
1356

ARTICLES

haematologica | 2014; 99(8)

Lymphoproliferative Disorders

Introduction

The murine sialic-acid-binding immunoglobulin-like lectin
G (SIGLEC-G) is a type 1 cell membrane receptor expressed
primarily on B lymphocytes and dendritic cells and involved
in maintaining B-cell tolerance and homeostasis.1-7 In human
B lymphocytes a similar function is exerted by the ortholog,
SIGLEC10, a member of the CD33-related family of
SIGLECs.8,9 Both SIGLEC-G and SIGLEC10 are also able to
suppress Toll-like receptor-mediated activation of dendritic
cells, thereby dampening the pro-inflammatory response
induced by danger-associated molecular patterns.10

SIGLEC-G is expressed throughout the B-cell lineage
including both CD5+ B-1a and the conventional CD5− B-2
cells.1 In peritoneal B220lowCD5+ B-1 cells it exerts negative
control on B-cell receptor (BCR)-mediated calcium signaling
and B-cell expansion. Siglecg−/− mice at the age of 8- to 12-
weeks show an enlarged IgM+CD5+ polyclonal B-cell popula-
tion in the spleen and especially in the peritoneal cavity.1,11

Siglecg−/− peritoneal B-1a cells injected into chimeric mice have
both an increased rate of proliferation and an improved
capacity for survival as compared to wild-type B-1a cells.2 In

addition, Siglecg−/− mice have a higher titer of serum IgM and
with age have an increased production of autoantibodies,1

although they do not develop an overt autoimmune disease.1,3

B-1 cells are the predominant B-cell population in the peri-
toneal and pleural cavities, represent a small percentage of the
splenic B-cell compartment, which is dominated by B-2 cells,
and are commonly increased in mice prone to autoimmune
disorders, such as New Zealand Black (NZB) and New
Zealand Black x New Zealand White (NZB/W) mice.12 They
also account for the malignant B-cell expansions observed in
several lymphoma/leukemia mouse models such as chronic
lymphocytic leukemia (CLL) Eμ-TCL1 transgenic,13 13q14-
minimal deleted region (MDR)−/− 14 and common deleted region
(CDR) conditional knock-out15 mice and the diffuse large B-
cell lymphoma (DLBCL) model Eμ-BRD2 transgenic.16 These
mice develop a B-cell hyperplasia of the CD5+ lineage in the
peritoneal cavity that evolves into a frank B-cell
leukemia/lymphoma with variable penetrance (from 10%
annually in Eµ-BRD2 mice to 100% in Eµ-TCL1 mice) and at
different ages (from 7 months in Eµ-BRD2 mice to 12-18
months in CLL mouse models). Such heterogeneous evolu-
tion indicates that the expansion and progression of malig-
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The sialic-acid-binding immunoglobulin-like lectin SIGLEC-G is a negative regulator of B-cell receptor-mediated cal-
cium signaling. Its deficiency leads to reduced turnover and increased proliferation and survival of murine B-1a cells.
Siglecg−/− mice show a premature expansion of polyclonal CD5+ B cells in the spleen and the peritoneal cavity. Here
we studied the fate of B lymphocytes in Siglecg−/− mice over time. We demonstrate that in aging animals SIGLEC-G
deficiency promotes progressive accumulation of monoclonal B lymphocytes and increases the susceptibility to
develop B-cell lymphoproliferative disorders. Lymphoid tumors arising in aged Siglecg−/−mice are monoclonal and his-
tologically heterogeneous as they include diffuse large B-cell lymphoma, follicular lymphoma, and medium-to-large
B-cell monomorphic lymphoma but surprisingly not chronic lymphocytic leukemia. The tumors express high levels
of BCL-2 and are transplantable. In keeping with these findings we have also observed a remarkable down-regulation
of the human ortholog SIGLEC10 in human B-cell lymphoma and leukemia cell lines. Taken together, these obser-
vations indicate that the down-regulation of negative B-cell receptor regulators such as SIGLEC-G/SIGLEC10 may
represent another mechanism relevant to the pathogenesis of B-cell lymphomas. 
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nant clones are explained by the interplay of the trans-
forming genetic lesions and the cellular and molecular
interactions that occur in the tumor microenvironment.17-20
Within this general context, stimulation through the BCR
and other receptors involved in the immune response
appears pivotal to activate and modulate selective intracel-
lular pathways that lead to increased malignant cell prolif-
eration and survival.21,22 It may, therefore, be asked
whether there is any role for negative regulators of BCR
stimulation in the pathogenesis of B-cell lymphomas.
The phenotype of Siglecg−/− mice prompted us to investi-

gate the B-cell expansions that occur in aging Siglecg−/−
mice. We herein demonstrate that over time the lack of
the inhibitory receptor SIGLEC-G favors the development
of B-cell lymphoproliferative disorders which are mono-
clonal, transplantable and histologically heterogeneous.
They include DLBCL, follicular lymphoma, medium-to-
large B-cell monomorphic lymphoma and atypical lym-
phoproliferations, but surprisingly not CLL. In addition
we have observed that SIGLEC10, too, is commonly
down-regulated in human B-cell lymphoma/leukemia cell
lines. These findings indicate that the down-regulation of
negative regulators of BCR signaling might represent
another mechanism relevant to the pathogenesis of B-cell
lymphoproliferative disorders.

Methods

Mice
Siglecg−/− mice (deriving from BALB/c ES cells) have been gener-

ated previously.1 Wild-type BALB/c mice were supplied by Charles
River Laboratories. All mice were housed and bred in a specific
pathogen-free animal facility, treated in accordance with the USA
Department of Health and Human Services Guide for the Care
and Use of Laboratory Animals and with the approval of the
Institutional Ethical Committee at San Raffaele Scientific Institute.
The transplantation protocol is described in the Online
Supplementary Methods. 

Murine organ and cell preparation
Siglecg−/− and BALB/c control mice were sacrificed at 5, 10, 16

and 20 (-or more) months of age. Organs (spleen, lymph nodes,
femora, kidneys, lungs, liver) were collected. Cells from spleen,
peritoneal exudate and peripheral blood were analyzed by flow
cytometry, as described in the Online Supplementary Methods.
Calcium levels in murine spleen cells were measured as described
in the Online Supplementary Methods. 

Histopathology and immunohistochemistry
Collected tissues were fixed in 4% formalin for 12 h, then

embedded in paraffin. Five-micron thick sections were cut and
stained with hematoxylin and eosin. Microscopic specimens were
blindly evaluated by a hemato-pathologist (MP). The protocol and
reagents used for immunohistochemical studies are reported in
the Online Supplementary Methods.

IGHV-D-J gene rearrangement analysis
For analysis of immunoglobulin heavy chain gene (IGHV) rearrange-

ments, splenic CD19+ cells were isolated using the EasySep Mouse
B-Cell Enrichment Kit (StemCell Technologies, Vancouver, BC,
Canada). Genomic DNA was extracted from bone marrow, peri-
toneal exudate (in 1 case from mesenteric lymph nodes) and CD19+-
enriched spleen cells according to the QIAmp® DNA mini kit (QIA-
GEN, Düsseldorf, Germany) protocol and from whole blood sam-

ples using a Maxwell® 16 DNA Purification Kit and Maxwell®

Instrument (Promega Corporation, Madison, WI, USA). The proto-
col and primers are reported in the Online Supplementary Methods.  

Cells
Cell lines were obtained from the Deutsche Sammlung von

Mikroorganismen und Zellkulturen (DMSZ, Braunschweig,
Germany) and American Type Culture Collection (ATCC,
Washington, DC, USA). Primary samples were obtained from
healthy donors and CLL patients after informed consent as
approved by the Institutional Ethical Committee (TONSIL-Prot-
2012 and VIVI-CLL, respectively) of San Raffaele Scientific
Institute (Milan, Italy) in accordance with the Declaration of
Helsinki. Protocols and reagents used for cell culture and purifica-
tion and for quantitative reverse-transcription polymerase chain
reaction and western blot analysis are reported in the Online
Supplementary Methods.

Statistical analysis
Statistical analysis was performed using the Student t-test. Data

are expressed as the mean value ± standard deviation and P values
<0.05 are considered statistically significant. The incidence of B-
cell lymphoproliferative disorders was evaluated using a two-
sided Fisher test. Survival curves were compared using the log-
rank test.

Results

Siglecg −/− mice develop a progressive expansion 
of B cells

Given the previous report of an expansion of B-1a cells
in 2- to 3-month old Siglecg−/− mice,1 we performed a
detailed analysis of B lineage cells in Siglecg−/− mice over
time. Animals and age-matched controls were sacrificed at
5, 10 and 16 months of age and flow cytometric analysis
of CD19+ cells and CD19+CD5+ cells was carried out in
samples from spleen, peripheral blood and peritoneal exu-
date. The percentages of CD19+CD5+ B cells in different
tissues of 5-month old Siglecg−/− mice were higher than
those in age-matched wild-type animals (Figure 1A and
Online Supplementary Table S1). At 10 months, this differ-
ence was no longer evident in the spleen, although we
detected a significant increase in both relative and
absolute numbers of total CD19+ splenocytes (Figure 1B
and Online Supplementary Tables S1 and S2).
The histopathological evaluation of spleen, lymph

nodes, bone marrow, lung, kidney and liver showed a nor-
mal architecture of lymphoid and extralymphoid organs at
5 months of age (data not shown). A focal expansion of the
splenic white pulp area due to accumulation of B220+ B
lymphocytes was occasionally observed at 10 and 16
months of age (data not shown).
Polymerase chain reaction analysis of IGH gene

rearrangements revealed a polyclonal pattern of B-cell
rearrangements in the spleen, peripheral blood and peri-
toneal exudate up to 16 months of age. In only one case, a
clonal rearrangement was detected in the spleen and
peripheral blood of a 16-month old SIGLEC-G-deficient
mouse, whose histopathological analysis disclosed signs
of an atypical lymphoproliferative process (see Figure 2B
for a representative case of atypical lymphoproliferative
process).
We also analyzed T lineage cells over time, although T-
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cell numbers were reportedly stable in 2- to 3-month old
Siglecg−/− mice.1 In accordance with this previous report,
the percentage of splenic CD3+ T cells was unmodified at
5, 10 and 16 months of age. However, when we com-
pared T-cell subsets in the spleen of Siglecg−/− and age-
matched control mice, we observed a progressive age-
related increase in the percentage of CD4+ T cells (Figure
1C) along with a concomitant decrease of CD8+ T cells
(Figure 1D).

Aged Siglecg−/− mice develop B-cell 
lymphoproliferative disorders
To determine whether SIGLEC-G deficiency affected

the overall survival of animals, we analyzed a group of
Siglecg−/− mice and compared them to wild-type mice. The
absence of the inhibitory receptor significantly shortened
the animals’ life span (P=0.02, Figure 2A).
To investigate whether B-cell expansions could account

for the reduced survival of Siglecg−/− mice, we assessed the
histopathology of the lymphoid tissues of Siglecg−/− mice at
the age of 20 months or beyond (aged Siglecg−/− mice).
Seventeen of 20 (85%) aged Siglecg−/− mice had a lympho-
proliferative disorder that involved spleen and lymph
nodes, but generally spared the bone marrow. According to
the histopathological analysis, lymphoproliferations arising
in the absence of SIGLEC-G were classified as DLBCL, fol-
licular lymphoma, medium-to-large B-cell monomorphic
lymphoma or atypical lymphoproliferative process.
In 13/17 (76%) affected animals we observed a progres-

sive expansion of the splenic white pulp up to an efface-
ment of the tissue architecture. Microscopic and immuno-
histochemical examination revealed that the expanded
white pulp areas were composed of small B lymphocytes
admixed with a variable prevalence of large blast-like cells
that gave rise to a spectrum of B220+ B-cell malignancies
(Table 1; Figure 2B), including DLBCL (6/17, 35%), follicu-
lar lymphoma (4/17, 23.5%) and medium-to-large B-cell
monomorphic lymphoma (3/17, 18%). No expression of
CD5 antigen was detected in splenic B lymphocytes. In
addition to the B-cell marker B220, the tumor cells
expressed BCL-2, but showed weak (in follicular lym-
phoma) or no immunoreactivity for BCL-6 (Figure 2B).
Variable levels of immunoreactivity for MUM1 were
observed in the different tumor types, while Ki-67 was
generally highly expressed and diffusely distributed [most-
ly in DLBCL and medium-to-large B-cell monomorphic
lymphoma cases as compared to the negative control, in
which the expression of Ki-67 was restricted to the germi-
nal center (GC)-area, Figure 2B]. Multiple small foci of
neoplastic B lymphocytes were also observed in the liver,
lung and kidney, where small cells were predominant (data
not shown).
In 4/17 (23.5%) affected Siglecg−/− mice, the histological

pattern was consistent with an atypical lymphoprolifera-
tive process, characterized by discrete amounts of large
B220+ B cells (also negative for the expression of CD5)
which were not confluent nor formed solid sheets thus
lacking the conventional morphological features that
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Figure 1. Evolution of B-1a,
total B cells and T lineage cells
in Siglecg−/− mice. (A-B) Flow
cytometric analysis of periph-
eral blood and splenic B cells
of 5-, 10- and 16-month old
Siglecg−/− mice and age-
matched control mice (n=6-
10). Accumulation of (A) B-1a
cells (CD19+CD5+) in the
peripheral blood and of (B)
total B cells (CD19+) within the
spleen of Siglecg−/− mice over
time. (C-D) Cells from 5-, 10-
and 16-month old Siglecg−/−

mice and age-matched control
mice (n=3-10) were analyzed
by flow cytometry to define the
percentage of (C) CD3+CD4+

and (D) CD3+CD8+ T-cell popu-
lations. Each symbol in the dot
plots represents one mouse
and the horizontal line indi-
cates the mean value (+/+:
wild-type, −/−: Siglecg−/−

mice). Statistical significance
was analyzed by the t-test.
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allow the diagnosis of overt lymphoma (Figure 2B). At
immunohistochemical examination these cells showed
low expression of BCL-2 and Ki-67 and no immunoreac-
tivity for BCL-6 or MUM1 (Figure 2B). Overall, only 3/20
(15%) aged Siglecg−/− mice displayed a normal architecture
of the lymphoid organs.
To determine the clonality of the expanded B-cell popu-

lations, we analyzed the IGH gene rearrangements using a
nested polymerase chain reaction approach followed by
DNA sequencing, which showed the presence of mono-
clonal rearrangements in 16/17 affected Siglecg−/− mice
(Table 1), confirming the clonal origin of the B-cell popula-

tions. The rearrangements were detected mainly in splenic
and/or peripheral blood samples (only in a few cases in the
bone marrow). Peritoneal exudates and lymph nodes were
not analyzed (except for the mesenteric lymph node of
Siglecg−/− mouse #330, which was analyzed because of
unavailability of DNA from the spleen). The monoclonal
rearrangements carried genes belonging to the IGHV1,
IGHV5 and IGHV14 gene subgroups. Most IGHV genes
were mutated, consistent with a GC or post-GC B-cell ori-
gin of the lymphoproliferations (Table 1).
As expected,23,24 aged wild-type mice also developed

spontaneous B-cell lymphoproliferative disorders, but at a
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Figure 2. Development of B-cell lymphoproliferative disorders in aged
Siglecg−/− mice. (A) Kaplan-Meier survival curves of wild-type (n=9) and
Siglecg−/− (n=8) mice. Statistical analysis between groups was performed
using the log-rank test (median survival: 26 and 20.5 for wild-type and
Siglecg−/− mice, respectively). Mice were included in the analysis after
spontaneous death. (B) Histopathological examination of spleen of aged
Siglecg−/− mice: representative cases of atypical lymphoproliferative
process (ALP), DLBCL, follicular lymphoma (FL) and medium-to-large B-
cell monomorphic lymphoma (ML-BCML) compared to a healthy (nega-
tive) age-matched wild-type mouse. Spleen was analyzed by hematoxylin
and eosin (H&E) staining or immunohistochemical stains for B220, BCL-
2, BCL-6, MUM1 and Ki-67. Microscopic evaluation: 10× or 40×, as indi-
cated. 
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significantly lower rate, being observed in 8/21 (38%) cases
(P=0.004). The histopathological evaluation was consistent
with the diagnosis of DLBCL in two cases and follicular
lymphoma in three cases. Three aged wild-type mice dis-
played histological features of an atypical lymphoprolifera-
tive process. The remaining 13/21 (62%) control mice did
not show any sign of disease (negative, Figure 2B).
As SIGLEC-G is a negative regulator of BCR-mediated

calcium signaling1 and its deficiency has been associated
with up-regulation of the calcium-regulated transcription
factor NFATc1 in peritoneal B-1a cells,2 we analyzed both
basal calcium levels and NFATc1 protein expression in
splenic B cells of aged wild-type and SIGLEC-G-deficient
mice (the latter showing a histopathological pattern con-
sistent with the development of CD5− B cell lymphoprolif-
erative disorders). We observed higher basal levels of
intracellular calcium (Figure 3A) and up-regulation of
NFATc1 expression (Figure 3B) in Siglecg−/− B cells from
mice with lymphoproliferative disorders as compared to
wild-type B cells.

B-cell lymphoproliferative disorders arising in aged
Siglecg−/− mice are transplantable
To assess the tumorigenic potential of the expanded B-

cell populations observed in aged Siglecg−/− mice, we con-
ducted transplantation experiments of B cells purified
from the spleen of four Siglecg−/− mice carrying a lym-
phoma or an atypical lymphoproliferation (#83, 84, 93, 96;
Table 1 and Online Supplementary Table S3). Ten million B
cells were injected intraperitoneally into syngeneic

BALB/c mice and the appearance and expansion of a clon-
al CD19+ population in the peripheral blood was moni-
tored by monthly blood drawing. In the mice transplanted
from three of four Siglecg−/− donors (#83, 84, 96; Online
Supplementary Table S3), flow cytometric analysis revealed
a progressive increase of circulating small and large CD19+
cells, which phenotypically resembled donor cells (data not
shown). Monoclonal IGHV gene rearrangements became
detectable in the peripheral blood of the recipient mice 3
months after transplantation (Online Supplementary Table
S3). Sequence analysis confirmed the identity with the
clone from the donor mice. All transplanted animals were
sacrificed when they developed relevant signs/symptoms
of illness (6 to 19 months after transplantation; Figure 4A
and Online Supplementary Table S3). The engraftment was
also confirmed by histopathological and immunohisto-
chemical evaluation which revealed a subversion of the
tissue organization in the spleen (Figure 4B) and lymph
nodes due to the presence of atypical, intermediate- to
large-sized B lymphocytes. 
As a control, total B cells purified from the spleen of an

aged Siglecg−/− mouse without any evidence of disease
(#95; Table 1) were injected into BALB/c recipient mice.
Monoclonal disease was not detected in either the periph-
eral blood or in the tissues.
To assess whether Siglecg−/− B cells may be serially trans-

plantable, BALB/c mice were challenged with 107 peri-
toneal cells (n=3 recipient mice) or splenic B cells (n=2
recipient mice) from a BALB/c mouse primary transplant
(animal #1 from Siglecg−/− #84, follicular lymphoma, Table
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Table 1. Biological, molecular and histological features of B-cell lymphoproliferative disorders arising in Siglecg−/− mice.
Mouse Diagnosis Tissue with IGHV % of identity IGHD IGHJ Transplant

clonal rearrangement gene to germline gene gene experiments
(n. of mutations)

26 ML-BCML pb,sp,bm 14-3*02 100 (0) 4-1*01 2*01
27 negative pb
39 FL sp 1S81*02 96.9 (9) na 4*01
42 DLBCL pb,sp 1-7*01 98.3 (5) 1-1*01 4*01
44 ML-BCML pb,sp 5-17*02 100 (0) 2-13*01 3*01
47 negative
70 ALP pb 99.7 (1) 6-1*01 2*01
83 FL pb,sp 5-12*02 91.3 (25) 2-3*01 3*01 I
84 FL pb,sp 1S22*01 99.0 (3) 1-1*01 3*01 I , II
93 DLBCL nd I
95 negative I
96 ALP pb 5-12*-1*01 98.3 (5) 1-1*02 4*01 I
105 ALP sp 14*3*02 98.3 (5) 2-4*01 3*01
107 ML-BCML sp 5-6*01 99.0 (3) 2-3*01 2*03
113 DLBCL sp 5-09*03 100 (0) 1-3*01 2*01
135 ALP pb† 5-09*02 99.7 (1) 2-1*01 1*03
319 FL pb,sp,bm 1S81*02 96.9 (9) 4-1*02 3*01
329 DLBCL sp 1-63*02 95.1 (14) 2-3*01 3*01
330 DLBCL pb,mln† 5-17*02 99.3 (2) 1-1*01 1*01
331 DLBCL pb,sp 1-14*01 96.9 (9) 1-1*01 3*01
†sp not available; ML-BCML: medium-to-large B-cell monomorphic lymphoma; FL: follicular lymphoma; ALP: atypical lymphoproliferative process; sp: spleen; bm: bone marrow; mln:
mesenteric lymph nodes; nd: not detected; na: no IGHD gene could be assigned.



1 and Online Supplementary Table S3). At 40 days, clonal
IGH gene rearrangements and flow cytometric analysis
revealed an expansion of B cells in the peripheral blood of
all the recipient mice that died 4-7 months after transplan-
tation (Figure 4A). In all mice, histopathological and
immunohistochemical evaluation showed a massive
expansion of large B cells in both lymphoid and extralym-
phoid compartments (data not shown). 

SIGLEC10 is down-regulated in human B-cell 
lymphomas and leukemias
As these findings demonstrate that SIGLEC-G deficien-

cy facilitates the development of B-cell lymphoprolifera-
tive disorders in the mouse, we investigated SIGLEC10
expression in human B lymphoid malignancies. We ana-
lyzed B-cell lymphoma and leukemia cell lines represent-
ing mature B cells at different stages of differentiation
(GC DLBCL: DHL-4, DHL-16, H2, RL; Burkitt lymphoma:
Raji, Ramos, Jijoye, Daudi; CLL: MEC1, MEC2, JVM-2,
JVM-3; hairy cell leukemia: HC-1). Quantitative reverse
transcriptase polymerase chain reaction analysis revealed
a drastic reduction in the mRNA level of SIGLEC10 in all

cell lines as compared to those in GC and total B cells
purified from tonsils and total B cells from the peripheral
blood of healthy donors (Figure 5A). At a protein level,
very little if any SIGLEC10 expression was detectable in
most cell lines [SIGLEC10 expression was only observed
in ABC DLBCL cell lines (31.6%, 63.9% and 82.9% of
Toledo, Riva and DHL-2, respectively; data not shown)],
while SIGLEC10 protein was highly expressed in B cells
obtained from healthy donors (Figure 5B), being present
in both CD5+ and CD5− B cells (from tonsils; data not
shown) and in the vast majority of primary CLL samples
(from both peripheral blood and bone marrow) analyzed
(16/18; data not shown).

Discussion

SIGLEC-G, the murine ortholog of human SIGLEC10, is
a negative regulator of BCR-mediated calcium signaling
whose disruption leads to an early (2-3 months of age)
expansion of CD5+ B-1 cells in the spleen and peritoneal
cavity.1,11 The possibility that the accumulation of Siglecg−/−
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Figure 3. Enhanced calcium signal-
ing in B lymphocytes from aged
Siglecg−/− mice that developed B-cell
lymphoproliferations. (A) Basal lev-
els of intracellular calcium in B cells
(gated as CD19+) from aged
Siglecg−/− (n=6) and wild-type (n=5)
mice. Data are expressed as a
whisker plot. Statistical significance
was analyzed by the t-test. (B)
Extracts from B cells of aged
Siglecg−/− and wild-type mice were
analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis
followed by immunoblotting with
NFATc1-specific antibody or β-actin-
specific control antibody (three rep-
resentative samples for each geno-
type are shown).

Figure 4. Engraftment of Siglecg−/− B-
cell lymphoproliferative disorders.
(A) Kaplan-Meier survival curves of
mice that received Siglecg−/− B-cell
lymphoproliferation and lymphoma
transplants. Mice were included in
the analysis after spontaneous
death or when killed because of
signs/symptoms of illness. Squares
and triangles indicate the primary (I)
and secondary (II) transplants,
respectively. Statistical analysis
between groups was performed
using the log-rank test (median sur-
vival: 15 months for primary trans-
plant, 7 months for secondary trans-
plant). (B) Histopathological exami-
nation of spleen of BALB/c mice
injected with Siglecg−/− B cells (pri-
mary transplant, one representative
animal): hematoxylin and eosin
(H&E) staining and immunohisto-
chemical stain for B220; microscop-
ic evaluation 40×. 
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B-1a cells, the major source of natural antibodies, might
lead to an autoimmune disease has been ruled out.1,3 We
aimed to investigate whether the Siglecg−/− phenotype
might favor a monoclonal expansion or even the develop-
ment of an overt lymphoid malignancy. 
The natural history of aging Siglecg−/− mice revealed an

initial increase of CD5+ B cells in several tissues followed
over time by an expansion of polyclonal CD5− B cells
which ultimately became monoclonal. In over 76% of the
animals ≥ 20 months of age a wide range of different his-
tologically evident lymphoproliferations emerged, includ-
ing follicular lymphoma and DLBCL, but not CLL as one
would have expected considering the initial expansion of
CD5+ B-1 cells in younger mice. Of note, although
Siglecg−/− mice initially show a B-1 cell phenotype,
SIGLEC-G-deficiency affects both CD5+ and CD5‒ splenic
B cells and indeed SIGLEC-G can also suppress B-2 cell
responses, as shown by overexpression in cell lines1 or by
high affinity SIGLEC-G ligands.7 Furthermore, deficiency
of SIGLEC-G can lead to an earlier onset of autoimmune
diseases, involving earlier generation of IgG autoantibod-
ies, without contribution of B-1 cells.25 A plausible inter-
pretation of the CD5− phenotype of the lymphoprolifera-
tions arising in Siglecg−/− mice must take into account that
CD5, too, negatively regulates antigen receptor-mediated
growth signals in B-1 cells.26-28 One may, therefore, specu-
late that the absence of CD5 expression in the B-cell dis-
orders arising in Siglecg−/− mice may synergize with
SIGLEC-G deficiency and favor enhanced B-cell prolifera-
tion and resistance to apoptosis.2,26 The loss of inhibitory
signals would allow B lymphocytes to undergo an unabat-
ed antigenic stimulation through the BCR, which is in line
with the observed increase in the basal level of intracellu-
lar calcium that may involved in the development of B-cell
lymphoproliferative disorders in Siglecg−/− mice. The
impaired ability to dampen calcium signaling may be asso-
ciated with NFATc1 up-regulation in the splenic B-cell

compartment of aged SIGLEC-G-deficient mice, as has
been previously suggested for peritoneal B-1a cells of
younger mice.2 NFATc1 up-regulation has been observed
in both CD5+ and CD5− B cells from Siglecg−/− mice, sug-
gesting a general effect of SIGLEC-G-deficiency on the B-
cell transcriptional program (data not shown). The hetero-
geneity of the lymphoma histology observed might reflect
the different B-cell developmental or maturation stages
(GC or post-GC) on which such stimulation acts in differ-
ent animals. Alternatively, the different histotypes could
be due to the progressive accumulation of different driver
genetic aberrations, as suggested by the long latency of
tumor onset. Genome-wide studies will allow dissection
of the genetic differences and peculiarities of each type of
B-cell lymphoma arising in Siglecg−/− animals.
The monoclonal nature of these B-cell lymphoprolifera-

tive disorders was confirmed by sequencing the IGH gene
rearrangement in virtually all cases. As for the human
diagnostic counterpart, the method of detection used here
for the BALB/c mouse strain, although reliable in around
90% of the cases, does not allow amplification of each and
every potential IG gene rearrangement, likely explaining
the single case in which a monoclonal rearrangement was
not found. The lack of an analysis of lymph nodes may be
another explanation for why a clone was not detected in
that mouse. The IGH rearrangements carried by Siglecg−/−
malignant clones show similarities with the ones detected
in Siglecg−/− B-1 cells.2 This is possible evidence that most
tumors originate from B-1 cells29 that have lost CD5
expression following unabated antigen stimulation.27
Although SIGLEC-G deficiency affects both CD5+ and
CD5− splenic B cells, the histological features lend support
to the hypothesis that Siglecg−/− B-cell lymphoproliferative
disorders do in fact originate from CD5− B-2 cells. The
presence of monoclonal IGH gene rearrangements carry-
ing somatic hypermutations suggests that the disease orig-
inates from cells that have transited through the GC.
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Figure 5. Downregulation of
SIGLEC10 expression in
human B-cell lymphoma
and leukemia cell lines. (A-
B) Human B-cell lym-
phoma/leukemia cell lines,
primary B cells and GC B
cells purified from tonsils (T)
and primary B cells isolated
from peripheral blood (PB)
of healthy donors were ana-
lyzed for the expression of
SIGLEC10. (A) Relative
mRNA expression of
SIGLEC10. The expression of
SIGLEC10 was normalized
to GAPDH and the results
presented as a ratio
between normalized
SIGLEC10 expression in the
target samples and in Raji
cells (calibrator sample).
Data shown are the average
of two independent experi-
ments ± standard deviation.
(B) Western blot analysis of
SIGLEC10 and β-actin
expression on extracts from
cell lines and primary cells.
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These possibilities may be taken to explain (although
incompletely) why no cases of CLL were observed in aged
Siglecg−/− mice, as this has also been suggested to originate
from transitional/marginal zone B cells.30
Besides histology, grading and the presence of mono-

clonality, the malignant nature of the observed lympho-
proliferations was confirmed by the tumorigenic capacity
of Siglecg−/− B lymphocytes in transplantation experiments.
The successful transplant in immunocompetent BALB/c
recipient mice indicates that SIGLEC-G deficiency helps to
confer a cell-intrinsic capacity of engraftment in a normal
microenvironment, although other factors (likely extrinsic)
seem to be necessary to support the development of a
frank disease, as suggested by the relatively long latency
time. In addition, the transplanted B cells show selective
growth and/or a survival advantage over the recipient
immune system, in agreement with the results of previous
adoptive transfer experiments of Siglecg−/− and wild-type B-
1a cells.2 Taken together, these in vivo results highlight a
possible role of SIGLEC-G as a guardian of B-cell behavior
that would normally protect against successful B-cell lym-
phomagenesis. In keeping with this hypothesis, down-
regulation of SIGLEC-G expression has been reported in a
mouse model of non-Hodgkin lymphoma originating
from the disruption of the steroid and xenobiotic receptor
SXR31 and we observed a lack of the expected band on a
western blot analysis in aged wild-type mice that sponta-
neously developed atypical B-cell lymphoproliferation or
follicular lymphoma (data not shown). Even more impor-
tantly, we have observed that most human B-cell lym-
phoma/leukemia cell lines show a significant reduction of
SIGLEC10, the human counterpart of SIGLEC-G. Little
information on SIGLEC10 expression in primary cases is
available in the literature, mostly because of the relatively
recent discovery of the gene8 and the consequent lack of
specific probes in profiling arrays. Moreover, different
sources of control cells have been used and some contro-
versial results have been obtained.32,33 The levels of
SIGLEC10 expression have been reported to be reduced,
compared to those in normal B cells, in CD5+ and CD5− B-
cell malignancies, including Burkitt lymphoma,33 DLBCL
(in one out of two studies),32 and CLL34 but not in follicular

lymphoma.32,33 Future analyses specifically addressing the
expression of SIGLEC10 protein will clarify the issues. In
a preliminary series of 18 primary CLL cases, we observed
readily detectable protein levels in 16/18 samples (data not
shown). Finally, missense mutations in the SIGLEC10 gene
have been identified in ABC DLBCL by next-generation
sequencing approaches;35 such mutations may alter the
conformation and/or function of the protein. Although
these findings deserve further validation and investigation,
they reasonably suggest that SIGLEC10 down-regulation
or loss of function, releasing the brake for B-cell prolifera-
tion/activation and promoting B lymphocyte survival,1,2
might be a common event favoring the development of
human B-cell lymphoproliferative disorders.
Future studies in this novel B-cell lymphoma model will

help to define the signaling pathways, microenvironmen-
tal stimuli and genetic alterations that synergize with the
absence of SIGLEC-G, driving the development of the
observed spectrum of B-cell malignancies, which include
DLBCL, medium to large B-cell lymphoma and follicular
lymphoma, but not CLL, in mice. Moreover, a better
understanding of the molecular mechanisms potentially
leading to the down-regulation and/or inactivation of the
gene in lymphomagenesis will favor the design of novel
therapeutic strategies for human B-cell lymphomas.
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