
itive controls expressing N-cadherin, b-catenin, and pla-
koglobin. Eleven human neuroblastoma cell lines were
examined: SKNMC and SKNSH (HTB 10 and HTB 11;
American Tissue Culture Collection, Rockville, MD), NBL-
S22 and NBL-WN23 were kindly provided by SL Cohn,
Northwestern University, Chicago, IL. The human neuro-
blastoma cell lines Kelly, LAN5, NUB7, NHB, and
CHP126 were obtained from Y. Shilo, Tel-Aviv University,
(Tel Aviv, Israel) and MB24 was provided by Y. Wollman,
Tel-Aviv University. The MBmm cell line was derived from
the line MB after two cycles of subcutaneous growth in
nude mice. The neuroblastoma cell lines were cultured in

RPMI-1640 supplemented with 10% fetal calf serum (Life
Technologies, Inc.), L-glutamine, penicillin, and strepto-
mycin, at 37°C and with 5% CO2.

Immunohistochemical Analysis

Formalin-fixed paraffin-embedded sections were depar-
affinized and rehydrated. For plakoglobin and N-cad-
herin staining the slides were pretreated twice for 5 min-
utes in a 750 W microwave oven, in 10 mmol/L of citrate
buffer (pH 6.0).25 All slides were rinsed with Tris buffer
containing 0.05 mol/L Tris/HCL, pH 7.6, 0.1 mol/L NaCl,
0.1% bovine serum albumin, and 0.05% Tween 20. To
reduce background signals, the slides were incubated at
20°C for 15 minutes with 10% nonimmune goat serum,
followed by 30 minutes of CAS block (Zymed). The slides
were then incubated for 16 hours at 4°C with monoclonal
mouse anti-human plakoglobin antibody clone 11E4 or
clone 15F11,26 or with mouse anti-human N-cadherin
antibody clone 13A927 (all kindly donated by MJ Whee-
lock, Toledo, OH). Incubation with rabbit anti-human
b-catenin (Sigma) was for 45 minutes at 20°C. Staining
was performed with labeled avidin-biotin. No staining
was obtained when nonimmune serum was used instead
of the primary antibodies, thus confirming the specificity
of each primary antibody. We used a scoring system to
evaluate semiquantitatively the extent and intensity of
immunoexpression. Scoring was classified into the follow-
ing four groups: 0, no immunoreaction; 0.5, mild immuno-
reaction; 1, marked immunoreaction equivalent to that of
normal ganglion cells; and 2, high immunoreaction.

Immunoblotting

Cell extracts from equal number of cells from the different
neuroblastoma cell lines were separated on 7.5% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis mini-
gels and transferred to nitrocellulose membranes. After
blocking with bovine serum albumin, the blots were incu-
bated with anti-human plakoglobin (11E4), anti-human
b-catenin (5H10), and anti-human N-cadherin (13A9).
The antigens were visualized by peroxidase-conjugated
secondary antibody, and detection was done with
Chemiluminescence blotting substrate kit (Boehringer
Mannheim).

Results

Plakoglobin Deficiency Correlates with Poor
Clinical Outcome in Neuroblastoma Patients

To determine whether alterations in the N-cadherin ad-
hesive system may correlate with tumorigenicity of neu-
roblastoma, we compared the expression of N-cadherin,
b-catenin, and plakoglobin in tumor specimens from 20
neuroblastoma patients presenting various stages of the
disease (Table 1). The patients were classified as having
favorable or unfavorable histology based on the criteria
used by the International Neuroblastoma Pathology Clas-
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sification according to the modified Shimada system.28

Unfavorable histology criteria included: patient older than
1.5 year at diagnosis, low tumor differentiation or lack of
differentiation, high mitotic-karyorrhexis index, and poor
schwannian stroma. According to the criteria of the Inter-
national Neuroblastoma Staging System, three of the tu-
mors were classified as stage I, two as stage II, three as
stage III, nine as stage IV, and three as stage IVS. The
median age of the patients at the time of diagnosis was 2
years. The median duration of follow-up for survivors was
55 months (range, 19 to 134 months). Of the 20 tumors,
10 were from infants younger than 1 year. Immunoreac-
tivity of the indicated proteins in the tumors was analyzed
by a semiquantitative procedure. Immunoreaction of N-
cadherin, b-catenin, and plakoglobin in normal ganglion
cells was scored as 1. In two benign ganglioneuroma
specimens the three proteins were expressed at levels
higher than those observed in normal ganglion cells (not
shown). Figure 1 illustrates immunostaining for plakoglo-
bin (left column), b-catenin (middle column), and N-cad-
herin (right column) of tumors from the patients desig-
nated in Table 1 as patients 4, 5, 10, and 11. The tumor
cells of all four patients expressed N-cadherin and
b-catenin whereas plakoglobin was expressed by the
tumor cells of patients 10 and 11, but not by the tumors of
patients 4 and 5. Patients 4 and 5 died of the disease,
whereas patient 10 was alive and well without evident
disease for 24 months and patient 11 was alive with the
disease for 30 months.

The results presented in Table 1 show that the majority
of the neuroblastoma tumors tested expressed N-cad-
herin at levels comparable to those expressed by normal

ganglion cells, whereas in four tumors N-cadherin was
not detected. b-catenin was expressed in the tumor cells
of all patients at medium to high levels (scored as 0.5 to
2, respectively). Plakoglobin, however, was undetectable
in tumor cells of 9 of 20 patients. Among the nine plako-
globin-negative patients, four were diagnosed as stage
IV, two as stage III, one as stage II, and two as stage IVS.
Five of these plakoglobin-negative patients died of the
disease and four were alive without evident disease (Ta-
ble 1). In four patients that were diagnosed as stage IV
and died of the disease, remission was not achieved.
Tumors from two stage IV patients that died of the dis-
ease were negative for both plakoglobin and N-cadherin.
Tumor cells derived from 11 of 20 patients expressed
medium to high levels of plakoglobin. In well-differenti-
ated tumors, staining for plakoglobin was seen through-
out the lesion. In tumors with mixed histology, undifferen-
tiated and poorly differentiated areas usually showed no
staining and weak staining, respectively, whereas the
better-differentiated areas generally showed high stain-
ing. Nine of the patients with plakoglobin-positive tumors
were alive without evident disease, the other two patients
were alive with the disease 30 and 41 months after diag-
nosis. The plakoglobin-positive patients included five that
were diagnosed as stage IV, among them two that were
alive with the disease and three with no evident disease
for 19, 24, and 134 months after diagnosis. These obser-
vations suggest that stage IV patients whose tumor cells
express plakoglobin may have a better outcome than the
plakoglobin-negative patients.

Figure 2 displays the Kaplan-Meier survival curve ac-
cording to plakoglobin expression in the tumors. It shows

Table 1. Clinical and Pathological Data for Each Patient and Tumor Staining for N-Cadherin, b-Catenin, and Plakoglobin

Patient
no. Stage N-myc* Histology† Age‡

Event-free
survival§ Survival¶ PG

Expression
b-cat N-cad\

1 IV Nd FH 3y NR DOD 13m 0 1 0
2 IV Amp UnF 15m NR DOD 23m 0 1 1
3 IV NA FH 3y NR DOD 30m 0 1 0
4** IV Amp UnF 3y NR DOD 14m 0 0.5 1
5** IV-s Amp UnF 4m 24m DOD 28m 0 0.5 1
6 IV-s Nd FH 4m 64m NED 64m 0 1 1
7 III Amp UnF 5y 20m NED 36m 0 1 1
8 III Amp UnF 18m 23m NED 23m 0 1 1
9 II NA FH 5m 35m NED 35m 0 1 1

10** IV Amp FH 10m 24m NED 24m 1 1 1
11** IV NA FH 5w NR AWD 30m 2 2 2
12 IV NA FH 5y 36m AWD 41m 1 1 0
13 IV NA FH 3y 19m NED 19m 1 0.5 1
14 IV-s NA FH 4m 65m NED 65m 1 1 1
15 IV NA FH 10y 123m NED 134m 1 1 1
16 III NA FH 1w 70m NED 70m 1 1 1
17 II Nd FH 20m 77m NED 77m 1 0.5 1
18 I Nd FH 3m 108m NED 108m 1 1 1
19 I NA FH 3m 61m NED 61m 0.5 1 0.5
20 I NA FH At birth 42m NED 42m 0.5 1 0

*N-myc amplification was determined in most tumors by interphase fluorescent in situ hybridization except in the tumors of patients number 9 and
11, in which it was determined by Southern blot analysis. ND, not done; Amp, N-myc amplified; NA, no N-myc amplification.

†Histology according to Shimada et al28; FH, favorable histology; UnF, unfavorable histology.
‡Age at diagnosis; Y, years; M, months; W, weeks.
§Event-free survival; NR, no remission.
¶Survival following diagnosis; DOD, dead of the disease; NED, no evident disease; AWD, alive with the disease.
\Expression of plakoglobin (PG), b-catenin (b-cat), and N-cadherin (N-cad) was determined by immunohistochemistry and scored as described in

the Methods section.
**Shown in Figure 1.
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Figure 1. Examples of plakoglobin deficiency in tumors of neuroblastoma patients with bad outcome. Expression of plakoglobin (left), b-catenin (middle), and
N-cadherin (right). Shown are stained sections of tumors from the patients (Pt.) designated in Table 1 as: number 4 (A, B, and C), number 5 (D, E, and F), number 10
(G, H, and I), and number 11 (J, K, and L). For histochemistry, monoclonal anti-human plakoglobin clone 11E4 (similar results were obtained with clone 15F11), rabbit
anti-human b-catenin, and monoclonal anti-human N-cadherin clone 13A9 were used. N-cadherin and b-catenin were expressed in each of the four tumors. Plakoglobin
was undetectable in the tumors of patients 4 and 5 who died of the disease 14 and 28 months after diagnosis. Plakoglobin was expressed in the tumor of patient 10 who
is alive and well with no evident disease for 24 months and in the tumor of patient 11 who is alive with the disease for 30 months. Original magnification, 3400.
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that among the examined 20 patients those with plako-
globin-positive tumors survived for longer periods. Sur-
vival analysis of the results by the Mantel-Haenszel log-
rank procedure (in which P , 0.05 indicates significant
association), showed that loss of plakoglobin expression
was significantly associated with poor survival (P ,
0.005). The relationship between plakoglobin expression
and established bad prognostic factors of the disease
was examined by the Fisher exact test (Table 2). In this
test P , 0.05 indicates significant association between
the investigated groups, namely plakoglobin loss and
each of the clinical or genetic characteristics examined.
The deficiency in plakoglobin was significantly associ-
ated with unfavorable histology (P , 0.01) and with N-
myc amplification (P , 0.04). The loss of plakoglobin
expression was however not significantly associated with

stage IV disease (stage IV in comparison with all other
stages combined), nor with an age of more than 1 year at
presentation.

Expression of N-Cadherin, b-Catenin, and
Plakoglobin in Neuroblastoma Cell Lines

To further assess the expression of the cadherin-catenin
system in neuroblastoma tumors, the levels of N-cad-
herin, b-catenin, and plakoglobin were determined by
Western blot analysis in 11 cell lines that originated from
human neuroblastoma tumors. Considerable levels of N-
cadherin were detected in 9 of 11 of the neuroblastoma
cell lines and all of the tested cell lines expressed b-cate-
nin. In contrast, plakoglobin was undetectable in 4 of 11
cell lines, and was very low in 2 of 11 cell lines (Figure 3).
Taken together, our analyses showed that the majority of
human neuroblastoma tumors and cell lines expressed
N-cadherin, all expressed b-catenin, but plakoglobin was
not expressed in a significant number of neuroblastomas.

Discussion

Previous work has indicated that the loss of E-cadherin
that occurs as tumors progress to less-differentiated
forms is an important determinant of their enhanced in-
vasiveness in a variety of carcinomas.21 N-cadherin is the
predominant cadherin in neural cells and seems to play a
major role in maintaining the multicellular structure of
neural tissues. We therefore tested whether changes in
the expression of N-cadherin and its cytoplasmic partner
molecules b-catenin and plakoglobin are associated with
progression of the childhood malignancy neuroblastoma.
We found that N-cadherin and b-catenin are expressed in
the great majority of neuroblastoma tumors and neuro-

Figure 2. Kaplan-Meier survival curve of patients according to plakoglobin
expression in the tumors.

Table 2. Clinical and Genetic Characteristics of 20 Patients
with Neuroblastoma According to Plakoglobin
Expression

Characteristic

Plakoglobin expression,
Number of patients (%)

P
value*

Negative
(n 5 9)

Positive
(n 5 11)†

Tumor stage
I, II, and IV-s 3 (33) 5 (45)
III 2 (22) 1 (9)
IV 4 (44) 5 (45) NS‡

Age at diagnosis
,1 year 3 (33) 7 (64)
.1 year 6 (66) 4 (36) NS

Histopathology
Favorable 4 (44) 11 (100)
Unfavorable 5 (56) 0 (0) ,0.01

N-myc gene
Single copy 2 (29) 8 (89)§

Amplified 5 (71) 1 (11) ,0.04
Not evaluated 2 2

*The Fisher exact test with two tails was used. P ,0.05 indicates
significant association between plakoglobin deficiency and the
indicated clinical or genetic parameter.

†Number of patients with plakoglobin-negative or plakoglobin-
positive tumors.

‡NS, not significant (stage IV in comparison with all other stages
combined).

§Percentage of tumors with N-myc amplification includes all patients
who could be evaluated.

Figure 3. Western blot analysis of N-cadherin, b-catenin, and plakoglobin
expression in 11 human neuroblastoma cell lines. The cell extracts from the
same number of cells were separated by acrylamide gel electrophoresis,
transferred to a nitrocellulose membrane, and probed with the monoclonal
antibodies (diluted 1:100), as indicated in the Materials and Method section.
The names of the neuroblastoma cell lines are indicated on the top of the
figure and the positions of N-cadherin (N-cad), b-catenin (b-cat), and pla-
koglobin (PG), are shown on the left.
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blastoma cell lines at levels comparable to those ex-
pressed in normal ganglion cells. This observation is in
agreement with a recent report demonstrating that N-
cadherin was expressed in 11 specimens of neuroblas-
toma tumors.29 It is also compatible with the results of
Shinoura and colleagues30 who reported that N-cadherin
and a-catenin are highly expressed in invasive glioblas-
toma tumors. Thus, in contrast to the role played by
E-cadherin in carcinomas, the expression of N-cadherin
apparently does not restrict the invasion of neural malig-
nancies including neuroblastoma. Moreover, the switch
from E-cadherin to N-cadherin was recently shown to
correlate with enhanced invasiveness.31,32 We found that
in contrast to N-cadherin and b-catenin, plakoglobin was
undetectable in 9 of 20 primary neuroblastoma tumors,
and undetectable, or dramatically reduced, in 6 of 11
neuroblastoma cell lines. Furthermore, the tumors of the
five patients, who died of the disease, were all plakoglo-
bin-negative. Thus, the plakoglobin deficiency in the pri-
mary tumor cells was significantly associated with poor
survival (P , 0.005). To our best knowledge, this is the
first report demonstrating a correlation between reduced
expression of plakoglobin and poor survival in neuroblas-
toma. We have also asked whether the loss of plakoglo-
bin expression in the primary neuroblastoma tumors is
associated with other, established bad prognostic factors
of the disease. We found that unfavorable histology of the
tumor and N-myc amplification, but not stage IV disease,
or the age of the patient (.1 year old), were associated
with the plakoglobin deficiency. Moreover, our results
suggest that among stage IV patients and patients that
were older than 1 year of age at diagnosis, the patients
with tumors expressing plakoglobin had a better outcome
compared to those that were plakoglobin-negative.

By what mechanism could plakoglobin exert its sup-
pressive effect on invasiveness of neuroblastomas? Our
finding that plakoglobin deficiency generally occurred in
tumors with unfavorable histology containing poorly dif-
ferentiated cells that lack cell adhesion, is consistent with
contribution of the adhesion function of plakoglobin to its
tumor suppressor activity. Neuroblastomas do not ex-
press desmosomes and their plakoglobin is mostly asso-
ciated with adherens junctions. Consequently, one pos-
sibility is that the decrease in expression of the adherens
junctions may contribute to more invasive phenotype. In
oral and pharyngeal squamous cell carcinomas, down-
regulation of plakoglobin and desmoplakin is considered
a reliable marker of extensive tumor growth and metas-
tasis formation.33 Similarly, in human skin carcinomas the
expression of plakoglobin and desmoglein-1 is reduced
or absent, suggesting that reduction of these molecules
may contribute to invasiveness.17 Other observations
suggest that plakoglobin can suppress the tumorigenicity
of carcinoma cells independently of the cadherin-catenin
complex. Simcha and colleagues14 reported that trans-
fection of plakoglobin into a human renal carcinoma cell
line that does not express cadherins, plakoglobin,
a-catenin, and b-catenin resulted in suppression of tumor
formation in nude mice. In these cells, plakoglobin did not
exhibit junctional localization, but was diffusely distrib-
uted in the cytoplasm and the nucleus. These results

suggest that the anti-tumorigenic activity of plakoglobin
in these carcinoma cells could be associated with its
signaling activity, rather than with its function in cell ad-
hesion. Indeed, recent studies have indicated that plako-
globin and b-catenin differ in their signaling activi-
ties.9,34,35 Our finding that invasive neuroblastoma
tumors are deficient in plakoglobin, but express normal
levels of N-cadherin and b-catenin is compatible with this
interpretation. The cytochemical analyses could not de-
tect plakoglobin or b-catenin staining in the nuclei of
neuroblastoma. Because relatively small amounts of nu-
clear plakoglobin or b-catenin are sufficient for signaling,
further studies will be required to directly link plakoglobin
or b-catenin signaling to neuroblastoma invasiveness. In
view of our finding that plakoglobin deficiency correlates
with adverse outcome in neuroblastoma, it is interesting
to note that the human plakoglobin gene was localized to
chromosome 17q21,18 and the gain of segment 17q21-
qter is the most frequent cytogenetic abnormality in neu-
roblastoma cells.36,37 Furthermore, this chromosomal
gain is associated with advanced disease, patients that
are older than 1 year old, deletion of chromosome arm 1p
and amplification of the N-myc oncogene, all of which
predict adverse outcome in neuroblastoma.37

In conclusion, our results suggest that plakoglobin
may have a tumor suppressor function in neuroblastoma
patients. Future examination of plakoglobin expression in
tumors of a higher number of patients and longer fol-
low-up periods will show whether the loss of plakoglobin
may be used as a marker for poor prognosis in neuro-
blastoma.
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