Int J Clin Exp Pathol 2010;3(3):244-253
www.ijcep.com /IJCEP1001006

Original Article
Biological and clinical significance of GSK-3f3 in mantle
cell ymphoma-an immunohistochemical study

Randy Chung!3, Anthea C Peters!3, Hanan Armanious?, Mona Anand?, Pascal Gelebart?, Raymond Lai?

From the 1Department of Medicine, University of Alberta; 2the Department of Laboratory Medicine & Pathology, Cross
Cancer Institute and University of Alberta, Edmonton, Alberta, Canada.
3Equal contributors.

Received January 19, 2010; accepted January 22, 2010; available online January 25, 2010.

Abstract: GSK-3B, a biologically important signalling protein, is regulated by the Wnt canonical and the PI3K/Akt
pathways. We recently reported that mantle cell ymphoma (MCL) frequently shows evidence of GSK-3p inactivation,
since GSK-3p is phoshorylated at its functionally critical serine 9 residue in all MCL cell lines and the majority of MCL
tumors examined. To further assess the clinical and biological significance of GSK-3f inactivation in MCL, we em-
ployed immunohistochemistry to assess the expression of the phosphorylated/inactive form of GSK-3 (pGSK-3B) in
83 paraffin-embedded tumors, and correlated its expression with various biological and clinical parameters. Dichoto-
mizing pGSK-3p into 2 groups produced twenty-seven (32.5%) tumors assessed as negative and fifty-six (67.5%) as
positive. Positive pGSK-3[ expression correlated significantly with positive nuclear expression of B-catenin and high
expression of cyclin D1 (p = 0.0025, 0.0032 Fisher’s exact, respectively), both of which have been previously shown
to be regulated by GSK-3p regarding their expression levels and/or sub cellular localization in-vitro. However, no sig-
nificant correlation was found between pGSK-3p and Ki67. Of the clinical parameters, continuous pGSK-3p status
had a significant correlation with absolute lymphocyte count in blood (p = 0.0011, Spearman) and negative pGSK-33
expression was significantly correlated with a longer overall survival (p= 0.045, HR = 1.89), but not with age at diag-
nosis, clinical stage or the international prognostic index. To conclude, our results support the concept that GSK-33

inactivation, found in approximately two-thirds of MCL tumors, is biologically and clinically important in MCL.
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Introduction

GSK-3B is an important signalling protein that
has been shown to regulate a wide range of
cellular functions including apoptosis and cell
proliferation. Dysregulation of GSK-33 has been
implicated in a wide range of human diseases
including diabetes, Alzheimer’s, schizophrenia,
and cancer [1-4]. One of the major biological
functions of GSK-3 is to inhibit B-catenin by
sequestration and promotion of its proteosome
degradation. GSK-38 itself is known to be regu-
lated by the PI3K/Akt and the Wnt canonical
pathways [5-7]. GSK-3[ inactivation is mediated
by the phosphorylation of its serine 9 residue.
Upon inactivation, its inhibitory effect on [-
catenin is released, and (-catenin is allowed to
accumulate and translocate to the nucleus,
where it upregulates the transcription of multi-
ple genes including cyclin D1. GSK-3[ also has

been shown to directly regulate cyclin D1 via
modifying its rate of proteolysis and nuclear
export [8, 9].

Mantle cell lymphoma (MCL) is a specific sub-
type of aggressive B-cell lymphoma recognized
by the World Health Organization Classification
Scheme (WHO) [10]. The genetic hallmark of
this disease is the recurrent chromosomal ab-
normality, t(11;14)(q13;932), which brings the
cyclin D1(CCND1) gene under the influence of
the enhancer of the immunoglobulin heavy
chain (IGH) gene, leading to cyclin D1 overex-
pression. Although it has been shown that cyclin
D1 overexpression is not sufficient for the in-
duction of lymphoma in animal models, this
abnormality is considered to be the primary on-
cogenic event in MCL [11, 12]. In view of the
roles of GSK-3p in regulating the expression and
subcellular localization of cyclin D1, as dis-
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cussed above, we hypothesized that the activa-
tion status of GSK-3p is likely to be relevant to
the pathogenesis of MCL. In support of this hy-
pothesis, we have recently shown that GSK-3(3
is inactivated and phosphorylated in all MCL cell
lines and a subset of MCL tumors examined
[13]. In another study, using a constitutive ac-
tive GSK-3B construct, Dal Col et. al. [14] re-
cently provided the first direct evidence that
GSK-3B phosphorylates cyclin D1 at Thr2s,
thereby promoting its nuclear export in MCL.
Nevertheless, the biological and clinical signifi-
cance of GSK-3B in MCL has not been compre-
hensively examined. Specifically, whether the
activation status of GSK-3B correlates with the
nuclear expression of B-catenin, the cyclin D1
expression level and/or other clinicopathologic
parameters is not known.

In this study, using immunohistochemistry, we
assessed the expression of phosphorylated/
inactive form of GSK-3B (pGSK-3B) in 83 forma-
lin-fixed, paraffin-embedded MCL tumors. We
then correlated the expression of pGSK-3p with
the nuclear expression of B-catenin, the expres-
sion level of cyclin D1 and Ki67 labelling in
these tumors. We also evaluated whether pGSK
-3B correlates with various clinical parameters
including the overall survival.

Materials and methods
MCL tumors

All cases of MCL were diagnosed at the Cross
Cancer Institute (Edmonton, Alberta, Canada)
between 1994 and 2007, and the diagnostic
criteria were based on those described in the
World  Health  Organization  Classification
Scheme [10]. All cases were confirmed to ex-
press cyclin D1 by immunohistochemistry. Six of
these 83 MCL tumors used in this study were
blastoid variant. The use of these tissues has
been approved by our Institutional Ethics Com-
mittee.

Immunohistochemistry

To detect pGSK-3[, B-catenin and Ki67, antigen
retrieval was performed using microwave-
treated citrate buffer (pH 6.0) for 20 minutes.
To detect cyclin D1, antigen retrieval was per-
formed using EDTA (pH=8.0). After antigen re-
trieval, tissue sections were incubated with 3%
hydrogen peroxide (H202) for 10 minutes to
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block endogenous peroxidase activity. Subse-
quently, sections were incubated overnight at
4°C with a rabbit polyclonal antibody reactive
with pGSK-3B (Ser 9)(1:50, Cell Signaling Tech-
nology, Danvers, MA), a rabbit polyclonal anti-B-
catenin (1:1200 dilution, Sigma, clone C2206,
Oakville, Ontario, Canada), anti-cyclin D1 (1:75
dilution, clone SP4, Medicorp, Montreal, Que-
bec, Canada) or anti-Ki67 (1:60 dilution, clone
M7240, Dako Canada Inc., Mississauga, On-
tario, Canada). Immunostaining was visualized
with a labelled streptavidin-biotin (LSAB)
method using DAB as a chromogen (Dako Can-
ada).

Scoring of the markers and statistical analysis

The cytoplasmic expression of pGSK-3f was
assessed as 3+ (strong staining), 2+ (moderate
staining), 1+ (weak staining), O (no staining). For
B-catenin, cases showing definitive nuclear im-
munostaining in >20% of the tumor cells were
considered positive, and the B-catenin nuclear
staining was scored as 3+ (strong staining), 2+
(moderate staining) and 1+ (weak staining).
Score for pGSK-3[3 was calculated as follows: 3
points were given for 3+ staining, 2 points for
2+ staining, 1 point for 1+ staining and O for no
staining. Cut point analysis for overall survival
was used to dichotomize continuous pGSK-3p3
with the minimum p-value method applied to
estimate the optimum pGSK-3B division. The
analysis found a pGSK-3p score of 0.6 is the
optimal cut point. For nuclear B-catenin, <20%
of the tumor cells showing staining or a score of
1 was considered negative, and a score of 2+ or
3+ was considered positive. The scoring used to
assess the expression of cyclin D1 and Ki67
have been previously detailed [15]. All of the
staining was reviewed by two observers (RC and
RL) independently and discrepant cases were
reviewed under a double-headed microscope to
reach a consensus.

The correlations between pGSK-3B and the
other biological markers were assessed using
Fisher's exact test for tables and Spearman
rank correlation for continuous variables. Uni-
variate and multivariate Cox regression analysis
was used to determine the influence of pGSK-
3B and various biological and clinical parame-
ters on overall survival. Overall survival plots of
the factor groups were calculated using the
Kaplan-Meier method. Statistical tests are two-
tailed with a P value <0.05 considered to be
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statistically significant. The SAS computer pro-
gram SAS (r) 9.2 (TS1MO0) was used to perform
the analysis

Results
Clinical characteristics of MCL patients

The clinicopathologic characteristics of the 83
MCL patients included in this study are summa-
rized in Table 1. There were 69 men and 14
women, and the median age at diagnosis was
64 years (range, 41-88 years). Fifty patients

Table 1. Patient demographics and clinical parameters

died during the follow-up and the median time
from the initial diagnosis to either the last follow
-up or death was 29 months. Treatment for
each MCL patient was determined during our
weekly lymphoma conference based on our pro-
vincial lymphoma treatment protocol. For first-
line treatment, the majority of these patients
received CHOP-based  (cyclophosphamide,
doxorubicin, vincristine, prednisone) chemother-
apy, and small subsets of patients received
chlorambucil-based chemotherapy or more
novel treatments such as proteasome inhibitor
PS341 and flavopirodol.

pGSK3-B

( negative =<0.6)
Total cases = 27

( postive = >20.6)
total cases = 56

Total cases = 83

n (%) n (%)

Age [ n (mean) ] 27 (63.3) 56 (65.5) 83
Gender

Female 5 (18.5) 9(16.1) 14

Male 22 (81.5) 47 (83.9) 69
Stage

I-l 4 (14.8) 4(7.1) 8

Ml 6 (22.2) 14 (25.0) 20

vV 15 (55.6) 37 (56.1) 52

Missing 2(7.4) 1(1.8) 3
B Symptoms

Yes 8 (29.6) 15 (26.8) 23

No 17 (63.0) 39 (69.6) 56

Missing 2(7.4) 2 (3.6) 4
Gl Involvement

Yes 6 (22.2) 6 (10.7) 12

No 19 (70.4) 48 (85.7) 67

Missing 2(7.4) 2 (3.6) 4
IPI

0-2 15 (55.6) 36 (64.3) 51

>3 4 (14.8) 12 (21.4) 16
missing 8 (29.6) 8 (14.3) 16
B-catenin

0-1 23 (85.2) 27 (48.2) 50

2-3 3(70.4) 23 (41.1) 26

Missing 1(3.7) 6 (10.7) 7
Cyclin D1

1-2 18 (66.7) 23 (41.1) 41

3 3(11.1) 26 (46.4) 29

Missing 6 (22.2) 7 (12.5) 13
KI67

0-3 21 (77.8) 37 (66.1) 58

4 4 (14.8) 18 (32.1) 22

Missing 2(7.4) 1(1.8) 3
246 Int J Clin Exp Pathol 2010;3(3):244-253
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Figure 1. a, b: Immunohistochemical staining of pGSK-3B in MCL tumors revealed a subset of negative cases and a
subset of positive case (a and b respectively). The staining was predominantly cytoplasmic. ¢, d: Immunohistochemi-
cal staining of B-catenin in MCL tumors revealed a subset of negative cases and a subset of positive case (illustrated
in ¢ and d respectively). Of note, the staining in the tumor cells was predominantly nuclear; in contrast, the staining
was mostly found in the cytoplasm of the endothelial cells. e, f: Immunohistochemical staining of cyclin D1 in MCL
tumors was heterogeneous with regard to the proportion of intensely positive cells. The case in 1e was assessed
cyclin D1-low, as strongly positive cells were <50% of the neoplastic cell population. The case in figure 1f was as-
sessed cyclin D1-high, as strongly positive cells were > 50% of the neoplastic cell population. g, h: Immunohisto-
chemical staining of Ki67 in MCL tumors also revealed a high degree of heterogeneity in the proportion of positive
cells, showing a Ki67-negative case and a Ki67 positive case (g and h respectively).
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pPGSK-3[ significantly correlates with B-catenin
positivity

Of the 83 MCL tumors, 56 (67.5%) were consid-
ered pGSK-3p positive, based on a minimum p-
value cut-off of > 0.6. The expression of pGSK-
3B was found to be largely localized to the cyto-
plasm of the MCL cells (Figure 1 a, b). Of the 76
MCL tumors that were also evaluated for the
expression of B-catenin, 26 (32.5%) were as-
sessed positive. In contrast with pGSK-383, B-
catenin was largely expressed in the nuclei of
MCL cells (Figure 1 ¢, d). pGSK-3p positivity sig-
nificantly correlated with the expression of (-
catenin (p = 0.0025, Fisher’s exact ) (Table 2).

Table 2. Correlation between pGSK-3[3 and B-catenin

body was used and insufficient tissues were
available to repeat the staining. Of the remain-
ing 70 cases, 29 (41.4%) were considered high
cyclin D1-expressing. Statistical analysis re-
vealed that the high-expressing cyclin D1 status
correlates significantly with positive pGSK-3p (p
= 0.0032) (Table 3).

Since the gene expression of cyclin D1 has
been shown to be up-regulated by B-catenin in
various in-vitro models, we addressed whether
there is a significant correlation between the
expression of cyclin D1 and B-catenin positivity.
Data for both markers was available in 63
cases. In the B-catenin positive group (n=23),

B-catenin
Negative (0 or 1) Positive (2 or 3) Total P
pGSK3p
negative (< 0.6) 23 3 26 0.0025
positive (= 0.6) 27 23 50
Total 50 26 76
Table 3. Correlation between pGSK-3p and cyclin D1
Cyclin D1
Low (1 or 2) High (3) Total P
pGSK-3p3
negative (< 0.6) 18 3 21 0.0032
positive (= 0.6) 23 26 49
Total 41 29 70

pGSK-3( significantly correlates with cyclin D1
expression

As illustrated in Figure 1 e and f, the cyclin D1
immunostaining was largely restricted to the
nuclei of MCL cells in all cases. Although all
cases were positive for cyclin D1 (as per defini-
tion of MCL), the proportion of strongly positive
cells was highly variable among tumors. To en-
sure that the assessment of the cyclin D1 ex-
pression status was uniform, we excluded 13
cases for which a different anti-cyclin D1 anti-
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13 (56.5%) were high cyclin D1-expressing. In
the B-catenin negative group (n=40), only 12
(30%) were high cyclin D1-expressing; the two
markers had a correlation that was not quite
significant (p = 0.06) (Table 4).

PGSK-3( does not correlate with the Ki67
The percentage of tumor cells with Ki67 expres-
sion was assessed in all MCL tumors and cate-

gorized into 2 groups: <50% or > 50% (Figure 1
g, h). Three of 83 cases did not have sufficient
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Table 4. Correlation between cyclin D1 and B-catenin

B-catenin
Negative (O or 1) Positive (2 or 3) Total P
Cyclin D1
Low (1 or 2) 28 10 38 0.0606
High (3) 12 13 25
Total 40 23 63
Table 5. Cox regression analysis of overall survival
Unitivariate Multivariate
Total cases HR (95% Cl ) P HR (95% CI ) p
assessed

pGSK-3f3

<0.6 1.00 1.00

83

0.6 1.89 (1.01-3.53) 0045  2.10(1.075-4.09) 0.030
Kie7

0-3 1.00 1.00

4 80 4.45(2.29-8.67) <0.0001 4.40 (2.24-8.64) <0.0001
Cyclin D1

lor2 70 1.00

3 1.17 (0.79-1.73) 0.442
B-catenin

Oor1l 76 1.00

20r3 1.06 (0.78-1.44) 0.732
IPI

0-2 81 1.00

35 2.08 (1.08-4.03) 0.030

Ki67 data. Of the remaining 80 cases, 22 had a
>50% Ki67 labelling. Only 4 (16%) of the 25
pGSK-3B negative cases had a >50% Ki67 la-
belling, as compared to 18 of 55 (49%) pGSK-
3B positive cases.

This correlation is not statistically significant (p
= 0.177, Fisher's exact). Ki67 also did not sig-
nificantly correlate with B-catenin or cyclin D1.

pPGSK-3 significantly correlates with overall
survival and absolute lymphocytosis

Using a pGSK-3pB cut point of > 0.6 univariate
Cox survival analysis we found a significant cor-
relation between pGSK-3B and overall survival
(p = 0.045, HR = 1.89), with a pGSK-3pB nega-
tive status associated with a better outcome
(Table 5). The Kaplan-Meier survival curves are

249

shown in Figure 2. In keeping with our previ-
ously published data cases with >50% cells
positive for Ki67 significantly correlate with a
shorter survival (p<0.0001) (15). Multivariate
analysis found the prognostic value of pGSK-3f3
(p = 0.030, HR = 2.10) was independent of
Ki67 (p<0.0001, HR = 4.40). There was no sig-
nificant interaction effect between pGSK-3(3 and
Ki67 (p = 0.71). Neither cyclin D1 nor B-catenin
shows a significant correlation with the overall
survival (Table 5).

We also assessed if there is a correlation be-
tween the expression of pGSK-3[ and various
clinical parameters, including clinical stage, the
international prognostic index, absolute lympho-
cytosis, elevation of lactate dehydrogenase,
patient age at diagnosis and extra-nodal in-
volvement; only peripheral blood lymphocytosis
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Figure 2. pGSK-3p expression status significantly correlates with overall survival (p=0.045, Log rank).

(using a cut-off of >6 x 109/L) significantly cor-
relates with pGSK-3[ status (P = 0.0011, Spear-
man).

Discussion

GSK-3B is a biologically important signalling
protein. In the Wnt canonical pathway, it plays a
central role in sequestrating 3-catenin and pro-
moting the proteosome destruction of B-catenin
[16]. In this study, using pGSK-3B as a surro-
gate marker detectable by an immunohisto-
chemical method, we comprehensively exam-
ined the GSK-3[ inactivation status in 83 paraf-
fin-embedded MCL tumors. We found evidence
that GSK-3p is inactivated in two-thirds in this
cohort. We have also provided evidence that the
pGSK-3[ positive status significantly correlates
with the nuclear expression of B-catenin, a rela-
tively high expression level of cyclin D1, abso-
lute lymphocytosis in the peripheral blood, and
shorter overall survival in MCL patients. In sum-
mary, our data has provided evidence to sup-
port that GSK-3p is both biologically and clini-
cally important in MCL.

With regard to the mechanism by which GSK-3f3
is inactivated, our group has recently published
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evidence of constitutive activation of the Wnt
canonical pathway in MCL cell lines and patient
tumours, which is likely to be attributed to the
autocrine and/or paracrine stimulation of vari-
ous Wnt ligands including Wnt3 [13]. These
findings echo those of two recently published
studies. In the first study, the authors showed
that RNA-interference to abrogate the expres-
sion of FZD2, a receptor for Wnt ligands, de-
creases cell proliferation in a MCL cell line [17].
In the second study, the authors employed gene
expression profiling experiments and identified
a significant upregulation of several genes in
the Wnt canonical pathway in MCL compared to
naive B cells [18]. In addition to the Wnt canoni-
cal pathway, the PI3K/Akt signalling pathway
may also contribute to GSK-3 inactivation. To
this end, it has been previously reported that
the PI3K/Akt signalling pathway is constitutively
activated in a subset of MCL [19].

In various in-vitro experimental models, B-
catenin has been shown to accumulate and
translocate to the nucleus upon inactivation of
GSK-3B. This appears to be the case for MCL,
since we observed that the pGSK-3(B positive
status significantly correlates with the nuclear
expression of [-catenin (i.e. p = 0.0025,
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Fisher’s exact). In this regard, 3-catenin nuclear
accumulation coupled with GSK-3p inactivation
is also observed in a humber of other types of
cancer, including chronic myeloid leukemia in
blast crisis, precursor B-cell acute lymphoblastic
leukemia and specific types of epithelial can-
cers [20-22]. Nevertheless, in our study, a sub-
stantial proportion of pGSK-3[3 positive cases,
namely 27 of 50 (54%) cases, did not have de-
tectable B-catenin. One likely explanation is that
additional mechanisms may be required for the
nuclear transport of p-catenin, and these
mechanisms are not operational in some MCL
tumors.

The finding of heterogeneous cyclin D1 immu-
nostaining in paraffin-embedded MCL tissues is
commonly observed by diagnostic hematopa-
thologists. It is highly unlikely that this staining
heterogeneity is due to variations in fixation or
other technical reasons, since strongly cyclin D1
-positive cells were seen in almost all cases.
Thus, we believe that there is a genuine biologi-
cal difference in the protein expression level of
cyclin D1. Our findings of a significant correla-
tion between a high level of cyclin D1 expres-
sion and the pGSK-3B positive status (p =
0.0032, Fisher’'s exact) support the concept
that GSK-3p plays an active role in regulating
the protein level of cyclin D1. Variation in the
cyclin D1 protein level in MCL is also likely to be
related to the variations in the cyclin D1 mRNA
levels, as previously reported by multiple groups
[23].

Of various clinical parameters analyzed in this
study, only absolute lymphocytosis (arbitrarily
defined as >6.0 x 109/L in this study) and over-
all survival significantly correlate with pGSK-3p.
It is unlikely that the correlation between lym-
phocytosis and pGSK-3 is related to the tumor
burden, since the pGSK-3p status does not sig-
nificantly correlate with the clinical stage. In
view of the fact that GSK-3[3 has been shown to
regulate cell motility and cell-to-cell adhesions
[3, 24-26], we have considered the possibility
that GSK-3p may directly modulate the cell mi-
gratory and adhesion properties of MCL cells,
such that inactivation of GSK-33 predisposes to
a leukemic phase.

One of the key findings in this study is the ob-
servation that GSK-3B inactivation is signifi-
cantly associated with a worse clinical outcome
in MCL patients. Since pGSK-3[3 did not signifi-
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cantly correlate with Ki67, it is unlikely that its
association with a worse clinical outcome is
directly linked to increased cell proliferation. In
view of the biologic importance of GSK-3B in
various normal cellular functions and the patho-
genesis of various cancers, we believe that this
finding is rather not too surprising. Since the
expression of B-catenin does not show a signifi-
cant correlation with survival, the prognostic
value of GSK-3[p is likely to be mediated via
downstream effectors other than B-catenin.

In contrast with two other previous studies [27,
28], we did not identify a significant correlation
between the high cyclin D1 expression status
and overall survival. A plausible explanation for
this discrepancy is related to the difference in
the experimental approach employed. While we
measured the protein level expression of cyclin
D1 using immunohistochemistry, the other two
studies assessed the levels of cyclin D1 mRNA
in MCL tumors. Of note, while MCL cells express
two cyclin D1 mRNA species, namely cyclin D1a
and cyclin D1b, only cyclin Dla is translated
into protein in MCL cells [24]. Moreover, the
anti-cyclin D1 antibody used in this immunohis-
tochemical study recognizes only the cyclin D1a
isoform. These two factors may have contrib-
uted to this discrepancy of our conclusions.
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