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Sox11 is a transcription factor involved in embryonic neurogenesis and tissue remodeling. Its role in

lymphopoiesis is presently unknown. Recent studies have shown the nuclear expression of sox11 in mantle cell

lymphoma, which raises the question about its possible association with t(11;14)(q13;q32), the genetic hallmark

of mantle cell lymphoma leading to the overexpression of cyclin D1. In this study, we examined sox11

expression in 211 cases of B-cell neoplasms by immunohistochemistry, and evaluated its association with

t(11;14) and overexpression of cyclin D1. Nuclear staining of sox11 was observed in 54 of 57 (95%) mantle cell

lymphomas, including 52 of 53 (98%) classical and 2 of 4 variant types. Two of the three mantle cell lymphomas

negative for nuclear sox11 staining were analyzed and were positive for t(11;14). All other B-cell lymphomas

(114 cases) showed variable positive staining in the cytoplasm, but no nuclear positivity. Sox11 was then

examined in plasma cell myeloma and hairy cell leukemia as a subset of plasma cell myeloma carry t(11;14) and

overexpress cyclin D1, and cyclin D1 is overexpressed in a subset of hairy cell leukemia independent of t(11;14).

We found no nuclear staining of sox11 in 30 plasma cell myelomas examined, including 12 cases with

t(11;14)(q13;q32). It is interesting that intense nuclear staining of sox11 was present in a subset of hairy cell

leukemias (5 of 10), and was associated with the overexpression of cyclin D1. Our results indicate that the

nuclear expression of sox11 is highly associated with mantle cell lymphoma, but is independent of

t(11;14)(q13;q32) in non-mantle cell B-cell neoplasms. Its association with the overexpression of cyclin D1 in

hairy cell leukemia suggests that sox11 may be involved in the upregulation of cyclin D1 in this leukemia.
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Mantle cell lymphoma accounts for approximately
3–10% of non-Hodgkin lymphomas and is consid-
ered one of the most aggressive B-cell lymphomas.
The genetic hallmark of mantle cell lymphoma is
t(11;14)(q13;q32) that juxtaposes the CCND1 gene
encoding cyclin D1 to immunoglobulin heavy chain
gene, leading to the overexpression of cyclin D1.1

The upregulation of cyclin D1 has a pivotal role in

the pathogenesis of mantle cell lymphoma.
However, additional oncogenetic events are required
for the complete development of the tumor.1,2

DNA microarrays and gene expression profiling
have shown that several genes are differentially
expressed in mantle cell lymphoma compared with
normal lymphoid tissue.3–5 Recently, sox11, a
transcription factor involved in embryonic neuro-
genesis and tissue remodeling, has been found to be
expressed in the nuclei of mantle cell lymphoma
cells.6,7 This intriguing finding raises the question
about the possible association between the nuclear
expression of sox11 and t(11;14)(q13;q32).6

The SRY (sex-determining region Y)-box11
(SOX11) gene is mapped to chromosome 2p25 and
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belongs to the SRY-related high mobility group
(HMG) box (SOX) gene family characterized by
containing the HMG domain with high identity to
the HMG domain in SRY.8 More than 20 SOX genes
have been identified in humans and mice, and are
divided into 8 groups according to the degree of
homology within and outside the HMG domain.9,10

The SOX gene family encodes a group of transcrip-
tion factors that have critical roles in the determina-
tion of cell fate and differentiation.9–11 Evidence
suggests that SOX11 is critical for embryonic
neurogenesis and tissue remodeling.8,11,12 However,
the data on the roles of SOX genes in hematopoiesis
are very limited. To date, SOX4 is the only gene in
the family that has been found to have an important
role in the early B- and T-cell development.13,14

SOX11 belongs to the same group and shares high
sequence homology with SOX4,15 but its role in
lymphopoiesis remains to be elucidated.

In this study, we examined sox11 expression in a
large series of B-cell neoplasms by immunohisto-
chemistry to investigate whether nuclear staining of
sox11 can serve as a useful diagnostic marker for
mantle cell lymphoma. We further investigated the
association of the nuclear expression of sox11,
t(11;14)(q13;q32) and overexpression of cyclin D1.
Our results indicate that the nuclear expression of
sox11 is highly associated with mantle cell lympho-
ma, but is independent of t(11;14)(q13;q32) in
non-mantle cell B-cell neoplasms. We also showed
for the first time that in addition to mantle cell
lymphoma, nuclear expression of sox11 is also
present in a subset of hairy cell leukemia and is
associated with overexpression of cyclin D1. The
significance of these findings is discussed.

Materials and methods

Case Selection

This study was approved by the Institutional Re-
view Boards of the Northwestern Memorial Hospital
and Oregon Health and Science University. Cases
diagnosed as mantle cell lymphoma between Jan-
uary 1994 and September 2008 were searched from
the database in the Department of Pathology at the
Northwestern Memorial Hospital. A total of 57
mantle cell lymphomas in which the diagnosis
was confirmed by overexpression of cyclin D1
and/or the presence of t(11;14)-CCND1/IgH translo-
cation were retrieved. An additional 114 cases of
other subtypes of B-cell lymphomas were also
retrieved from the Northwestern Memorial Hospital,
including 50 chronic lymphocytic leukemia/small
lymphocytic lymphomas, 22 follicular lymphomas,
12 marginal zone lymphomas and 30 diffuse large
B-cell lymphomas. A total of 30 formalin-fixed and
paraffin-embedded bone marrow biopsy samples of
plasma cell myeloma and 10 hairy cell leukemias
were obtained from the Oregon Health and Science
University.

Immunohistochemistry

Immunohistochemical stains were performed on
whole tissue sections. After antigen retrieval in a
Decloaking Chamber (Biocare Medical, Concord,
CA, USA) using DAKO antigen retrieval solution
(pH 6.0), the tissue sections were automatically
stained for sox11 on DAKO Autostainer (DAKO,
Carpinteria, CA, USA) using the IVIEW detection
system. Antigen retrieval and immunohistochemical
stain for cyclin D1 were performed automatically on
Benchmarker XT (Ventana Medical System, Tucson,
AZ, USA) using the Advanced HRP detection
system. The primary antibodies used were as
follows: polyclonal anti-sox11 at a dilution of 1:50
(Atlas Antibodies, Stockholm, Sweden) and poly-
clonal anti-cyclin D1 at 1:25 dilution (NeoMarkers,
Fremont, CA, USA). Reactive tonsillar tissue and
normal lymph node were used as controls.

Fluorescence In Situ Hybridization

Interphase fluorescence in situ hybridization (FISH) for
t(11;14)-CCND1/IgH fusion in mantle cell lymphoma
was performed on touch imprints or paraffin-
embedded tissues at Mayo Medical Laboratories
(Rochester, MN, USA) using the dual-color and
dual-fusion probes for CCND1 (11q13) and IgH
(14q32) (Abbott Laboratories, Des Plaines, IL, USA).
Interphase FISH analysis of plasma cell myeloma was
performed on the cytospin preparations of bone
marrow aspirates at the Oregon Health and Science
University. For the CCND1/IgH fusion, the same
dual-color and dual-fusion probes were used. Briefly,
the slides were placed at 72 1C for 2min, and then
hybridized overnight with the denatured probes at
37 1C. After washing in 0.4�SSC/0.3%NP-40 at 72 1C
for 2min, followed by cooling at room temperature in
2� SSC/0.1% NP-40, the slides were air dried in
darkness and mounted in DAPI II counter stain.

Results

Sox11 Expression in B-Cell Lymphomas

A total of 57 formalin-fixed and paraffin-embedded
mantle cell lymphomas with diagnosis confirmed at
the initial work-up by overexpression of cyclin D1 and/
or by the presence of t(11;14)(q13;q32) were retrieved
for the study. These cases included 53 classical and 4
variant mantle cell lymphomas (3 blastoid and 1
pleomorphic). Before examination of sox11, immuno-
histochemical stain for cyclin D1 was performed on all
retrieved mantle cell lymphomas, and positive nuclear
staining was seen in all 57 cases. No cyclin D1-negative
mantle cell lymphoma was identified in this series. In
all, 16 cases (14 classical and 2 variant) were analyzed
by FISH and were positive for t(11;14).

In normal lymphoid tissues, positive staining for
sox11 was seen only in the cytoplasm of germinal
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center cells. However, homogeneous nuclear stain-
ing of sox11 was observed in 54 of 57 (95%) mantle
cell lymphomas, including 52 of 53 (98%) classical
and 2 of 4 variant types (Table 1 and Figure 1). One
classical and two blastoid mantle cell lymphomas
showed predominantly cytoplasmic staining; the
nuclei were negative. These two blastoid cases were
analyzed by FISH and were positive for t(11;14).

All other B-cell lymphomas examined, including
50 chronic lymphocytic leukemia/small lymphocytic
lymphomas, 22 follicular lymphomas, 12 marginal
zone lymphomas and 30 diffuse large B-cell lympho-
mas, displayed variable sox11 staining only in the
cytoplasm; the nuclei were completely negative
(Table 1 and Figure 1). In diffuse large B-cell lympho-
mas, the majority of the neoplastic cells showed
strong cytoplasmic granular staining (Figure 1). Other
types of B-cell lymphomas showed variable weak
cytoplasmic staining in the non-transformed neo-
plastic lymphocytes, whereas the transformed
lymphocytes such as prolymphocytes in chronic
lymphocytic leukemia/small lymphocytic lympho-
mas and centroblasts in follicular lymphomas
showed strong cytoplasmic granular staining similar
to diffuse large B-cell lymphoma (Figure 1).

Sox11 Expression in Plasma Cell Myeloma and
Correlation with t(11;14) and Overexpression of
Cyclin D1

To further investigate the possible association
among the nuclear expression of sox11,

t(11;14)(q13;q32) and the overexpression of cyclin
D1, 30 plasma cell myelomas were selected for the
study on the basis of the FISH results, including 12
cases positive for t(11;14)(q13;q32), 11 with trisomy
11 (+11) and 7 negative for both abnormalities. Im-
munohistochemical stain for cyclin D1 showed strong
nuclear staining in 12 of 12 (100%) cases with
t(11;14), 10 of 11 (91%) with +11 and in 1 of 7
(14%) negative for both abnormalities (Table 1).
Diffuse strong cyclin D1 staining correlated with
t(11;14), whereas intermediate staining in a subset of
plasma cells (30–50%) was associated with +11
(Figure 2). However, immunohistochemical stain for
sox11 showed no nuclear staining in all cases of
plasma cell myelomas examined, including 12 cases
with t(11;14); variable positive granular staining was
observed only in the cytoplasm (Table 1 and Figure 2).

Sox11 Expression in Hairy Cell Leukemia and
Correlation with Overexpression of Cyclin D1

Sox11 was examined in 10 formalin-fixed and
paraffin-embedded bone marrow core biopsy sam-
ples obtained from patients with hairy cell leukemia
and compared with cyclin D1 expression. The
diagnosis of hairy cell leukemia was established on
the basis of morphological findings, clinical infor-
mation and characteristic immunophenotype.1 Six
cases showed extensive (470%) and four showed
moderate (20–40%) bone marrow involvement.
Immunohistochemical stain for sox11 showed in-
tense nuclear staining in 5 of 10 (50%) cases.
Surprisingly, these five cases also showed strong
nuclear staining of cyclin D1. The remaining five
cyclin D1-negative hairy cell leukemias showed
granular staining of sox11 only in the cytoplasm;
the nuclei were completely negative (Table 1 and
Figure 3).

Discussion

SOX11 is normally expressed throughout the devel-
oping nervous system of human embryos and is
required for neuron survival and neurite growth.8,16–18

However, the data on the roles of SOX genes in
hematopoiesis are very limited. To date, SOX4 is the
only gene in the family that has been found to have a
key role in lymphopoiesis. B-cell development is
blocked at the pro-B-cell stage in Sox4-deficient
mice.14 Although SOX11 shares high identity with
SOX4, its role in lymphopoiesis remains to be
elucidated. Similar to many other developmental
regulatory genes, the improper expression and
function of SOX genes have been linked to various
human cancers.19 SOX11 and SOX4 were found
strongly expressed in several neurological
malignancies, such as medulloblastoma and glio-
blastoma.20,21 High-throughput retroviral tagging
identified that SOX4 expression was elevated in

Table 1 Nuclear expression of sox11 in B-cell neoplasms

B-cell neoplasms Number of
cases

Nuclear
expression
of sox11

Mantle cell lymphoma (n¼57)
Classical 53 52
Variant 4 2

Chronic lymphocytic leukemia/small
lymphocytic lymphoma (n¼ 50)

50 0

Follicular lymphoma (n¼22) 22 0

Marginal zone lymphoma (n¼ 12) 12 0

Diffuse large B-cell lymphoma (n¼ 30) 30 0

Hairy cell leukemia (n¼ 10)
Cyclin D1+ 5 5
Cyclin D1� 5 0

Plasma cell myeloma (n¼ 30)
t(11;14)/Cyclin D1+ 12 0
+11/Cyclin D1+a 10 0
+11/Cyclin D1� 1 0
Nl/Cyclin D1�b 6 0
Nl/Cyclin D1+ 1 0

a
+11: Presumed trisomy 11 based on abnormal FISH pattern of 2 green
(14q32) and 3 orange (11q13) signals.
b
Nl: FISH negative for both t(11;14) and +11.
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Figure 1 Sox11 expression in B-cell lymphomas. H&E (left) and immunohistochemical stain for sox11 (right) in representative cases of
B-cell lymphomas. Mantle cell lymphoma showed intense homogeneous nuclear staining of sox11 (�600) (1a, b). Chronic lymphocytic
leukemia/small lymphocytic lymphoma (2a, b), follicular lymphoma (3a, b) and diffuse large B-cell lymphoma (4a, b) displayed variable
sox11 staining only in the cytoplasm; the nuclei were completely negative (� 1000).
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mouse splenic marginal zone lymphoma and asso-
ciated with tumor progression.22

In this study, we showed that the nuclear expres-
sion of sox11 is highly associated with mantle cell
lymphoma among B-cell lymphomas. Homogeneous
nuclear staining of sox11 was observed in 54 of 57
(95%) mantle cell lymphomas, including 52 of 53
(98%) classical and 2 of 4 variant mantle cell
lymphomas. All other types of B-cell lymphomas,
including 50 chronic lymphocytic leukemia/small
lymphocytic lymphomas, 22 follicular lymphomas,
12 marginal zone lymphomas and 30 diffuse large
B-cell lymphomas, were completely negative for
nuclear sox11 staining. The results indicate that
sox11 is a useful immunohistochemical marker for
mantle cell lymphoma. We did not identify cyclin
D1-negative mantle cell lymphomas in this series,
but one such case was reported in the study by

Ek et al6 and was positive for nuclear sox11 staining.
Therefore, sox11 could be particularly valuable in
the diagnosis of this subset of cases. However, this
needs to be confirmed by studies on a larger number
of cyclin D1-negative mantle cell lymphoma cases.
Wang et al reported in their series that 5 of 53 mantle
cell lymphomas were negative for nuclear staining
of sox11; none of these cases were blastoid variant.
These patients had shorter survival compared with
mantle cell lymphomas with nuclear sox11 stain-
ing.7 Ek et al evaluated sox11 expression in 18
whole tissue sections of mantle cell lymphomas,
including 16 classical and 2 blastoid mantle cell
lymphomas. One case was negative for nuclear
sox11 staining, and this case was a blastoid
variant.6 In this study, two of the three mantle cell
lymphomas negative for nuclear sox11 staining were
blastoid variants. Our results indicate that nuclear

Figure 2 Sox11 expression in plasma cell myeloma. H&E (left), immunohistochemical stain for cyclin D1 (middle), fluorescence in situ
hybridization (FISH) for t(11;14)-CCND1/IgH translocation (middle inset) and immunohistochemical stain for sox11 (right) in
representative cases of plasma cell myelomas (�1000). FISH: orange signal representing CCND1gene at chromosome 11q13, green signal
representing IgH gene at 14q32 and yellow signal representing fusion of CCND1 and IgH. (1a–c) Plasma cell myeloma positive for t(11;14)
showed diffuse strong nuclear positivity for cyclin D1, but was negative for nuclear staining of sox11. Positive granular staining of sox11
was seen only in the cytoplasm. (2a–c) Plasma cell myeloma with +11 showed partial positive nuclear staining of cyclin D1, and negative
nuclear staining for sox11. (3a–c) Plasma cell myeloma negative for both t(11;14) and +11 was negative for cyclin D1 and nuclear staining
of sox11. The cells showing positive nuclear staining of cyclin D1 were endothelial cells (3b).
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staining of sox11 is highly specific for classical
mantle cell lymphoma, but may not be a sensitive
marker for variant mantle cell lymphoma.

The high association of nuclear expression of
sox11 with mantle cell lymphoma shown in
this study and by others raises the question about
its possible association with t(11;14)(q13;q32). To
answer this, we examined sox11 in plasma cell
myelomas as a subset of this terminally differen-
tiated B-cell neoplasm carry the same chromosomal
translocation and overexpress cyclin D1.1 In addi-
tion, +11 also contributes to the upregulation of
cyclin D1 in this neoplasm.23 A total of 30 plasma
cell myelomas were selected for the study on the
basis of the FISH results. Immunohistochemical
stain for cyclin D1 showed strong nuclear staining in
12 of 12 (100%) cases with t(11;14), 10 of 11 (91%)
with +11 and in 1 of 7 (14%) negative for both
abnormalities. However, none of the plasma
cell myelomas examined was positive for nuclear
staining of sox11.

In contrast to plasma cell myelomas, no specific
cytogenetic abnormality or chromosomal transloca-
tion has been described in hairy cell leukemia.1,24,25

However, cyclin D1 is overexpressed in 50–70%
cases. We showed for the first time that in addition
to mantle cell lymphoma, intense nuclear staining of
sox11 was also present in a subset of hairy cell
leukemia and was highly associated with the over-
expression of cyclin D1. However, this correlation
needs to be confirmed by studies on a larger number
of hairy cell leukemia cases.

As shown in this study, 3 of 57 mantle cell
lymphomas were negative for nuclear sox11 stain-
ing, and 2 were analyzed by FISH and were positive
for t(11;14)(q13;q32). In addition, 12 cases of
t(11;14)-positive plasma cell myelomas were com-
pletely negative for nuclear staining of sox11. We
also demonstrated nuclear expression of sox11 in a
subset of hairy cell leukemias with overexpression
of cyclin D1. It is well known that the cyclin D1
overexpression in hairy cell leukemia is indepen-
dent of t(11;14). These findings indicate that
although nuclear expression of sox11 is highly
associated with mantle cell lymphoma, it is inde-
pendent of t(11;14)(q13;q32) in non-mantle cell
B-cell neoplasms.

The findings of nuclear expression of sox11 in the
vast majority of mantle cell lymphomas and a subset
of hairy cell leukemias, but not in normal lymphoid
tissue or other types of B-cell neoplasms, suggest
that sox11 may be involved in the pathogenesis of
these two B-cell malignancies. So far, much of the
evidence linking SOX genes to malignancies is
correlative, and the underlying molecular mechan-
isms are largely unknown.19 Gene expression profil-
ing showed that several genes related to apoptosis
and to the PI3K/AKT, Wnt and transforming growth
factor-b signaling pathways were altered in mantle
cell lymphoma cells when compared with naive B
cells.3 RNAi-mediated knockdown of SOX11 in
neuroblastoma cells increased the expression of
the proapoptotic gene BNIP3 (BclII interacting
protein-1 NIP3) and decreased the expression of

Figure 3 Sox11 expression in hairy cell leukemia. H&E (left), immunohistochemical stains for cyclin D1 (middle) and sox11 (right) in
representative cases of hairy cell leukemia (� 1000). (1a–c) Hairy cell leukemia positive for nuclear staining of cyclin D1 also showed
positive nuclear staining of sox11. (2a–c): Hairy cell leukemia negative for nuclear staining of cyclin D1 was also negative for nuclear
staining of sox11. Positive granular staining of sox11 was seen only in the cytoplasm.
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the anti-apoptotic gene TANK (TNF receptor-asso-
ciated factor family member-associated NF-kB acti-
vator).16 Therefore, it is logical to hypothesize that
sox11 may contribute to the pathogenesis and/or
progression of mantle cell lymphoma and hairy cell
leukemia by regulating genes involved in cell
proliferation and apoptosis.26

The mechanism underlying the frequent upregu-
lation of cyclin D1 in hairy cell leukemia is largely
unknown.24 Hairy cell leukemia lacks the t(11;14)
translocation which causes overexpression of cyclin
D1 in mantle cell lymphoma and a subset of plasma
cell myeloma. The high association between nuclear
expression of sox11 and overexpression of cyclin D1
in hairy cell leukemia as shown by this study
suggests a link between the transcription factor
and the positive cell-cycle regulator. Multiple
signaling pathways could lead to the upregulation
of cyclin D1, including Wnt and PI3K/AKT path-
ways.26,27 The activation of Wnt signaling pathway
facilitates the accumulation and nuclear transloca-
tion of b-catenin and subsequently induces the
target gene expression. CCND1 encoding cyclin D1
is one of the target genes.26 It has been shown that
sox4 and sox11 enhance Wnt signaling activity,
whereas sox17 antagonizes this activity in gut
epithelial cells. However, sox4 and sox17 were more
extensively investigated in that study.28 The PI3K/
AKT pathway may also have a role in hairy cell
leukemia cell proliferation.29 Interestingly, activa-
tion of this pathway not only promotes the anti-
apoptotic signaling but also increases the expression
of cyclin D1.27 Further investigation of the possibi-
lity of activation of these pathways by sox11 may
help to uncover the molecular mechanisms under-
lying the upregulation of cyclin D1 in hairy cell
leukemia.

In summary, our study showed that the
nuclear expression of the neuronal transcription
factor sox11 was highly associated with mantle
cell lymphoma but independent of t(11;14)
(q13;q32) in non-mantle cell B-cell neoplasms. We
showed that it was present in a subset of hairy
cell leukemia and was associated with overexpres-
sion of cyclin D1. Our results indicate that sox11
may not only be a valuable diagnostic marker for
mantle cell lymphoma, but may also have a func-
tional role in the development of mantle cell
lymphoma and hairy cell leukemia. Further cellular
and molecular studies will help improve our under-
standing of the mechanisms involved in the patho-
genesis and/or progression of the two B-cell
malignancies, as well as the roles of sox11 in these
processes.
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