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We found that the second intron of Stat5a was one of the common
integration sites of the endogenous ecotropic murine leukemia
virus, i.e., SL/Kh virus integration-1 (SviT), in early pre-B lympho-
mas in SL/Kh mice. The high expression of STAT5A induced by Svi1
integration and activation accelerated the transcription of its
target genes such as c-Myc. Transfection of the constitutively
active Stat5a mutant cDNA, but not of the wild-type cDNA, to the
bone marrow cells induced colony formation of pre-B cells in a
methylcellulose medium and escaped from dependence on IL-7.
Such growth depended on a genetic factor in the SL/Kh strain.
Consitutively high expression of Stat5a either by retrovirus inte-
gration or transfection of active mutant cDNA can be lymphoma-
genic to early pre-B cells in collaboration with a certain genetic
background factor of mice.

provirus | hot spot | lymphomagenesis

he SL/Kh strain of mice develop spontaneous pre-B lym-

phomas at >90% incidence by 6 mo of age (1, 2). There are
two morphological distinct types: the major lymphomas, which
show systemic lymphatic tissue involvement, and the minor type,
which shows restricted growth in bone marrow (BM) (1). Both
are pre-B lymphomas expressing BP-1 and B220 (2, 3). Several
lines of evidence indicate that the endogenous murine leukemia
virus (MuLV) plays an etiologic role in SL/Kh lymphomas; in
particular, somatically acquired proviruses frequently are ob-
served in lymphoma DNAs (3, 4).

To elucidate the mechanism of lymphomagenesis, we cloned
the virus-host junctional segments from lymphoma DNAs by an
inverse PCR technique and performed sequence analysis. In
three of 60 SL/Kh lymphomas, clonal ecotropic provirus inte-
gration was found within a 400-bp stretch in the second intron
of the Stat5a gene, a member of the STAT family. In this article,
we examined the effect of the provirus integration in this hot
spot, named SL /Kh virus integration-1 (Svil). The effect of the
constitutive high expression of Stat5a on early B cells was further
verified by colonial growth of early pre-B cells in soft agar
medium and loss of IL-7 dependence, when SL/Kh BM cells
were transfected with an active Stat5a mutant cDNA. It was
shown that the immortalization of early pre-B cells by Stat5a
depended on an unidentified host factor in SL/Kh mice. There
are several reports on the relevance of Stat5a in hemopoietic
malignancies (5-12). Stat5b is a human myeloid cell oncogene,
but neither Stat family member has been shown to have a direct
pathogenetic role in lymphoid disease. Herein, we report that
Stat5a is one of the hot spots of MuLV integration and subse-
quent constitutive up-regulation of Stat5a perturbs signaling in
early B lineage leading to lymphoma development in a certain
genetic background.

Materials and Methods

Mice. SL/Kh is an inbred strain of mice with a high incidence of
spontaneous pre-B lymphomas. Previously, we reported their
origin (13) and virus expression (1), the pathology of lymphomas
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(1, 2), and host genetic factors in lymphomagenesis (3, 4, 14).
They were maintained by brother-sister mating in our
laboratory.

Southern Hybridization. High M, DNAs were extracted from
lymphoma and normal kidney tissues, and 2.5- to 5-ug aliquots
of DNAs were digested with a restriction enzyme of Ncol, Sacl,
Pyull, or Sacll (New England Biolabs) for 16 h and transferred
to a N* Hybond nylon membrane (Amersham Pharmacia) after
electrophoresis. MuLV env and gag probes were kindly provided
by H. Ikeda (National Institute of Animal Health, Tsukuba,
Japan). The Stat5a probe A was located in the segment including
its first and second exons. The probe was obtained by PCR from
the genomic DNA of SL/Kh mice and labeled with Megaprime
DNA-labeling system (Amersham Pharmacia).

Inverse PCR. Genomic DNA (100 ng) from each lymphoma was
first digested with Sacll for 2 h and self-ligated with T4 ligase
(Takara Shuzo, Kyoto) at 14°C overnight. Amplification of the
virus-host junctions was performed in a volume of 50 ul con-
taining 2.5 mM deoxynucleotide triphosphate. Each primer had
10 pmol/ul and 0.25 unit of Tag DNA polymerase (expand long
template PCR system, Roche Diagnostics).

PCR amplification was carried out in three steps under the
following conditions in a thermal cycler (Perkin—Elmer/Cetus):
The first step was 10 cycles (30 s at 94°C, 40 s at 62°C, and 4 min
at 68°C) preceded by an initial denaturation step (1 min at 95°C);
the second step was 20 cycles (30 s at 94°C, 40 s at 62°C, and 4
min plus extended 20 s by one cycle at 68°C); and the final step
was elongation (10 min at 72°C). In some cases, nested PCR
procedures were added to the above.

The primers for inverse PCR were located within the
AKV-MLV (AKV murine leukemia virus) genomes. Their
sequences were: 5B4, GAGGGCTTGGACCTCTCGTCTC-
CTAAAAAACCACG and 5F1, GTCTCTCCCAAACTCTC-
CCCCTCTCCAACC in the first set, and 5F2, CCT CCTC-
TGACGGAGATGGCGACAGAGAAGAGG and 5BI,
GAGGGCTTGGAC CTCTCGTCTCCTAAAAGAAC-
CACG in the second step of cycles for the nested PCR. The
PCR products were resolved by electrophoresis in 1% agarose
gel and stained with ethidium bromide; they were then sub-
cloned into the pCR 2.1-TOPO vector (Invitrogen), and
sequence analysis reaction was performed with Thermo-
sequenase (Amersham Pharmacia).

Northern Blot Analysis, 3’ Rapid Amplification of cDNA Ends (RACE)
and Reverse Transcription-PCR (RT-PCR) Analysis. Total RNA was
extracted from lymphoma tissues by ISOGEN (Nippon Gene,
Toyama, Japan). Samples containing equal amounts of RNA (20

Abbreviations: BM, bone marrow; MuLV, murine leukemia virus; GAS, interferon-y-
activated sequence; wt, wild type; RT-PCR, reverse transcription-PCR; RACE, rapid ampli-
fication of cDNA ends.
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png) were size-fractionated by electrophoresis on a 1.0% form-
aldehyde-agarose gel, transferred to a N* Hybond nylon mem-
brane, and hybridized with a probe B (containing exons 3 and 4).
Ethidium bromide staining of rRNA bands was used to ensure
equal RNA loading, and B-actin RNA was used as an internal
control. The probes were labeled with the kit (Amersham
Pharmacia) mentioned above.

A 3" RACE assay was performed with a 3’ full RACE core set
(Takara) with the primers located within a long terminal repeat
of retroviral genome. The products from the 3" RACE assay
were checked by the additional poly(A) sequence of the terminus
specific to mRNA.

RT-PCR was performed with a one-step RT kit (Invitro-
gen). The primers for RT-PCR of B-actin were according to
Wei et al. (15).

The probes for Northern hybridization were amplified with
RT-PCR primers: ¢-Myc, TCTGTACCTCGTCCGATTC and
TGCCTCTTCTCCACAGACAC; Bcl-xL, TGGATCCTG-
GAAGAGAATCG and AGATCACTGAACGCTCTCCG; and
Pim-1, TTCTGGACTGGTTCGAGAGG and TAGCGAATC-
CACTCTGGAGG. The primers for examining the phenotype
markers were as follows: Iga, ATCACATGGTGGTTCAGCC
and TCTCCAATGTGGAGGTTGC; CD19, TGTCTCTTCT-
GAGAAGCTGGC and AACCAGAAGTGGACCTGTGG;
HSA(CD24), AACATCTAGAGAGTCGCGCC and CTGGT-
GGTAGCGTTACTTGG; and IL-7R o chain, CTCTCAGAAT-
GATGGCTCTGG and CTGTGCAGGAAGATCATTGG.

Abs. FITC, phycoerythrin, or biotin-conjugated rat mAbs against
mouse B220 (RA3-6B2), BP-1, and anti-phosophorylated ty-
rosine (PY20) Ab were purchased from PharMingen. Anti-
IL-7R was obtained from Santa Cruz Biotechnology. Anti-
phosphorylated STATSA was purchased from New England
BioLabs and anti-STAT5A was purchased from Zymed and
Santa Cruz Biotechnology. Streptavidin-peroxidase conjugate
was obtained from Dako.

Western Blotting. Lymphoma cells were washed once with a PBS
and lysed in an immunoprecipitation buffer [S0 mmol /liter Tris
(pH 7.4) containing 150 mmol/liter NaCl, 5 mmol/liter EDTA,
1% Triton X-100] on ice for 15 min. Tissue lysates were clarified
by microfuge centrifugation. The proteins were separated by
10% SDS/PAGE using the radioimmunoprecipitation assay
buffer and a Laemli buffer system and transferred electro-
phoretically onto poly(vinylidene difluoride) membranes (Bio-
Rad). The membrane was incubated with a primary Ab in PBS
for 1 h atroom temperature and then incubated with a secondary
Ab with biotin-conjugated goat anti-rabbit IgG (1,/10,000 dilu-
tion; Dako) for 1 h at room temperature. After this step, the
membrane was incubated with peroxidase-conjugated strepta-
vidin (Sigma) for 1 h at room temperature. The detected bands
were visualized by enhanced chemiluminescence (ECL, Amer-
sham Pharmacia).

Electrophoretic Mobility Shift Assay. A 3?P-labeled B-casein probe
(5'-TAG ATT TCT AGG AAT TCG-3', 5'-CGA ATT CCT
AGA AAT CTA-3") was preincubated with 5 ug of cellular and
nuclear extracts in a final volume of 20 wul containing 10 mM
Hepes (pH 7.8), 50 mM KCI, 1 mM EDTA, 5 mM MgCl, 10%
(vol/vol) glycerol, 5 mM DTT, and 1 ug of poly (dI-dC)
(Amersham Pharmacia) on ice for 30 min, and Abs were
subsequently added. Complexes were resolved by electrophore-
sis in 4.5% polyacrylamide gel.

Flow Cytometry. The single-cell suspension was prepared from the
right-femur BM plug and adjusted to 10° cells/ml. Total BM cell
yield was in the range of 0.8 X 107-1.2 X 107 cells/femur, and
no significant difference was noted between SL/Kh mice. BM
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cells were doubly stained with FITC-labeled anti-BP-1 (clone
6C3) and phycoerythrin-labeled anti-B220 (clone RA3-6B2;
PharMingen) and analyzed with a FACScan (Becton Dickinson).

The Time Course of STAT5A Phosphorylation After Stimulation by
Anti-IL-7R. A 10-pul aliquot of 200 pg/ml anti-IL-7R was added to
the cultured Svil lymphoma cells, and the cell lysates were
blotted to the poly(vinylidene difluoride) membrane (Bio-Rad).
The density of the band visualized by enhanced chemilumines-
cence (ECL, Amersham Pharmacia) on the immunoblot mem-
branes was measured by a LumiVision Imager (Taitec, Tokyo)

Construction of an Expression Vector and Transfection and Colony
Growth Assay. A constitutive active form of murine Stat5a cDNA
(1*6-Stat5a) was described by Onishi ef al. (16) and Ariyoshi et
al. (17). The puro-pMX vectors for murine wild-type (wt) Stat5a
and mutant [ *6-Stat5a was constructed according to Kitamura
and coworkers (16—18). These cDNAs were kindly given to us by
Y. Kitamura (Institute of Medical Science, University of Tokyo).
The Stat5a cDNA was subcloned to pcDNA 3.1 expression vector
(Invitrogen) that was introduced by Matsumura et al. (19). BM
cells used for transfection assay were harvested from 3-wk-old
mice. They were washed once with PBS, and a 400-ul cell
suspension (7 X 10 cells/ml) was transfected with 2-8 pg of an
expression vector of murine wt Stat5a or mutant 1*6-Stat5a in
220 pl of PBS with 10 mg/ml DEAE-dextran (Sigma). After
washing, they were suspended in 10 ml of a semisolid medium.

Either Methocult (Stemcell Technology, Vancouver, Canada)
containing IL-7 or a StemPro methylcellulose medium (GIBCO)
without IL-7 was used as a basic semisolid medium in the colony
assay. Recombinant murine IL-3, IL-7, and stem cell factor
(PeproTech, Rocky Hill, NJ) were added to the StemPro meth-
ylcellulose medium at 100 ng/ml depending on the assay. In
relevant cultures, the number of cells in each colony increased
rapidly. To detect early growth, before 48 h, we defined the
colony as a cluster of >5 cells, but after 48 h, only those of >20
cells.

Transfected BM cells were suspended in 100 ul of an SFO,
medium (modified mixture of RPMI medium 1640, DMEM, and
Ham’s F-12 medium, supplemented with insulin and transferrin;
Sankyo) and were cultured in 96-well plates for 48—480 h at 37°C
in the presence or absence of IL-7. The viability of the cultured
cells was estimated by a trypan blue dye exclusion test.

Results

Integration to the Second Intron of Stat5a. Our previous study (3)
revealed that SL/Kh lymphoma DNA contains seven copies of
the endogenous ecotropic MuLV provirus and one or more
additional copies of the somatically acquired provirus. To char-
acterize the provirus integration sites and nearby host genes,
host-virus junctions were amplified by inverse PCR from 60
independent primary lymphoma DNAs.

Sequencing of the flanking host segments of the host-virus
junctions from three of 60 cases of SL/Kh lymphomas revealed
that they were from a 400-bp segment within the second intron
of the Stat5a gene, immediately upstream of the translation
region (20). We named this segment SL /Kh virus integration-1
(Svil) as illustrated in Fig. 1 4 and B. The proviruses integrated
in Svil had general structure shared by most endogenous eco-
tropic MuL Vs without a viral oncogene (data not shown) and
were integrated in the direction of transcription.

Southern hybridization of Ncol-digested DNAs with a probe
containing exons 1 and 2 of Stat5a (probe A) revealed clonal
rearrangements of the Stat5a gene in three lymphomas nos. 13,
31, and 48 but not in lymphomas nos. 1 and 2 (Fig. 1C). We
named the lymphomas nos. 13, 31, and 48 with clonally rear-
ranged Stat5a gene as Svil lymphomas. The lymphomas nos. 1
and 2 had multiple provirus integrations but not in Svil.

Tsuruyama et al.



8.0kb
7.6kb

I a | ©.48  No.13| b p

probe A
3.2kb

B

NHo.31 Ho.48

exon2 4270...000000 4460 actgacatta tcacactoca ctoggagogg...
4861 ggaagggaag ggtggocate totottooca cacaggaaag 5020 exon3

Fig. 1. The genome structure of Svi7 and provirus integration. (A) The virus integration site Svi7 within the second intron of Stat5a in SL/Kh lymphomas nos.
13, 31, and 48. All proviruses were in the direction of transcription (arrowheads). N, B, and S: restriction sites of Narl, BssHIl, and Sacll, respectively. A closed bar
represents the Stat5a probe A for Southern hybridization. The probe B for Northern hybridization was synthesized by RT-PCR with primers set in exons 3 and
4; arrow a indicates the transcription of normal Stat5a mRNA, and arrow b indicates the normal translation of the STAT5A protein and the altered transcription
of Stat5a mRNA in SviT lymphomas. (B) Genomic sequence of the second intron of Stat5a and the sites of retroviral integration are shown individually by arrows.
(C) Southern blot of Ncol-digested DNAs with probe A including the first and second exon of Stat5a gene. The 3.2-kb bands represent the germ-line Stat5a gene
and clonal rearranged bands of 7.6 kb to ~8.0 kb in Svi7 lymphomas nos. 13, 31, and 48 but not in non-Svi7 lymphomas nos. 1 and 2. Note that the MuLV provirus

has internal Ncol sites. Lane K represents germ-line DNA from normal SL/Kh kidney.

High Expression of Stat5a Gene and Its Target Genes in SviT Lymphomas.
To evaluate the effect of retroviral provirus integration into Svi,
we examined the transcription of Stat5a mRNA. By the cDNA
library screening with probe B, a 2.4-kb product of Stat5a cDNA
lacking the first two untranslated exons was recovered from Svil
lymphomas. In the sequence analysis of the recovered cDNA, no
mutation was detected in the exons from the third to the last
encoding STATS5A protein. Subsequently it was examined
whether or not the retroviral long terminal repeat mRNA was
fused with Stat5a mRNA as a leading sequence for the initiation
of transcription. A 3" RACE assay using the primer in the 3'-long
terminal repeat of the Svil-integrated provirus detected the
expression of the retroviral long terminal repeat mRNA; how-
ever, none of them fused with the Stat5a¢ mRNA according to the
sequence analysis. Northern blot demonstrated a high expression
of Stat5a mRNA in the Svil lymphomas with the probe B located
at exons 3—4 (Fig. 24) and the transcription in the Svil lympho-
mas was >10 times as high as in other lymphomas without clonal
Svil integration by densitometry of the blots. The integrated
proviral genome functioned as an enhancer of the transcription
of Stat5a mRNA, which initiated exactly from the first base of
exon 3.

Western blotting of lymphoma extracts demonstrated a high
expression of normal-sized STAT5A (98 kDa) and tyrosine
phosphorylation exclusively in Svi/ lymphomas (Fig. 2B) but no
variant form of STATSA. In immunohistochemistry, the SATSA
signal was intense in the nucleus of Svil lymphoma cell (Fig. 2C).
STATSA binds DNA at a interferon-y-activated sequence
(GAS) element and thus induces enhanced transcription of the
GAS-bearing target genes. A gel-shift assay using the B-casein
promoter containing a GAS element demonstrated the DNA-
binding activity in each Svi/ lymphoma (Fig. 2D). Moreover,
target genes of STATSA, such as Bel-xL (21), Pim-1 (22), and
c-Myc (23) were expressed in Svil lymphomas (Fig. 2F). Espe-
cially, the expression of c-Myc and Bcl-xL in Svil lymphomas was
12 and five times as high as that in controls. Thus, the role of
STATSA in Svil lymphomagenesis may be to induce the high
expression of the oncogenes or antiapoptotic genes.

The Phenotype of Svi1 Lymphomas and IL-7R Expression. Phenotype

analysis revealed that Svil lymphomas expressed B220, BP-1
(Fig.34),CD19,CD24,CD43, Iga (Fig. 3B), and IL-7R (Fig. 3C).
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These observations implied that Svi/ lymphomas had pheno-
types similar to early pre-B cells of CD43"IL-7R*. In contrast,
non-Svil controls were of CD437IL-7R™ late pre-B cells. In
lymphoma tissues, we could detect IL-7 (Fig. 3B). By stimulating
cultured Svil lymphoma cells with an anti-IL-7R Ab 24 h after
withdrawal of IL-7 from the medium, the ratio of phosphory-
lated STATSA to whole STAT5A transiently increased (Fig. 3C),
suggesting the STATSA was phosphorylated in a time-
dependent way by the stimulation of IL-7R. This finding implied
the employment of an IL-7R-signaling pathway in Svil lym-
phoma cells.
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Fig.2. The expression and transcription activity of Stat5a in Svi1 lymphomas.
and 2, non-Svi1 lymphomas. (B) Western blot with anti-STAT5A and anti-Tyr-
lymphomas. (C) Nuclear localization of pY-STAT5A. Positive signal was seen
B-casein promoter, which contained a GAS element. Lanes 13, 31, and 48: the
upper arrow indicates the supershift by addition of the anti-pY-STAT5A Ab to

— WE: STATSA E
WB:pY-STAT5 13 31 48 1 2
] -
(A) Northern hybridization of lymphoma RNA hybridized with the Stat5a
694 phosphorylated-STATSA (pY-STAT5A) of the nuclear fractions of the
only with Svi1 lymphoma (a) but not in non-Svi7 control (b). (D) A gel-shift
probe plus the nuclear extraction of nos. 13, 31, and 48 lymphomas. The lower
the nuclear extracts. (E) Northern blot of the target genes of STAT5A. B-Actin

Stat5a
B
C T —
STATSA

probe B and the B-actin probe. Lanes 13, 31, and 48, Svi1 lymphomas; lanes 1
lymphomas. Lanes 13, 31, and 48: Svi1 lymphomas; lanes 1 and 2: non-Svi1
assay demonstrating the DNA-binding activity of the STAT5A with the
arrow indicates the shift by nuclear extracts from Svi7 lymphomas, and the
was a positive control.
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Fig.3. Phenotypesof Svi7 lymphomas. (A) Flow cytometry of lymphoma cells

doubly stained with phycoerythrin-labeled anti-B220 and FITC-labeled anti-
BP-1.(B) RT-PCR of CD19, CD24 (HSA), CD43, Iga, and IL-7. Lanes 13, 31, and 48,
Svi1 lymphoma; lanes 1 and 2, non-Svi1 lymphoma. (C) Western blot with
anti-IL-7R and with pY20 by using the same membrane for the blot with
anti-IL-7R after stripping. (D) The time course of STAT5A phosphorylation of
a cultured SviT lymphoma after stimulation of IL-7R by anti-IL-7R. The sequen-
tially harvested cells were stained with either anti-pY-STAT5A or anti-STAT5A,
and the intensity of staining was measured by a Lumi Vision imager. The ratios
of tyrosine phosphorylated STAT5A to total STAT5A were standardized by
setting the values at time 0 as 1.0.

Colony Growth of BM Cells in a Semisolid Medium by Transfecting
STAT5A ¢DNA. Enhanced expression of Stat5a by provirus inte-
gration seemed the basic mechanism of Svi/ lymphoma induc-
tion. To examine the effect of the high expression of the Stat5a
gene in BM cells, we transfected them with expression vectors
bearing either wt or constitutively active mutant [*6-StatSa
c¢DNA and cultured them in a semisolid Methocult medium
containing IL-7 optimalized for the culture of pre-B cells. The
transfection was done similarly to BM cells of NFS, C57BL/6,
C3H, AKR, and SL/Kh mice at 3 wk of age. The SL/Kh BM
cells transfected with mutant Staz5a cDNA (4 pg for 2 X 10 BM
cells) started to grow after 48 h and reached a plateau at 96 h,
forming colonies in the semisolid medium (Fig. 44). In Fig. 4, the
number of colonies represents an average of six dishes each
containing 2.8 X 10° transfected BM cells. The number of
colonies increased linearly to the dose of cDNA within a range
of 2 to ~8 ug per 2 X 107 BM cells but the dose did not affect
the kinetics itself.

In contrast, the transfection of wt Stat5a to SL/Kh BM cells
induced weak and transient colony growth after 48 h as seen in
Fig. 44, but the most of the cells died quickly by apoptosis before
forming larger colonies. The BM cells from NFS, C57BL/6,
C3H, and AKR strain mice started to grow 48 h after transfec-
tion with either wt or mutant Stat5a cDNA, but, thereafter, they
rapidly died of apoptosis (Table 1). Therefore, colony growth of
BM cells by mutant Stat5a may require a host factor in SL/Kh.

Fig. 54 shows representative colonies at 24 h (a) and 72 h (b) of
culture after the transfection of 7*6-Stat5a cDNA. The colony was
a packed uniform collection of lymphoblasts (c), but no granulocyte
or macrophage colony was observed under these culture conditions
by 144 h. They were positively stained anti-pY-STATSA, anti-BP-1,
and anti-B220 (Fig. 5B). Phenotype markers were further examined
for colony cells induced by transfection of wt (W), active mutant
Stat5a cDNA (M), or normal BM cells (B) by RT-PCR. Both W and
M colony cells were positive for STATSA in Western blot and
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Fig.4. Colony formation of BM cells by transfection of the expression vector

carrying Stat5a cDNA. (A) Kinetics of the colony formation of BM cells trans-
fected with Stat5a cDNA. The “numbers of colony represent colonies formed
by 2.8 X 10 transfected BM cells. m, Colonies of BM cells transfected with 4 ug
of the 7*6-Stat5a expression vector; [J, colonies of SL/Kh BM cells transfected
with 4 pg of the wt Stat5a expression vector. The dose of cDNA was between
2 ug and 8 ug for 2 X 107 BM cells. A, Colonies from SL/Kh BM cells transfected
with 4 ug of the empty vector. (B) The survival of the colony cells in the
IL-7-free medium. The colony cells harvested 96 h after transfection of 7*6-
Stat5a were incubated in a medium with (m) or without (0J) IL-7. Similar cells
harvested 48 h after transfections were incubated in the medium with (A) or
without (A) IL-7. These cells died quickly of apoptosis. The viability of the BM
cells transfected with wt Stat5a was as low as 10% when harvested 48 or 72 h
after transfection and no cells survived after transfer to IL-7-free medium (@).

RT-PCR assay detected expression of HSA (CD24), CDI19, CD43,
and IL-7R (Fig. 5C). Consequently, the colony cells induced by the
transfection of Stat5a cDNA, either the wt or constitutively active
mutant form, shared the same phenotype of early pre-B cells,
although the colony growth of the cells transfected with the former
was just transient.

For the colony growth of BM cells transfected with mutant
Stat5a, the presence of IL-7, but not of IL-3 or stem cell factor,
was absolutely required. Such a requirement of IL-7 was limited
only in the early stage of colony growth because the colony cells
harvested after 96 h in culture no longer required IL-7 to survive
in the IL-7-free medium (Fig. 4B). In contrast, the colony cells
harvested 48 h after transfection failed to maintain viability in
the IL-7-free medium and the addition of IL-7 slightly delayed
cell death. The colony cells of wt Stat5a cDNA transfectant
showed <20% viability when harvested at 48 h and did not
survive irrespective of the presence of IL-7.

These observations indicate that the transfectant of the mu-
tant Stat5a require IL-7 for initial growth and possibly survival,
but beyond certain critical points, they convert to immortalized
cells by losing IL-7 dependence.

Discussion

We found that a retrovirus integration into the immediate
upstream of the protein-coding region of Stat5a induces en-
hanced expression of the gene, contributing to lymphoma de-
velopment. This segment Svil, a 400-bp stretch in the second
intron of Stat5a, is one of the hot spots in which three of 60
SL/Kh lymphomas had a clonally integrated proviral MuLV
genome. The phenotype study on Svil lymphomas indicated that
they belonged to early pre-B cells, unlike the controls of non-Svi/
lymphomas in SL/Kh showing more mature pre-B phenotypes
without IL-7R expression.

STATSA is a member of the Signal Transducer and Activator of
Transcription family in cytokine signaling (19, 23). STAT5A regu-
lates proliferation, differentiation, and apoptosis in hematopoietic
cells (18). Binding of appropriate ligands to the cytokine receptors
induces the phosphorylation of STATS5A. For instance, the signals
mediated by the IL-2 receptor in T cells (23), or that by IL-7

Tsuruyama et al.



Table 1. Requirement for BM cells to form colonies in
semisolid medium

Transfected with Medium supplemented with

No. of
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Activated

Statba WT Stat5a IL-7 IL-3 SCF

+ - + - - 40 =5
- - - - 0

+
+ —
+

(.
+ 1

I+
o o

+ +

- + - 0
- - + 0

o+
|
|
|
o

The basic medium used in this experiment was a methylcellulose medium
(GIBCO) supplemented as indicated in the table.
*Colonies were counted at 96 hr in culture.

receptor in early pre-B cells (24) use STATSA. Consistent detection
of phosphorylated IL-7R in Svil lymphomas suggests that its
activation either by IL-7 in microenvironments or else is a likely
explanation for STATSA activation. The active STATSA forms a
dimer that translocates into the nucleus and exerts transcriptional
activity by binding to the GAS element in the promoter of target
genes such as c-Myc, Pim-1, and Bcl-xL. The most direct and
plausible mechanism of transformation of Svi/ lymphomas with
excess expression of STATSA is, therefore, by increasing the
expression of these target genes related to tumorigenesis. Among
them, c-Myc was selectively expressed: Hence, it is one of the
strongest candidate genes that is the downstream target of STATSA
and is responsible for Svi/ lymphomagenesis. The relevance of
c-Myc with cell cycle progression mediated by STAT family has
been documented (25-27).

Consistent with the above hypothesis is the fact that transfection
of constitutively active Stat5a mutant cDNA induced colony for-
mation and immortalization of SL/Kh BM cells in a semisolid
medium in the presence of IL-7. The cells composing colonies
shared the phenotype of early pre-B cells with Svi/ lymphomas.
Transient growth of early pre-B cells that form small colonies was
observed after transfection of either wt Stat5a or mutant *6-Stat5a
c¢DNA in the presence of IL-7; however, they disappeared rapidly
by apoptosis within 60—72 h. In this experiment, IL-7 was required
in the early growth phase, but not always for the maintaining colony
survival. The colony cells survived even after transfer to the
IL-7-free medium. Therefore, STATSA, both wt and 1*6-Stat5a
mutant, initiate the growth of early pre-B cells in the presence of
IL-7, but only the mutant Stat5a can induce immortalization, i.e.,
loss of dependence on IL-7. This model is, however, of partial
significance because the Stat5a driven by virus integration is a wt.
The true reason virus-driven wt Stat5a induces lymphomas when its
transfection to BM cells is ineffective has remained obscure. One
explanation is that the expression of wt transgene is transient, so
that it may be not effective even the dose is increased. On the other
hand, the virus-driven expression of wt Stat5a is constititutive and
high enough to transform the pre-B target cells by activation
through an intracellular signaling network somehow unique to
SL/Kh mice.
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Fig. 5. Phenotype of the colony cells. (A) Representative colony at 48 h (a)
and a colony at 96 h (b and ¢) in culture after the transfection of 7*6-Stat5a
cDNA. (Aa and Ab) Phase-contrast microscopy = x200. (Ac) Giemsa stain =
%200. (B) The colonies formed by SL/Kh BM cells transfected 7*6-Stat5a were
immunostained with anti-pYSTATS5A, anti-B220, or anti-BP1. (C) Expression of
STAT5A shown by Western blot and RT-PCR assays of CD19, CD24 (HSA), CD43,
c-Myc, Bcl-xL, and IL-7R and with pY20 using the same membrane for the blot
with anti-IL-7R after stripping in the colony cells; lane W, BM cells transfected
with wt Stat5a; lane M, BM cells transfected with mutant 7*6-Stat5a, and lane
B, fresh BM cells with an empty vector. The cells for lanes W and M were
harvested at 48 h after transfection.

It is noteworthy that such immortalization of pre-B cells by the
active mutant of Stat5a was observed only with BM cells of the
SL/Kh strain but not with others. Schwaller ef al. (5) infected
BM cells with retrovirus bearing constitutively active StatSa
mutant and induced myelo-proliferation but not any lymphoid
tumors in the C57BL/6 and BALB/c background. Therefore, a
genetic factor unique to the SL/Kh strain seems to determine
the susceptibility of BM pre-B cells to the mutant Stat5a
function. We have reported that the SL/Kh mice show a
transient expansion of BM pre-B cells with a peak at ~4-6 wk
of age (14). This expansion is controlled by a quantitative trait
locus Bombl on the middle segment of chromosome 3 (14).
Elucidation of such host gene and the human homolog would
provide deeper insight of the cell-signaling network in hemo-
poietic cells that determines the target of transformation.
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