NEOPLASIA

Jak1 deficiency leads to enhanced Abelson-induced B-cdll tumor formation

Veronika Sexl, Boris Kovacic, Roland Piekorz, Richard Moriggl, Dagmar Stoiber, Angelika Hoffmeyer, Rita Liebminger,
Oliver Kudlacek, Eva Weisz, Kristen Rothammer, and James N. lhle

The Janus kinase Jakl has been impli-
cated in tumor formation by the Abelson
oncogene. In this study we show that loss
of Jak1 does not affect in vitro transforma-
tion by v-abl as defined by the ability to
induce cytokine-independent B-cell
colony formation or establishment of B-
cell lines. However, Jak1-deficient, v-abl—
transformed cell lines were more tumor-
genic than wild-type cells when
transplanted subcutaneously into severe
combined immunodeficient (SCID) mice

or injected intravenously into nude mice.
Jakl deficiency was associated with a
loss in the ability of interferon-y (IFN-y) to
induce growth arrest and/or apoptosis of
v-abl-transformed pre-B cells or tumor
growth in SCID mice. Moreover, IFN-y
mRNA could be detected in growing tu-
mors, and tumor cells explanted from
SCID mice had lost the ability to respond
to IFN-y in 9 of 20 cases, whereas the
response to interferon-a (IFN-a) remained
intact. Importantly, a similar increase in

tumorgenicity was observed when IFN-y—
deficient cells were injected into SCID
mice, identifying the tumor cell itself as
the main source of IFN-y. These findings
demonstrate that Jak1, rather than pro-
moting tumorgenesis as previously pro-
posed, is critical in mediating an intrinsic
IFN-y—dependent tumor surveillance.
(Blood. 2003;101:4937-4943)
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Introduction

A variety of important cellular functions, including survival,
differentiation, and proliferation, are regulated by cytokinesin the
hematopoietic system. The Jak (Janus kinase)-Stat (signal trans-
ducer and activator of transcription) pathway is one of the
important signaling pathways downstream of cytokine receptors.-2
Following ligand binding to its cognate receptor, receptor-
associated Jaks are activated and mediate the subsequent tyrosine
phosphorylation and activation of Stat proteins. Activated Stat
proteins form dimers, transocate to the nucleus, and bind to
specific DNA elements to induce or modulate expression of target
genes. Reflecting the critical role of Stats in cell growth and
survival, inappropriate Stat activation has been observed in many
solid malignancies®*” as well asin acute and chronic leukemias.®1?
Among the various Stats, constitutive Stat5 activation was ob-
served in different forms of leukemias.’34 Recent studies'® have
established a role for Stat5 activation in the induction of a
myeloproliferative and lymphoproliferative disease associated with
retroviral transduction of a Tel/Jak2 fusion oncogene into bone
marrow cells. Because a comparable myeloproliferative disease is
induced by retroviraly transduced oncostatin M (OSM), a target
gene of activated Stat5, it is hypothesized that OSM may be the
critical target gene of the constitutively activated Stat5 for the
induction of the myeloproliferation.

The v-abl gene was originally identified as the transforming
gene of the Abelson murine leukemiavirus (A-MuLV), aretrovirus
that causes lymphosarcomas in mice.6 The v-abl gene is a hybrid
of a portion of the viral gag gene fused with a sequence derived
from the endogenous c-abl gene, encoding a nonreceptor nuclear

tyrosine kinase. V-abl has elevated tyrosine kinase activity and is
localized in the cytoplasm. Invitro, A-MuLV transformsfibroblasts
and pre-B-lymphoid cell lines, whereas in vivo the virus primarily
transforms pre-B cells.1.18 VV-abl—transformed primary pre-B cells
are poorly tumorgenic and prone to apoptosis.?® These observations
suggest that additional genetic and epigenetic changes are required
to achieve full malignant transformation. Recent studies have
demonstrated a role for the tumor suppressors p53 and p19ARF in
progression of transformation.2.2!

A critica role for the Jak-Stat pathway in v-abl transformation has
been proposed. Initid studies'#? demongtrated that Stat5 is condtitu-
tively activated in VV-abl-transformed pre-B cells, leading to the sugges-
tion that Stat5 is critical for transformation. However, usng Stats-
deficient mice, we demonstrated in a recent report that Stat5 is not
required for v-abl or ber/abl transformation of pre-B cells.2® In addition,
Jak1 has been implicated in transformation by the v-abl aswell asby the
v-grc oncogene. 2?5 Based on in vitro observations, it was postul ated that
transformation by v-abl is dependent on its ability to bind and activate
Jak1. Inthe studies described here, we demonstrate that B-cell precursor
cells lacking Jak1 can be transformed upon Abelson infection and give
rise to immorta cell lines. In addition, Abelson-infected Jak1-deficient
B-cdl precursors induce tumor formetion in severe combined immuno-
deficient (SCID) miceat ahigher rate and with an earlier onset than Jak1
wild-type cdlls. Evidenceis presented that the higher malignancy is due
to the loss of interferon-y (IFN-y) sengitivity associated with the Jak1
deficiency, demondtrating that IFN-y is a key determinant in the
progression of tumorgenicity of Abelson-transformed B cells.
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Materials and methods

Tissue-culture conditions and virus preparation

Transformed fetal liver cells and cell lines derived from tumor tissue were
maintained in RPMI medium containing 5% heat-inactivated fetal calf
serum (FCS), 100 U/mL penicillin-streptomycin, and 5 uM B-mercaptoetha-
nol. NIH3T3 cells, T220-29 cells (NIH3T3 cells engineered to produce
interleukin-7 [IL-7]), and A010 cellswere maintained in Dulbecco modified
Eagle medium (DMEM) containing 10% heat-inactivated FCS and 100
U/mL penicillin-streptomycin. A010 cells produce an ecotropic replication-
deficient form of the Abelson virus. For collection of the viral supernatant,
A010 cells were plated in 100-mm dishes precoated with gelatin (1%) and
grown to confluency. Supernatant was harvested every 8 hoursfor 40 hours,
pooled, and filtered through a 0.45-um filter.

Infection of fetal livers, in vitro transformation assays,
and establishment of cell lines

For the preparation of fetal liver cells, heterozygous animalswere set up for
breeding, and vaginal plugs were checked daily. Sixteen days after
conception the pregnant animals were killed and the fetal livers prepared.
The embryo tails were used for genotyping by polymerase chain reaction
(PCR).%6:27 Single-cell suspensions from fetal livers were infected for 30
minutes with viral supernatant derived from A010 cells enriched with 5
ng/mL IL-7, 7 pg/mL polybrene, and 5 pwM B-mercaptoethanol. The
virus-infected as well as the mock-infected cells were then maintained for
15 to 20 hours on IL-7—producing feeder layers (T220-29 cells).®
Thereafter, cells were washed several times and plated in cytokine-free
methylcellulose at a density of 3 X 10%/mL in 35-mm dishes. An aliquot of
the cells was used to determine numbers of B-cell precursors in the
individual fetal liversby fluorescence-activated cell sorter (FACS) analysis.
After 7 to 10 days, the cloning efficiency was evaluated by counting
colonies using light microscopy. The assays were performed in triplicate.
Mock-infected cells did not result in growth factor—independent colonies.
The ability to form cell lines was tested by transferring an aiquot of the
transduced cells (1 X 10°) to growth factor—free medium. The medium was
changed twice a week and the culture was observed for the outgrowth of
stable clones.

Injection of tumor cells into SCID and nude mice

Ten days after infection, 1 X 106 cells were resuspended into 300 wL
phosphate-buffered saline (PBS) and injected subcutaneously into SCID
mice.2 At the time point of injection, the cells had been in growth
factor—free medium for at least a week and consisted of CD19%/CD43*
pro-B cells. Mice were checked daily for the development of tumors.
Tumors bigger than 2 cm in diameter were excised and considered terminal
for analysis. The tumors were excised for further analysis. To investigate
the effect of IFN-y treatment on Abel son-induced tumor formation in SCID
mice, 1 X 10% cells of 3 different Jak1(+/—) as well as 2 different
Jak1(—/—) feta liver cultures were injected into 28 SCID mice each.
Fourteen mice of each group received IFN-y treatment 4 times a week
(5 X 108 units per day) at the site of tumor cell injection.

For tail-veininjections, 3 X 10° cellswere resuspended in 200 pL PBS.
Cells from 2 independently derived Jak1(—/—) and 2 Jak1(+/—) cell lines
were injected in 3 nude mice each. At the time point of injection the cell
lineswere analyzed by FACS and contained of ahomogenous population of
CD19" cells. Twenty-five days after injection al mice were killed, and
spleen weights, white blood cell counts, and the presence of CD19" cellsin
the bone marrow and blood were analyzed. Age-matched nude mice that
wereinjected with PBS only were used as controls.

Protein analysis

Cellswerelysed in a buffer containing protease and phosphatase inhibitors
(50 mM HEPES [N-2-hydroxyethylpiperazine-N’'-2-ethanesulfonic acid],
pH 7.5, 0.1% Tween 20, 150 mM NaCl, 1 mM EDTA [ethylenediaminetet-
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raacetic acid], 20 mM B-glycerophosphate, 0.1 mM sodium vanadate, 1
mM sodium fluoride, 10 wg/mL each aprotinin and leupeptin, and 1 mM
phenylmethylsulfonyl fluoride [PMSF]).23 Protein concentrations were
determined using a BCA-kit as recommended by the manufacturer (Pierce,
Rockford, IL). Stat proteins and Jak kinases were immunoprecipitated out
of 600 to 800 g of cell lysate using polyclonal antisera and probed with a
monoclonal antibody directed against phosphotyrosine (4G10; UBI, Haup-
page, NY). Thereafter, blots were stripped and reprobed with antisera
directed against the individual Stat and Jak proteins. In addition, phospho-
Stat—specific antiserum (New England Biolabs, Beverly, MA) was used to
determine the activity of Stats proteins. To assess expression levels of the
abl protein, 100 g total protein per sample was electrophoretically
resolved on a 7.5% polyacrylamide gel containing sodium dodecy! sulfate
(SDS) and transferred onto Immobilon membranes. Membranes were
probed with arabbit polyclonal antiserum directed against abl (Santa Cruz
Biotechnology, Santa Cruz, CA). Sites of antibody binding were detected
using protein A—conjugated horseradish peroxidase (EY Laboratories, San
Mateo, CA) with chemiluminescent detection (ECL detection kit, Amer-
sham, Arlington Heights, IL).

Gel shift analysis

Electrophoretic mobility shift assays (EMSAs) were performed with
whole-cell extracts according to established protocols.2%30 Whole-cell
extracts (12 pg protein) from cell lines or tumor samples were incubated
with y[32P]|dATP (deoxyadenosi ne-triphosphate)—end-label ed oligonucleo-
tidesin DNA binding buffer (10 mM Tris [tris(hydroxymethyl)aminometh-
ane], 1 mM dithiothreitol [DTT], 0.2 mM PMSF, 0.1 mM EDTA, 5%
glycerol, 50 mM NaCl, 0.1% Nonidet P-40 [NP-40], 2 .g/mL bovine serum
albumin [BSA], and 0.2 mg/mL poly(didC)) in afinal volume of 12 pL. To
detect Stat5 or Stat6 DNA binding activity, a Stat response element from the
bovine B-casein promotor was used, whereas the SIEm67 high-affinity
c-fos promoter site was used to visualize Statl- and Stat3-containing
DNA-binding complexes. Antibodies from Santa Cruz Biotechnology were
used to verify DNA binding by supershift analysis (anti-Stat5 [N20] and
anti-Stat6 [M20]). Samples were analyzed on 5% polyacrylamide gels with
0.25 X Tris-borate-EDTA (TBE) buffer. Gels were finaly dried and
exposed directly to films.

Flow cytometric analysis (FACS)

Single-cell suspensions of cells are preincubated with «CD16/CD32
antibodies (Pharmingen, San Diego, CA) to prevent nonspecific Fc
receptor—mediated binding. Thereafter, aliquots of 5 X 10° cells are stained
with monoclonal antibodies conjugated with fluorescent markers and
analyzed by FACS (Becton Dickinson, San Diego, CA). The antibodies
used for lineage determination included the B-cell lineage markers B220,
CD19, CD43; the T-cell markers CD4, CD8, Thy1.2; the myeloid markers
Grl and Macl; and the erythroid lineage marker Ter119 (Pharmingen). For
cell cycle analysis, the cells were lysed in a buffer containing 0.05 mg/mL
propidium iodide, 0.01% Triton X-100, and 0.1% sodium citrate.

Semiquantitative RT-PCR and oligohybridization

Firg-strand cDNA synthesis and PCR amplification were performed with the
Perkin Elmer reverse transcriptase (RT)—PCR kit (GeneAmp; Roche Molecular
Systems, Branchburg, NJ) according to the manufacturer’s instructions. Primer
sequencesfor the various geneswere asfollows: mouse |FN-y mRNA: (forward)
5'-ATGAACGCTACACACTGCATCT-3' and 5'-CGAATCAGCAGCGACTC-
CTTTT-3' (reverse); mouse B-actin: (forward) 5'-ACTCCTATGTGGGTGAC-
GAGG-3' and 5'-CAGGTCCAGACGCAGGATGGC-3' (reverse). The reac-
tions were performed using AmpliTag DNA Polymerase Kit (Roche Molecular
Systems) under the following condition: 1.5 mM MgCl,, 200 wM deoxyribo-
nucleoside triphosphates (ANTPs) (each), 1 wg/pL primer mix, and 0.5 units
polymerase.

The amplified cDNA was visualized on a 2% agarose gel, denatured
with 1.5M NaCl/0.5 M NaOH, neutralized in 1.5 M NaCl/0.5M TrisCl, pH
7.0, and transferred to amembrane using 20 X SSC. Three oligonuclectide
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Figure 1. Ab-MuLV-induced colony formation in Jakl(+/—) and Jakl(—/-)
cells. (A) Fetal livers were infected with Ab-MuLV and subsequently cloned into
cytokine-free methylcellulose at a density of 1 X 10° cells per milliliter. One typical
colony-formation assay of each genotype is depicted. (B) Quantification of colony
formation expressed as function of available B-cell precursors. B-cell precursors
represent the target cell population for Ab-MuLV transformation under our conditions;
numbers were determined by FACS analysis. Data represent the mean values =
standard deviation of 3 individually plated colony assays for each fetal liver.

probes of IFN-y were used for hybridization: 5'-GTGACATGAAAATCCT-
GCAGAGCCAGATTA-3',5'-TGCAGCTCTTCCTCATGGCTGTTTCTG-
GCT-3" (N-terminal), and 5'-ACCAGCTGTTGCCGGAATCCAGC-
CTC-3' (C-terminal) and confirmed the specificity of the amplified cDNA
band. Activated (IL-2 and anti-CD3) primary T cells were used as positive
controls for the experiment. The probes were radiolabeled using polynucle-
otide kinase, and hybridization was performed using the Rapid-hyb buffer
protocol (Amersham).

[®H]Thymidine incorporation

A total of 2 X 10° cells were plated in round-bottom 96-well plates and
stimulated with 10 pg/mL IFN-a or IFN-y (R&D Systems, Minneapolis,
MN); 18 hours thereafter, [3H]thymidine was added and incubated for
another 12 hours.

Statistical analysis

Statistics were carried out using Student t test and the x2 test as appropriate.

Results

The transforming activity of Ab-MuLV includes the ability to
abrogate growth factor requirements of B-cell progenitors. We

Table 1. Ab-MuLV induces tumorgenic cell lines in Jak1-deficient fetal
liver cells

Jak1 genotype of the Outgrowth of No. of tumors per injected SCID
fetal liver cell line mouse
+/— - 0/3
+/— + 3/3
+/— - 0/3
+/- + 0/4
. + 0/4
+/—= + 3/4
+/- + 4/4
+/—- + 3/4
+/—- - 0/4
+/- + 2/4
+/—- + 2/4
—/— + 2/3
—/- + 2/3
—/— + 3/3
—/— + 4/4
—/— + 1/4
—/— + 4/4
—/- + 4/4
—/— + 4/4
—/— + 4/4
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Figure 2. Ab-MuLV infection induces outgrowth of B-cell precursors in Jak1(—/-)
fetal livers. (A) Fetal livers were splitin half, with one half mock infected and the other
half infected with Ab-MuLV, and transferred onto IL-7—producing feeder cultures
(T220-29 cells). Six days thereafter, the cells were analyzed for the presence of
CD19/CD43 B cells by FACS analysis. (B) Immunoprecipitation of Jakl in wild-type
cells. Three individual Jak1(+/—) cell lines were analyzed for the expression and
tyrosine phosphorylation (P-Tyr) of Jakl. C indicates v-abl-transformed cells stimu-
lated with 10 ng/mL interleukin-7. (C) Immunoprecipitation of Jak2. Two Jak1(—/—)
and 2 Jak1(+/—) cell lines were used to investigate the expression and tyrosine
phosphorylation of Jak2. As a control (indicated by C), v-abl-transformed Jak1(+/—)
cells were stimulated with 10 ng/mL IFN-y. (D) Immunoprecipitation of Jak3. Two
Jak1(—/-) and 2 Jakl1(+/—) cell lines were used to investigate the expression and
tyrosine phosphorylation of Jak3. As a control (indicated by C), v-abl-transformed
Jak1(+/-) cells were stimulated with 10 ng/mL interleukin-7. The upper strongly
tyrosine-phosphorylated band corresponds to v-abl that associates with Jak3 upon
activation.

therefore initially assessed the consequences of Jak1 deficiency on
the ability to induce growth factor—independent growth of fetal
liver cells in methylcellulose. As illustrated (Figure 1A), large
colonies appeared following infection of fetal liver cells from
Jak1-deficient embryos with Ab-MuLV. Immunophenotyping of
the cells within the colonies identified them as CD19+/B220*
B-lineage cells (data not shown). As previously reported,® the
number of CD19%/B220" B-cell precursor cells in Jak1-deficient
fetal liversis 0.2% to 1% of wild-type fetal livers. When corrected
for these differences (Figure 1B), the numbers of colonies per 10*

Jakl (+/-) Jakl (-/-)
B C
Jald (+) 1 Jim () Jakl (+)  Jakl (/)
g 2 "3 ‘ L - V.,
g -g |.¢m!‘¢' V-Abl
CE‘JI?“ CD19 +

Figure 3. Analysis of Abelson-transformed Jak1(+/—) and Jak1l(—/—) tumors.
(A) Tumor formation in SCID mice after injection with 3 X 106 transformed cells.
Jak1(—/-) cells form tumors more rapidly than the Jak1(+/—) control cells. One
representative tumor of each genotype is shown. (B) FACS analysis of the excised
tumors. All tumors investigated express the surface markers CD19, CD43, and B220
and were therefore classified as B-cell lineage tumors. One example for each
genotype is shown. (C) Analysis of v-abl expression in tumor tissue by Western blot
analysis. The first 4 lanes show tumor tissue derived from Jak1(+/—)-transformed
cells; the last 5 lanes show tumors derived from Jak1(—/—)-transformed cells.
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Figure 4. Ab-MuLV—transformed Jak1(+/=) cells react with cell death or growth arrest to IFN treatment. (A) Growth curves for Jak1(—/—) cells in the absence and
presence of IFN-a or IFN-y (i). Growth curves for Jak1(+/—) cells in the absence and presence of IFN-«a or IFN-vy. Cells react either with growth inhibition (ii) or cell death (jii) to
IFN treatment. @ indicates control; B, IFN-«; and A, IFN-y. (B) Tumor-derived cells from Jak1(+/—) and Jak1(—/—) tumors were explanted in culture in the absence and
presence of IFN-a or IFN-y; 24 hours thereafter, the cell cycle distribution was analyzed. In 9 of 20 samples investigated, cells explanted from Jak1(+/—) tumors had at least
partially lost the ability to react to IFN-y, but only one tumor sample lost the ability to react with growth arrest to IFN-« treatment. None of the Jak1(—/—)—deficient cells reacted
to IFN treatment. [] indicates control; , IFN-«; and B, IFN-y. Four tumor samples of each group are shown.

pro-B cells were comparabl e between Jak1-deficient and wild-type
fetal liver cell preparations.

To obtain immortalized, growth factor—independent cell lines,
Ab-MuLV-infected fetal liver cellswere plated on IL-7—producing
feeder layers for 5 days and further amplified under growth
factor—free conditions. Cells were passaged twice a week. Ab-
MuLV infection of Jak1-deficient fetal liver cultures resulted in the
consistent establishment of cell lines (9 of 9), while infection of
heterozygous fetal liver cultures gave rise to cell linesin 8 of 11
cultures (Table 1). In all cases, the cell lines obtained were
CD19%/B220* B cells (Figure 2). Cell cycle analysis did not reveal
differences in cell cycle distribution between Jak1-deficient and
wild-type transformed B cells (data not shown). Moreover, the
doubling rates of the transformed B-cell lines were comparable
(30 = 7 hours Jak1-deficient, n = 3; 25.7 = 2.3 hours wild-type,
n = 4). We also investigated whether Jak2 or Jak3 was constitu-
tively active in Jak1(—/—) and Jak1(+/—) cells and might
compensate for the loss of Jakl. We failed to detect tyrosine
phosphorylation of Jak1 in wild-type cells (Figure 2B). Also,
neither Jak2 nor Jak3 was tyrosine phosphorylated in any cell line
investigated (Figure 2B). Therefore, we conclude that the absence
of Jak1 does not affect the ability of Ab-MuLV to transform pre-B
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- @y - oy Interferon e Y- EY-0Y-@y- @y
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LT
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cells or ater the growth properties of the transformed cell lines
relative to wild-type cells.

We next wanted to examine the ability of the Ab-MuLV—
transformed B cells to form tumors in SCID mice as an in vivo
tumor system. Cells were infected and cultured on IL-7 producer
cells for 5 days and in the absence of growth factors for 5 days.
Following this, the cultures contained a homogeneous population
of CD43"/CD19%/B220" cells. Injection of 1 X 106 cells resulted
in the formation of tumors of at least 2 cm within 3 weeksin 17 of
41 animals injected with Jak1(+/—) fetal liver cells (Table 1). In
comparison, 28 of 33 animals developed tumors of at least 2 cm
within 1 to 3 weeks when Jak1-deficient, Ab-MuLV—-infected fetal
liver cells were used (P < .001, x? test). In addition to an earlier
onset, transformed Jak1-deficient cells developed to visibly larger
tumors (Figure 3A). Among the 7 Jakl heterozygous and 10
Jak1-deficient tumors examined, all consisted of homogenous
populations of CD43*/CD19" B cells (Figure 3B) and expressed
V-abl protein (Figure 3C).

Because of the consistently increased tumorgenic nature of the
Ab-MuLV—transformed Jak1-deficient cells, we reasoned that a
Jak1-dependent signaling pathway may partially limit the growth

cells tumor
Interferon 1 2341234
+— Statd/3
gt | =
+— Statl/1 +— Statl/1
Jakl (+/-) Jakl (-/-)

f's 6/ 8 6C/) 5 &6/ 5 6 C Antibody
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+— Statlf1
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Figure 5. Stat activation in tumors and cell lines. (A-B) Immunoprecipitation of Statl and Stat3. Cell lines were either untreated (-), or stimulated with IFN-a (a), or
stimulated with IFN-y (y) for 1 hour. Thereafter the cells were lysed and the Stat proteins immunoprecipitated. The membranes were first blotted with an antibody directed
against phosphotyrosine (PTYR) and then destripped and reprobed with antisera directed against Stat1 (A) or Stat3 (B). (C) Gel shift analysis for Statl and Stat3 in the cell lines
treated as described above for panels A and B. The specificity of the Statl-containing complexes was proven by using Abelson-transformed B-cell lines derived from
Statl1-deficient fetal livers (not shown). (D) Five tumors derived from Ab-MuLV-transformed Jak1(—/—) cells (first 5 lanes) and 4 tumors from Ab-MuLV-transformed Jak1(+/—)
cells (last 4 lanes) were analyzed by gel shift for Statl and Stat3 activation. (E) Gel shift analysis for Statl and Stat3 activation in cell lines and the corresponding primary
tumors. Samples 1 and 4 are deficient for Jak1; samples 2 and 3 are derived from Jak1(+/-) fetal livers. (F) Stat5 and Stat6 activation in Jak1(+/—) and Jak1(—/-) cell lines.
Gel shift analysis and supershift analysis with antibodies directed against Stat5 (5) and Stat6 (6) shows activation of Stat5 but not Stat6. An unrelated antibody (C) was used as
additional control. Slash indicates that no antibody was added.
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Table 2. Tumor sensitivity to IFN-y requires Jak1

No. of tumors with IFN-y

Genotype No. of tumors without treatment treatment
Jakl (+/-) 8 of 14 lof14
Jakl (—/-) 13 of 14 14 of 14

of wild-type transformed cells. Potential cytokine signaling path-
ways associated with the inhibition of cell growth are initiated by
interferons. We therefore examined the effects of IFN-a or IFN-y
on the growth of Ab-MuLV—transformed B-cell lines. Asillustrated
in Figure 4A, the growth of cell lines heterozygous for Jakl
deficiency was strongly inhibited by IFN-a or IFN-y. In contrast,
the growth of Jak1-deficient cell lines was unaffected. Similarly,
the cell cycle distribution pattern of freshly explanted tumor cells
from Jak1-deficient tumors showed no response to IFN treatment
(Figure 4B). Interestingly, when we analyzed primary tumor cells
derived from Jak1 heterozygous tumors, we found that 9 of 20 had
lost the ability to respond to |FN-y with growth inhibition, whereas
only 1 of 20 showed an impaired ability to respond to IFN-a
(P < .01, x? test) (Figure 4B).

A potential mediator of IFN-induced inhibition of cell growth is
Statl. Asillustrated in Figure 5A,C, IFN-a and IFN-y strongly induced
the tyrosine phosphorylation and DNA binding of Statl in transformed
cdl lines heterozygous for Jakl while no activation was seen in
Jak1-deficient cell lines. For comparison, al the cell lines contained low
levels of conditutively activated Stat3 that was further activated by
IFN-a stimulation in the cell lines heterozygousfor Jak1 (Figure 5B-C).
However, we detected condtitutive Statl activation in tumor tissue,
whereit was clearly more prominent in the tumor samples heterozygous
for Jak1 compared with the Jak1-deficient samples (Figure 5D). A direct
comparison of cell linesand the corresponding primary tumor tissueside
by sde on the same ge confirmed our observation (Figure 5E).
Supershift experiments with antibodies directed againgt Stat1 and Stat3
in wild-type and Stat1-deficient v-abl—transformed pro-B cells defined
the bands corresponding to Stat1 and Stat3 activation (data not shown).
Thedifference between cdll linesand primary tumor tissueis pecific for
Statl; other members of the Stat transcription factor family showed no
digtinct pattern of regulaion. Stat5 wasactivated in cell lines (Figure 5F)
and tumor tissue (data not shown) irrespective of whether Jak1 was
expressed or not, whereas Stat6 activation was found in none of the
samplesinvestigated.

To examine the influence of IFN-y on tumor growth, 1 X 106
Ab-MuLV—transformed fetal liver cells, prepared as described
above, were injected into SCID mice. Concomitantly, the tumor
sites were injected with IFN-y (5 X 10° units per day; 4 days per
week). Among 14 SCID mice injected with Jak1-deficient trans-
formed B cells, 13 developed tumors after 2 to 3 weeks irrespective
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Figure 6. V-abl-transformed tumors express IFN-y. RT-PCR and subsequent
oligohybridization for IFN-y from Jak1(+/—)— and Jak1(—/—)-derived cell lines (B)
and tumor tissues (A). Representative examples of the analysis are shown in the top
panels (“middle” oligo). Activated (IL-2 and anti-CD3) primary T lymphocytes were
used as positive control (co); M indicates base-pair marker. Only the tumors—but not
the cell lines—show a specific signal for IFN-vy. In the lower panels, an RT-PCR for
B-actin is depicted to control for the prepared cDNA.
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IFN-y (+-)  IFN=y (/)

Figure 7. IFN-y deficiency reflects the phenotype of Jak1 deficiency. (A) Colony
formation of Ab-MuLV-transformed fetal liver cells from IFN-y(+/—) and IFN-y(—/—)
embryos. No differences were observed. One representative experiment of each
genotype is shown. (B) Tumor formation in SCID mice. Atotal of 1 X 108 transformed
cells were injected. The top panel shows the 8 tumors that developed upon injection
of IFN-y(+/-) cells. The bottom panel depicts 8 of the 13 tumors that developed out
of IEN-y(—/—) cells.

of whether they were treated with IFN-y or not (Table 2). In
contrast, Jak1(+/—) cells gave rise to tumors in 8 of 14 untreated
animals. Here only 1 of 14 injected mice, treated with IFN-v,
developed tumors (P < .01, x?2 test).

To test the hypothesis that IFN-+ is the cytokine responsible for
the difference in tumor onset in nude mice, we first investigated
whether IFN-v is expressed during tumor development. We could
clearly detect IFN-vy in samples derived from tumor tissues (Figure
6A), but no signal was detected in samples derived from cell lines
(Figure 6B).

We reasoned that the most likely source for IFN-vy, in the context of
tumors growing in SCID mice, would be the tumor cells themselves.
Therefore, fetd liver cells from IFN-y—deficient or control embryos
were transformed with Ab-MuLV. Cloning experiments showed no
differences between IFN-y(+/—) and IFN-y(—/-) colony-formation
capability (Figure 7A). Infection gaveriseto cell linesin 9 of 10 cultures
when IFN-y—deficient fetal livers cdls were used. Comparably, cell
lines were established from 8 of 10 cultures of fetd liver cdls
heterozygousfor IFN-y. Injection of thecellsinto SCID miceresultedin
tumors with an average size of 0.8 = 0.4 gin 7 of 12 mice when cdlls
heterozygous for IFN-y were used (Table 3, Figure 7B). In contrast, 11
of 12 mice developed tumors with an average size of 1.7 = 0.8 g when
IFN-y—deficient cellswereinjected. This difference meetsthe criteriaof
being a datidticaly significant result (P <.05). In addition, when
newborn mice that are deficient for IFN-y and wild-type control mice
wereinjected with replication-incompetent Ab-MuLV, significant differ-
ences were observed between the 2 groups (B.K., unpublished data,
2002). However, this experiment does not dlow us to distinguish
between the impact of IFN-y in the immune system and the impact of
IFN-y produced by the tumor cellsthemsalves.

Another experimental approach istheinjection of tumor cellsin
the tail vein of nude mice. This approach addresses the impact of
the IFN-y signaling cascade for the tumor cells and minimizes any
interference with the immune system. Two individually developed
cell lines of each genotype [Jak1l(—/—) versus (+/-)] were
injected. The experiment was terminated after 25 days, when the
mice started to develop signs of disease. At that time, 5 of the 6

Table 3. Absence of IFN-y potentiates growth of Ab-MuLV—-induced tumors

Genotype No. of tumors Average tumor weight
IFN-y (+/-) 7 of 12 08*=049¢g
IFN-y (=/=) 11 of 12 1.7+08g
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mice that had received Jak1(—/—) cells had developed multiple
enlarged lymph nodes that exceeded 5 mm in diameter. In contrast,
only one of the animals that had received Jak1(+/—) cells showed
enlarged lymph nodes. The spleen was enlarged about 10-fold in
animals that received Jak1(+/—) tumor cells and about 25-fold in
animals that had obtained Jak1(—/—) tumor cells (Figure 8A).
Similarly, the infiltration of the bone marrow with Jak1(—/-)
tumor cells was doubled compared with the infiltration with
Jak1(+/—) cells (Figure 8B). The most dramatic difference was
observed in white blood cell counts. A 5- to 6-fold elevation in
white blood cell counts was found when Jak1(—/—) tumor cells
were injected, but only a 2-fold increase was found in Jak1(+/—)—
injected animals (Figure 8C-D). All comparisons meet the criteria
of being statistically significant (P < .05). Taken together these
data clearly show that the tumor-promoting effect of Jak1 defi-
ciency is not limited to subcutaneous tumor formation but extends
to the development of leukemia.

Discussion

Our studies were initidly predicated on recent studies®* that demon-
drated an in vitro interaction of Jek1 and a carboxyl region of V-abl.
Mutations within the Jak1 interacting domain of V-abl that disrupt the
interaction fail to activate Jakl/Stat proteins. Cells expressing this
mutant showed an extended latency and decreased &hility to form
tumors in nude mice. The potentid direct involvement of Jak1 in v-abl
transformation was suggested by the observation that a kinase-inective,
dominant-negative form of Jak1 could block v-abl-induced prolifera-
tion of BAF/3 cells. Callectively, the experiments led the authors to
conclude that Jak1 may be important for the efficient transformation of
immature B cellsby the v-abl oncogene.

Another approach to assesstherole of Jak1 in v-abl transforma-
tion is to assess the ability of v-abl to transform cells lacking Jak1.
As illustrated here, the lack of Jakl does not decrease v-abl—
induced colony formation or affect the outgrowth of cytokine-
independent cell lines. Therefore, v-abl-induced transformation of
pre-B cellsis not dependent on the presence of Jak1.

In contrast to a requirement for Jak1 for v-abl transformation, a
deficiency in Jak1 facilitated tumor formation and resulted in a higher
malignancy upon injection into SCID mice independently of whether
the cells were injected subcutaneoudy or in the bloodstream of the
animals. Because Jak1-deficient pre-B cells have undtered cell cycle
profiles and proliferation behavior compared with Jak1 heterozygous
cdls, an accelerated cell growth cannot account for the increased tumor
meass or early onset of tumor formation following injection into SCID
mice. Hence, we investigated the possibility that there was an atered
responsiveness to cytokines that might suppress cell growth through a
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signaling pathway requiring Jek1. One candidate was IFN-y because
binding of IFN-y to the IFN-y receptor (IFN-yR) induces activation of
Jakl, and fibroblasts lacking Jak1 are completely deficient in IFN-y
responses 263132

IFN-y isastrong inhibitor of pro-B cell proliferation and viability.3
Trestment of Jak1(+/—)—ransformed cell lines with IFN-y led to a
complete growth arrest or induced gpoptosis in dl Jak1(+/-) cdls
within 3 days, whereas it had no effect on Jak1(—/—) cdl lines. This
finding isin line with the observation that overexpresson of IFN-y in
mice leads to a severe B-cdll lineage reduction.3* Moreover, even low
doses of IFN-v led to anearly complete suppression of tumor growthin
SCID mice but did not dter tumor initiation or progresson by
Jak1-deficient cells. Because SCID mice lack functiond T-lymphoid
cdls, the mgor effect of IFN-y is a direct growth inhibitory or
progpoptotic effect on the tumor cells28

Most interestingly, | FN-y—deficient tumor cellsreflect the phenotype
observed within Jak1-deficient cells. Hence, we conclude that the source
of IFN-y within the growing tumor is the tumor cell itself, thereby
limiting its own proliferation. Severd reports show that B-lymphoid
cells can express IFN-y under certain conditionsin vivo.3>38 Loss of the
ability to produce |FN-vy resulted in an increased rate of tumorswith an
accderated growth upon injection into SCID mice identical to Jak1
deficiency. Itiscurrently unclear which stimuli induce | FN-y production
in the growing tumor.

IFN-v activates the transcription factor Statl; IFN-« activates
Statl, Stat?, as well as Stat3.% The finding that Statl was not
constitutively activated in the cell lines growing in tissue culture,
but at various degrees in the primary Jak1(+/—) tumors, is
consistent with the permanent presence of IFN-y within the
growing tumor. Recent evidence suggests that Stat3 is atransform-
ing agent or is an essential contributor for tumors of various
origins.34° In Abelson-induced malignancies, Stat3 is strongly
activated by IFN-« treatment and is speculated to be linked to a
growth-suppressing activity.

Nevertheless, IFN-y but not IFN-« is the cytokine involved in
endogenous tumor surveillance. We find a predominant activation
of Statl but not Stat3 in primary tumors. Furthermore, 9 of 20
primary Jak1(+/—)—derived tumors had either completely or
partially lost the ability to react with growth arrest or cell desth to
treatment with IFN-y. In contrast, 19 of 20 tumors retained the
ability to respond to IFN-a. This finding indicates the selective
advantage for tumor cell clones that lose responsiveness to |FN-y
and argues for atumor surveillance effect of IFN-y but not IFN-«
within the growing tumor. Further analysisis needed to investigate
the mechanisms by which the tumor cells escape the growth
inhibitory effects by IFN-v.

A recent study in which p53-deficient mice were crossed to an
IFN-y—deficient background initially revealed the importance of
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Figure 8. Tail-vein injection of Jak1(—/=) cells results in a more severe form of leukemia than injection of Jak1(+/—) cells. Atotal of 3 X 106 tumor cells were injected
into nude mice via the tail vein, and the mice were analyzed 25 days thereafter. Four nude mice that received PBS only were used as controls. Data show mean values = SD
(n = 6 for tumor cell injections and n = 4 for control mice). (A) Spleen weight of the mice at the time point of analysis. (B) White blood cell count and (C) number of CD19* cells
in the bone marrow at the time point of analysis. (D) Blood smear of one Jakl(—/—)- and one Jakl(+/—)-injected nude mouse. Hematoxylin and eosin stain, original
magnification, X 100.
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IFN-v for tumor surveillance. Mice lacking both p53 and IFN-y
suffered from premature tumor formation with a shifting of the
tumor spectrum toward teratomas, sarcomas, and hemangiomas as
compared with the p53(—/—) knock-outs.** The same authors
analyzed human tumor cell lines and found a loss of IFN-y
responsiveness in about 33% of adenocarcinoma cell lines. The
central role for IFN-y in tumor surveillance against carcinogen-
induced sarcomas and spontaneous epithelial carcinomas has also
recently be pinpointed by observations made in mice deficient for
RAG2 and/or IFN-vy receptor.?

Here we show that |FN-v is al so significant for the development
of leukemia and lymphoma. Growth advantages may be conferred
by deficienciesin the IFN-vy receptor—Jak-Stat signaling cascade as
well as by the production of IFN-y itself. A recent report
investigating acute myeloid leukemia samples supports our finding.
The authors have shown that in 10 of 25 samples deletion of Jak
kinases could be detected.*®

Taken together, we conclude that |FN-vy produced by the tumor
cells themselves exerts an important role for tumor surveillance by
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a direct growth inhibitory effect. This effect is mediated via
activation of Jakl that exerts a tumor-suppressing function in
Abelson-transformed pro-B cells. More detailed studies of human
leukemia cells will be necessary to elucidate the diagnostic and
prognostic value of aterationsin the IFN-y signaling cascade.
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