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MOLECULAR PATHOGENESIS OF GENETIC AND INHERITED DISEASES
The Hajdu Cheney Mutation Is a Determinant of
B-Cell Allocation of the Splenic Marginal Zone
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The neurogenic locus notch homolog protein (Notch)-2 receptor is a determinant of B-cell allocation, and
gain-of-NOTCH2efunction mutations are associated with HajdueCheney syndrome (HCS), a disease
presenting with osteoporosis and acro-osteolysis. We generated a mouse model reproducing the HCS
mutation (Notch2HCS ), and heterozygous global mutant mice displayed gain-of-Notch2 function. In the
mutant spleen, the characteristic perifollicular rim marking the marginal zone (MZ), which is the interface
between the nonlymphoid red pulp and the lymphoid white pulp, merged with components of the white
pulp. As a consequence, the MZ of Notch2HCS mice occupied most of the splenic structure. To explore the
mechanisms involved, lymphocyte populations from the bone marrow and spleen were harvested from
heterozygous Notch2HCS mice and sex-matched control littermates and analyzed by flow cytometry.
Notch2HCS mice had an increase in CD21/35highCD23� splenic MZ B cells of approximately fivefold and a
proportional decrease in splenic follicular B cells (CD21/35intCD23þ) at 1, 2, and 12 months of age.
Western blot analysis revealed that Notch2HCS mutant splenocytes had increased phospho-Akt and
phosphoeJun N-terminal kinase, and gene expression analysis of splenic CD19þ B cells demonstrated
induction of Hes1 and Hes5 in Notch2HCSmutants. Anti-Notch2 antibodies decreased MZ B cells in control
and Notch2HCSmice. In conclusion, Notch2HCSmutant mice have increased mature B cells in the MZ of the
spleen. (Am J Pathol 2018, 188: 149e159; https://doi.org/10.1016/j.ajpath.2017.09.010)
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Newly generated transitional type 1 B cells actively leave
the bone marrow to enter the peripheral circulation and
reach lymphoid organs and the spleen, where they develop
further into transitional type 2 and mature B cells.1,2

Follicular B cells are present in follicular structures of
secondary lymphoid organs and are characterized by their
ability to recirculate, whereas marginal zone (MZ) B cells
reside in the spleen at the junction of the red and white
pulp.3,4 Follicular B cells constitute the majority of pe-
ripheral B cells and differentiate into plasma cells or
memory B cells in response to antigens. MZ B cells rapidly
differentiate into plasma cells after interactions with blood-
borne bacteria.1,5 Whereas the rodent MZ is well defined,
with a cell population representing a distinct B-cell lineage
that is restricted to the splenic MZ, the human MZ is not
well defined, and B cells have a pregerminal center geno-
type and phenotype.6 Therefore, the human equivalent of
the MZ is minor, precluding major extrapolations of find-
ings from mice to humans.
stigative Pathology. Published by Elsevier Inc
Neurogenic locus notch homolog proteins (Notch) are four
single-pass transmembrane receptors that influence cell fate
decisions. The activation of Notch ensues after its interactions
with cognate ligands of the protein jagged (Jagged) and d-like
families, leading to the proteolytic cleavage of the receptor and
the release of the Notch intracellular domain (NICD).7 The
NICD translocates into the nucleus, where it forms a complex
with recombination signal binding protein for Ig of the k region
(Rbpjk) and mastermind-like protein to induce the transcription
of target genes, such as those encoding transcription factor HES
(HES) and hairy/enhancer-of-split related with YRPW motif
protein (Hey).8e11 Notch1 is expressed preferentially in T cells,
and its inactivation prevents T-cell development and causes
. All rights reserved.
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ectopic B-cell development in the thymus.12 Notch2 is
expressed preferentially in maturing B cells, and Notch2
signaling is indispensable for MZ B-cell development.13,14

Notch2 haploinsufficiency, the conditional inactivation of
Notch2 inMx- or CD19-expressing cells, and the inactivation of
Rbpjk in CD19-expressing cells, all result in a marked reduction
in MZ B cells in the spleen.15e17 Accordingly, Notch2 over-
expression in CD19-expressing cells leads to the allocation of B
cells to the MZ of the spleen.18

HajdueCheney syndrome (HCS) is a rare genetic disease
characterized by craniofacial developmental abnormalities,
acro-osteolysis, platybasia, severe osteoporosis, and occasional
splenomegaly.19e22 HCS is associated with point mutations or
short deletions in exon 34 ofNOTCH2, leading to the creation of
a stop codon upstream of the proline, glutamic acid, serine, and
threonine (PEST) domain but downstream of sequences
required for transcriptional activity.23e27 Since the PEST
domain is necessary for the ubiquitination and degradation of
NOTCH2, the mutations result in the translation of a stable
protein product and presumably gain-of-NOTCH2 function.
Importantly, somatic mutations in the same region of exon 34 of
NOTCH2 are associated with diffuse large B-cell lymphomas
and lymphomas of the MZ of the spleen.28e30

To gain an understanding of the pathophysiology ofHCS, we
generated a mouse model, termed Notch2HCS mutant,
harboring a Notch2 mutation (6955C>T) and leading to the
generation of a stop codon in exon 34, upstream of the PEST
domain, and the predicted translation of a truncated Notch2
protein of 2318 amino acids.31 Our aim was to address whether
theNotch2HCSmutant mouse develops a B-cell phenotype and
whether the phenotype can be reversed by pharmacologic
intervention. To this end, Notch2HCSmice were treated with a
specific andwell-characterized antibody directed to the negative
regulatory region (NRR) of Notch2, the site of the initial
cleavage ofNotch required for signal activation.7,32e34Thebone
marrow and spleen compartments in the Notch2HCS mutant
mice were characterized by flow cytometry.

Materials and Methods

HajdueCheney Mutant Mice

Togenerate amousemodel ofHCS, a 6955C>T substitutionwas
introduced into the mouse Notch2 locus by homologous recom-
bination, as previously reported.31 After the removal of the
neomycin selection cassette, the Notch2mutation was confirmed
by sequencing of genomic DNA from F1 pups, and mice were
backcrossed into a C57BL/6J background for at least eight
generations. Genotyping of Notch2HCS mice was conducted in
tail DNA extracts by PCR using forward primer Nch2Lox gtF
50-CCCTTCTCTCTGTGCGGTAG-30 and reverse primer
Nch2Lox gtR 50-CTCAGAGCCAAAGCCTCACTG-30 (Inte-
grated DNA Technologies, Coralville, IA). Heterozygous
Notch2HCS mutant and sex-matched control littermates were
studied and obtained by crossing heterozygousNotch2HCSmice
with wild-type mice.
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Administration of Anti-Notch2 Antibodies

One-montheold male Notch2HCS mutant mice and sex-
matched control littermates were administered anti-Notch2
NRR or anti-ragweed antibody (gifted from Genentech,
South San Francisco, CA) in phosphate-buffered saline at a
dose of 10 mg/kg intraperitoneally twice a week for 4
consecutive weeks and sacrificed at 2 months of age.35 The
dose of the antibody was selected on the basis of available
data showing effects of anti-Notch2 NRR antibody in vivo at
doses between 2 and 30 mg/kg, information on the lack of
antibody-dependent gastrointestinal toxicity when used at a
dose of 5 mg/kg, and data on its predicted half-life based on
the known half-life of IgGs.33,36e39 Study protocols were
approved by the Institutional Animal Care and Use Com-
mittee at UConn Health (Farmington, CT).

Histologic Examination and Immunofluorescence

To prepare sections for histologic examination, organs were
fixed in 10% neutral buffered formalin, dehydrated in ethanol
and xylenes, and embedded in paraffin; sections were cut and
stained with hematoxylin and eosin at Alizee Pathology
(Baltimore, MD). To generate frozen sections for immuno-
fluorescence, spleens were fixed in 1% paraformaldehyde
overnight, exposed to 30% sucrose overnight, and embedded
in optimal cutting temperature medium (Thermo Fisher Sci-
entific, Waltham, MA). Seven-micron sections were cut,
hydrated in phosphate-buffered saline, and treated with Alexa
Fluor 647econjugated anti-CD169 or phycoerythrin-
conjugated anti-IgM antibodies at a 1:100 dilution (Bio-
Legend, San Diego, CA). Sections were counterstained with
DAPI (Thermo Fisher Scientific) andmounted for fluorescent
imaging. Sections were viewed on a fluorescence microscope
(model DMI6000B; LeicaMicrosystems, Buffalo Grove, IL),
and images were collected using the Leica Application Suite
X software version 1.5.1.1387 (Leica Microsystems).

Flow Cytometry

To release splenocytes, spleens were disrupted by gentle
pressing of the organ between two glass slides. Bone marrow
cells were obtained by flushing femurs and tibias with a
26-gauge needle, after the removal of both epiphyseal ends.
After the lysis of erythrocytes using buffer containing 150
mmol/L ammonium chloride, 10 mmol/L potassium chloride,
and 0.1 mmol/L EDTA (ammonium-chloride-potassium
buffer), approximately 4 � 106 cells/mouse were collected in
cell-staining medium containing 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (Sigma-Aldrich, St. Louis, MO)
and 2% heat-inactivated fetal bovine serum (Gibco, Hampton,
NH) in Hanks’ balanced salt solution. Flow cytometry was
performed using a combination of antibodies (BioLegend;
eBioscience, Santa Clara, CA) (Table 1) at a 1:400 dilution
(0.25 mg/mL) in staining medium for 1 hour on ice. Cells were
washed in cell-staining medium, stained for live-dead cells with
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Table 1 Antibodies Used for Flow Cytometry

Antibody Clone Source

Anti-CD45R Alexa Fluor 700 RA3-6B2 eBioscience
(Santa Clara, CA)

Anti-CD19 FITC MB19-1 BioLegend
(San Diego, CA)

Anti-CD117 Brilliant Violet 421 2B8 BioLegend
Anti-IgM PE RMM-1 BioLegend
Anti-CD45 APC-Cy7 3D-F11 BioLegend
Anti-CD23 Brilliant Violet 510 B3B4 BioLegend
Anti-CD21/CD35 PE-Cy7 7G9 BioLegend
Anti-CD138 APC 281-2 BioLegend
Anti-CD3e PE/Dazzle 594 145-2C11 BioLegend

APC, allophycocyanin; FITC, fluorescein isothiocyanate; PE, phycoerythrin.

Hajdu Cheney Syndrome and B cells
Zombie UV dye (BioLegend) at 1:200 dilution, and analyzed
using a BD LSR II flow cytometer (BD Biosciences, San Jose,
CA). After gating for live-dead cell staining and background
staining using isotype controls, the absolute number and the
percentage of different cell populations were analyzed using
FlowJo software version 10.2 (Tree Star, Ashland, OR).

Quantitative RT-PCR

Total RNA was extracted from B cells purified from spleen
suspensions enriched in CD19þ cells by magnetic positive
selection using the autoMACS Pro Separator system (Miltenyi
Biotec, San Diego, CA). The purity of isolated CD19þ cells
was verified by flow cytometry, and mRNA levels were
determined by quantitative RT-PCR.40,41 For this purpose,
equal amounts of RNA were reverse-transcribed using the
iScript RT-PCR kit (Bio-Rad Laboratories, Hercules, CA),
according to the manufacturer’s instructions, and amplified in
the presence of specific primers (all primers from Integrated
DNA Technologies) (Table 2) and iQ SYBR Green Supermix
(Bio-Rad), at 60�C for 35 cycles. Transcript copy numbers
were estimated by comparison to a serial dilution of cDNA for
Hes1 (ATCC, Manassas, VA), Hes5 (gifted from Ryochiro
Kageyama, Kyoto University, Kyoto, Japan), and ribosomal
protein L38 (Rpl38; ATCC).42 To measure the levels of the
Notch26955C>T mutant transcript, total RNA was reverse-
transcribed with Moloney Murine Leukemia Virus Reverse
Table 2 Primers Used for RT-qPCR Determinations

Gene Strand Sequence

Hes1 Forward 50-ACCAAAGACGGCCTCTGAGCACAGA
Reverse 50-ATTCTTGCCCTTCGCCTCTT-30

Hes5 Forward 50-GGAGATGCTCAGTCCCAAGGAG-30

Reverse 50-TGCTCTATGCTGCTGTTGATGC-30

Notch2 Forward 50-CATCGTGACTTTCCA-30

Reverse 50-GGATCTGGTACATAGAG-30

Rpl38 Forward 50-AGAACAAGGATAATGTGAAGTTCAA
Reverse 50-CTGCTTCAGCTTCTCTGCCTTT-30

GenBank accession numbers (https://www.ncbi.nlm.nih.gov/genbank) identify t
RT-qPCR, quantitative RT-PCR.
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Transcriptase (Life Technologies, Grand Island, NY) in
accordance with the manufacturer’s instructions, in the pres-
ence of reverse primers for Notch2 and for Rpl38 (Table 2).
Notch2 cDNA was amplified by PCR in the presence of spe-
cific primers (Table 2), a tetrachlorofluorescein-labeled DNA
probe of sequence 50-CATTGCCTAGGCAGC-30 covalently
bound to a 30-minor groove binder quencher (Life Technolo-
gies), and SsoAdvancedUniversal Probes Supermix (Bio-Rad)
at 60�C for 45 cycles.43Notch26955C>T transcript copy number
was estimated by comparison with a serial dilution of a syn-
thetic DNA fragment (Integrated DNA Technologies) con-
taining approximately 200 bp surrounding the 6955C>T
mutation in the Notch2 locus, and cloned into pcDNA3.1(e)
(Life Technologies) by isothermal single-reaction assembly
using commercially available reagents (New England Bio-
Labs, Ipswich, MA).44 Amplification reactions were con-
ducted in a CFX96 quantitative RT-PCR detection system
(Bio-Rad), and fluorescence was monitored during every PCR
cycle at the annealing step. Data are expressed as copy number
corrected for Rpl38 copy number.
Western Blot Analysis

Isolated spleen cells were treated with ammonium-chloride-
potassium buffer to lyse erythrocytes, and the cell suspen-
sion was centrifuged. Cells were lysed in buffer containing
150 mmol/L sodium chloride, 25 mmol/L Tris-HCI (pH
7.5), 5% glycerol, 0.5% TritonX-100, 0.1% sodium deox-
ycholate, 0.1% sodium dodecyl sulfate, 1 mmol/L EDTA,
1 mmol/L sodium orthovanadate, 10 mmol/L sodium fluo-
ride, and protease inhibitor cocktail (Sigma-Aldrich). Clar-
ified total cell lysate was fractionated by SDS-PAGE on 4%
to 15% gradient polyacrylamide gels, as previously
described.45 Western blots were probed for Akt phosphor-
ylation using a phospho-specific (antiephospho-Akt
Ser473) antibody or for Jun N-terminal kinase phosphory-
lation using an antiephospho-Jun N-terminal kinase anti-
body (both from Cell Signaling Technology, Danvers, MA).
To detect the Notch2 NICD, a hybridoma-produced mono-
clonal antibody against Notch2 (c651.6DbHN; Develop-
mental Studies Hybridoma Bank, University of Iowa, Iowa
City, IA), generated with an epitope coded by bp 6508 to
GenBank accession number

AAGT-30 NM_008235

NM_010419

NM_010928

GGTTC-30 NM_001048057; NM_001048058; NM_023372

he transcript recognized by primer pairs.
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Figure 1 Weight, spleen weight, and lympho-
cyte number in control mice (open circles) and
Notch2HCS mice (closed circles). A and B: Body
weight (A) and ratio of spleen weight/body weight
(B) of 2-montheold control and Notch2HCS
mutant male mice. C: Representative image of
freshly isolated spleens from 2-montheold male
control and Notch2HCS mice. D and E: Total
numbers of cells, B220þ B cells, and CD3þ T cells
in the spleen (D) and bone marrow (E) in control
and Notch2HCS mutant mice. Circles represent data
from individual mice; horizontal bars represent
mean values from biological replicates. Scale barZ
1 cm.

Yu et al
6906 of Notch2, was used.46 Blots were stripped and
reprobed with anti-Akt, antieJun N-terminal kinase, or
antieb-actin antibodies (Cell Signaling) to verify uniformity
of sample loading, as previously described.47 The amount of
protein in individual bands was quantified using Odyssey
Infrared Imaging Systems software version 2.1 (LI-COR
Biosciences, Lincoln, NE), as previously reported.47,48

Statistics

Data are expressed as means (95% CI). Statistical differences
were determined by unpaired t-test or analysis of variance with
Tukey post-hoc analysis for multiple comparisons.
Table 3 B-Cell Populations in the Bone Marrow and Spleen of 2-Month

Gate used B220þIgM�

Cell population
CD19�CD117�

Pre-pro-B
CD19þCD117þ

Pro-B
CD19þCD117�

Pre-B

Bone Marrow
Male
Control 28.1 (22.3e33.9) 1.2 (0.8e1.7) 70.1 (64.3e75
Notch2HCS 27.6 (23.9e31.2) 1.9 (16e2.3) 69.9 (65e73.3

Female
Control 44.3 (37.2e51.4) 7.4 (6.6e8.3) 39.1 (32.3e45
Notch2HCS 42.7 (37.3e48.1) 7.0 (6.0e8.1) 39.9 (32.6e47

Spleen
Male NA NA NA
Control
Notch2HCS

Female
Control
Notch2HCS

Data are expressed as mean (95% CI) percentages within the indicated gates o
*P < 0.05 Notch2HCS versus control.
NA, not applicable.
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Results

HajdueCheney Mutant Mice Have Increased Numbers
of Mature B Cells in the Spleen

In previous work, we described the generation of
Notch2HCS mutant mice and the characterization of their
skeletal phenotype.31 In the present studies, we determined
the immunologic phenotype of the Notch2HCS mice. For
this purpose, heterozygous Notch2HCS mutant mice were
compared to wild-type mice because homozygosity of the
Notch2HCS mutation results in perinatal lethality, and het-
erozygous mice have clear phenotypic manifestations.31
eOld Notch2HCS Mutant Mice and Sex-Matched Littermate Controls

B220þCD19þCD117� B220�CD19�

IgMþ IgMhigh CD138þ plasma

.9) 43.7 (39.1e48.3) 19.8 (13.9e25.7) 1.1 (1.0e1.2)
) 39.7 (35.3e44.1) 17.8 (15.6e19.9) 1.3 (1.0e1.6)

.9) 55.6 (53.1e58.0) 11.4 (10.2e12.6) 2.4 (1.5e3.4)

.1) 55.1 (52.2e58.0) 12.1 (19.3e14.9) 2.0 (1.2e2.8)

56.1 (46.9e65.4) 20.5 (10.9e30.0) 0.8 (0.3e1.3)
51.0 (49.1e52.9) 30.7 (28.6e32.9)* 0.7 (0.6e0.9)

64.6 (56.7e72.5) 7.0 (2.4e11.6) 0.4 (0.3e0.5)
60.7 (56.2e65.3) 23.2 (11.8e34.6)* 0.4 (0.3e0.5)

f 4 biological replicates.
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Figure 2 Architecture of the spleen in control
and Notch2HCS mice. A: Representative paraffin
sections derived from 6-montheold male mice
stained with hematoxylin and eosin. Bottom
panels show magnification of sections demon-
strating enlargement of the white pulp (WP), the
marginal zone (MZ), and the red pulp (RP) in
Notch2HCS mutant and control mice. Large and
small dots define the boundaries of the white and
red pulp, respectively. B: Splenic architecture of
control and Notch2HCS mice. Tile scans (top) of
frozen sections stained with anti-CD169 Alexa
Fluor 647 antibodies showing a characteristic
perifollicular ring formed by CD169þ MZ macro-
phages. Bottom panels show images of repre-
sentative follicles surrounded by macrophage and
mature B-cell ring stained with anti-CD169 and
anti-IgM-phycoerythrin antibodies. Vertical bars
indicate the thickness of the MZ. The presence of
nucleated cells was verified by DAPI staining (not
shown). Scale bars: 1 mm (A and B, top panels);
200 mm (A, bottom panels); 250 mm (B, bottom
panels).

Hajdu Cheney Syndrome and B cells
Heterozygous Notch2HCS mutant mice were obtained after
heterozygous crossings with wild-type mice, all in a
C57BL/6J genetic background, and compared to sex-
matched control littermates. At 2 months of age, the
weight of male or female Notch2HCS heterozygous mice
was comparable to that of control littermates, and spleen
weight/body weight was not different between mutant and
control mice (Figure 1, A and B). Gross examination of the
spleen revealed occasional mild splenomegaly in
Notch2HCS mutant mice (Figure 1C), and flow cytometry
demonstrated similar numbers of B220þ B cells and CD3þ

T cells in the spleen and bone marrow of mutant mice and
wild-type controls (Figure 1, D and E). No change was
The American Journal of Pathology - ajp.amjpathol.org
observed in the number of CD3þ T cells in the thymus of
mutant mice (data not shown).

Flow cytometry of B cells isolated from the bone
marrow demonstrated that the frequencies of preepro B cells
(B220þCD19�CD117�IgM�), pro B cells (B220þCD19þ

CD117þIgM�), pre B cells (B220þCD19þCD117�IgM�),
IgMþ B cells, and IgMhigh B cells were not different between
Notch2HCS and controlmice of either sex (Table 3). Therewere
1.5- and 3.3-fold increases in IgMhigh mature B cells, respec-
tively, in the spleens of male and female Notch2HCS mice
compared with control mice of the same sex. This increase in
mature IgMhigh cells, however, did not result in an increased
number of plasma cells (B220�CD19�CD138þ) (Table 3).
153
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Figure 3 Flow cytometry of spleen cells from
control and Notch2HCS mice. A: Representative dot
plot of flow cytometry of spleen cells from
2-montheold male and female Notch2HCS and sex-
matched control littermates. Cells were stained
with anti-CD21/35 and anti-CD23 antibodies.
Circled areas define CD21/35highCD23� marginal
zone B cells (MZBs) and CD21/35intCD23þ follicular
B cells (FoBs) gated on B220þ/CD19þIgMþ B-cell
populations. B: Histogram of mean fluorescence
intensity (MFI) of the CD21/35 cell population
from 2-montheold male and female Notch2HCS
and control mice. C: Bar graph of MFI of the CD21/
35 cells for male and female 2-montheold control
and Notch2HCS mice. D: Frequency of MZBs and
FoBs from 1- and 12-montheold Notch2HCS
mutant and wild-type control mice. Values are
expressed as mean (95% CI) frequencies of MZBs
and FoBs (A); data are presented as means and
95% CI (C and D). n Z 4 biological replicates of
control and experimental mice (C and D).
*P < 0.05 versus control.

Yu et al
These findings suggest that the greater number of mature B cells
in the spleen from Notch2HCSmutants is not due to a failure in
the terminal differentiation of mature B cells.

Splenic Architecture Is Not Affected in HajdueCheney
Mice

Upon emigration from the bone marrow, newly formed B cells
reach the spleen and progress through transitional stages in
which the fates of MZ and follicular B cells are determined.1,3

Follicular B cells and MZ B-cell subsets reside in distinct
anatomic locations, and the MZ separates the white and red
pulp of the spleen. Analysis of histologic sections demon-
strated that the white pulp occupied the majority of the spleen
in three of four 6-montheold Notch2HCS mice and was
constituted by MZ-like elements (Figure 2A). The increase in
white pulp cellularity in Notch2HCS mutant mice may be
related to alterations in splenic architecture. To address this
possibility, CD169-expressing macrophages were identified in
the spleen by immunofluorescence. This analysis did not
reveal any overt abnormalities or disruption of the splenic ar-
chitecture as the follicles were intact and the MZ macrophages
formed the characteristic perifollicular rim (Figure 2B).
Immunofluorescence of the same sections using anti-IgM an-
tibodies demonstrated a greater number of mature IgMþ B
cells in the MZ of spleen sections derived from Notch2HCS
mutant mice than in those from control littermates.
154
HajdueCheney Mutant Mice Have Increased Marginal
Zone B Cells in the Spleen

To assess the impact of the Notch2HCS mutation on the distri-
bution of MZ and follicular B cells, flow cytometry of spleen
cells from 2-montheold male and female Notch2HCS and sex-
matched control littermate mice was conducted. This analysis
demonstrated increases in the percentages of MZ B cells iden-
tified as B220þCD19þCD21/35highCD23� cells of approxi-
mately 3-fold (males) and 3.4-fold (females) in Notch2HCS
mice compared with sex-matched control mice (Figure 3A). In
association with these increases in MZ B-cell subset, the per-
centage of follicular B cells (B220þCD19þCD21/35intCD23þ)
was decreased 20% to 30% in Notch2HCS compared with
control mice. In agreement with the effect of Notch signaling on
the induction of CD21þ but not CD23þ cells, the mean fluo-
rescence intensity, representing the surface expression of CD21,
was increased in the B cells of female Notch2HCS mice
comparedwith sex-matched controls (Figure 3, B andC). CD21
mean fluorescence intensity was comparable between male
Notch2HCS mice and male control littermates.
To understand the impact of the Notch2HCSmutation on the

development of the MZ B cells and to determine the sustain-
ability of the effect observed, flow cytometry also was per-
formed in 1-montheold mice, early in the development of
mature splenic B-cell subsets, and in 12-montheold mice. The
percentage of MZ B cells was significantly increased and the
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 Expression of Notch2 target genes and mitogen-activated pro-
tein kinase and phosphatidylinositol 3 kinase (PI3K)/Akt signaling pathway
elements in Notch2HCS and littermate control mice. A: Total RNA from CD19þ

cells was extracted and gene expression determined by quantitative RT-PCR. B
and C:Western blot analysis of total cell lysates (100 mg) from spleen cells was
fractionated by SDS-PAGE, and blots were probed in B with anti-Notch2 anti-
bodies to detect the Notch2 intracellular domain (N2ICD) and in C with anti-
ephospho-Akt (pAkt) Ser473 and antiephospho-JunN-terminal kinase (pJNK)
antibodies. Blots were stripped and reprobed with anti-Akt, anti-JNK, or
antieb-actin antibodies to verify protein loading. The ratios of pAkt/Akt to
pJNK/JNK were quantified by Odyssey Infrared Imaging Systems software
version 2.1 (LI-COR Biosciences, Lincoln, NE) and are shown under each blot.
Molecular weight (Mr) ladder is shown along the left. Data are expressed as
mean (95% CI) copy numbers of Notch26955T>C mutant, Hes5, and Hes1, cor-
rected for Rpl38 (A). n Z 4 biological replicates (A). *P < 0.05 between
Notch2HCS mutant and wild-type control cells (A).

Hajdu Cheney Syndrome and B cells
percentage of follicular B cells was decreased in 1- and
12-montheold Notch2HCS mutant mice compared with those
in sex-matched controls (Figure 3D).

Mechanisms Operational in HajdueCheney Mutant
Mice

To explore the mechanisms that may explain the B-cell
phenotype of Notch2HCS mutant mice, RNA was extracted
The American Journal of Pathology - ajp.amjpathol.org
from CD19þ B cells from the spleens of mutant and control
mice. Quantitative RT-PCR demonstrated the expression of
Notch26955C>T transcripts and increased mRNA levels of
the Notch target genes Hes1 and Hes5 in CD19þ B cells
from Notch2HCS mutant mice, confirming activation of
Notch signaling in spleen cells (Figure 4A). In accordance
with the predicted truncation of the NICD, Western blot
analysis of spleen cells demonstrated the expression of a
truncated Notch2 NICD migrates with a molecular mass of
75 kDa in Notch2HCS cells, and an intact Notch2 NICD,
with a molecular mass of 110 kDa, in cells from wild-type
mice (Figure 4B). Notch2 activation affected the mitogen-
activated protein and the phosphatidylinositol 3 kinasee
Akt signaling pathways. Western blot analysis of spleen
lysates revealed marked increases in Akt and Jun N-terminal
kinase phosphorylation in lysates derived from Notch2HCS
mutants compared with those in controls (Figure 4C).

Anti-Notch2 NRR Antibodies Decrease MZ B Cells in
Wild-Type and HajdueCheney Mutant Mice

To determine whether the B-cell splenic phenotype of the
Notch2HCS mouse model can be prevented by pharmaco-
logic intervention, male Notch2HCSmice were treated with a
specific and well-characterized antibody directed to the NRR
of Notch2.33 The administration of anti-Notch2 NRR anti-
bodies did not result in any apparent unwanted effects or
obvious gastrointestinal toxicity; the mice appeared healthy,
and their weight was not decreased.35 The B-cell populations
in the bone marrow were not affected by anti-Notch2 NRR
antibodies (Table 4). Flow cytometry of the spleen B-cell
population demonstrated that anti-Notch2 NRR antibodies
decreased the IgMhigh mature B-cell population in wild-type
and Notch2HCS mice without altering the frequency of
plasma cells (Table 4). Treatment of Notch2HCS mice with
anti-Notch2 NRR antibodies prevented the effect of the
mutation on follicular and MZ B-cell allocation in the spleen.
Moreover, anti-Notch2 NRR antibodies decreased the fre-
quency of MZ B cells in wild-type and Notch2HCS mice to
virtually undetectable levels (Figure 5). Anti-Notch2 NRR
antibodies did not alter the frequency of follicular B cells in
control mice, but reversed the decrease caused by the
Notch2HCS mutation (Figure 5).
Discussion

The present study demonstrates that a Notch2 gain-of-function
mutation, replicating the one found in HCS, increases the
mature B-cell population in the MZ. We demonstrate that irre-
spective of sex or age, Notch2HCS mice have an increase in
MZBcells and a reduction in follicular B cells in the spleen. The
decrease in follicular B cells was proportional to the increase in
MZB cells, suggesting that uponNotch2 activation a shift in the
differentiation of precursor cells towardMZBcells ensued. This
possibility is in accordance with recent work demonstrating a
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Table 4 B-Cell Populations in the Bone Marrow and Spleen of 2-MontheOld Notch2HCS Mutant Male Mice and Sex-Matched Littermate
Controls Treated with Anti-Notch2 NRR or Anti-Ragweed Control Antibody, Both at 10 mg/kg, for 4 Weeks

Gate used B220þIgM� B220þCD19þCD117� B220�CD19�

Cell population
CD19�CD117�

Pre-pro-B
CD19þCD117þ

Pro-B
CD19þCD117�

Pre-B IgMþ IgMhigh CD138þ plasma

Bone marrow
Control
Control 48.1 (33.8e62.4) 3.5 (1.2e5.7) 39.3 (23.8e54.8) 45.2 (38.3e52.1) 29.2 (25.3e33.2) 5.2 (4.0e6.5)
Notch2HCS 54.4 (51.6e57.3) 2.7 (2.2e3.1) 34.5 (28.7e40.2) 55.7 (46.8e64.5) 21.8 (9.4e34.2) 4.5 (3.4e5.6)

Anti-Notch2 NRR
Control 53.9 (41.3e66.4) 2.5 (1.8e3.2) 35.2 (25.5e45.1) 48.6 (34.5e62.8) 22.8 (7.5e38.1) 6.3 (5.4e7.2)
Notch2HCS 56.6 (44.2e69.1) 2.2 (0.7e3.7) 33.0 (16.7e49.7) 49.7 (42.0e57.4) 21.6 (10.1e33.1) 5.1 (3.1e6.8)

Spleen
Control NA NA NA
Control 52.4 (50.7e54.1) 16.6 (14.0e19.2) 0.9 (0.7e1.1)
Notch2HCS 52.8 (48.8e56.3) 31.2 (23.1e39.3)* 0.9 (0.2e1.6)

Anti-Notch2 NRR
Control 49.3 (42.3e56.3) 9.9 (7.1e12.7)y 0.8 (0.5e1.0)
Notch2HCS 50.1 (46.7e53.4) 9.6 (5.9e13.4)z 0.9 (0.7e1.1)

Data are expressed as mean (95% CI) percentages within the indicated gates of four biological replicates.
*P < 0.05 Notch2HCS versus control.
yP < 0.05 anti-ragweed antibodyetreated versus anti-Notch2 NRR antibodyetreated wild-type mice.
zP < 0.05 anti-ragweedetreated versus anti-Notch2 NRR antibodyetreated Notch2HCS mice.
NA, not applicable; NRR, negative regulatory region.
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correlation between disintegrin and metalloproteinase
domainecontaining protein (ADAM)-10 expression on type 1
B transitional cells and the final proportion size ofMZB cells.49

ADAM10 expression results in the activation ofNotch signaling
and the commitment of type 1 B transitional cells to MZ B
cells.49Moreover, the conditional deletion ofAdam10 in CD19-
expressing cells suppresses Notch2 signaling and alters type 1 B
transitional cell differentiation so that the MZ does not develop
and the number of follicular B cells increases.50 In agreement
with previous work demonstrating that Notch signaling is
dispensable for the development of early B cells, only mature B
cells of the spleen were affected by the Notch2HCSmutation.15

Treatment of wild-type and Notch2HCSmutant mice with anti-
Notch2NRRantibodies prevented the allocation ofB cells to the
MZ of the spleen.

Previous work has shown that Notch2 is preferentially
expressed inmature B cells, and that Notch2 haploinsufficiency,
aswell as the selective inactivation ofNotch2 inMx- andCD19-
expressing cells, result in a severe reduction in MZ mature B
cells.15,16 Our studies are in agreement with work in which the
overexpression of the Notch2NICD inCD19 cells drove B cells
toward theMZB-cell compartment at the expense of follicular B
cells.18 This finding would indicate that the effect of the Notch2
activation occurs in cells already committed to the B-cell line-
age. The MZ B-cell phenotype of Notch2HCS mutants was
observed at 1 month of age and was sustained through 1 year of
age. This finding is congruent with the fact that the proper
development of theMZB-cell compartment in rodents occurs 3
to 4 weeks after birth.4,51

The mechanisms responsible for the effect of Notch2 acti-
vation on B-cell allocation in the spleen have not been
156
elucidated, but may involve the induction of the Notch target
genes Hes1 and -5, as demonstrated in the present work. This
mechanism is possible since these target genes depend onNotch
canonical signal activation, and inactivation of Rbpjk in CD19-
expressing cells results in a loss of MZ B cells, with a
concomitant increase in follicular B cells, a phenotype that is
opposite to the one observed in mice with a gain-of-Notch2
function.14 However, a concomitant activation of noncanoni-
cal, noneRbpjk-dependentNotch signaling is possible since the
expression of E3 ubiquitin-protein ligase DTX1 inMZB cells is
prominent and is dependent on the expression of Notch2.15 In
the present studies, we demonstrate the activation of Jun
N-terminal kinase and phosphatidylinositol 3 kinase/Akt
signaling in the spleen and confirm results obtained in amodel of
Notch2 overexpression in B cells.18 The activation of these
signaling pathways may contribute to the B-cell phenotype and
may or may not be a direct consequence of enhanced Notch
signaling. For example, proline-rich tyrosine kinase 2, a tyrosine
kinase linked to integrin signaling and to phosphatidylinositol 3
kinase activation, is downstream of Notch2 in cells of the
myeloid lineage.52 Proline-rich tyrosine kinase 2 contributes to
MZ B-cell migration and survival, and inactivation of proline-
rich tyrosine kinase 2 results in the absence of the MZ.53 In
addition, phosphatidylinositol 3 kinase can act downstream the
B-cell receptor and integrins, and regulate the migration and
retention of MZ B cells.3,54

Although the constitutive activation of Notch1 or -2 is asso-
ciated with an oncogenic effect in T and B cells, respectively,
Notch2HCSmice did not exhibit obvious signs ofmalignancy or
B-cell or splenic MZ lymphoma up to 1 year of age (E. Canalis,
unpublished observations). The absence of lymphomas is in
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Distribution of marginal zone B cells (MZBs) assessed by flow
cytometry of spleen cells isolated from 2-montheold Notch2HCS mutant
male mice and sex-matched littermate controls treated with antieNotch2
negative regulatory region (NRR) antibody or anti-ragweed control anti-
body, both at 10 mg/kg for 4 weeks before sacrifice. A: Representative dot
plots of spleen cells from 2-montheold control mice and Notch2HCS mice
treated with anti-ragweed antibodies or anti-Notch2 NRR antibodies. Cells
were stained with anti-CD21/35 and anti-CD23 antibodies. Circled areas
define CD21/35highCD23� MZBs and CD21/35intCD23þ follicular B cells
gated on B220þ/CD19þIgMþ B-cell populations. B: Frequencies of MZBs
and follicular B cells (FoBs) in Notch2HCS mutant and wild-type littermates
treated with anti-ragweed or anti-Notch2 NRR antibodies. Data are
expressed as mean (95% CI) frequencies of MZBs and FoBs (A); data are
expressed as means (95% CI) (B). n Z 4 biological replicates. *P < 0.05
Notch2HCS versus control; yP < 0.05 anti-ragweed antibodyetreated versus
anti-NRR antibodyewild-type mice; zP < 0.05 anti-ragweed antibodye
treated versus anti-Notch2 NRR antibodyeNotch2HCS mice.

Hajdu Cheney Syndrome and B cells
agreement with results reported in mice expressing the Notch2
NICD in CD19-expressing cells.18 These results suggest that
Notch2 activation alone is insufficient to generate B-cell lym-
phomas, and that additional contributing factors are necessary
for the development of B-cell lymphomas in themouse. It is also
possible that 1-yeareold mice, the oldest cohort studied, were
not sufficiently old to develop lymphoma, since these tumors
appear in aging mice.55 It is of interest that somatic mutations
The American Journal of Pathology - ajp.amjpathol.org
found in about 25% of subjects with splenicMZ lymphomas are
confined to exon 34 ofNOTCH2 and are located upstreamof the
PEST domain.29,30 These mutants, like in the case of HCS,
confer gain-of-NOTCH2 function and are associated with
adverse clinical outcomes. Individuals affected byHCShave not
been reported to have an increased prevalence of MZ B-cell
lymphomas. Although the disease is rare, it is presumed that
additional genetic alterations are needed for the development of
lymphomas.30

The approach to down-regulate Notch signaling has been
diverse and includes the use of biochemical inhibitors of Notch
activation, antibodies to Notch receptors or their ligands, and
the use of small permeable molecules that prevent the forma-
tion of a NICD/Rbpjk/mastermind-like protein ternary com-
plex.56 g-Secretase inhibitors block the cleavage of the Notch
receptor induced by presenilins, and thapsigargin precludes the
maturation and folding of Notch and its exit from the endo-
plasmic reticulum.57e59 However, these agents are not specific
and prevent the indiscriminate activation of all Notch re-
ceptors.60 The long-term efficacy of synthetic small cell
permeable molecules that prevent the assembly of an active
Notch transcriptional complex is unknown.61

To target specific Notch receptors, antibodies to the NRR of
Notch1, -2, and -3 have been developed.33,62 The NRR consists
of three LIN-12Notch repeats and a heterodimerization domain,
and contains the initial cleavage sites of Notch, which are
required for protein maturation and signal activation.7,32 The
epitope for the anti-Notch2 NRR bridges the LIN-12 Notch
repeats and heterodimerization domain so that the antibody
locks the receptor in its quiescent state, preventing Notch2
activation.33,34AlthoughNotch2 neutralizationwas achieved by
the use of anti-Notch2 NRR antibodies without negative con-
sequences, Notch neutralization has been reported to cause
vascular tumors and gastrointestinal toxicity.63,64 The reasonwe
did not encounter these complications probably was related to
the low dose and limited duration of the treatment. The anti-
Notch2 NRR antibody not only prevented the MZ B-cell
phenotype ofNotch2HCSmice but also markedly decreased the
MZ B-cell population in spleens from wild-type mice. These
results confirm the dependency of the MZ B-cell population on
Notch2 signal activation, an effect attributed to a rapid egress of
MZ B cells after the administration of anti-Notch2 NRR
antibodies.14e16,65

A recent report documented splenomegaly in an indi-
vidual affected by HCS, but it is not known whether B cells
are altered in spleens from subjects with HCS.19 It is of
interest that Alagille syndrome associated with JAG1
mutations does not present with abnormalities in B-cell
populations, whereas Alagille syndrome associated with
NOTCH2 haploinsufficiency presents with a marked
reduction in IgMþIgDþCD27þ MZ B cells, supporting a
role of NOTCH2 in B-cell allocation also in humans.17 It is
important to note that humans have a less well-developed
MZ of the spleen than do rodents, and that the organiza-
tion of the marginal and follicular zones in the human spleen
differs from that in the mouse.6
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In conclusion, Notch2HCS mice harboring a mutation
found in subjects with HCS exhibit a marked increase in
mature MZ B cells, which can be prevented by the admin-
istration of anti-Notch2 NRR antibodies.
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