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LYMPHOID NEOPLASIA

Transactivation of the dopamine receptor 3 gene by a single provirus integration
results in development of B-cell lymphoma in transgenic mice generated from
retrovirally transduced embryonic stem cells

Yumi Hirata,'2 Sanae Hamanaka,! and Masafumi Onodera'-?

'Division of Clinical and Experimental Hematology, Doctoral Program in Advanced Biomedical Applications, and 2Division of Sleep Medicine, Doctoral Program
in Social and Environmental Medicine, Graduate School of Comprehensive Human Sciences, University of Tsukuba, Tsukuba; and *Department of Genetics,
National Research Institute for Child Health and Development, Tokyo, Japan

Gene transfer vectors based on retrovi-
ruses are commonly used in gene therapy
applications because of their unique abil-
ity to integrate efficiently into host ge-
nomes. This ability also forms the basis
of a transformation event that can be
induced in transduced cells by transacti-
vation of proto-oncogenes near the vec-
tor integration sites. Here, we report on
the development of lymphoma in mice
generated from embryonic stem cells

transduced with an enhanced green fluo-
rescent protein. The cells expressed B220,
CD5, Mac1, and IgM on their surfaces and
expressed transcription factors character-
istic of B-cell ymphoma. Importantly, each
mouse had a single copy of the provirus
in its genome; the copy was integrated
into the second intron of the dopamine
receptor 3 (D3) gene, and high-level ex-
pression of D3 was detected only in the
lymphoma cells. Ectopic expression of

D3 in murine marrow cells resulted in
preferential proliferation of cells at the
pre-B-cell stage in response to a D3-
specific agonist, but this proliferation was
not observed in vivo. Cells cotransduced
with D3 and Bcl-x_ genes had a pheno-
type similar to that of lymphoma in vivo,
suggesting that the leukemogenesis in-
duced by retroviral integration required
“second hit” mutations of additional
genes. (Blood. 2010;115(19):3930-3938)

Introduction

Gene therapy has the potential as an alternative form of therapy for
diseases that are not amenable to conventional medical approaches.
Various types of gene transfer methods, including the use of viral
vectors, have been devised and tested in animal models and in gene
therapy clinical trials. These clinical trials have proven that
retroviral (including lentiviral) vectors are among the most effec-
tive gene transfer vehicles, especially for inherent genetic disor-
ders.!* This success is attributed mainly to the unique ability of
retroviral vectors to integrate into the host DNA, which allows the
stable presence of the transferred gene in the genome of the
transduced cell and therefore promises to allow continued expres-
sion of the therapeutic genes. On the other hand, unwanted
instances of retroviral gene transfer into hematopoietic stem cells,
which is known as “genotoxicity of retroviral integration,” have
possibly occurred.>® The most serious case is leukemogenesis by
transactivation of genes neighboring the integration sites of the
retroviral vectors in the genomes.*’# Indeed, in France and the
United Kingdom, a considerable fraction of patients with X-linked
severe combined immunodeficiency (X-SCID) diseases who re-
ceived autologous CD34* cells genetically modified by the retrovi-
ral vectors to express the common vy-chain complementary DNA
(cDNA) have developed T-cell leukemia, although almost all the
patients recovered their immunologic tunction, and their clinical
signs of the diseases were ameliorated by the gene therapy.®®

The accepted explanation for mechanisms of leukemogenesis is
that the retroviral vectors were integrated into the sites of host
genomes near the proto-oncogenes such as LMO2, CCND2, or
Bmil, and this resulted in aberrant expression of the proto-
oncogenes through T-cell differentiation, which caused malignant

transformation.”® Because some of the transformed cells harbored
the multiple copies number of proviruses, however, little is known
about the involvement of an integration event in leukemogenesis.
In addition to abnormal expression of proto-oncogenes, some
patients showed other chromosomal aberrances, which seemed to
be the “second hits” in the course of tumorigenesis.®?

Using an improved retroviral gene transfer system in which the
viral promoter/enhancer regions are less susceptible to methylation
in immature cells, including hematopoietic stem cells'® and neural
stem cells,!' we have shown that stable expression of enhanced
green fluorescent protein (EGFP) can be obtained in mice gener-
ated from embryonic stem (ES) cells transduced with EGFP
c¢DNA.'? Such chimeric mice had multiple provirus copies in their
chromosomes. However, because each provirus was transmitted to
their gametes independently, sequential mating with wild-type
mice resulted in offspring with a single proviral integration."?
Interestingly, one strain of mice with a single provirus integrated
into the second intron of the dopamine receptor 3 (D3) gene
developed B-cell lymphoma at approximately 1 year after birth. In
the present study, we have attempted to elucidate the mechanism of
leukemogenesis caused by retroviral integration in these mice.

Methods
Mice

CS57BL/6N (B6) mice and Ly5.1 B6 mice were purchased from Nihon Clea,
and nonobese diabetic/severe combined immunodeficiency (NOD/SCID)
mice were purchased from Sankyo Lab Service. All experiments were
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approved by the Institutional Review Committee and performed in accor-
dance with the guidelines of the University of Tsukuba.

Retroviral vector construction and preparation

Full-length mouse D3 cDNA was synthesized by polymerase chain reaction
(PCR) of the 5’ part (472 bp) and the 3’ part (940 bp) using the total RNA
extracted from Ly5.1 B6 brain, followed by ligation of the amplification
fragments. Primer sets and PCR conditions used are shown in the
supplemental Methods (available on the Blood Web site; see the Supplemen-
tal Materials link at the top of the online article). An Xhol fragment
containing the full-length D3 cDNA was cloned into GCDsap retroviral
vector,'? and an Xhol-Clal fragment containing the internal ribosomal entry
site and humanized Kusabira Orange (huKO)'? was inserted into the vector
(GCD/D3/huKO). We also constructed a vector to express the genes
encoding Bcl-x."® and truncated human nerve growth factor receptor
(NGFR)* genes (GCD/Bcl-x;/NGFR). All vectors were converted into the
corresponding retroviruses by transduction into the packaging cell line
293gpg, as described.'? The titers of retroviruses were 9.0 X 10° IU/mL on
Jurkat cells.

Cell cultures

Lymphomatous B cells developed in transgenic mice were cultured in
RPMI 1640 with 10% fetal calf serum (FCS; HyClone), 2mM L-glutamine,
100 U/mL penicillin G sodium, 100 pg/mL streptomycin sulfate, and
50 pg/mL 2-mercaptoethanol. 293gpg cells and the stromal cell line PA6
were maintained as previously described.'>1®

For coculture experiments, 3 X 10° ¢-KIT*/lineage™ (KL) cells iso-
lated from the bone marrow (BM) of Ly5.1 B6 mice were cultured on day
0 in StemPro34 (Invitrogen) in the presence of 50 ng/mL mouse stem cell
factor, 100 ng/mL human thrombopoietin, and 10 ng/mL human Flt3-ligand
(R&D Systems) in 24-well plates coated with human fibronectin fragment
CH296 (RewoNectin; Takara Bio). On days 1 and 2, cells were infected
with the recombinant retroviruses by adding 50 pL of the concentrated
virus supernatants. At 2 hours after transduction, the supernatants were
replaced with fresh media supplemented with cytokines. On day 3, the
transduced KL cells (1 X 10°) were cocultured in 6-well plates with PA6
cells in RPMI 1640 with 10% FCS in the presence of 20 ng/mL stem cell
factor, 10 ng/mL mouse interleukin-7 (IL-7; R&D Systems), and 1nM
D3-specific agonist 7-hydroxy-2-dipropylaminotetralin (DPAT; Alexis).
Both floating and adherent cells were collected from the culture every
4 days and analyzed individually by cell counting and flow cytometry with
a FACSCalibur (BD Biosciences).

For BM transplantation, 3 X 10° transduced KL cells were intrave-
nously inoculated into Ly5.2 B6 mice that had been irradiated with 550 cGy
twice with a 4-hour interval. Peripheral blood samples of recipients were
analyzed every 4 weeks by cell counting and surface marker analysis.

In transplantation experiments with B lymphoma cells, 5 X 10° B lym-
phoma cells were inoculated into sublethally irradiated (250 cGy) NOD/
SCID mice via the tail vein. The numbers of leukocytes in the peripheral
blood of recipient mice were monitored every 4 weeks after transplantation.
When the cell counts rose above 12 000 leukocytes/mL, splenic leukocytes
obtained from the mice were intravenously inoculated into NOD/SCID
mice that had been irradiated with 100 cGy.

All other culture reagents were purchased from Sigma-Aldrich.

Proliferation and apoptosis assay

Transduced KL cells were cultured on PA6 cells for 4 days. Pre-B cells
(B220*/Mac1™), myeloid cells (B220~/Mac1*), or hematopoietic progeni-
tor cells (CD43~ /c-KIT™) were purified from floating cells, and pro-B cells
(CD43"/c-KIT") were purified from cultured adhered cells by using a
FACSVantage (BD Biosciences) cell sorter. A total of 10 000 sorted cells
were then cultured in RPMI 1640 with 10% FCS (HyClone) supplemented
with 2-mercaptoethanol, 20 ng/mL stem cell factor, and 10 ng/mL mouse
IL-7 in the presence of [nM DPAT (Alexis) in 96-well plates. After 24 hours
of incubation, 0.037 Mbq (1 p.Ci) of [methyl-*H]-thymidine (GE Health-
care) was added to each well, and the mixture was incubated for a further
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16 hours. Cultures were harvested with a Macro96 Cell Harvest (Molecular
Devices), and the radioactivity in each well was measured with a liquid
scintillation counter (LS6500; Beckman Coulter).

To assess the DNA fragmentation induced by apoptosis, genomic DNA
isolated from B lymphoma cells and their derivatives transduced with the
Bcl-xp was treated with RNase and electrophoresed in a 1.5% agarose gel.
For the viability assay, cells were stained with 1 mg/mL propidium iodide
(Sigma-Aldrich) and analyzed with a FACSCalibur (BD Biosciences).

Morphologic analysis and karyotyping

Cytospin cell preparations were made on slide glasses and stained with a
May-Gruenwald-Giemsa reagent (Merck). Samples were analyzed and
images captured with an Axioplan 2 (Carl Zeiss). For karyotyping,
B lymphoma cells were incubated in the presence of 0.02 mg/mL Colcemid
(Sigma-Aldrich) for 30 minutes. After hypotonic treatment, cells were fixed
with a solution of methanol-acetic acid (at a ratio of 3:1) solution.
Giemsa-stained chromosome samples were analyzed and imaged under a
DM2000 (Leica Microsystems), and the images were imported into the
manufacturer’s software as a series of .tif files.

Cell-surface analysis

The antibodies used were as follows: fluorescein isothiocyanate—conjugated
anti-mouse B220 (RA3-6B2), ¢-KIT (2B8), CD45.1 (A20), and Macl
(M1/70); phycoerythrin (PE)-conjugated anti~mouse CD4 (RM4-5), CD5
(53-7.3), CD8 (53-6.7), CD25 (PC61), and Mac1 (M1/70; BD Biosciences):
¢-KIT (2B8), immunoglobulin M (1B4B1), IL-7Ra (A7R34), and Ter-119
(eBioscience); biotinylated anti-mouse CD5 (53-7.3), CD24 (30-Fl),
CD43 (S7), and streptavidin-PE (BD Biosciences), CD40 (1C10, HM40-3),
CD80 (16-10A1), CD86 (GLI), ¢-KIT (2B8), and MHC class II (M5/
114.15.2; eBioscience); PE-Cy5—conjugated anti-mouse CD3 (145-2C11),
B220 (RA3-6B2), Macl (M1/70), sweptavidin—PE-CyS5, and allophycocya-
nin-conjugated anti-mouse B220 (BioLegend); and anti-human NGFR
(Miltenyi Biotec). Cells were stained with antibodies after lysis of red blood
cells and staining with anti-mouse CD16/32 (93; Beckman Coulter) for Fc
receptor blocking. This was followed by analysis with a FACSCalibur (BD
Biosciences).

PCR

Reverse transcription—-PCR (RT-PCR) was used to analyze expression of
transcription factors related to B-cell proliferation/differentiation in splenic
B cells purified from B6 mice by negative selection using biotinylated
anti-mouse CD4, CD8, Gr-1, Macl, and Ter-119 antibodies and
streptavidin-magnetic beads (MyOne Streptavidin C1; Invitrogen) and in
B lymphoma cells. For quantitative RT-PCR, 1 ug of the first-strand cDNA
prepared from splenic B cells or B lymphoma cells was mixed with mouse
D3 or B-actin TagMan MGB probe, each primer set, and TagMan Universal
PCR Master Mix and assayed in an ABI PRISM 7900HT (Applied
Biosystems). For clonality analysis, genomic DNA was isolated from
splenic B cells or B lymphoma cells using SepaGene (Sanko Junyaku).
After incubation of the genomic DNA with RNase (Sigma-Aldrich), 100 ng
of the DNA was used for analysis of V(D)J rearrangement. To assess the
integration sites, linear amplification-mediated PCR (LAM-PCR) was
performed as previously described,”’ with some modifications. PCR
products cloned by LAM-PCR were sequenced, and the genomic coordi-
nates of the integration sites were determined by interrogation of the mouse
genome database of the National Center for Biotechnology Information
(NCBI).'® Primer sets and PCR conditions used in these experiments are
shown in supplemental Methods.

Southern and Northern blot analyses

A total of 20 pg of genomic DNA obtained from the tails of mice was
digested with EcoRI or BamHI (Takara Bio). The membrane to which the
DNA was transferred (Biodyne Nylon Membrane; Pall) was hybridized to
deoxycytidine [a-3?P] (GE Healthcare)-labeled EGFP and D3 probes. The
BamHI cuts once within the vector sequence: therefore, the number of
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Figure 1. H logic lysis of the t g mice

ff d with B lymph (A) EGFP expression in periph-
eral blood of a transgenic mouse affected with typical hemato-
logic abnormalities at the indicated ages. (B) Spleens of
20-month-old wild-type and transgenic mice. (C-D) Morpho-
logic appearance of spleen and peripheral blood cells (May-
Gruenwald-Giemsa staining 63X/1.4 NA oil objective; C) and
flow cytometric analysis of bone marrow and spleen cells (D)
of transgenic mice exhibiting remarkable expansion of EGFP*
cells. Bars represent 10 um in panel C.
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fragments hybridized with the EGFP probe corresponds to the number of
proviruses integrated into the host genome. Hybridization and the following
steps were performed in Perfect Hyb buffer (TOYOBO) in accordance with
the manufacturer’s instructions. For Northern blotting, 30 g of total RNA
obtained from the brains of B6 mice or B-lymphoma cells was pretreated
with 3-[N-morpholino] propanesulfonic acid buffer, formaldehyde, and
formamide (Sigma-Aldrich), then electrophoresed in a 1.8% agarose gel.
The transferred membrane (Hybond-N+; GE Healthcare) was hybridized
to deoxycytidine [a-*2P]-labeled D3 probes. Hybridization and the follow-
ing steps were performed in ULTRAhyb Ultrasensitive Buffer (Applied
Biosystems) in accordance with the manufacturer’s instructions.

Microarray-based gene expression profiling

An AllPrep Mini kit (QIAGEN) was used to extract total RNA from 2 cell
lines that were independently established from mice developing lymphoma
(L1 and L2) and from splenocytes from 2 B6 mice as controls (S1 and S2).
A detailed protocol of the microarray analysis is given in the supplemental
Methods. Briefly, labeled complementary RNA was prepared from the total
RNA by using the Agilent labeling protocol (Agilent Technologies).
Genes/transcripts were considered to be up- or down-regulated in the
lymphoma compared with normal splenocytes if the normalized signal
values of the genes/transcripts were more than 100 in each sample, and if
the fold-change values were consistently higher than 2.0 or lower than 0.5.
Gene Ontology analysis for the differentially expressed genes was con-
ducted by using the DAVID Web site.!?20 All microamray data may be found
on the Gene Expression Omnibus (GEO) public database under accession
number GSE20661 (National Center for Biotechnology Information [NCBI],
http://www.ncbi.nlm.nih.gov, submitted March 5, 2010).

Table 1. Expression of surface antigens on B-lymphoma cells

v

EGFP

Statistical analysis

Kaplan-Meier estimation with the SAS-type log-rank test was used for
survival analysis. All other statistical analyses were performed with the
Mann-Whitney U test.

Results
Development of B-cell lymphoma in transgenic mice

We used the retroviral vector GCDsap to generate transgenic mice
from ES cells that were retrovirally transduced with EGFP. These
mice demonstrated stable expression of the gene and the ability to
transfer this feature to their progeny. although the proportion of
EGFP-expressing cells and the mean intensity of expression varied,
even in siblings that harbored proviruses integrated into the same
chromosome sites, suggesting that gene silencing of the vector
occurred in a discontinuous and stochastic manner during cell
division.”! Interestingly, approximately half of the F1 mice with
EGFP expression that were born from a chimeric mouse (9 of
19 mice) showed some sort of hematologic abnormalities, such as
splenomegaly and the appearance of CD5"B220" cells in their
peripheral blood, and they showed a gradual increase of the
proportion of EGFP* cells in their peripheral blood with age.
Typically, the percentage of EGFP* cells rose from 8% at the age of
3 months to up to 80% at 20 months after birth (Figure 1A).
Concomitant with the increase in the percentage of EGFP™ cells,

CDs CD24 CD25 CD40 CD43 CcDs8o cD8é c-KIT IgM MHC lI
Splenic B cell, % 21 78 0.7 32 13 59 57 4.1 92 99
B-lymphoma cell, % 99 74 1.4 19 88 85 95 1.2 76 94

Mean percentages of surface antigens on splenic B cells obtained from wild-type mice or B-lymphoma cells generated from EGFP-transgenic mice are shown.



