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FIGURE 6. Phenotypic analysis of
cells cultured in the presence of hu-
man Notchl-blocking Ab. A, Repre-
sentative dot plots of cells that were
cultured for 3 wk from CB CD34’
cells on Deltad-Fc-coated plates with
mouse 1gG1-containing medium,
Deltad-Fe-coated plates with anti-
human Notchl-containing mediam,

and Fe-coated plates. Results are rep- B Fc+IL-15 + mouse IgG1  Fc + IL-15 + anti-Notch1
T

resentative of six experiments. B,
Representative dot plots of cells that
were cuitured for 5 wk from CB
CD34% cells on Fe-coated plates with
1L-15 and mouse IgGl-containing
medium and Fe-coated plates with
IL-15 and amti-human Notchl-con-
taining mediumn. Results are represen-
tative of three experiments.
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progenies to the CD1617CD7" NK cell fate within 2 wk, pre-
sumably before CD161" is expressed.

IL-15, along with Deltad stimulation, induces phenotypic
maturation and functional augmentation of CB CD34™
cell-derived NK cells

We compared the immunophenotype of the CB CD34™ cell-de-
rived NK cells generated in the culture with Delta4-Fc but lacking
IL-15 (D4-Fc) and in culture with Deltad-Fc and IL-15 (D4-Fc
plus IL-15). IL-15 does not affect the absolute cell number; fold
increases in the cell number after the 3-wk culture were 10.6 *
6.16-fold and 10.2 * 6.71-fold with and without IL-15 in the
D4-Fe-coated plate condition (n = 8). The cells grew slightly
faster with D4-Fc plus IL-15 than with D4-Fc alone, but there were
no significant differences in the frequency of CD56*CD161 ™ pop-
ulation in both conditions after 3 wk (cf Fig. 3 and supplemental
Fig. S2A, D4-Fc and D4-Fc plus 1L-15; supplemental Fig. S2Bii;
and Fig. 5). The expression levels of CD7 and NKG2D were sim-
ilar. CD94 was expressed at a higher level in the D4-Fc plus IL-15
condition. CD16 and CD158 were not expressed in the D4-Fc con-
dition, but were expressed at low levels in the D4-Fc plus IL-15

condition. The expression levels of adhesion molecules, ie.,
CD1la, CD11b, and CD62L, were higher in the D4-Fc condition
(Fig. 5A). The other markers shown in Fig. | (CD2, CD7, CD25,
CD27, CD44, CD45RA, CDS7. CD117, CD122, and CCR7; data
not shown), as well as IFN-y (Fig. 5D), were expressed at similar
levels under both conditions. There was a remarkable difference in
the expression level of CD56, which was markedly higher in the
D4-Fc plus IL-15 condition.

Cytotoxic activity against K562 cells was significantly higher in
NK cells generated in the D4-Fc plus IL-15 condition than that in
the D4-Fc condition. CMA, an inhibitor of perforin-mediated cy-
totoxicity, had a stronger suppressive effect on the cytotoxic ac-
tivities of NK cells generated in the D4-Fc plus 1L-15 condition
(Fig. 5Bi). Interestingly, granzyme B, which enhances the per-
forin-mediated cytotoxicity and whose expression was not de-
tected in the D4-Fc condition, was up-regulated in the D4-Fc plus
IL-15 condition (Fig. 5Ci). This might explain the stronger sup-
pression of NK cell cytotoxic activity by CMA when generated in
the D4-Fc plus IL-15 condition compared with the D4-Fc condi-
tion. In contrast, there was no significant difference in the killing
activities against Jurkat cells of the NK cells generated under
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either condition (Fig. 5Bii), and CMA did not affect the cytotoxic
activities against Jurkat cells, irrespective of the culture conditions
(data not shown). This finding suggests that perforin or granzyme
B does not have a major role in killing Jurkat cells. We evaluated
whether TRAIL had a role by adding anti-TRAIL-blocking Ab
RIK2 to the medium. RIK2 partially but clearly suppressed the
cytotoxic activities against Jurkat cells generated in both condi-
tions without significant differences (Fig. 5Bii), although TRAIL
expression was slightly higher in the NK cells generated in the
D4-Fc plus IL-15 condition (Fig. 5Cii). From these observations,
we concluded that 1L-15 does not influence the killing activity
through TRAIL but does enhance the killing activity through per-
forin/granzyme B. The cytotoxic activity of immature NK cells is
TRAIL dependent, while that of mature NK cells is mainly de-
pendent on perforin (29). Therefore, IL-15 might contribute to the
maturation of NK cells and confer on them the capacity to exact
perforin/granzyme B-medicated cytotoxicity.

Inhibitory effect of anti-Notchl Ab on Delta4-dependent NK cell
development

We prepared mAbs specific for the extraceliular domain of
Notchl, Notch2, and Notch3 (supplemental Fig. S44). The ex-
pression patterns of Notchl. Notch?2, and Notch3 in fresh CB
mononuclear cells, CD34% cells, and products during the cul-
ture of CD34™ cells are shown in supplemental Fig. S3, A and
B. Notchl was expressed at higher levels on NK and T cells
than on B cells and monocytes. Notch2 was expressed at higher
levels on monocytes than on lymphocytes. Notch3 expression
was virtually negative on all types of lymphocytes and positive
on monocytes. Notchl and Notch2. but not Notch3, were ex-
pressed on CD34™ cells. The CD34" cell-derived CD56" NK
cells also expressed Notchl and Notch2, but not Notch3. All
three Notch receptors were expressed on cells grown on the
control Fc-coated plates (supplemental Fig. S3B).

Because CD34™ cells expressed Notchl and Notch2, but not
Notch3 (supplemental Fig. S3B), and the established anti-Notchl
Ab, but not anti-Notch2 Ab, blocked binding of the cognate sol-
uble Notch receptor to the ligands (supplemental Fig. S4B), we
cultured CB CD34* cells on Deltad-Fe-coated plates in anti-
Notchl Ab-containing medium. Remarkably, the immunopheno-
type of the cells grown under the presence of anti-Notchl Ab was
almost the same as that of cells grown on control Fc-coated plates,
indicating that the effect of Deltad was completely blocked and NK
cell development was shut down by the anti-Notchl Ab (Fig. 64).
Anti-Notch2 Ab did not have such an effect, consistent with the
fact that it did not block ligand binding to the cognate receptors
(data not shown). CB CD34" cells cultured with IL-15 on Fc-
coated plates in the presence of the anti-Notchl Ab gave rise to
NK cells in a manner indistinguishable from that of cells grown
without the Ab (Fig. 6B). These results suggest that Notchl might
be a physiologic Notch receptor that mediates Delta4 signaling for
NK cell development from CB CD34% cells and further support
the notion that Notch signaling has a role distinct from that of
1L-15.

Discussion

In the present study, we demonstrated that functional NK cells
developed from CB CD34 ™ cells when stimulated with the Notch
ligand Deltad. Previous reports indicated that NK cells can be de-
rived from in vitro culture of human CD34™ cells prepared from
fetal liver, bone marrow. or CB with either IL-2 or IL-15 (30-33),
which signal through the shared IL-2/IL-15 receptor S-chain and
the common y-chain. IL-15 has been considered to have a more
physiologic role than IL-2 in NK development (30). Notably, IL-
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15-independent NK cell differentiation has recently been published
(6). This culture system, however, has been reported to be stromal
cell dependent while the potential molecules and signaling path-
ways are unknown and, thus, the conclusion whether IL-15 is in-
dispensable is yet to be determined. Notch signaling has been ex-
amined in the context of NK cell development as well and appears
to affect the very early phase of progenitor development (17-19).
In studies of human NK cell development, however, culture sys-
tems containing 1L-15 and/or a coculture system with the fetal
thymus organ or stromal cells are used exclusively. A novel and
unexpected finding in the present study was the fact that stimula-
tion of CB CD34™" cells with a soluble Noich ligand, Delta4-Fc,
coated onto the plate in the presence of stem cell factor, FL, and
IL-7 was sufficient to induce the development of functional NK
cells.

Our data do not officially exclude the possibility that endoge-
nous IL-15 is involved in NK cell development in a manner, e.g.,
that cell-autonomously produced 1L-15 activated the signaling by
binding to the receptor intracellularly. Given the fact, however,
that the exogenous addition of 1L-15 resulted in the qualitative
rather than quantitative difference in the NK cells developed in the
presence of Deltad-Fc, in addition to inefticient blockade by anti-
IL-15-neutralizing Ab, 1L-15 is likely to be dispensable for human
NK cell development in the presence of Deltad-Fc,

The finding that 1L-15 is not necessary for human NK cell de-
velopment in culture contrasts with the absolute necessity of IL-15
signaling for NK development in some mouse phenotypes; mice
lacking a gene for 1L-15 (3) (34, 35), IL-15 receptor «-chain (36).
common B-chain (37), or common 7y-chain (38, 39) lack NK cells.
This might be due to differences between the in vitro culture con-
ditions and the in vivo environment in which NK cells develop.
Another explanation might be a difference between mice and hu-
mans, as in the case of IL-7 requirement for T cell development;
IL-7 is required for the V-D-J rearrangement of the TCR $-chain
gene in humans, whereas it is dispensable in mouse T cell devel-
opment (40).

Previous studies reported that the effect of Notch signaling in
the presence of IL-15 on NK cell development is confined to the
very early stages of development. In the present study, we dem-
onstrated that Notch signaling confers CD7 expression compe-
tence on cells cultured with or without IL-15 for 1 wk or less,
but not for 2 wk. unless also stimulated by Notch. This finding
is similar (o that in a previous report demonstrating that Notch
signaling confers ¢cyCD3 expression competence only on pr-
ethymic but not thymic NK cell progenitors or peripheral blood
cyCD3™ NK cells (19). We confirmed the Notch signal depen-
dency of cyCD3 expression during NK cell development. Co-
expression of CD7 and CD45RA on CD34™ cells might be as-
sociated with a restriction toward NK cell development (206,
33). Our data strongly suggest that the vast majority, it not all,
of the NK cells derived from CD34™ cells without Notch sig-
naling were generated through CD77 cells. Therefore, although
it is yet to be elucidated whether all of the NK cell progenitors
are CD7' (41), NK cells established in vitro without Notch
stimulation might not develop from a physiologic NK progen-
itor or might skip the physiologic NK/T progenitor stage. Fur-
thermore, our data suggest that the effect of Notch stimulation
on CD7 expression is imprinted on cells only if it is adminis-
tered at the initial stage of the CD34™ cell culture. We, how-
ever, failed to prospectively identify the subpopulations in the
CD34™ cells that are targets of Deltad Lo develop NK-lineage
cells. Deltad stimulation induced NK cell development from
both the most immature CD34"CD38” and more mature
CD34*CD38"% progenilor populations and both CD347
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CD45RA™ lymphoid progenitors and CD34*CD45RA™ popu-
lations (data not shown).

The findings of the present study extend our understanding to
more mature stages of NK cell differentiation: the presence of
Notch signaling induces generation of functional NK cells in cul-
ture conditions that do not generate CD56™ cells without Notch
stimulation per se. The precise stages of NK cell development
during which Notch signaling determines the progression toward
functional NK cells is not known.

In our experiments, even cells cultured with a Notch ligand
alone had cytotoxic activity. The level of this activity, however,
was weaker than that in NK cells generated by Notch stimulation
with IL-15. Indeed, the perforin-mediated cytotoxicity of NK cells
generated in the absence of IL-15 was significantly weaker, despite
the fact that this is the major pathway of mature NK cells to kill
target cells (42). In contrast, the TRAIL-mediated cytotoxicity was
almost the same regardless of presence or absence of IL-15. This
finding, along with the change in the expression level of CD56,
might indicate that IL-15 induces the maturation of CD56""
CD161" immature NK cells generated by Notch stimulation with-
out IL-15. Another difference between the cells cultured with or
without IL-15 was the down-regulation of adhesion molecules
(CDlla, CD11b, CD62L) on the cell surface. These molecules
might be important for homing of the NK cells to the sites at which
they function.

To our surprise, cytotoxic activities were not detected in the cell
populations generated in the control Fc plus IL-15 condition at
either 3 or 6 wk (Fig. 5B and data not shown), although these
results might be affected by the facts that the frequency of
CD561CD1617 cells was very low at 3 wk and that culture for 6
wk might be too long to evaluate cytotoxic activities while the
frequency of CD567CD161" celis was much greater. In any case,
when clinical application of progenitor-derived NK cells is con-
sidered, a Deltad-Fc-coating system would give a significant
advantage.

In conclusion, Notch stimulation by Deltad (or Deltal) was
required for initial NK cell differentiation and the development
of CD1617CD56"Y immature NK cells. Among Notch recep-
tors, Notchl might be essential for physiologic NK cell devel-
opment, although the involvement of other Notch receptors is
yet to be elucidated. IL-15 was not essential for differentiation.
but was necessary for maturation. IL-15 might have an indis-
pensable role only in the later part of the NK development, This
knowledge might be useful for future approaches toward the ex
vivo generation and manipulation of NK cells and their thera-
peutic application.
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Signaling through the Notch1 receptor has a pivotal role in early
thymocyte development. Gain of Notch1 function resuits in the
development of T-cell acute lymphoblastic leukemia in a number of
mouse experimental models, and activating Notch? mutations
deregulate Notch1 signaling in the majority of human T-cell acute
lymphoblastic leukemias. Notch2, another member of the Notch
gene family, is preferentially expressed in mature B cells and is
essential for marginal zone B-cell generation. Here, we report that
5 of 63 (~8%) diffuse large B-cell lymphomas, a subtype of mature
B-cell lymphomas, have Notch2 mutations. These mutations lead to
partial or complete deletion of the proline-, glutamic acid-, serine-
and threonine-rich (PEST) domain, or a single amino acid substitution
at the C-terminus of Notch2 protein. Furthermore, high-density
oligonucieotide microarray analysis revealed that some diffuse large
B-cell lymphoma cases also have increased copies of the mutated
Notch2 allele. In the Notch activation-sensitive luciferase reporter
assay in vitro, mutant Notch2 receptors show increased activity
compared with wild-type Notch2. These findings implicate Notch2
gain-of-function mutations in the pathogenesis of a subset of B-cell
lymphomas, and suggest broader roles for Notch gene mutations in
human cancers. (Cancer Sci 2009; 100: 920-926)

S ignaling through the Notch receptor, triggered by the binding
of ligands expressed on neighboring cells, has a key role in
determining cell fate in a variety of cell lineages, including
lymphocytes.®? In mammals, there are four Notch genes that
encode structurally similar single-pass and heterodimeric
transmembrane receptors. Ligand binding initiates a series of
intramolecular cleavages, which eventually liberates the intracellular
domain of the transmembrane subunit of the intracellular Notch
receptor (ICN). The ICN is then translocated to the nucleus and
creates a transcriptional activating complex with RBP-Jx, a
constitutive DNA binding protein. During these processes, Notch
proteins are intricately regulated by glycosylation, endocytosis,
recycling, phosphorylation, and ubiquitylation before and
after ICN liberation. Many of these regulatory processes
appear to modify the biologic activity of Notch.® Notably,
polyubiquitylation-based degradation is dependent on the proline-,
glutamic acid-, serine- and threonine-rich (PEST) domain, located
at the C-terminus of the Notch protein.

The physiologic roles of Notchl and Notch2 have been clarified
in mouse models, particularly in the lymphoid system. Notchl is
preferentially expressed in immature T cells and is essential for
specification of early hematopoietic progenitors toward the T
cell fate and for early T cell development in the thymus.* In
contrast, Notch2 is preferentially expressed in mature B cells
and is required for the generation of a mature B-cell subset,

CancerSci | May2009 | vol.100 | no.5 | 920-926

known as splenic marginal zone B (MZB) cells in mice.®
Notchl was originally identified as a transforming gene in human
T-cell acute lymphoblastic leukemia (T-ALL) cells harboring the
(7;9)(q34;q34) chromosomal translocation.®® The N-terminal
truncated form of Notchl expressed in this type of T-ALL cell
can induce the development of T-ALL when expressed in bone
marrow cells that are then transplanted into recipient mice.™
Importantly, more than 50% of childhood and 30-40% of adult
human T-ALL cases carry Notchl mutations that lead to
deregulated activation of Notch signaling,®-'? indicating that
accelerated Notch signaling contributes to the development of
human neoplasms.

Two regions of the Notchl gene are major targets of oncogenic
mutations in T-ALL. Missense, insertion, and deletion mutations
in the heterodimerization domains are thought to decrease the
stability of the dimer, consisting of the extracellular and trans-
membrane subunits, which resuits in the progression of Notchl
cleavage without ligand stimulation.®!? The other series of
mutations accumulate in the PEST domain and its N-terminally
flanking transactivation domain. All of these mutations cause
partial or complete deletion of the PEST domain, considered to
result in the prolonged half-life of Notchl ICN, because the
PEST domain is responsible for polyubiquitylation-based
degradation of ICN.%%

These lines of information about Notch genes led us to examine
the possibility that deregulation of Notch2 signaling is involved
in the development of mature B-cell lymphomas. We screened
Notch2 gene mutations at the heterodimerization and PEST
domains in 109 B-cell lymphoma samples, and found mutations in
five samples, all of which were diffuse large B-cell lymphomas
(DLBCL). Interestingly, two of the five samples had an increased
copy number of the mutated Norch2 allele, and in another sam-
ple of the five, the total copy number of the Notch?2 allele was
increased. Furthermore, we confirmed that the mutation-carrying
Notch?2 receptors had increased activity when stimulated by a
ligand in vitro. We postulate that gain-of-function mutations of
Notch2 are involved in the pathogenesis of a subset of DLBCL.

Materials and Methods

Patient materials and genomic DNA preparation. Patients (n = 109)
with various B-cell lymphomas were enrolled in the study after
informed consent was obtained. The study design was approved
by the ethics committees of the University of Tokyo (Tokyo,
Japan) and Aichi Cancer Center (Nagoya, Japan). Genomic DNA

*To whom correspondence should be addressed. E-mail: schiba-tky@umin.net

doi: 10.1111/1.1349-7006.2009.01130.x
© 2008 Japanese Cancer Association



was extracted from cryopreserved samples using a commercial
kit (Puregene; Gentra Systems, Minneapolis, MN, USA).

Polymerase chain reaction-single-stranded conformational
polymorphism (PCR-SSCP). Based on the information of Notchl
mutations in T-ALL and the high similarity between Notchl and
Notch2 genes, we confined our mutation analysis to exons 26,
27, and 34 of Notch2 that correspond to the heterodimerization
domains (exons 26 and 27) and the C-terminal region containing
the transactivation and PEST domains (exon 34). Oligonucleotide
primers designed to amplify whole exon 26 and exon 27, and
five divided portions of exon 34 are listed in the Supporting
Information (Table S1). The 3?P-labeled PCR product was
subjected to SSCP analysis as described in published reports.®¥
In brief, the PCR mixture was heated at 80°C and applied to
5% polyacrylamide gel containing 10% glycerol. After 2-4 h
electrophoresis with cooling, the gel was dried on filter paper
and exposed to X-ray film. The PCR products were directly
sequenced or bands with aberrant migration were excised from
the gel and subjected to direct sequencing when indicated.

High-density oligonucleotide microarray analysis. Genome-wide
copy number detection analysis was carried out as described
previously.!® In brief, Affymetrix GeneChip Mapping 100K
high-density oligonucleotide arrays (Affymetrix, Santa Clara,
CA, USA) were used and the data were analyzed using the
CNAG algorithm (Version 2.0. Genome Laboratory, University
of Tokyo Hospital, Tokyo, Japan).

Fluorescence in situ hybridization. Bacterial artificial chromosome
(BAC) clones RP11-723d17 (Notch2) and RP11-80d6 (1q23.3)
were used to evaluate the copy number of the Norch2 gene.
BACs were obtained from the BAC/PAC Resource Center
(Children’s Hospital, Oakland, CA, USA). Fluorescence in situ
hybridization experiments on interphase nuclei were carried out
as described previously.!®

Quantitative real-time PCR for genomic DNA, For the copy number
evaluation of the Notch2 gene by quantitative real-time PCR,
genomic DNA was extracted from: samples 1.8 and W121672; a
stomach cancer cell line (MKN45) that had a copy number loss
at the Notch2 (1p13) locus (data from microarray analysis not
shown); and normal peripheral blood mononuclear cells. The
Notch2 gene dosage was measured using the primers: forward,
TTCCCCAAGTGAGAGACATTT; and reverse, CAGACACTT-
CACAGAACAGAA, and normalized by the relative DNA
quantities measured by real-time PCR using the control locus
(2935) primers: forward, TGGCTGATGAACTTTTGCAC; and
reverse, AGCGGTTGAGGTCTGTGAAC. Student’s r-test was
used for the statistical analysis.

Immunohistochemistry. Tissue sections were mounted on silanated
slides, deparaffinized with xylene, rehydrated with a series of
graded ethanols, processed with an autoclave in 10 mmol/L
citrate buffer for 5 min, pH 6.0, treated with horse serum albumin
to block non-specific staining, and immunostained. The detection
of antibody binding was visualized by the avidin-biotin complex
method using diaminobenzidine as the chromogen. The sections
were counterstained with hematoxylin.

Plasmid preparation. In the human full-length Notch2 ¢cDNA
(wtN2) (a gift from S. Artavanis-Tsakonas, Harvard University,
Cambridge, MA, USA), the stop codon corresponding to the
nonsense mutation (7454 C/T), the single-base deletion mutation
corresponding to 7120Del, and the point mutation corresponding
to 7614 G/A were introduced. Mutant primers were used for
PCR and the resulting products were sequenced and used to
replace the corresponding fragment of wtN2 cDNA to create
Notch2 with the nonsense mutation and the R2453Q mutation
(nsmN2, delstN2, and rqN2, respectively). These cDNAs were
inserted in pTracerCMV (Invitrogen, Carlsbad, CA, USA).

Establishment of CHO{r) cells stably expressing wild-type and
mutant human Notch2, CHO(r) cells were transfected with
pTracerCMV/wtN2, pTracerCMV/nsmN2, pTracerCMV/delstN2,
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Fig. 1. Mutations of the WNotch2 gene in diffuse large B-cell

lymphomas. Polymerase chain reaction-single-stranded conformational
polymorphism and sequence analyses for samples having the nonsense
mutation at 7454, /T (W109539, W121672 and L8). Arrowheads
indicate shifted bands. The shifted bands in (a) and (¢) are obviously
dominant against the normal band, suggesting the small amount of
normal tissue contamination and unbalanced ratio of mutant and normal
alleles. Those in (b) and (e) are minor compared with the normal band,
suggesting the contamination of normal tissues, and those in (c) are
comparable with the normal band. The shifted bands were excised
from the gel and the extracted DNA was sequenced for samples
W121672 and W117336. (f) Sequence of DNA prepared from the bone
marrow cells obtained from the patient W109539.

and pTracerCMV/rgN2, and selected for zeocin (400 pg/mL)
resistance. The resulting zeocin-resistant cells were single-cell
sorted using the antihuman Notch2 monoclonal antibody (mAb).
The antihuman Notch2 (MHN2-25, mouse IgG,,) mAb was
generated by immunizing BALB/c mice with human Notch2-Fc
(the Fc portion of human IgG, was fused to the 22nd epidermal
growth factor repeat of the extracellular region of human Notch2)
and screening hybridomas producing mAbs specific for Notch2-
Fc by enzyme-linked immunosorbent assay. MHN2-25 reacted
with CHO(1) cells expressing human Notch2, as indicated by
flow cytometry (Supporting Information Fig. S1).

Western blot analysis. Immunoblotting was carried out as
described previously.!"? In brief, 1 x 10® wtN2/CHO(r), nsmN2/
CHO(r), delstN2/CHO(r), and rgN2/CHO(r) cells were solubilized
in 0.1 mL lysis buffer containing 1% NP-40, electrophoresed in
7.5% sodium dodecylsulfate polyacrylamide gel, transferred
onto Immobilon-P membrane (Millipore, Billerica, MA, USA).
It was then probed with a mAb recognizing the intracellular
domain of human and murine Notch2 (C651.6DbHN; Deve-
lopmental Studies Hybridoma Bank, University of Iowa, Jowa
City, IA, USA) and an alkaline phosphatase-conjugated secondary
antibody (Promega, Madison, WI, USA).

Transcriptional activation assay. The luciferase assay was carried
out as described previously.!” In brief, 2 x 10° CHO(r) cells
expressing wtN2, Notch2 with truncatation at 2400 (nsmN2),
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Table 1. Notch2 mutational status in five patients with diffuse large B-cell lymphoma
Immunohistochemistry

Sample Nucleic acid change Amino acid change Copy number

cD10 BCLE MUM-1
W109539 7454 T 2400 Stop Multiple - + +
W121672 7454 T 2400 Stop 3 - + +
L8 7454 T 2400 Stop 2t - + +
L2 7120 Del A 2288PLKGSTStop NA - + +
W117336 7614 G/A 2453 R/Q 2 - + +
tUniparental disomy for the mutated Notch2 allele is indicated. NA, information not available.
Table 2. Characteristics of five patients with diffuse large B-cell lymphoma who had Notch2 mutations
Patient Age/sex CS/pt Treatment/Response Survival Others
W109539 64/M 1HA/LE R-CHOP/CRu/relapse 1.6y (d1) Acromegaly, DM, AAA (postoperation)
W121672 71M NA NA NA -
L8 66/M IVA/NA NA NA -
L2 61/F IVINA CHOP/CR 7y (alive) BCL2 rearrangement
W117336 83/F A/ RT, CHOP 0.3y (d2) -

AAA, abdominal aortic aneurysm; CHOP, cyclophosphamide, adriamycin, vincristine and predonisolon; CR, complete remission; CRu, complete
remission uncertain; CS, clinical stage; d1, died of advanced lymphoma; d2, died of advanced lymphoma after first chemotherapy; DM, diabetes
mellitus; F, female; IP), international prognostic index; Li, low intermediate; M, male; NA, information not available; R-CHOP, rituximab plus CHOP,
with 4-0-tetrahydropyranyl-adriamycin instead of adriamycin, four courses; RT, radiation therapy; y, years.

Notch2 with truncation after 6 amino acids insertion at 2288
(delstN2), and Notch2 with an R2453Q mutation (rqN2) were
inoculoated in a 6-well dish and the next day transfected with
the pGa981-6 luciferase reporter plasmid (2 ig) using the
Superfect transfection reagent (Qiagen, Hilden, Germany). The
B-galactosidase-expressing plasmid, pCMV/B-Gal (0.2 p1g) was
cotransfected when indicated. The cells were harvested after 3 h,
suspended in 3 mL medium, and a 200 pL aliquot was replated
in a 48-well dish coated with soluble human Deltal (Deltal-Fc,
a chimeric protein composed of the extracellular domain of
human Deltal and the Fc portion of human IgG,"8!% a gift from
S. Sakano, Asahi Kasei, Tokyo, Japan). After 24 h incubation,
the cellular extracts were used to measure luciferase and,
when applied, PB-galactosidase activities. Two independent
clones were used to compare the luciferase activity of each
Notch?2 protein and bulk transfectants were used to evaluate the
effect of N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine
t-butyl ester (DAPT, Calbiochem, San Diego, CA, US), a ¥-
secretase inhibitor.

Results

Notch2 gene is mutated in a subset of DLBCL. Nofch2 gene muta-
tions were screened in 109 B-cell lymphoma samples, including
63 DLBCLs, 18 follicular lymphomas, and 28 MZB-cell lymphomas
or mucosa-associated lymphoid tissue lymphomas. Exons 26
and 27, encoding the N- and C-terminal heterodimerization
domains, and a portion of exon 34, encoding the PEST domain
and its bilateral flanking regions, were amplified by PCR using
genomic DNA with the primers listed:in the Supporting
Information (Table S1) and examined for mutations using the
PCR-SSCP method.®?

Five distinct nucleotide changes were detected in 11 of the
109 B-cell lymphoma samples, exclusively in exon 34. Whereas
two of the five changes detected in 6 of the 11 samples were
single nucleotide polymorphisms (SNP) without amino acid
changes, the other three nucleotide changes detected in the
remaining 5 samples (Fig. la—e) were thought to represent
somatic mutations resulting in premature truncation or single
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amino acid substitution (Table 1). A nonsense mutation, Cto T
at nucleotide 7454 (based on the published human Notch2
sequence, NM_024408), in three cases (Fig. 1a—c) and a single-
base deletion at position 7120 in another case (Fig. 1d), led to
premature truncation of the Notch2 protein (Table 1). These
Notch2 proteins lacked a part or the entire region of the PEST
domain. The other single nucleotide change, G to A at 7614,
resulted in the replacement of arginine with glutamine on the
C-terminal side of the PEST domain (Fig. 1e and Table 1). The
G7614A change is not listed in the public SNP database (http://
www.ncbi.nlm.nih.gov/projects/SNP/; as of October 23, 2007).
In addition, the dose of the mutant A allele was unbalanced
relative to the wild-type G allele (Fig. le), further decreasing the
possibility of an SNP. Constitutive DNA was available in one
case (W109539) and was confirmed to be the wild-type
sequence (Fig. 1f), which definitely concluded that the mutation
in the tumor was of somatic origin. Clinical information of the
five patients is summarized in Table 2.

Mutation-carrying cases show same expression pattern of CD10,
BCL6, and MUM-1. All five cases with Norch2 mutations were
diagnosed as DLBCL, and were uniformly immunohistochemically
negative for CD10 and positive for BCL6 and MUM-1
(Fig. 2). We have reviewed 24 DLBCL subjects without Notch2
mutations for expression of CD10, BCL6 and MUM-1. The
immunohistochemistry study revealed that CD10, BCL6, and
MUM-1 were positive in 4, 19, and 16 subjects, respectively.
Among these, the CD10-negative, BCL6-positive, and MUM-1-
positive staining pattern was seen in 10 (data not shown). Thus,
this pattern was seen in five out of five Notch2 mutation-
carrying subjects and 10 out of 24 Norch2 mutation-negative
subjects, making the comparison statistically significant (P = 0.042;
Fisher’s exact test). This estimation is consistent with the
previous report?? and indicates that CD10-negative, BCL6-positive,
and MUM-1-positive DLBCL might represent a fraction of
non-germinal center B-cell-like (non-GCB)-DLBCL, according
to the immunohistochemistry-based DLBCL subclassification.®?
DLBCL cases carrying the gain-of-function type Notch2
mutations, thus, might constitute a discrete subset of non-GCB-
DLBCL.
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Fig. 2. Immunohistochemical  staining  of
lymphoma specimens for CD10, BCL6, and MUM-
1. Antibodies used were anti-CD10 monoclonal
antibody (mAb) (56C6; Novocastra, Norweil, MA,
USA), anti-BCL6 mAb (P1F6; Novocastra), and
antihuman MUM-1 mAb (MUM1p; Dako, Glostrup,
Denmark). The detection of antibody binding was
visualized by the avidin-biotin complex method
using diaminobenzidine as the chromogen. An Elipse
80i microscope was used (Nikon, Tokyo, Japan);
original magnification, x 200. Camera, Dxm1200F
(Nikon). Acquisition software, Act-1 (Nikon).

W117336}

Some mutation-carrying samples have increased copy number of
mutated Notch2 allele. Of particular interest is the fact that some
oncogenic mutations are associated with increases in DNA copy
number.??3 A high-density oligonucleotide microarray analysis’>
was carried out for 35 of 63 DLBCL samples in the current
cohort to evaluate genome-wide copy number alterations. This
analysis revealed an increased copy number of the Notch2 allele
in two samples, both of which carried the nonsense mutation.
The other 33 samples did not show Notch2 copy number
alterations. In one sample (W109539), amplification of the
Notch?2 locus in chromosome 1p was indicated by microarray
(Fig. 3a, left panel) and fluorescence in sifu hybridization (Fig. 3b)
analyses. An allele-specific copy number detection analysis
revealed an increase in the copy number of a single Notch2
allele (Fig. 3a, left panel). This allele must correspond to the
allele carrying the mutated Notch? gene because the mutated
band was overwhelmingly dominant in the PCR-SSCP analysis
(Fig. 1a). In the other sample (W121672) with a Notch2 copy
number increase, the genomic region encompassing the Notch2
locus on chromosome 1p through the telomere of chromosome
1q had three copies, whereas most of the 1p region had only one
copy (Fig. 3a, right panel). The Norch2 copy number increase
was confirmed by a quantitative real-time PCR analysis (Fig. 3c).
We were unable to determine whether the third Norch2 allele
contained wild-type or mutant Norch2 in this sample. In the
third sample carrying the nonsense mutation (I.8), a change in
the Notch2 copy number was not detected in the microarray
analysis (data not shown) and quantitative PCR analysis revealed
that the copy number was normal (Fig. 3¢). Both Notch2 alleles
in this sample, however, were likely to have the nonsense
mutation, thus representing uniparental disomy, losing the wild-type
Notch2, because the mutant band was overwhelmingly dominant
in the PCR-SSCP analysis (Fig. 1c). Taken together, these findings
indicate that some DLBCL samples have Notch2 mutations
and an increased copy number of the mutated Norch2 gene.

Notch2 receptors with mutations have increased activity in vitro.
To investigate the function of the Notch2 receptors encoded by
mRNA with the nonsense mutation (nsmN2), the single-base
deletion mutation (delstN2), and missense mutation (rgN2), we
established CHO(r) cell lines®” expressing wild-type Notch2,
nsmN2, delstN2, and rqN2 [wtN2/CHO(r), nsmN2/CHO(r),
delstN2/CHO(r), and rgN2/CHO(r)] and obtained independent
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clones expressing each Notch2 protein at similar levels, using
fluorescence-activated cell sorting with human Notch2-specific
antibody (Fig. 4a; Supporting Information Fig. S1). A Western blot
analysis showed that the expected sizes of the transmembrane
subunit species were expressed at comparable levels (Fig. 4b).
In a Notch-sensitive luciferase reporter assay,®? the luciferase
activity was significantly increased in nsmN2/CHO(r), delstN2/
CHO(), and rqN2/CHO(r) cells, compared with that in wtN2/
CHO(r) cells when stimulated with Deltal-Fc. Basal luciferase
activities with control IgG also tended to be higher in the three
mutant Notch2-expressing CHO(r) cells lines than in wtN2/
CHOX(r) (Fig. 4c). These results indicated that all three kinds of
mutation-carrying Notch2 had significantly increased levels of
transcriptional activity compared with wtN2, irrespective of the
strength of the Deltal stimulation.

To evaluate the effect of y-secretase inhibitor on wtN2 and
nsmN2, we added graded concentrations of DAPT to the Deltal-
Fe-stimulated bulk wtN2/CHO(r) and nsmN2/CHO(r). The
elevated luciferase activity was reproducible with the bulk
nsmN2/CHO(r), which was reduced by DAPT in a concentration-
dependent manner (Fig. 4d). The luciferase levels of both wtlN2/
CHO(r) and nsmN2/CHO(r) at 3 uM DAPT in the presence of
Deltal-Fc were below those in the presence of control IgG
without DAPT, implying spontaneous Notch2 activity with
only IgG in the culture system. The results also indicate that
increased Notch2 activity by the PEST domain deletion is still
dependent on y-secretase activity.

Discussion

The results of the present study showed gain-of-function mutations
of Notch2 and increased copy numbers of the mutated Notch2
allele in a subset of DLBCL. Both nonsense mutations and
single-base deletion mutations that we found in Notch2 cause
partial or complete deletion of the Notch2 PEST domain. Given
the marked structural similarities between Notchl and Notch2,
these mutations are thought to prolong the half-life of Notch2
ICN. In some T-ALL cell lines, both heterodimerization and
PEST domain mutations lie in ¢is in the same Notchl allele. The
reporter transcriptional activity of Notchl with these double
mutations was remarkably higher than that of wild-type Notchl
and Notchl1 with a single mutation at either the heterodimerization
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SNP, single nucleotide polymorphism. (b) Fluorescence in situ hybridization analysis for sample W109539 using probes corresponding to Notch2
(green signals) and a reference sequence on 1g23.3 (red signals). (c) Copy number evaluation of the Notch2 gene by quantitative real-time
polymerase chain reaction for samples L8 and W121672. The quantity of genomic DNA, extracted from samples 1.8 and W121672, MKN45 [a
stomach cancer cell line having a copy number loss at the Notch2 (1p13) locus], and normal peripheral blood mononuclear cells (PBMNC), was
normalized by real-time reverse transcription-polymerase chain reaction for the control locus (2q35). Statistical analysis (Student's t-test} showed
that the Notch2 gene dose was unchanged in sample L8, and significantly increased in sample W121782, relative to the Notch2 gene dose in the

PBMNC, whose mean level was adjusted to two copies. The number of samples was 24 in each arm. *P < 0.0001; **P = 0.79.

or PEST domain in the absence of exogenous ligand stimulation.
The activity of Notchl with a PEST domain deletion mutation
alone was only marginally higher than that of wild-type Notch1®.
We did not detect mutations in either heterodimerization domain
of Notch2 in the current cohort. It might be possible to identify
those mutations if the number of samples is increased. With the
PEST domain deletion alone, however, nsmN2 had a highly
significant increase in activity compared with wtN2. Thus, there
appears to be some disagreement between the effects of Notchl
PEST domain deletion and Notch2 PEST domain deletion,
although difference in the experimental systems used in the two
studies might cause such apparent disagreement. It remains to
be determined whether similar mutations found in Notchl and
Notch? have different biochemical and biologic significance.
The activity was also increased in rgN2, which has the
2453R/Q single amino acid substitution. This amino acid is
located on the C-terminal side of the PEST domain, and it is not
known whether this change affects the structure or function of
the PEST domain. Nevertheless, as the arginine residue is often
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a target of protein modification such as methylation,** this
amino acid change might convey a significant alteration in the
protein function and be involved in lymphomagenesis.

There are other examples of copy number increases associated
with oncogenic gene alterations, such as double Philadelphia
chromosomes (BCR/ABL copy number increase) in the blastic
crisis of chronic myelogenous leukemia®” and homozygous
JAK?2 mutations in polycythemia vera,®** both of which represent
clonal evolution and selection. In the present study, we showed
that at least two (or possibly three) cases had increased copy
numbers of the mutated Notch2 allele due to gene amplification
or mitotic recombination. This finding agrees with the recent
understanding that the allelic copy number increase after an
oncogenic mutation is a common mechanism of further transfor-
mation and selection of neoplastic cells.

Whether the presence of Notch2 gain-of-function mutations
has a prognostic indicator or further define a clinical entity
within DLBCL is yet to be clarified. Although the number of
cases is still small, our finding that all five cases with Notch2
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graded concentrations of DAPT. RAU, relative arbitrary units,

mutations showed the same immunohistochemical staining
pattern for CD10, BCL6 and MUM-1 might provide insight into
this issue. DLBCL is highly heterogeneous clinically, morpho-
logically, and genetically. The tissue microarray study based on
immunostaining of the tissue samples identified three antigens
(CD10, BCL6 and MUM-1) as useful markers to predict the
results of mRNA expression array studies®? and the staining
pattern of these three antigens could be used to divide DLBCL
cases into GCB and non-GCB groups.®? Whereas all the five
cases carrying Notch2 mutations in our study belonged to the
non-GCB group of DLBCL in this criterion, Troen ef al. recently
reported Notch2 mutations in two cases of MZB-cell lymphomas.®
Positions of these mutations are different from those that we
found, and their effect on the Notch2 function is not shown. We
did not find Notch2 mutations in MZB-cell lymphomas in our
cohort, yet the number of samples was not sufficient to draw
conclusions. Although we were unable to find evidence that
some or all the five cases carrying Notch2 mutations in our
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cohort are DLBCL transformed from MZB-cell lymphoma, this
might be an interesting possibility.

Enhanced activation of Notch signaling by exogenous ligand
stimulation or expression of constitutively active Notch proteins
supports the growth of a variety of tumor cells, including chronic
lymphocytic leukemia,®” non-Hodgkin’s lymphoma, and multiple
myeloma® cells. Alternatively, inhibition of Notch signaling by
Y-secretase inhibitors suppresses the growth of those tumor
cells, in which enhanced Notch signaling might be involved in
tumorigenesis.®? In contrast, a study of mice with a Notchl
deletion in keratinocytes revealed the tumor-suppressive feature
of Notch signaling.®® In a similar context, Notch2 activation
induces growth suppression in a wide range of B-cell malignancies,
raising the possibility that Notch2 functions as a tumor suppressor
in B cells.®® Thus, there appears to be a controversy regarding
whether Notch signaling has an oncogenic or antioncogenic role
in mature B-cell malignancies. It might be possible that Notch
signaling can induce both growth suppression and tumor promo-
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tion in the B-cell compartment, depending on the target window
within the various developmental stages of B cells.

Although it will require additional studies, including development
of animal models, to draw a definitive conclusion about the role of
Notch2 mutations in lymphomagenesis, our observations in this
study strongly indicate that deregulation of Notch2 signaling by
somatic Norch2 gene abnormalities contributes to the development
of a subset of DLBCL, the most frequent type of non-Hodgkin’s
lymphoma. Developing inhibitors of individual Notch molecules
might provide a new strategy for the treatment of different kinds
of malignancies, including T-ALL and DLBCL.
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Additional Supporting Information may be found in the online version of this article:

Fig. S1.

Specific binding of the mouse antihuman Notch2 monoclonal antibody (MHN2-25). MHN2-25 was added to individual CHO(r) cells and

analyzed by fluorescence-activated cell sorting. CHO(r), parental CHO(@r); wtN1/CHO(x), CHO(r) cells stably transfected with pTracerCMV/wild-type
human Notchl; wiN2/CHO(r), CHO(r) cells stably transfected with pTracerCMV/wild-type human Notch2. Broken lines, biotin-conjugated mouse 1gG2a/

k (isotype control); solid lines, biotin-conjugated MHN2-25.

Table S§1. Primers for polymerase chain reaction-single-stranded conformational polymorphism

Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries
(other than missing material) should be directed to the corresponding author for the article.
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Frequent inactivation of A20 in B-cell lymphomas

Motohiro Kato!?, Masashi Sanada®”’, Itaru Kato®, Yasuharu Sato’, Junko Takita'*?, Kengo Takeuchi®, Akira Niwa®,
Yuyan Chen®?, Kumi Nakazaki®®, Junko Nomoto®, Yoshitaka Asakura®, Satsuki Muto', Azusa Tamura’,
Mitsuru lio’, Yoshiki Akatsuka'!, Yasuhide Hayashi'?, Hiraku Mori'?, Takashi Igarashi?, Mineo Kurokawa®,
Shigeru Chiba®, Shigeo Mori'?, Yuichi Ishikawa®, Koji Okamoto'’, Kensei Tobinai’, Hitoshi Nakagama'®,
Tatsutoshi Nakahata®, Tadashi Yoshino’, Yukio Kobayashi® & Seishi Ogawa'?

A20 is a negative regulator of the NF-kB pathway and was initially
identified as being rapidly induced after tumour-necrosis factor-u
stimulation'. It has a pivotal role in regulation of the immune
response and prevents excessive activation of NF-kB in response
to a variety of external stimuli*”; recent genetic studies have
disclosed putative associations of polymorphic A20 (also called
TNEAIP3) alleles with autoimmune disease risk®®. However, the
involvement of A20 in the development of human cancers is
unknown. Here we show, using a genome-wide analysis of genetic
lesions in 238 B-cell lymphomas, that A20 is a common genetic
target in B-lineage lymphomas. A20 is frequently inactivated by
somatic mutations and/or deletions in mucosa-associated tissue
fymphoma (18 out of 87; 21.8%) and Hodgkin’s lymphoma of
nodular sclerosis histology (5 out of 15; 33.3%), and, to a lesser
extent, in other B-lineage lymphomas. When re-expressed in a
lymphoma-derived cell line with no functional A20 alleles, wild-
type A20, but not mutant A20, resulted in suppression of cell
growth and induction of apoptosis, accompanied by downregula-
tion of NF-kB activation. The A20-deficient cells stably generated
tumours in immunodeficient mice, whereas the tumorigenicity
was effectively suppressed by re-expression of A20. In A20-
deficient cells, suppression of both cell growth and NF-kB activity
due to re-expression of A20 depended, at least partly, on cell-
surface-receptor signalling, including the tumour-necrosis factor
receptor. Considering the physiological function of A20 in the
negative modulation of NF-kB activation induced by multiple
upstream stimuli, our findings indicate that uncontrolled signal-
ling of NF-kB caused by loss of A20 function is involved in the
pathogenesis of subsets of B-lineage lymphomas.

Malignant lymphomas of B-cell lineages are mature lymphoid neo-
plasms that arise from various lymphoid tissues’". To obtain a com-
prehensive registry of genetic lesions in B-lineage lymphomas, we
performed a single nucleotide polymorphism (SNP) array analysis
of 238 primary B-cell lymphoma specimens of different histologies,
including 64 samples of ditfuse large B-cell lymphomas (DLBCLs), 52
follicular lymphomas, 35 mantle cell lymphomas (MCLs), and 87
mucosa-associated tissue (MALT) lymphomas (Supplementary
Table 1). Three Hodgkin’s-lymphoma-derived cell lines were also
analysed. Interrogating more than 250,000 SNP sites, this platform
permitted the identification of copy number changes at an average
resolution of less than 12 kilobases (kb). The use of large numbers of

SNP-specific probes is a unique feature of this platform, and com-
bined with the CNAG/AsCNAR software, enabled accurate deter-
mination of ‘allele-specific’ copy numbers, and thus allowed for
sensitive detection of loss of heterozygosity (LOH) even without
apparent copy-number reduction, in the presence of up to 70-80%
normal cell contamination'®',

Lymphoma genomes underwent a wide range of genetic changes,
including numerical chromosomal abnormalities and segmental gains
and losses of chromosomal material (Supplementary Fig. 1), as wellas
copy-number-neutral LOH, or uniparental disomy (Supplementary
Fig. 2). Each histology type had a unique genomic signature, indi-
cating a distinctive underlying molecular pathogenesis for different
histology types (Fig. 1a and Supplementary Fig. 3). On the basis of the
genomic signatures, the initial pathological diagnosis of MCL was re-
evaluvated and corrected to DLBCL in two cases. Although most copy
number changes involved large chromosomal segments, a number of
regions showed focal gains and deletions, accelerating identification of
their candidate gene targets. After excluding known copy number vari-
ations, we identified 46 loci showing focal gains (19 loci) or deletions
(27 loci) (Supplementary Tables 2 and 3 and Supplementary Fig. 4).

Genetic lesions on the NF-xB pathway were common in B-cell
lymphomas and found in approximately 40% of the cases (Supple-
mentary Table 1), underpinning the importance of aberrant NF-xB
activation in lymphomagenesis'™" in a genome-wide fashion. They
included focal gain/amplification at the REL locus (16.4%) (Fig. 1b)
and TRAF6locus (5.9%), as well as focal deletions at the PTEN locus
(5.5%) (Supplementary Figs 1 and 4). However, the most striking
finding was the common deletion at 6¢23.3 involving a 143-kb seg-
ment. It exclusively contained the A20 gene (also called TNFAIP3), a
negative regulator of NF-kB activation®™" (Fig. 1b), which was
previously reported as a candidate target of 6q23 deletions in ocular
lymphoma’®, LOH involving the A20locus was found in 50 cases, of
which 12 showed homozygous deletions as determined by the loss of
both alleles in an allele-specific copy number analysis (Fig. 1b, Table 1
and Supplementary Table 4). On the basis of this finding, we searched
for possible tumour-specific mutations of A20 by genomic DNA
sequencing of entire coding exons of the gene in the same series of
lymphoma samples (Supplementary Fig. 5). Because two out of the
three Hodgkin’s-lymphoma-derived cell lines had biallelic A20
deletions/mutations (Supplementary Fig. 6), 24 primary samples
from Hodgkin’s lymphoma were also analysed for mutations, where
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Figure 1| Genomic signatures of different B-cell lymphomas and common
genetic lesions at 2p16-15 and 6g23.3 involving NF-xB pathway genes.

a, Twenty-nine genetic lesions were found in more than 10% in at least one
histology and used for clustering four distinct histology types of B-lineage

Iymphomas. The frequency of each genetic lesion in each histology type is

colour-coded. FL, follicular lymphoma; UPD, uniparental disomy.

b, Recurrent genetic changes are depicted based on CNAG output of the SNP
array analysis of 238 B-lineage lymphoma samples, which include gains at

the REL locus on 2p16-15 (left panel) and the A20 locus on 6q23.3 (right

genomic DNA was extracted from 150 microdissected CD30-positive
tumour cells (Reed—Sternberg cells) for each sample. A20 mutations
were found in 18 out of 265 lymphoma samples (6.8%) (Table 1),
among which 13 mutations, including nonsense mutations (3 cases),
frame-shift insertions/deletions (9 cases), and a splicing donor site
mutation (1 case) were thought to result in premature termination of
translation (Fig. 1c). Four missense mutations and one intronic
mutation were identified in five microdissected Hodgkin’s lym-
phoma samples. They were not found in the surrounding normal
tissues, and thus, were considered as tumour-specific somatic
changes.

In total, biallelic A20 lesions were found in 31 out of 265 lym-
phoma samples including 3 Hodgkin’s lymphoma cell lines.
Quantitative analysis of SNP array data suggested that these A20
lesions were present in the major tumour fraction within the samples
(Supplementary Fig. 7). Inactivation ot A20 was most frequent in
MALT lymphoma (18 out of 87) and Hodgkin’s lymphoma (7 out of
27), although it was also found in DLBCL (5 out of 64) and follicular
lymphoma (1 out of 52) at lower frequencies. In MALT lymphoma,
biallelic A20 lesions were confirmed in 18 out of 24 cases (75.0%)
with LOH involving the 6q23.3 segment (Supplementary Fig. 8).
Considering the limitation in detecting very small homozygous dele-
tions, A20 was thought to be the target of 6923 LOH in MALT
lymphoma. On the other hand, the 6q23 LOHs in other histology
types tended to be extended into more centromeric regions and less
frequently accompanied biallelic A20 lesions (Supplementary Fig. 8
and Supplementary Table 4), indicating that they might be more

panel). Regions showing copy number gain or loss are indicated by
horizontal lines. Four histology types are indicated by different colours,
where high-grade amplifications and homozygous deletions are shown by
darker shades to discriminate from simple gains (copy number =4) and
losses (copy number = 1) (lighter shades). ¢, Point mutations and small
nucleotide insertions and deletions in the A20 (TNFAIP3) gene caused
premature truncation of A20 in most cases. Altered amino acids caused by
frame shifts are indicated by green bars.

heterogeneous with regard to their gene targets. We were unable to
analyse Hodgkin’s lymphoma samples using SNP arrays owing to
insufficient genomic DNA obtained from microdissected samples,
and were likely to underestimate the frequency of A20 inactivation
in Hodgkin’s lymphoma because we might fail to detect a substantial
proportion of cases with homozygous deletions, which explained
50% (12 out of 24) of A20 inactivation in other histology types.
A20 mutations in Hodgkin’s lymphoma were exclusively found in
nodular sclerosis classical Hodgkin’s lymphoma (5 out of 15) but not
in other histology types (0 out of 9), although the possible association
requires further confirmation in additional cases.

A20 is a key regulator of NF-xB signalling, negatively modulating
NF-xB activation through a wide variety of cell surface receptors and
viral proteins, including tumour-necrosis factor (TNF) receptors, toll-
like receptors, CD40, as well as Epstein—Barr-virus-associated LMP1
protein®>'*'%, Tq investigate the role of A20 inactivation in lympho-
magenesis, we re-expressed wild-type A20 under a Tet-inducible pro-
moter in a lymphoma-derived cell line (KM-H2) that had no
functional A20alleles (Supplementary Fig. 6), and examined the effect
of A20 re-expression on cell proliferation, survival and downstream
NF-xB signalling pathways. As shown in Fig. 2a—c and Supplementary
Fig, 9, re-expression of wild-type A20 resulted in the suppression of cell
proliferation and enhanced apoptosis, and in the concomitant accu-
mulation of IkBf and IxBe, and downregulation of NF-kB activity. In
contrast, re-expression of two lymphoma-derived A20 mutants,
A20°259F oy 20755 failed to show growth suppression, induction
of apoptosis, accumulation of IxBp and IkBe or downregulation of

m
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Table 1] Inactivation of A20 in B-lineage lymphomas

NATURE} Vol 459]4 June 2009

Histelogy Tissue Sample Allele Uniparental disomy Exon Mutation Biallelic inactivation
DLBCL 5 out of 64 (7.8%)
Lymph node DLBCLOO8 —/= No - -
Lymph node DLBCLO16 +/—= No Ex2 329insA
Lymph node DLBCLO22 —-/= No - -
Lymph node DLBCLO28 —f Yes - -
Lymph node MCLOO8* -/ Yes - -
Follicutar lymphoma 1 out of 52 (1.9%)
Lymph node FLO24 ~/ = No - -
MCL 0 out of 35 (0%)
MALT 18 out of 87 (21.8%)
Stormach 3 out of 23 (13.0%)
Gastric mucosa MALTO013 +/+ Yes Ex5 705insG
Gastric mucosa MALTO014 +/+ Yes Ex3 Ex3 donor site>>A
Gastric mucosa MALT036 +/= No Ex7 delintron6-Ex7+
Eye 13 out of 43 (30.2%)
Ocular adnexa MALTO008 -/= No - -
Ocular adnexa MALTO017 -/ = No - —
Ocular adnexa MALTO51 ) No Ex7 1943delTG
Ocular adnexa MALTO53 +=/+ Yes Ex6 1016G>>A(stop)
Ocular adnexa MALTO0S4 +/= No Ex3 502delTC
Ocular adnexa MALTO55 -~ No - -
Ocular adnexa MALTO066 A No Ex7 1581insA
Ocular adnexa MALT067 ) No - -
Ocular adnexa MALTO082 ~/= Yes - -
Ocular adnexa MALTO084 -/= Yes - -
Ocular adnexa MALTO085 +/ Yes Ex7 1435insG
Ocular adnexa MALTO086 +/+ Yes Ex6 878C>T(stop)
Ocular adnexa MALTO087 +/ Yes Ex9 2304delGG
Lung 2 out of 12 (16.7%)
Lung MALTO042 —f No - -
Lung MALTO047 +/+ Yes Ex9 2281insT
Otheri 0 out of 3 (0%)
Hodgkin's lymphoma 7 out of 27 (26.0%)
NSHL Lymph node HL10 ND ND Ex7 1777G>AV571)
NSHL Lymph node HL12 ND ND Ex7 1156A>G(R364G)
NSHL Lymph node HL21 ND ND Ex4 569G>A(stop)
NSHL Lymph node HL24 ND ND Ex3 1487C>A(T474N)
NSHL Lymph node HL23 ND ND - intron 38
Cell line KM-H2 -/ = No -
Cell fine HDLM2 +/= No Ex4 616ins29bp| |
Total 31 out of 265

(11.7%)

DLBCL, diffuse large B-cell lymphoma; MALT, MALT lymphoma; MCL, mantle cell lyrphoma; ND, not determined because SNP array analysis was not performed; NSHL, nodular sclerosis classical

Hadgkin's lymphorna.

* Diagnosis was changed based on the genomic data, which was confirmed by re-examination of pathology.

+ Deletion including the boundary of intron 6 and exon 7 (see also Supplementary Fig. 5b).
#Including 1 parotid gland, 1 salivary gland, 2 colon and 5 thyroid cases.

?Insertion of CTC at —19 bases from the beginning of exon 3.

| “Insertion of TGGCTTCCACAGACACACCCATGGCCCGA.

NF-«B activity (Fig. 2a~c), indicating that these were actually loss-of-
function mutations. To investigate the role of A20 inactivation in
lymphomagenesis in vivo, A20- and mock-transduced KM-H2 cells
were transplanted in NOD/SCID/v.™™ (NOG) mice™, and their
tumour formation status was examined for 5 weeks with or without
induction of wild-type A20 by tetracycline administration. As shown
in Fig. 2d, mock-transduced cells developed tumours at the injected
sites, whereas the Terinducible A20-transduced cells generated
tumours only in the absence of A20 induction (Supplementary
Table 5), further supporting the tumour suppressor role of A20 in
lymphoma development.

Given the mode of negative regulation of NF-kB signalling, we next
investigated the origins of NF-kB activity that was deregulated by A20
loss in KM-H2 cells. The conditioned medium prepared from a 48-h
serum-free KM-H2 culture had increased NF-xB upregulatory activity
compared with fresh serum-free medium, which was inhibited by re-
expression of A20 (Fig. 3a). KM-H2 cells secreted two known ligands
for TNF receptor—TNF-o and lymphotoxin-o (Supplementary Fig.
10)**—and adding neutralizing antibodies against these cytokines into
cultures significantly suppressed their cell growth and NF-xB activity
without affecting the levels of their overall suppression after A20

714

induction (Fig. 3b, d). In addition, recombinant TNF-¢ and/or lym-
photoxin-o added to fresh serum-free medium promoted cell growth
and NF-«B activation in KM-H2 culture, which were again suppressed
by re-expression of A20 (Fig. 3¢, e). Although our data in Fig, 3 also
show the presence of factors other than TNF-o and lymphotoxin-o in
the KM-H2-conditioned medium—as well as some intrinsic pathways
in the cell (Fig. 3a)—that were responsible for the A20-dependent NF-
KB activation, these results indicate that both cell growth and NF-xB
activity that were upregulated by A20 inactivation depend at least
partly on the upstream stimuli that evoked the NF-xB-activating sig-
nals.

Aberrant activation of the NF-xB pathway is a hallmark of several
subtypes of B-lineage lymphomas, including Hodgkin’s lymphoma,
MALT lymphoma, and a subset of DLBCL, as well as other lymphoid
neoplasms'"", where a number of genetic alterations of NF-xB sig-
nalling pathway genes®~, as well as some viral proteins*~, have
been implicated in the aberrant activation of the NF-kB pathway™.
Thus, frequent inactivation of A20 in Hodgkin’s lymphoma and
MALT and other lymphomas provides a novel insight into the
molecular pathogenesis of these subtypes of B-lineage lymphomas
through deregulated NF-xB activation. Because A20 provides a

©2009 Macmillan Publishers Limited. All rights reserved
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Figure 2 | Effects of wild-type and mutant A20 re-expressed in a
lymphoma cell line that lacks the normal A20 gene. a, Western blot analyses
of wild-type (WT) and mutant (A207**'°P and A2077°59P) A20, as well as
IxBf and IxBg, in KM-H2 cells, in the presence or absence of tetracycline
treatment (top panels). A20N and A20C are polyclonal antisera raised
against N-terminal and C-terminal A20 peptides, respectively. B-actin blots
are provided as a control, NF-xB activities are expressed as mean
absorbance * s.d. (n = 6) in luciferase assays (bottom panel).

b, Proliferation of KM-H2 cells stably transduced with plasmids for mack
and Tet-inducible wild-type A20, A20**75°P and A207°%%'°? was measured
using a cell counting kit in the presence (red lines) or absence (blue lines) of
tetracycline, Mean absorbance * s.d. (n = 5) is plotted. ¢, The fractions of
Annexin-V-positive KM-H2 cells transduced with various Tet-inducible A20
constructs were measured by flow cytometry after tetracycline treatment and
the mean values (*s.d,, n = 3) are plotted. d, In vivo tumorigenicity was
assayed by inoculating 7 X 10° KM-H2 cells transduced with mock or Tet-
inducible wild-type A20 in NOG mice, with (right panel) or without (left
panel) tetracycline administration.

negative feedback mechanism in the regulation of NF-kB signalling
pathways upon a variety of stimuli, aberrant activation of NF-«B will
be a logical consequence of A20 inactivation. However, there is also
the possibility that the aberrant NF-xB activity of A20-inactivated
lymphoma cells is derived from upstream stimuli, which may be from
the cellular environment. In this context, it is intriguing that MALT
lymphoma usually arises at the site of chronic inflammation caused
by infection or autoimmune disorders and may show spontaneous
regression after eradication of infectious organisms®; furthermore,
Hodgkin’s lymphoma frequently shows deregulated cytokine pro-
duction from Reed-Sternberg cells and/or surrounding reactive
cells?. Detailed characterization of the NF-kB pathway regulated
by A20 in both normal and neoplastic B lymphocytes will promote
our understanding of the precise roles of A20 inactivation in the
pathogenesis of these lymphoma types. Our finding underscores
the importance of genome-wide approaches in the identification of
genetic targets in human cancers.
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Figure 3 | Tumour suppressor role of A20 under external stimuli. a, NF-xB
activity in KM-H2 cells was measured 30 min after cells were inoculated into
fresh medium (FM) or KM-H2-conditioned medium (CM) obtained from
the 48-h culture of KM-H2, and was compared with the activity after 48 h
continuous culture of KM-H2 (CC), A20 was induced 12 h before
inoculation in Tet (+) groups. b, ¢, Effects of neutralizing antibodies against
TNF-o and lymphotoxin-o (LTa) (b) and of recombinant TNF-o, and LT-u
added to the culture (¢) on cell growth were evaluated in the presence (Tet
(+)) or absence (Tet (—)) of A20 induction. Cell numbers were measured
using a cell counting kit and are plotted as their mean absorbance * s.d.
(n=6). d, e, Effects of the neutralizing antibodies (d) and the recombinant
cytokines added to the culture () on NF-«B activities and the levels of IxBp
and IkBs after 48 h culture with (Tet (+)) or without (Tet (—)) tetracycline
treatment. NF-kB activities are expressed as mean absorbance = s.d. (11 = 6)
in luciferase assays.

METHODS SUMMARY

Genomic DNA from 238 patients with non-Hodgkin’s lymphoma and three
Hodgkin's-lymphoma-derived cell lines was analysed using GeneChip SNP
genotyping microarrays (Affymetrix). This study was approved by the ethics
boards of the University of Tokyo, National Cancer Institute Hospital,
Okayama University, and the Cancer Institute of the Japanese Foundation of
Cancer Research. After appropriate normalization of mean array intensities,
signal ratios between tumours and anonymous normal references were calcu-
lated in an allele-specific manner, and allele-specific copy numbers were inferred
from the observed signal ratios based on the hidden Markov model using CNAG/
AsCNAR software (http://www.genome.umin.jp). A20 mutations were exam-
ined by directly sequencing genomic DNA using a set of primers {Supplementary
Table 6). Full-length cDNAs of wild-type and mutant A20were introduced into a
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lentivirus vector, pLentid/TO/V5-DEST (Invitrogen), with a Tet-inducible pro-
moter. Viral stocks were prepared by transfecting the vector plasmids into 293FT
cells (Invitrogen) using the calcium phosphate method and then infected to the
KM-H2 cell line. Proliferation of KM-H2 cells was measured using a Cell
Counting Kit {Dojindo). Western blot analyses and luciferase assays were per-
formed as previously described. NT-xB activity was measured by luciferase assays
in KM-H2 cells stably transduced with a reporter plasmid having an NF-kB
response element, pGL4.32 (Promega). Apoptosis of KM-H2 upon A20 induc-
tion was evaluated by counting Annexin-V-positive cells by flow cytometry. For
in vivotumorigenicity assays, 7 X 10° KM-T2 cells were transduced with the Tet-
inducible A20 gene and those with a mock vector were inoculated on the contra-
lateral sides in eight NOG mice’ and examined for their tumour formation with
(1 =4) or without (# = 4) tetracycline administration. Full copy number data of
the 238 lymphoma samples will be accessible from the Gene Expression Omnibus
(GEOQ, http://ncbi.nlm.nih.gov/geo/) with the accession number GSE12906.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Specimens. Primary tumour specimens were obtained from patients who were
diagnosed with DLBCL, follicular lymphoma, MCL, MALT lymphoina, or classical
Hodgkin's lymphoma. In total, 238 primary lymphoma specimens listed in
Supplementary Table 1 were subjected to SNP array analysis. Three Hodgkin's-
lymphoma-derived cell lines (KM-H2, HDLM2, 1540) were obtained from
Hayashibara Biochemical Laboratories, Inc., Fujisaki Cell Center and were also
analysed by SNP array analysis.

Microarray analysis. High-molecular-mass DNA was isolated from tumour
specimens and subjected to SNP array analysis using GeneChip Mapping 50K
and/or 250K arrays (Affymetrix). The scanned array images were processed with
Gene Chip Operation softwvare (GCOS), followed by SNP calls using GTYPE.
Genome-wide copy number measurements and LOH detection were performed
using CNAG/AsCNAR software'*",

Mutation analysis. Mutations in the A20 gene were examined in 265 samples of
B-lineage lymphoma, including 62 DLBCLs, 52 follicular lymphomas, 87
MALTs, 37 MCLs and 3 Hodgkin’s-lymphoma-derived celi lines and 24 primary
Hodgkin’s lymphoma samples, by direct sequencing using an ABI PRISM 3130x!
Genetic Analyser (Applied Biosystems). To analyse primary Hodgkin's tym-
phoma samples in which CD30-positive tumour cells (Reed-Sternberg cells)
account for only a fraction of the specimen, 150 Reed-Sternberg cells were
collected for each 10 pum slice of a formalin-fixed block immunostained for
CD30 by laser-capture microdissection (ASLMD6000, Leica), followed by geno-
mic DNA extraction using QIAamp DNA Micro kit (Qiagen). The primer sets
used in this study are listed in Supplementary Table 6.

Functional analysis of wild-type and mutant A20. Full-length ¢cDNA for wild-
type A20 was isolated from total RNA extracted from an acute myeloid
leukaemia-derived cell line, CTS, and subcloned into a lentivirus vector
(pLentid/TO/V5-DEST, Invitrogen). ¢cDNAs for mutant A20 were generated
by PCR amplification using mutagenic primers (Supplementary Table 6), and
introduced into the same lentivirus vector. Forty-eight hours after transfection
of each plasmid into 293FT cells using the calcium phosphate method, lentivirus
stocks were obtained from ultrafiltration using Amicon Ultra (Millipore), and
used to infect KM-H2 cells to generate stable transfectants of mock, wild-type
and mutant A20, Each KM-H2 derivative cell line was further transduced stably
with a reporter plasmid (pGlL4.32, Promega) containing a luciferase gene under
an NF-xB-responsive element by electroporation using Nucleofector reagents
(Amaxa).

Assays for cell proliferation and NF-xB activity. Proliferation of the KM-H2
derivative cell lines was assayed in triplicate using a Cell Counting Kit (Dojindo).
The mean absorption of five independent assays was plotted with s.d. for each
derivative line. Two independent KM-H2-derived cell lines were used for each
experiment. The NF-xB activity in KM-H2 derivatives for A20 mutants was
evaluated by luciferase assays using a PiccaGene Luciferase Assay Kit (TOYO
B-Net Co.). Each assay was performed in triplicate and the mean absorption of
five independent experiments was plotted with s.d.

Western blot analyses. Polyclonal anti-sera against N-terminal (anti-A20N) and
C-terminal (anti-A20C) A20 peptides were generated by immunizing rabbits with

nature

these peptides (LSNMRKAVKIRERTPEDIC for anti-A20N and CFQFKQMYG
for anti-A20C, respectively). Total cell lysates from KM-H2 cells were separated on
7.5% polyacrylamide gel and subjected to western blot analysis using antibodies to
A20 (anti-A20N and anti-A20C), 1xBw (sc-847), IxBp (sc-945), IxBy (sc-7155)
and actin (sc-8432) (Santa Cruz Biotechnology).

Functional analyses of wild-type and mutant A20. Each KM-H2 derivative cell
line stably transduced with various Ter-inducible A20 constructs was cultured in
serumn-free medium in the presence or absence of A20 induction using 1 pgml ™!
of tetracycline, and cell number was counted every day. 1 X 10° cells of each KM-
H2 derivative cell line were analysed for their intracellular levels of IxBp and IxBg
and for NF-xB activities by western blot analyses and luciferase assays, respectively,
12 hafter the beginning of cell culture. Effects of human recombinant TNF-ot and
lymphotoxin-o (210-TA and 211-TB, respectively, R&D Systems) on the NF-xB
pathway and cell proliferation were evaluated by adding both cytokines into 10 ml
of serum-free cell culture at a concentration of 200 pgmi™". For cell proliferation
assays, culture medium was half replaced every 12 h to minimize the side-eftects of
autocrine cytokines, Intracellular levels of IkBp, IxBg and NF-«B were examined
12h after the beginning of the cell culture, To evaluate the effect of neutralizing
TNF-2 and lymphotoxin-o, 1 X 10° of KM-H2 cells transduced with both Tet-
inducible A20 and the NF-xB-luciferase reporter were pre-cultured in serum-free
media for 36 h, and thereafter neutralizing antibodies against TNF-o (MAB210,
R&D Systems) and/or lymphotoxin-¢ (AF-211-NA, R&D Systems) were added to
the media at a concentration of 200 pgml™", After the extended culture during
12h with or without 1 pgml™" tetracycline, the intracellular levels of IxBp and
IxBe and NF-kB activities were examined by western blot analysis and luciferase
assays, respectively. To examine the effects of A20 re-expression on apoptosis,
1 X 10° KM-H2 cells were cultured for 4 days in 10 ml medium with or without
Tet induction. After staining with phycoerythrin-conjugated anti-Annexin-V
(ID556422, Becton Dickinson), Annexin-V-positive cells were counted by flow
cytometry at the indicated times.

In vivo tumorigenicity assays. KM-H2 cells transduced with a mock or Tet-
inducible wild-type A20 gene were inoculated into NOG mice and their tumor-
igenicity was examined for 5 weeks with or without tetracycline administration.
Injections of 7 X 10° cells of each KM-H2 cell line were administered to two
opposite sites in four mice. Tetracycline was administered in drinking water ata
concentration of 200 pgmi ™’

ELISA. Concentrations of TNF-o, lymphotoxin-a, 1L-1, IL-2, IL-4, IL-6, IL-12,
[L-18 and TGF- in the culture medium were measured after 48 h using ELISA.
For those cytokines detectable after 48-h culture (TNFq, LTv, and IL-6), their
time course was examined further using the Quantikine ELISA kit (R&D
Systems).

Statistical analysis. Significance of the difference in NF-kB activity between two
given groups was evaluated using a paired f-test, in which the data from each
independent luciferase assay were paired to calculate test statistics. To evaluate
the effect of A20 re-expression in KM-H2 cells on apoptosis, the difference in the
fractions of Annexin-V-positive cells between Tet (+) and Tet {—) groups was
also tested by a paired t-test for assays, in which the data from the assays per-
formed on the same day were paired.
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Human embryonic stem cells (hESCs)
proliferate infinitely and are pluripotent.
Only a few reports, however, describe
specific and efficient methods to induce
hESCs to differentiate into mature blood
cells. It is important to determine whether
and how these cells, once generated,
behave similarly with their in vivo-
produced counterparts. We developed a
method to induce hESCs to differentiate
into mature neutrophils. Embryoid bod-
ies were formed with bone morphogenic

ligand (FL), interleukin-6 (IL-6)/[L-6 recep-
tor fusion protein (FP6), and thrombopoi-
etin (TPO). Cells derived from the embry-
oid bodies were cultured on a layer of
irradiated OP9 cells with a combination of
SCF, FL, FP§, IL-3, and TPO, which was
later changed to granulocyte—colony-
stimulating factor. Morphologically ma-
ture neutrophils were obtained in approxi-
mately 2 weeks with a purity and efficiency
sufficient for functional analyses. The
population of predominantly mature neu-
trophils (hESC-Neu’s) showed superox-

ide production, phagocytosis, bacteri-
cidal activity, and chemotaxis similar to
peripheral blood neutrophils from healthy
subjects, although there were differences
in the surface antigen expression pat-
terns, such as decreased CD16 expres-
sion and aberrant CD64 and CD14 expres-
sion in hESC-Neu’s, Thus, this is the first
description of a detailed functional analy-
sis of mature hESC-derived neutrophils.
(Blood. 2009;113:6584-6592)

protein-4, stem cell factor (SCF), FIt-3

Introduction

Embryonic stem (ES) cells can self-renew and differentiate into
cells derived from all 3 germ layers (ie, ectoderm, endoderm, and
mesoderm). Both mouse and human ES cells give rise to mature
bload cells of granulocyte/macrophage, erythroid, and megakary-
oid lineages in vitro. For blood cell induction from ES cells. the
majority of investigators use a coculturing system with mouse
stromal cells such as S17' or OP9.>3 Embryoid body (EB)
formation is also & commonly used method to obtain starting
materials for further culture.*¢ Cell surface antigens. such as CD45
and CD34, and colony-forming ability are used as blood cell
markers. Hemangioblasts. which have the capacity to differentiate
into both endothelial and blood cells, have also been produced.”
Only a few studies, however, have achieved specific and effective
induction of mature blood cells from ES cells, particularly human
ES cells (hESCs).¢

Human ESC-derived blood cells are potentially useful as a
replacement for donation-based blood for transfusion in clinical
settings. for drug discovery screening. and for monitoring drug
efficacy and toxicity. The current blood denation system for
transfusion is incapable of providing enough granulocytes for
patients with life-threatening neutropenia. although granulocyte
transfusion could have a potentially significant benefit for a
certain population of severcly ncutropenic patients.!’-!2 Given
the large amount of neutrophils required for transfusion,!?
hESC-derived neutrophils might be a unique solution for this
treatment demand. Therefore, the development of a highly
effective method of neutrophil differentiation from hESCs is an

important step for both clinical application of hESCs and
granulocyte transfusion medicine.

The lack of an effective method for obtaining hESC-derived
neutrophils with purity sufficient for functional analysis, however,
has hampered progress in this field. Once neutrophils with a high
purity can be generated from hESCs, it will be important to
compare their activities with those of neutrophils produced in vivo,
particularly given the fact that hRESCs rarely give rise to hematopoi-
etic stem cells in vitro."* and thus, that hRESC-derived neutrophils
might not be a progeny of hematopoietic stem cells. Here, we
developed an effective method of deriving mature neutrophils from
hESCs through EB formation and subsequent coculture with OP9,
and analyzed their morphologic and phenotypic characteristics. We
then performed functional analyses of hESC-derived neutrophils in
vitro, focusing on superoxide production, phagocytosis, bacteri-
cidal activity, and chemotaxis, in comparison with peripheral blood
neutrophils (PB-Neu's) obtained from healthy subjects.

Methods

Human ES cell culture and EB formation

In all experiments using hESCs, we used KhES-3' cells (a kind gift from
Dr Nakatsuji; Kyoto University, Kyoto, Japan), which were maintained as
previously described. ' Bricfly, KhES-3 colonics were cultured on itradi-
ated mouse embryonic tibroblasts in Dulbecco moditied Eagle medium/F12
(Invitrogen. Carlsbad, CA) supplemented with 20% KNOCKOUT serum
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replacer (Invitrogen) and 2.5 ng/mL human basic fibroblast growth factor
(Invitrogen). The culture medium was replaced daily with fresh medium.
Colonies were passaged onlo new mouse embryonic fibroblasts every 6
days. To induce the formation of EBs. KhES-3 colonies were picked up
using collagenase, and cultured in suspension in nonserum stem cell
medium that we previously used in a hematopoietic stem cell expansion
protocol.!” After 24 hours. the colonies formed EBs, which were collected
and cultured further for 17 days in Iscove modified Dulbecco medium
(IMDM: Invitrogen) containing 15% fetal bovine seram (FBS), 1%
nonessential amino acid (Invitrogen), 2 mM L-glutamine, 100 U/l penicil-
lin, 100 pg/mL streptomycin, and 0.1 mM 2-mercaptoethanol (ME) supple-
mented with cytokines (25 ng/mL bonc morphogenic protein-4 [R&D
Systemis, Minneapolis, MN], 50 ng/mL stem cell factor [SCF; R&D
Systems]. 50 ng/mL Flt-3 ligand [R&D Systems], 50 ng/mL interleukin-6
{IL-6)/IL-6 receptor fusion protein [FP6: Kyowa Hakko Kirin, Tokyo,
Japan], and 20 ng/mL thrombopoietin [TPO; Kyowa Hakko Kirin]).

Expansion of hematopoietic progenitor cells and terminal
differentiation into mature neutrophils on OP9 stromal cells

OP9 cells (a kind gift from Dr Nakano; Osaka University, Osaka, Japan)
were irradiated with 20 Gy and plated onto gelatin-coated G-well tissue
culture plates at a density of 1.5 X 10%well. The next day, the EBs
(incubated for 18 days after the initiation of suspension culture) were
trypsinized and disrupted into single cells. Cells were suspended in the
progenitor expansion medium (iIMDM supplemented with 10% FBS, 10%
horse serum |StemCell Technologies, Vancouver. BC], 5% protein-free
hybridoma medium [Invitrogen], 0.1 mM 2-ME. 100 U/mL penicillin,
100 pg/mL streptomycin, 100 ng/mL SCF, Flt-3 ligand. FP6, and 10 ng/mL
TPO and IL-3 {R&D Systems]) and plated onto the irradiated OP9 cells
(day 0). Each well contained up to 5 X 107 EB-derived cells. The culture
medium was replaced with fresh medivm on day 4.

On day 7 of the progenitor expansion phase. floating cells were
collected, suspended with terminal differentiation mediwm (IMDM supple-
mented with 10% FBS, 0.1 mM 2-ME, 100 U/mL penicillin. 100 pg/mlL
streptomycin, and 50 ng/mb granulocyte colony-stimulating factor [G-
CSF; Kyowa Hakko Kirin}), and transferred onto the newly irradiated OP9
cells. The culture medium was replaced with fresh medium on day 10. This
terminal differentiation phase culture was continued for 6 or 7 days.

Preparation of normal PB-Neu’s and bone marrow
mononuclear cells

Human peripheral blood and bone marrow cells were obtained from healthy
adult donors after obtaining informed consenl in accordance with the
Declaration of Helsinki. The institutional review board of the University of
Tsukuba approved the use of peripheral blood neutrophils in this research.
PB-Neu's were prepared as previously described.’® The purity of the
neutrophils was greater than 90%. with the remaining cells mainly
eosinophils. Neutrophils were suspended in Hanks balanced sall solution
(HBSS; Invitrogen) containing 0.5% bovine serum albumin (BSA) and
placed at 4°C. In some experiments, peripheral blood mononuclear cells
(PB-MNCs) were collected from the intermediate layer after centrifugation
with Lymphoprep (Axis-shield, Oslo, Norway). Bone marrow cells were
directly centrifuged with Lymphoprep, and only mononuclear cells were
collected. Bone marrow mononuclear cells (BM-MNCs) were used imme-
diately for RNA extraction.

Wright-Giemsa, myeloperoxidase, and alkaline-phosphatase
staining

The morphology and granule characteristics of hESC-derived cells at the
indicated days were assessed by Wright-Giemsa staining, comparing them
with normal PB-Neu’s. Myeloperoxidase and alkaline-phosphatase staining
was performed using the New PO-K staining kit and alkaline phosphatase
staining kit (MUTO PURE CHEMICALS, Tokyo. }apan). The prepared
slides were inspected using an Olympus BX51 microscope equipped with a
100 X /1.30 UPlan objective lens (Olympus, Tokyo, Japan). Images were
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acquired with an HC-2500 digital camera and Photograb-2500 software
(Fujifilm, Tokyo, Japan).

Electron microscopy

After 13 or 14 days culture, the population contained predominantly
morphologically mature neutrophils. and was defined as hESC-Neu's. The
hESC-Neu’s and PB-Neu’s were fixed in 2% paraformaldehyde/2.5%
glutaraldehyde in 0.1 M phosphate buffered saline (PBS: Invitrogen) for at
least 12 hours, and then postfixed in 1% osmium tetroxide in 0.1 M PBS for
2 hours. After fixation, samples were dehydrated in a graded ethanol series,
cleared with propylene oxide. and embedded in Epon. Thin sections of
cured samples were stained with uranyl acetate and Reynolds lead citrate.
The sections were inspected using a transmission electron microscope,
H7000 (Hitachi. Tokyo, Japan).

Semiquantitative RT-PCR for lactoferrin

Total RNA was obtained from hESC-derived cells of indicated culture days.
PB-New’s, PB-MNC'’s, and BM-MNC’s using an RNeasy min kit (QIA-
GEN, Hilden, Germany), and ¢DNA was synthesized from each RNA
sample using a random primer and SuperScript TH (Invitrogen) following
the manufacturer’s protocol. Semiquantitative polymerase chain reaction
(PCR) was performed as previously described.!? The sequence information
of gene-specific primers used in reverse transcription (RT)-PCR and the
PCR conditions is available upon request.

Flow cytometric analysis

Surface antigens of hESC-derived cells harvested on the indicated days
were analyzed by flow cytometry using fluorescence-activated cell sorting
(FACS) Aria (Becton Dickinson Immunocytometry Systems, San Jose,
CA). Fe receptors on the cells were blocked with PBS containing 2% FBS
and FcR Blocking Reagent (Miltenyi Biotec. Bergisch Gladbach, Ger-
many). Antigens were stained with either fluorescein isothiocyanate
(FITC)-conjugated antihuman CD13, CD64, CD11b (Beckman Coulter,
Fullerton, CA). or CD14 (BD Pharmingen. San Diego, CA) antibodies;
phycoerythrin-conjugated antihuman CD16, CD32. CD33 (Beckman
Coulter), CD11b. or CD45 (BD Pharmingen) antibodies: or allophycocyanin-
conjugated antihuman CD15. CD117 (BD Pharmingen), CD34, or CD133
(Myltenyi Biotec) antibodies. The negative range was determined by
referencing the fluorescence of isotype controls. Dead cells were detected
using 7-amino-actinomycin D (Via-Probe; BD Pharmingen).

Apoptosis assay

Neutrophils (hESC-Neu's and PB-Neu’s) were suspended in IMDM with
0.5% BSA and incubated in 6-well plates at 37°C with 5% COa. with or
without 50 ng/mL G-CSF. At the indicated time, newtrophils were har-
vested. stained with FITC-conjugated Annexin V and propidium iodide (P1)
using an Annexin V-FITC Kit (Beckman Coulter). and analyzed by FACS
Aria, Cells negative for both Annexin V and PI were judged as live cells.

G-CSF stimulation prior to assessing neutrophil function

Because the functions of hESC-Neu’s are modified by G-CSF in the culture
medium, we stimulated hESC-Neu’s and PB-Neu’s (PB-Neu(G+)’s) for
15 minutes at 37°C with 50 ng/mL G-CSF in the reaction medium. As a
control, PB-Neu's without G-CSF stimulation (PB-Neu(G—)’s) were
prepared. hESC-Neu’s, PB-Neu{(G+)'s, and PB-Neuw{(G—)'s were used for
functional assays directly without changing the medium,

Detection of reactive oxygen species produced by neutrophils

Neutrophil production of reactive oxygen species was detected by flow
cytometry using dihydrorhodaminel23 (DHR; Sigma-Aldrich, St Louis.
MO) as described previously.??? Briefly, 1 X 10> hESC-Neu’s, PB-
New(G+)’s, or PB-Neu(G—)’s were suspended in 400 pL. of the reaction
medium (HBSS containing 0.5% BSA) per tube, and 3 tubes were prepared
of each sample. Catalase (Sigma-Aldrich) at a final concenwation of
10600 U/mL, 1.8 L 29 mM DHR, and 100 pl. 3.2 uM phorbol myristate
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acetate (PMA,; Sigma-Aldrich) were added to 1 of the 3 tubes; cither no
DHR or only DHR was added in the other 2 tubes as controls. Reaction
medium was added to bring the final volume up to 500 pL. After 15-minute
reaction at 37°C. the samples were washed twice with ice-cold reaction
medium. and suspended in 200 pL reaction medium. Rhodamine fluores-
cence from the oxidized DHR was detected using FACS Aria.

Phagocytosis and NBT-reduction test using NBT-coated yeast
cells

Phagocytosis and NBT reduction were visualized in a single set of
experiments. Autoclaved Baker yeast was suspended in 0.5% NBT solution
(0.5% NBT [Sigma-Aldrich] and 0.85% sodium chloride in distilled water)
at a density of 1 X 10¥/mL. A 5-pL aliquot of this yeast suspension was
added to hESC-Neu's, PB-Neu(G+)’s, and PB-Neu(G—)'s at 2.5 X 10% in
50 pL FBS. After 1 hour at 37°C, the samples were washed and stained with
1% safranin-O (MUTO PURE CHEMCALS) for 5 minutes. The samples
were then washed twice and suspended in 100 pLL PBS. A small aliquot of
each sample was placed onto a glass slide and topped with a cover glass.
and the number of ingested yeast cells and their change in color from brown
to purple or black were examined using a microscope. Ingested yeast cells
that changed color in the cells were counted as NBT-reaction positive,
whereas those that were ingested but did not change color were counted as
NBT-reaction negative. The phagocytosis rate was calculated as the
percentage of neutrophils that contained one or more NBT-positive yeast
cells. The phagocytosis score was caleulated as the total number of positive
yeast cells in 100 neutrophils. Only morphologically determined neutro-
phils were scored, excluding contaminating cells such as macrophages. the
percentage of which was less than 15% of the total cells.

Bacterial killing assay

The bacterial killing assay was performed using Escherichia coli ATCC25922
as previously described?® with some modifications. Briefly. 1 X 10f colony-
forming units (CFUs) of exponentially growing bacteria were suspended in
1 mL HEPES-buffered saline with 10% human AB serum (MP Biomedi-
cals, Irvine, CA) and opsonized at 37°C for 30 minutes. Neutrophils
(hESC-Neu’s, PB-Neu(G—)s, and PB-Neu(G+)'s) were suspended in
HEPES-buffered saline with 40% human AB serum at a concentration of
5 > 10%mL. The opsonized E coli was added to the suspension of
hESC-Neu’s and PB-Neu's, at a neutrophil/bacteria ratio of 2:1. or control
medium. After I-hour incubation, 50 pL of samples with and without
neutrophils were diluted in 2.5 L alkalinized water (pH 11) for lysis of
neutrophils. Samples were further diluted with PBS, and duplicate aliquots
were added to molten tryptic soy broth with 1.5% agar kept at 42°C, rapidly
mixed. and plated on dishes. The CFUs were counted after overnight
incubation.

Chemotaxis assay

Chemotactic ability was determined using a modified Boyden chamber
method.* Briefly, 700 wL of the reaction medium (HBSS containing 0.5%
BSA) with or without 1077 M formyl-Met-Leu-Phe (fMLP; Sigma-
Aldrich) was placed into each well of a 24-well plate, and the cell culture
insert (3.0-pn pores; Falcon: Becton Dickinson. Franklin Lakes. NJ) was
gently placed into each well to divide the well into upper and lower
sections. Neutrophils were suspended in the reaction medium at 2.5 X 10%
mL and 200 L cell suspension was added to the upper well, allowing the
neutrophils to migrate from the upper to the Jower side of the membrane for
90 minutes at 37°C. After incubation. the membranes were washed, fixed
with methanol, stained with Carrazi hematoxylin (MUTO PURE CHEMI-
CALS), and mounted on the slide glass. The number of neutrophils that
migrated through the membrane from the upper to the lower side was
counted using a microscope with a high-power lens (X 400) in 3 fields:
2 near the edge and 1 on the center. Only mature neutrophils were counted.

Statistical analyses

Results are expressed as mean plus or minus SD. Statistical significance
was determined using a 2-tailed Student 7 test. Results were considered
significant when P values were less than .05.
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Effective derivation of mature neutrophils from hESCs with
high purity

After initiating the suspension culture of EB-derived cells. small
clusters of round-shaped cells appeared on the OP9 stromal layer
around day 4. The morphology of the day-7 cells visualized with
Wright-Giemsa staining suggested that they were myeloblasts and
promyelocytes. On days 9 and 11, myelocytes and metamyelocytes
were predominant, and on day 13 or 14, 70% to 80% of the cells
appeared to be stab and segmented neutrophils (Figure 1A), with
approximately 90% of the granulocytes at the metamyelocyte stage
or later (Table 1). This finding indicated that hESC-derived cells
differentiated into mature neutrophils by a process similar to
physiologic granulopoiesis. The remaining cells appeared to be
macrophages or monocytes, and cells of other lineages, such as
erythroid or lymphoid cells, were not observed at any time during
the culture. The number of total cells peaked around days 9 to 11,
with an average 2.9-fold increase (range; 0.5- to 10.0-fold in
23 independent cultures) compared with the initial EB-derived cell
number. The final yield of the cells on day 13 or 14 was 1.7-fold
(range: 0.1- to 8.8-fold in 28 independent cultures). We attempted
to further purify the hESC-derived mature neutrophils from the
“"hESC-Neu” population using density gradient methods, but
higher purification could not be achieved without massively
reducing the cell yield. We therefore used hESC-Neu's in the
subsequent experiments.

Most (97.3% = 1.5%) of the hESC-derived mature neutro-
phils defined by Wright-Giemsa staining were positive for myelo-
peroxidase, and the alkaline-phosphatase score of hESC-Neu’s was
284 plus or minus 8.6 (Figure 1B). Under transmission electron
microscopy, segmented nuclei and round cytoplasmic granules
of hESC-Neu's appeared very similar to those in PB-Neu’s
(Figure 1C).

Some myeloid cell lines. such as HL-60, have abnormal
biosynthesis of secondary granule proteins.*>*® Thus, it is impor-
tant to verify the biosynthesis of secondary granule proteins in
hESC-Neu's. The levels of lactoferrin mRNA in hESC-derived
cells at different stages were compared with those in PB-Neu's and
BM-MNCs by semiquantitative RT-PCR (Figure 1D). Lactoferrin
biosynthesis begins at the myelocyte stage and terminates by the
beginning of the band stage.”>* Lactoferrin mRNA was not
detected in PB-Neu's from some donors, but was detected in
PB-Neu's from others. Human ESC—derived cells at various stages
as well as BM-MNCs expressed lactoferrin mRNA. The expression
level of lactoferrin mRNA in the hESC-derived cells was highest at
day 10 of the induction culture and declined on days 13 and 14.
These findings are consistent with the documented pattern of
lactoferrin biosynthesis.

Surface antigen presentation in comparison to PB-Neu’s

Surface antigen expression at cach level of differentiation of
hESC-derived cells was analyzed by flow cytometry (Figure 2).
From days 7 to 13. the common blood cell antigen CD45 was
expressed in almost all the cells. CD34, CD117. and CD133, cell
surface markers on normal immature hematopoietic cells, were
detected in a small population of the cells on day 7, but disappeared
by day 10. Common myeloid antigens CD33 and CDI5 were also
highly expressed, whereas CD11b expression increased during the
course of maturation. CD13 is also a common myeloid antigen, but



