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Gfil induces T-ALL and CML in mice 

Chronic Myeloid Leukemia-like syndrome and lym
phoblastic T cell tumors in mice transgenic for the 
transcription factor Gfil 
Blanca Scheijen and Anton Berns 

Division of Molecular Genetics and Centre of Biomedical Genetics, The Netherlands Cancer Institute, 1066 CX 
Amsterdam, The Netherlands 

The murine gfil gene is a commonly activated gene in Moloney murine leukemia virus 
(MoMLV)-induced lymphomas of E\x-myc, HlK-myc, E\i-piml and E\i-L-myc/piml 
transgenic mice. We recently demonstrated that E^-pp-g/ïi transgenic mice display de
creased TCR-triggered thymocyte apoptosis and enhanced T cell selection and matura
tion. We now report that gfil overexpression gives rise to clonal lymphoblastic T cell 
lymphomas and leukemias, which are significantly accelerated upon MoMLV infection 
and transgenic pim2 expression. In addition, E[i-pp-gfil transgene expression results in 
expansion of granulocytic progenitor cells (Mac-l*Gr-ll0/+ cells) in bone marrow and 
spleen. At later age, a fraction of E\i-pp-gfil mice develop a fatal myeloid leukemia with 
concomitant granulocytic and myelomonocytic leukocytosis. Blastic transformation in
volves acute myeloid leukemias of immature uncommitted progenitors, differentiated 
monocytic, erythroid or megakaryocytic cells, and mixed-lineage (T, B and myeloid) leu
kemias, implicating a hematopoietic stem cell disease. These data show that enforced ex
pression of the zinc finger protein Gfil predisposes to CML-Iike malignancy as well as 
lymphoblastic T cell tumors. 

[Key words: CML; Gfil; Moloney leukemia virus; Myc; Pim2; T-ALL] 

A spectrum of myeloproliferative disorders in 
humans is classified under the term chronic 
myeloid leukemia (CML). These include chronic 
granulocytic leukemia (CGL), atypical chronic 
myeloid leukemia (aCML), chronic myelomono
cytic leukemia (CMML) and juvenile myelo
monocytic/ chronic myeloid leukemia 
(JMML/JCML) (Bennett et al. 1994). These dis
orders are all characterized by the presence of an 
indolent chronic phase with leukocytosis of ma
ture and some immature elements of the granulo
cytic and/or myelomonocytic lineage, retaining 
the capacity to undergo terminal differentiation. 
Frequently the disease progresses to a more ag
gressive form of myeloproliferative acceleration 
or transformation of a hematopoietic precursor 
(blast crises), resulting in acute leukemia. 

CGL is often used synonymous with 
CML, and represents the most frequent form of 
chronic myeloid leukemia (Clarkson et al. 1997; 

Gordon et al. 1999). The disease has a unique 
cytogenetic hallmark, the Philadelphia chromo
some reflecting a balanced t(9;22)(q34;ql 1) 
translocation producing the p210flf rAW fusion-
protein, which has constitutively active tyrosine 
kinase activity (Bartram et al. 1983; Shtivelman 
et al. 1985; Ben-Neriah et al. 1986). Expression 
of p210s<'''"•4*' stimulates different signaling path
ways, including the activation of Ras, phosphati-
dylinositol 3-kinase (PI3K)/Akt, STATs, and 
SAPK/JNK and NF-KB (Gotoh and Broxmeyer 
1997; Skorski et al. 1997; Reuther et al. 1998). In 
addition, the oncogenic Bcr-Abl protein has been 
shown to elicit the ubiquitin-dependent degrada
tion of target proteins (Dai et al. 1998). Bcr-Abl 
translocations are also present in approximately 
20% of the patients with acute B-lymphoblastic 
leukemia, but which are more often associated 
with the v\9tfcrAI" variant (Clark et al. 1988). 
About 5% of the patients diagnosed with CGL 
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have no detectable Bcr-Abl fusion-transcript and 
fulfil the criteria for atypical CML (Costello et al. 
1997; Hernandez et al. 2000). aCML can be dis
tinguished from CMML by the presence of a 
higher percentage of circulating immature 
granulocytes, and the presence of bone marrow 
red cell hypoplasia. No specific cytogenetic ab
normalities have yet been identified for aCML. 

Attempts to create a transgenic mouse 
model of Bcr-Abl-'mducsd CGL have proven to 
be very difficult. Mice transgenic for bcr-p2\0Bc' 
Ab' die during embryogenesis (Heisterkamp et al. 
1991), whereas in other transgenic model systems 
lymphoid malignancies or acute leukemias are 
induced (Heisterkamp et al. 1990; Voncken et al. 
1992; Honda et al. 1995; Voncken et al. 1995). 
Only tecp- p210 f l"A ' ' ' transgenic mice develop a 
myeloproliferative disorder bearing resemblance 
with human CGL (Honda et al. 1998). Alternative 
approaches using retroviral transduction of mouse 
bone marrow in vitro, followed by transplantation 
of transduced cells into irradiated syngeneic re
cipients, were more successful (Daley et al. 1990; 
Kelliher et al. 1990; Pear et al. 1998; Zhang and 
Ren 1998). In this bone marrow transplant (BMT) 
assay, a fatal CGL-like syndrome is induced with 
massive elevation of neutrophils and maturing 
myeloid cells in peripheral blood, marrow, spleen 
and liver. In addition to the CGL-like syndrome, 
leukemias of B lymphoid, monocyte/macrophage, 
T lymphoid, or erythroid lineages arise in trans
planted mice. Inactivation of the interferon con
sensus sequence binding protein (ICSBP), a 
member of the interferon regulatory factor family, 
seems crucial for the induction of CGL. Mice de
ficient in icsbp manifest a CGL-like syndrome 
(Holtschke et al. 1996) and ICSBP expression is 
reduced in CGL patients (Schmidt et al. 1998a) 
and in Bcr-Abl-'m&uced murine model for CGL 
(Hao and Ren 2000). Furthermore, forced coex-
pression of ICSBP inhibits fltv-AM-induced 
myeloproliferative disorder in mice (Hao and Ren 
2000). 

Although CMML is primarily considered 
to be a myelodysplastic disorder accompanied 
with a marked increase in peripheral blood mono
cyte counts, it appears to be a heterogeneous con
dition with several hallmarks of a myeloprolif
erative disease and a predisposition to acute 
myeloid leukemia. Translocations involving the 

platelet-derived growth factor receptor beta 
(PDGF(3R) are associated with CMML. The TEL-
PDGfiR fusion protein is generated by 
t(5;12)(q33:pl3) and produces a constitutive ac
tive tyrosine kinase (Golub et al. 1994). It has 
been shown that phopholipase-C y (PLCy) and 
PI3K are downstream mediators of the PDGF re
ceptor-induced mitogenic stimulus (Valius and 
Kazlauskas 1993). Tel-PDGFPR induces a mye
loproliferative syndrome in transgenic mice 
(Ritchie et al. 1999) and in a BMT assay 
(Tomasson et al. 2000). However, TEL-PDGF(3R 
can also transform lymphoid cells, since EpV„P-
TEL-PDGF(3R transgenic mice develop B and T 
lymphoblastic lymphomas (Tomasson et al. 
1999). 

The juvenile form of CML predominates 
in children younger than 4 years, arises from a 
pluripotential stem cell, and has been linked to 
hyperactive Ras signaling, in myeloid progenitor 
cells (Bollag et al. 1996; Arico et al. 1997; Coo
per et al. 2000). Individuals with neurofibrmato-
sis type 1 (NF1) are predisposed to JMML, where 
the normal NFI allele is frequently deleted 
(Shannon et al. 1994; Side et al. 1997). In addi
tion, mutations of the NFI gene are also found in 
children without clinical evidence of NFI, impli
cating inactivating mutations of NFI in approxi
mately 30% of JMML cases (Side et al. 1998). 
NFI encodes a GTPase-activating protein (GAP), 
negatively regulating the output of p21Roi proteins 
by accelerating the hydrolysis of active Ras-
guanosine triphosphate to inactive Ras-guanosine 
diphosphate (Boguski and McCormick 1993; 
Bernards 1995). In 20-30% of the children with 
JMML. but without NFI , oncogenic RAS muta
tions are detected in the bone marrows (Fiotho et 
al. 1999). Approximately 10% of the mice het
erozygous deficient for Nfl develop a JMML-like 
disease, showing somatic loss of the remaining 
wild type Nfl allele (Jacks et al. 1994). Further
more, adoptive transfer of irradiated animals with 
homozygous Nfl -deficient fetal liver cells con
sistently results in a myeloproliferative disease 
(Largaespada et al. 1996). 

We now report that transgenic expression 
of the transcriptional repressor Gfil induces a 
CML-like syndrome in mice, and predisposes 
significantly to the onset of de novo lymphoblas
tic T cell lymphomas and leukemias. Gfil and its 
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Figure 1. Construct, expression and functional characterization of Ep.-pp-g/i/ transgenic mice. (A) Schematic rep
resentation of the Ep-pp-g/?/ transgene, consisting of the mouse genomic gfil gene, located on a 9kb Sail frag
ment, cloned in Xhol site of the Eu-p/w/promoter (pp)-MoMLVLTR (TDK) construct. The genomic gfil fragment 
ends within the 3'UTR of exon 6, omitting the endogenous transcription termination signal, which will be pro
vided by the Moloney LTR sequence. (B) RT-PCR analysis detects transgenic and endogenous expression levels 
of gfil in thymus, spleen and bone marrow in the two different founderlines GFI37 and GFI39. The location of the 
sense (1) and two antisense (2 and 3) oligonucleotide primers for generating both gfil transcripts is indicated in 
(A). First strand cDNA was produced from total RNA, subsequently followed by PCR using the oligonucleotide 
primers specific for gfil or fi-actin cDNA. (C) Flow cytometric analysis on spleen and bone marrow of GFI39 
mice, using Mac-1 and Gr-1, B220 and TCR|3, B220 and IgM, and Terl 19. The fraction of cells in each region is 
indicated and is representative of 5 individual GFI39 mice analyzed at the age of three months. 

close homologue GfilB show restricted expres
sion in hematopoietic tissues (Gilks et al. 1993; 
Tong et al. 1998), and both genes are found as 
common insertion sites of Moloney murine leu
kemia virus (MoMLV) in Myc transgenic mice 
(van Lohuizen et al. 1991; Zörnig et al. 1996; 
Scheijen et al. 1997) (Mikkers and Berns, unpub
lished results). GfilB has been shown to inhibit 
IL-6-induced differentiation of the myelomono-
cytic cell line Ml (Tong et al. 1998), whereas 
Gfil enhances STAT3 signaling by overcoming 
the inhibitory action of PIAS3, and augments IL-

6-dependent T cell activation (Rödel et al. 2000). 
Our data show that gfil acts as a potent oncogene, 
by its ability to transform both T lymphoid and 
myeloid cells, and drastically accelerates the on 
set of T-ALL in mice after been challenged with 
Moloney virus or transgenic pim2 expression. 

Results 

E/u-pp-gü 1 transgenic mice 

Transcriptional activation of the gfil gene occurs 
in many independent Moloney murine leukemia 
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virus (MoMLV)-induced T cell lymphomas har
boring an integrated provirus in the genomic lo
cus eisl/gfil/pall/evi5 (Scheijen et al. 1997). To 
assess the true oncogenic capacity of the murine 
gfil gene, we generated mice expressing 
gfil under the control of a duplicated version of 
the immunoglobulin heavy chain enhancer (u.) 
and the mouse pirn J promoter (Fig. 1A). These 
transcriptional control elements direct broad 
transgene expression during embryonic develop
ment and high expression in thymocytes and 
other hematopoietic cells in adult mice (Alkema 
et al. 1997). Only two viable founders (GFI37 
and GFI39), carrying the E\x-pp-gfil transgene 
could be obtained. Both GFI founder mice gave 
transmission of the transgene and corresponding 
lines were expanded. 

By RT-PCR analysis transgenic gfil ex
pression was monitored in different hema
topoietic tissues, using fi-actin specific primers to 
control for cDNA input. The oligonucleotide 
primer combinations for gfil spanned intron 6, 
allowing the unprocessed gene from the proc
essed cDNA to be distinguished. Additionally, 
using two antisense primers endogenous and 
transgenic expression could be discriminated 
(Fig. 1A). Endogenous gfil was highly expressed 
in thymus and bone marrow, whereas spleen 
contained much lower levels (Fig. IB). Expres
sion of the E\x-pp-gfil transgene was comparable 
between thymus, spleen and bone marrow, and 
reached similar levels in both GFI37 and GFI39 
transgenic lines (Fig. IB). These results con
firmed previous Northern blot analysis for thymic 
transgene expression, indicating a two- to three
fold increase in total gfil mRNA (Scheijen et al., 
submitted). It was evident that in spleen trans
genic expression was higher than endogenous 
gfil levels, whereas in bone marrow the reverse 
was observed. 

Myeloid expansion in Ep-pp-gfilrnice 

Previously we analyzed thymocyte development 
in En-pp-gfiJ mice and found that gfil enhanced 
y5-T cell differentiation, facilitated positive T cell 
selection and inhibited apoptosis mediated by 
TCR-signaling (death by neglect and negative 
selection), and absence of the common receptor y-

chain (Scheijen et al., submitted). In the current 
study flow cytometric analysis was performed on 
spleen and bone marrow, to determine whether 
differentiation of the other major hematopoietic 
lineages (myeloid, erythroid and B lymphoid) 
was affected by transgenic gfil expression. 
Therefore cells were stained with antibodies 
against the cell surface markers Mac-1 and Gr-1 
to study myeloid differentiation. Mac-1/CDllb is 
a differentiation antigen on phagocytes and 
granulocytes, and its expression increases during 
monocyte and granulocyte differentiation and ac
tivation (Kishimoto et al. 1989). Gr-1 expression 
is acquired on immature cells that are undergoing 
granulocyte differentiation, where expression in
creases with maturation (Hestdal et al. 1991). 
Cells positive for both Mac-1 and Gr-1 are pri
marily granulocyte precursors with some 
promonocytes (Lagasse and Weissman 1996). 

At the age of three months total splenic 
cell counts were not significantly different be
tween wild type and gfil transgenic mice. How
ever, we observed a small but consistent 2 to 3-
fold increase in the relative amount of Mac-TGr-
1* cells in spleens of E[i-pp-gfil transgenic mice 
(Fig. 1C). In bone marrow the fraction of Mac-
rGr - l ' ° was significantly higher in gfil trans
genic mice than in control littermates (16.5% ver
sus 8%). In contrast to the myeloid expansion, the 
relative amount of Terl 19* mononuclear cells of 
the erythroid lineage was reduced in numbers in 
BjL-pp-gfil bone marrow (16% versus 36% in 
wild type bone marrow) (Fig. 1C). The Terl 19 
marker reacts with cells of the erythroid lineage 
from the early proerythroblast to mature erythro
cyte (Kina et al. 2000). 

B cell development was examined with 
antibodies against B220 and IgM. In bone mar
row the total fraction of B220"1" cells was not dif
ferent in E[i-pp-gfil mice, although there were 
relatively less mature IgM* B cells (Fig. 1C). In 
spleen the fraction of B220* cells was slightly re
duced in Eu.-pp-g//'7 mice (45% versus 54%). 
These data show that enforced expression of gfil 
results primarily in a non-malignant polyclonal 
expansion of granulocytic precursor cells. In ad
dition, there is a reduction in the amount of ma
ture B lymphocytes and erythroid progenitor 
cells. 
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Figure 2. Lymphoblastic T cell lymphomas and leukemias in E\i-pp-gfil mice. (A) and (B) Histology on a thy
mus from an adult mouse that developed a lymphoblastic thymic lymphoma. Hematoxylin and eosin (H&E) 
staining were performed on paraffin sections. Note the presence of many mitotic figures, indicated by the arrows 
and very few pycnotic cells. Original magnification of (A) was X400 and (B) X1000. (C) Peripheral blood film 
of an Ep.-pp-%fil animal with T acute lymphoblastic leukemia (T-ALL) (X1000). Note the high nuclear to cyto
plasmic ratio of the large lymphoblasts. (D) Southern blots of tumor DNA isolated from enlarged mesenteric 
lymph nodes or thymus of ill Ep.-pp-gfil mice, showing T cell receptor rearrangements as detected with a probe 
of J|32 locus, and immunoglobulin heavy chain rearrangements. The position of the non-rearranged germline 
band is indicated. (E) Transgenic mRNA expression in hematopoietic tumor samples compared to wild type 
thymus control RNA (T), as analyzed by Northern blotting and hybridization with radiolabeled gfil or (3-actin 
cDNA probes. Size of transgene specific mRNA is smaller than endogenous thymic mRNA transcript. (F) Im-
munoblotting for Gfil expression in total cell extracts prepared from enlarged mesenteric lymph nodes of Eu.-pp-
gfil mice of both founderlines, diagnosed with lymphoblastic T cell tumors, compared to Gfil levels in non-
tumorigenic transgenic thymus extracts (T). Actin is used as loading control. (G) and (H) Row cytometric analy
sis on lymphoblastic tumor cells, isolated from enlarged mesenteric lymph nodes of diseased E^-pp-gfil mice, 
using antibodies against the T cell specific surface markers CD4, CD8, TCR(3, CD3 and the myeloid marker 
Mac-1. Co-expression of Mac-1 and TCRp1 on the same leukemic cell demonstrates biphenotypic leukemia. 

T cell lymphoblastic leukemiaAymphoma in gfil 
transgenic animals 

Transgenic offspring of both GFI37 and GFI39 
was examined for more than one year. It became 
evident that progeny of both E\i-pp-gfil trans
genic lines displayed a similar tumor spectrum 
from the age of 3 months on. These included he

matopoietic tumors and osteosarcomas at the site 
of the mandible (Scheijen et al., manuscript in 
preparation). Two different categories of hema
topoietic neoplasms could be recognized in both 
E\x-pp-gfil transgenic lines, namely de novo 
lymphoblastic T cell tumors, and myeloid leuke
mia-, (see below). In GFI37 mice T cell malig
nancies predominated over myeloid neoplasms. 
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whereas both tumor types occurred with a similar 
frequency in GFI39 mice. 

Previous data argued that gfil has low 
oncogenic potential by the finding that Ick-gfil 
transgenic mice develop spontaneous T cell tu
mors only after a long latency period and with a 
very low frequency (Schmidt et al. 1998b). How
ever, E\x-pp-gfil mice appeared to be quite sus
ceptible to the onset of T cell tumors, which oc
curred already at the age of 3 months. Pathologi
cal examination and histology on the lymphoid 
tumors indicated that they could be classified as 
either thymic T cell lymphoma or as acute T lym
phoblastic leukemia (T-ALL) (Table 1). The me
dian age of T cell tumor onset was 19 weeks. 
Mice with thymic T cell lymphomas exhibited 
respiratory distress, ruffled coat and hunched 
posture. At autopsy the mice presented with a 
dominant thymic mass, usually accompanied by 
general lymphadenopathy involving the mesen
teric, auxiliary, inguinal and mandibular lymph 
nodes. Histology on the thymic lymphomas indi
cated that the tumors contained few apoptotic 
cells but many mitotic figures (Fig. 2A and 2B). 
At the molecular level these T cell lymphomas 
were characterized by clonal bi-allelic rearrange
ments of the TCR(3 locus and germline configu
ration of the immunoglobulin heavy-chain locus 
(Fig. 2D, animal 729 and 955). 

The mice, which presented acute T lym
phoblastic leukemia, showed significantly en
larged spleen, lymph nodes, pale liver and kid
neys. Hematological studies of several sacrificed 
animals revealed a high number of circulating nu
cleated cells in peripheral blood (Fig. 2C). Fre
quently the lymphoblastic leukemias showed 
clonal rearrangement of both T cell receptor P 
and immunoglobulin heavy-chain loci (Fig. 2D, 
animal 952 and 970). These lymphoid leukemias 
were all tumors of the T cell lineage, since they 
expressed the non-promiscuous T cell markers 
CD3 and TCRp (see below). 

To assess whether the T cell malignan
cies arose through a cell autonomous mechanism, 
total RNA extracted from thymus or enlarged pe
ripheral lymph nodes of diseased GFI39 mice was 
analyzed for the presence of transgene specific 
transcript, which is smaller in size than the en
dogenous gfil mRNA transcript. Indeed thymic 
lymphomas as well as acute T cell leukemias dis-

100 

played gfil transgene specific expression (Fig. 
2E). By immunoblotting we confirmed that the 
lymphoblastic T cell lymphomas and leukemias 
expressed in most cases enhanced Gfil levels 
compared to transgenic thymic protein levels, in 
GFI37 as well as GFI39 transgenic mice (Fig. 
2F). These findings illustrate that enforced ex
pression of gfil predisposes to the onset of clonal 
lymphoblastic T cell tumors, which express high 
Gfil levels. 

Immunophenotypes of gfil-induced T cell tumors 

To determine the maturation stages of the T cells 
in the thymic lymphomas and lymphoblastic leu
kemias, flow cytometric analysis was performed 
with the markers CD4, CD8, CD3 and TCRp. 
The tumors showed the full spectrum of early 
immature CD4+CD8UTCR'" (animal 064), late 
immature CD4l0/+CD8+TCR,m (animal 071) and 
mature CD4*CD8TCRhi T cell tumors (animal 
282) (Fig. 2G). Immunophenotypic heterogeneity 
was evident in several tumors. Since these tumors 
arose from a single clone they exemplify different 
transition stages present during normal thymocyte 
development. There was only one tumor with 
features of CD8 single positive (SP) differentia
tion (Fig. 2G, animal 071), whereas all other 12 T 
cell tumors analyzed were CD4+CD8" SP. Fur
thermore, all T cell tumors expressed the marker 
CD44/pgp-l (data not shown), which is also 
upregulated on normal DP and SP E\x-pp-gfil 
thymocytes (Scheijen et al., submitted). 

A large subset of the T cell tumors 
showed co-expression of the T cell marker TCRP 
and the myelomonocytic marker Mac-1/CDllb 
(Fig. 2H). The cell surface marker for natural 
killer (NK) cells was not expressed on these lym
phomas. Remarkably, the expression of Mac-1 
occurred most frequently on CD4*TCRphi T cell 
tumors, which had been diagnosed as acute lym
phoblastic leukemia. The leukemic clone appar
ently expressed simultaneously both myeloid 
(Mac-1) and T lymphoid surface markers (TCRp) 
on the same cell, which has been termed biphe-
notypic leukemia (Bettelheim et al. 1982; Neame 
et al. 1985). These results demonstrate that T cell 
lymphomas, which occur in Ep.-pp-gfil trans
genic mice, represent various stages of T cell de-
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Figure 3. Histopathological analysis of Chronic Myeloid Leukemia-like syndrome in Eu.-pp-g/ï/ mice. (A) Pe
ripheral blood film shows leukocytosis in animal 734 (GFI39), with the presence of myelocytes, metamyelo
cytes (donut morphology), intermediate granulocytes and some monocytes (X400). (B) Immunohistochemical 
anti-myeloperoxidase (MPO) staining on peripheral blood film of animal 118 (GFI39), indicating MPO posi
tive myeloblasts, promyelocytes and some monocytes, next to intermediate, segmented and mature granulo
cytes (X400). The brown staining results from the detection of avidin-biotin-peroxidase activity by diamino-
benzidine. (C) Anti-MPO immunostaining on histological section of an enlarged macroscopically green-
colored peripheral lymph node of animal 905 (GFI39), where normal lymphoid cells (MPO-negative) have 
been displaced by myelogenous tumor cells (MPO-positive) (X400). (D) and (E) Hematoxylin and eosin 
(H&E) stained bone marrow sections of a wild type mouse (D) and animal diagnosed with CML (E). Tumori-
genic granulocytes at various stages of differentiation expanded and have completely replaced all other hema
topoietic progenitor cells localized in normal bone marrow (X1000). (F) Blood film showing erythroleukemic 
transformation during blast crises in animal 501 (GFI39). Note the trinuclearity of the giant erythroblast and 
abnormal red cell morphology (X1000). (G) Acute megakaryoblasiic/megakaryocytic leukemia in animal 441 
(GFI39), showing megakaryocytes with variable nuclear sizes (XI000). 

velopment. Gfil-induced T cell leukemias might 
arise from an extra-thymic lymphoid-myeloid 
precursor cell, which is induced to TCRf3*CD4* 
differentiation. 

Deregulated gfi 1 expression predisposes a CML-
like disease in mice 

Flow cytometric analysis on bone marrow cells 
had shown that young E^-pp-g//7 transgenic mice 
displayed an expansion of myeloid Mac-rGr-l l o /* 
cells. Although this situation could remain stable 
up to the age of 11 months in a few disease-free 
animals (data not shown), frequently additional 
mutation(s) allowed a myelogenous leukemia to 
arise that presented itself as different entities of a 
continuous spectrum also found in human CML 
(Table 1). Animals that were diagnosed with the 
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Table 1. Pathological findings of hematopoietic tumors in E\i-pp-gfil transgenic mice. 

Animal 

064 

071 

118 

121 

282 

314 

316 

319 
327 

441 
458 

501 

729 

733 
734 

736 

868 

905 

955 

989 

Founder 

GFI39 

GFI39 
GFI39 

GFI39 
GFI39 

GFI37 
GFI37 

GFI37 
GFI37 

GFI39 

GFI37 

GF139 

GFI39 

GFI39 

GFI39 

GFI37 

GFI39 

GFI39 

GFI39 

GFI39 

Age( weeks)* 

29 

22 

36 
40 

13 

17 

20 

17 

31 

11 

M 
54 

48 

46 

30 

49 
55 

47 
16 

52 

Tissues infiltrated 

Thym, Spl, LN 

Thym, LN 

Thym, Spl, Liver 

Spl, Liver 

Spl, LN 

Spl, LN 

Thym, Spl, LN 

Spl, LN 

Thym, Spl, LN 

Spl, LN 

Thym, LN 

Spl, Liver 

Thym 

Spl, Liver 

Spl, Liver, Kid 

Spl, Liver, Kid 
Spl, Liver, Kid 

Liver, Kid 

Thym, LN 

Spl, Liver, Kid 

" FACS1' 

CD4,0/*CD8"0Mac-r 
CD4""*CD8+Mac-r 

TCRP7Mac-rGr-r 

Sca-l"Thyl.210 

CD4*CD8'Mac-l'° 
CD4*CD8"Mac-l'° 

ND 

CD4+CD8Mac-ll0 

CD4*CD8Mac-r 

TCRP7B220- NLT 

CD4+CD8Mac-r 

TCRpVMac-1* 

ND 

Mac-1+ 

ND 

ND 

ND 

B220*Mac-PGr-r 
CD4+CD8-Mac-r 

ND 

Diagnosis'1 

Thymic lymphoma 
Thymic lymphoma 

CML+T-lymphoid 

AML-M0/1 

T-ALL 

T-ALL 
Thymic lymphoma 

T-ALL 
Thymic lymphoma 

AML-M7 

Thymic lymphoma 

AML-M6+T lymphoid 

Thymic lymphoma 

CML 

CML 

CML 

CML 
CML+ B-lymphoid 

Thymic lymphoma 

AML-M5 

a Age at which the animals were sacrificed.b Tissues thai were most significantly enlarged upon macroscopic 
examination; Thym, thymus; Spl , spleen; LN, peripheral lymph nodes; Kid, kidneys.c Flow cytometric analysis 
were mostly done on enlarged lymph nodes or thymus, occasionally on bone marrow in case of CML; ND, not 
determined; NLT, no lymphoid tumor.d Diagnosis was based on FACS analysis, macroscopic and micrscopic 
examination of affected tissues and peripheral blood films; CML, fatal accelerated phase of chronic myeloid 
leukemia sometimes in combination with blastic transformation; AML-M0/1, undifferentiated myeloid leukemia; 
T-ALL, acute T cell leukemia; AML-M7, megakaryoblastic/megakaryocytic leukemia; AML-M6, erythroid 
leukemia; AML-M5, monocytic leukemia. 

accelerated phase of CML became critically ill 
after a relatively long period (median age 48 
weeks), appearing lethargic and presenting with a 
grossly enlarged abdomen. Post mortem exami
nation of these mice revealed massive hepa-
tosplenomegaly, with both liver and spleen 
showing pronounced white spots. Splenic weight 
was often increased up to 15-fold. Peripheral 
blood smear revealed different stages of granulo
cyte development, particularly more post-mitotic 
forms, such as metamyelocytes, intermediate and 
segmented granulocyte, in addition to monocytes 
(Fig. 3A and 3B). Immunohistochemical staining 
with anti-myeloperoxida.se (MPO) antibodies in

dicated that myeloblasts and promyelocytes were 
also variable present, in addition to some mono
cytes. 
Lymph nodes were enlarged and in most cases 
characteristically green in color as a result of the 
peroxidase activity of the residing myelomoncytic 
cells. Immunohistochemical staining with anti-
MPO antibodies confirmed their presence in en
larged lymph nodes and showed that myeloid 
cells had displaced normal lymphocytes, which 
reside in the medulla and paracortical area 
(Fig. 3C). Rearrangements of T cell receptor (3-
chain and immunoglobulin heavy chain genes 
were investigated, but no rearrangements were 
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Figure 4. Flow cyiometric analysis on myeloid cells in g/17-induced CML and blastic transformation. (A) Histo
grams display expression profile of bone marrow cells derived from a healthy littermate (normal line) compared 
to AML leukemic cells of animal 121 (GFI39) in bone marrow (thick line) and enlarged mesenteric lymph node 
(dotted line). Cells were stained with antibodies against Sca-1, Thy 1.2, (stem cell markers), Terl 19 (erythroid 
lineage), Mac-1 , Gr-1 (myeloid lineage), and B220 (B cell marker). (B) Histograms indicate composition en
larged lymph nodes in animal 118 (GFI39), where TCRpT are present next to Mac-l*Gr-l+ CML cells. (C) Flow 
cytometric analysis indicates cell surface expression of leukemic cells in animal 905 (GFI39), showing co-
exDression of Mac-1 or Gr-1 with B220' B Ivmohocvtes 

B Mixed T-ALL and CML C Mixed lineage B cell/ 
myeloid leukemia 

57 

Jo' ,t< 

2 

\i> w .o 

i g/ïV-induced CML and blastic transformation. (A) Histo-
derived from a healthy littermate (normal line) compared 

! marrow (thick line) and enlarged mesenteric lymph node 
nst Sca-1, Thy 1.2, (stem cell markers), Terl 19 (erythroid 
B cell marker). (B) Histograms indicate composition en-
R(T are present next to Mac-1 "Gr-1* CML cells. (C) Flow 
of leukemic cells in animal 905 (GFI39), showing co-

A Bias! transformation of multipotential progenitor cell 

found in tumor DNA from mice with CML (Fig. 
2D, animal 733, 734 and 868). The femurs were 
in some cases macroscopically pale, indicating 
replacement of normal hematopoietic tissue by 
leukemic cells. Histologically, hypercellularity 
and accumulation of granulocytes and their im
mediate precursors were visible in bone marrow 
(Fig. 3D and 3E). 

The chronic myelogenous leukemia often 
transformed into an acute myeloid leukemia or 
extramedullary blastic transformation. We have 
observed differentiated forms like monocytic leu
kemia with maturation in animal 989 (Table 1), 
erythroleukemia accompanied by red cell abnor
malities in animal 501 (Fig. 3F), and megakaryo
c y t e leukemia with concomitant production of 
giant dysplastic platelets in animal 441 (Fig. 3G). 
Occasionally, acute myeloid leukemia of imma
ture blasts was identified and flow cytometric 

analysis showed homogenous transformation in 
animal 121 (Fig. 4A). Identical clonal leukemic 
cells populated complete bone marrow and pe
ripheral lymph nodes and were Sca-
l<Thyl.2'°CD4"CD8', an expression profile nor
mally seen on hematopietic progenitor cells 
(Morrison et al. 1997). In addition, these leuke
mic cells co-expressed several lineages markers 
like Terl 19 (erythroid), Mac-1 and Gr-1 (mye
loid), and B220 (B lymphoid). This phenomenon 
was previously referred to as " lineage infidelity" 
(Smith et al. 1983; Greaves et al. 1986). Current 
belief is that these tumor cells reflect rare devel
opmental intermediates at the level of multipo
tential progenitors, and is in line with the finding 
that hematopoietic lineage specification is pref
aced by a promiscuous phase of multilineage lo
cus activation (Hu et al. 1997). 

103 



Chapter 6 

Finally, there was evidence for the pres
ence of mixed-lineage leukemias. Remarkably, 
we frequently found co-involvement of TCRfT 
tumor cells in enlarged lymph nodes together 
with G r - T M a c - l * myeloid tumor cells, like in 
animal 118 (Fig. 4B). Furthermore, animal 905 
displayed a mixed B220*, Mac-1+ , Gr-T leuke
mia (Fig. 4B), showing both mature and imma
ture B lymphoid and myeloid cells in peripheral 
blood (data not shown). All together these data 
show that the myeloproliferative disorders that 
arise in Ep:-pp-gfil transgenic mice show the 
complete spectrum of a CML-like disease. 

MoMLV-induced tumors in E/u-pp-gfil mice 

Proviral tagging was exploited in E\x-pp-gfil 
transgenic animals to establish whether MoMLV 
infection accelerates the onset of lymphoid or 
myeloid tumors in Ep-pp-gfil transgenic mice. 
MoMLV has been shown to induce promonocytic 
leukemia in pristane treated Balb/C mice (Wolff 
et al. 1988). Secondly, it would provide an ex
perimental system to identify strong collaborating 
proto-oncogenes of Gfil. Thirdly, work from us 
and others have shown that the frequently found 
common integration site eisl/gfil/pall/evi5, 
which covers a region around 50kb in size, con
tains several other transcriptional units besides 
gfil, that are activated by MoMLV insertion 
(Liao et al. 1995; Scheijen et al. 1997)(Scheijen 
and Berns, unpublished observations). Absence of 
additional proviral integrations in this locus in 
MoMLV-induced tumors of gfil transgenic mice 
would strongly argue that gfil is indeed the most 
important proto-oncogene of this region. 

Therefore newborn mice of crosses be
tween GFI39 transgenic mice and FVB wild type 
animals were infected with MoMLV and moni
tored for tumor development. The median sur
vival age of GFI39 mice is 55 weeks (Fig. 5A), 
omitting the mortality rate due to the occurrence 
of mandibular osteosarcomas (Scheijen et al., 
submitted). It appeared that E\x-pp-gfil mice were 
highly susceptible to MoMLV-induced acute 
lymphoblastic T cell leukemia. All MoMLV in
fected gfil transgenic animals became critically 
ill between the age of 5 and 8 weeks, whereas 
wild type mice developed tumors from the age of 

9 weeks on with a median survival of 12 weeks 
(Fig. 5A). The E\i-pp-gfil mice displayed ruffled 
coat and anemia. Autopsy showed that the lym
phoid organs, like thymus and lymph nodes were 
only moderately affected. However, bloodsmear 
preparations revealed high leukocyte count in
dicative for acute leukemia (Fig. 5B). Single cell 
suspensions of enlarged mesenteric lymph nodes 
of E\x-pp-gfil mice were subjected to flow cy
tometric analysis. All tumors analyzed showed a 
similar cell surface staining profile, representing 
biphenotypic CD4+CD8TCR[3+Mac-1'° T lym-
phoblasts (Fig. 5C). There were no indications for 
the involvement of myeloid tumors in MoMLV-
infected E\i-pp-gfil transgenic mice. Southern 
blot analysis indicated that MoMLV-induced T 
cell tumors in gfil transgenic mice had clonal bi-
allelic TCRf3 rearrangements, whereas the u. 
chain had in most cases germline configuration 
(data not shown). 

Accelerat ion of tumorigenesis by 
MoMLV infection can be attributed to the activa
tion of genes in the host genome, which confer a 
growth or survival advantage to the lymphoid cell 
(Jonkers and Berns 1996). In wild type mice we 
found that 29% of the tumors contained retroviral 
insertions near c-myc or N-myc, 24% near piml, 
but not piml, and 4 1 % in the eisl/pall/gfil/evi5 
locus, and a fraction of the T cell lymphomas dis
played an overlapping integration pattern (Fig. 
5D). In the GFI39 line there is a significant en
richment for proviral integrations near c-myc or 
N-myc (71%) (Fig. 5D), underscoring previous 
observations that Myc and Gfil are potent col
laborating oncogenes (Zörnig et al. 1996; Schei
jen et al. 1997; Schmidt et al. 1998b). The frac
tion of Epi-pp-gfiJ tumors with piml integration 
was similar as in wild type mice (25%), whereas 
the piml gene was not a target for proviral inte
gration. Interestingly, there were no insertions 
found in the eisl/pall/gfil/eviS region in 
MoMLV-induced acute T cell leukemias of E^-
pp-gfil mice, arguing that transgenic gfil expres
sion alleviates the necessity for retroviral activa
tion of other target genes in this locus. 

Since retroviral integrations near gfil oc
curred very frequently in MoMLV-induced T cell 
lymphomas of wild type mice, we decided to 
analyze Gfil protein levels in a larger set of tu
mors to establish which fraction of wild type tu-
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Figure 5. Ep-pp-g/ï/ mice are highly susceptible to Moloney murine leukemia virus-induced acute T cell leu
kemia. (A) Kaplan-Meier survival graph of non-infected or Moloney murine leukemia virus-infected wild type 
and Eu,-pp-g//7 mice (GFI39). Survival curve for GFI39 displays mortality due to all hematopoietic malignan
cies, but without the occurrence of mandibular osteosarcomas (Scheijen et al., manuscript in preparation). (B) 
Peripheral blood film (X400) and (X1000) representative of MoMLV-induced acute T cell leukemia (T-ALL) in 
GFI39 mice. (C) Flow cytometric analysis on lymphoid cells isolated from enlarged mesenteric lymph nodes of 
MoMLV infected GFI39 mice (G2, G3, G4, G5. G7) and wild type mouse, which has a T cell lymphoma without 
proviral activation of the gfil gene. Histograms show cell surface expression for Mac-1, whereas dotplots indi
cate distribution of cells staining positive for CD4 and CD8. (D) Bar diagram displays the fraction of T cell tu
mors in wild type and GF139 mice with proviral insertions near c-myc or N-wyc, piml or in eisl/pall/gfil/evi5 
(pal-l/evi-5) locus. Overlap between different bars indicates co-integrations. (E) Immunoblotting for Gfil ex
pression in MoMLV-induced T cell lymphomas in wild type mice. Actin is used as loading control. 

mors actually displayed aberrant levels of Gfil 
expression. Although there was a significant 
variation in Gfil levels, it was clear that at least 
80% (28/35) of the tumors analyzed showed more 
than 3-fold increase in protein levels compared to 
normal thymic expression (Fig. 5E). These results 
demonstrate that MoMLV accelerates signifi
cantly the onset of acute T cell leukemias in Eu.-
pp-gfil mice, by activating myc and piml expres

sion. Additionally, Gfil is upregulated in the 
majority of MoMLV-induced T cell lymphomas 
of wild type FVB mice. 

Pim2 accelerates the onset of T cell lymphomas 

Pim2 belongs to the pirn gene family, which en
code for cytoplasmic protein serine-threonine 
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Figure 6. Transgenic piml and g/?7 expression collaborate efficiently in T cell lymphomagenesis. (A) Kaplan-
Meier survival graph of Ep-pp-g/// and Eu-pp-p/w2 single transgenic and Ep.-pp-piml/gfil double transgenic 
mice, due to the occurrence of hematopoietic tumors. (B) T cell receptor rearrangements in Jfi2 locus as detected 
with ////«/Ill-digested genomic tumor DNA isolated from enlarged mesenteric lymph nodes of ill Eu-pp-
pim2/gfil (PG) mice. Position of the non-rearranged germline band is indicated. (C) Flow cytometric analysis on 
single cells isolated from tumor-infiltrated mesenteric lymph nodes of ill pim2/gfil (PG) mice. Dolplots indicate 
cell surface expression for CD4, CD8, and Mac-1, whereas histograms display cell surface levels for TCRp. 

kinases (van der Lugt et al. 1995). The first iden
tified and best-characterized member is pirn], 
which was originally cloned as a gene that be
comes activated by proviral insertion in MoMLV-
induced T cell lymphomas (Cuypers et al. 1984; 
Selten et al. 1985; Selten et al. 1986). Pim2 is 
6 1 % identical to Piml in the catalytic kinase do
main. 

Like piml,piml mRNA is induced by a number 
of cytokines which act via a subset of Janus 
kinase-linked type 1 receptors, such as GM-CSF, 
G-CSF, IL-2, IL-3, IL-6, IFN-a and Epo (Dautry 
et al. 1988; Lilly et al. 1992; Domen et al. 1993; 
Miura et al. 1994; Allen et al. 1997; Demoulin et 
al. 1999; Matikainen et al. 1999). Recent identi
fied substrates for Piml kinase are Cdc25A 
(Mochizuki et al. 1999), heterochromatin protein 
1 (Koike et al. 2000), and transcriptional coacti-
vator plOO (Leverson et al. 1998), which might 
be implicated in mediating the proliferative action 

of Pirn kinases. Enforced expression of piml has 
been shown to enhance growth-factor independ
ent survival and protect against genotoxic- in
duced cell death (Lilly and Kraft 1997; Lilly et al. 
1999; Pircher et al. 2000). The fact that piml acts 
a genuine oncogene was demonstrated in E(.i-pp-
pim2 transgenic mice, which are predisposed to 
the development of T cell lymphomas and display 
a strong synergism with c-myc in the onset of pre-
B cell leukemia (Allen et al. 1997). 

Since the piml gene was not targeted for 
retroviral insertions in the MoMLV-accelerated 
acute lymphoblastic T cell leukemias in Eji-pp-
gfil mice, we wanted to assess whether there was 
an intrinsic inability for piml to collaborate with 
gfil, or a reflection of competition with piml ac
tivation. Therefore, mice of the GFI39 founder-
line were crossed with animals of the E\x-pp-pim2 
transgenic line Pim2-T30. About 40% of Pim2T-
30 animals normally develop spontaneous T cell 
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lymphomas over a period of one year (Fig. 6A). 
After following the double transgenic Eu.-pp-
pim2/gfil progeny in time it became evident that 
all animals succumbed to clonal lymphoblastic T 
cell lymphomas between the age of 5 and 10 
weeks (Fig. 6A). All diseased mice had an en
larged thymus and peripheral lymph nodes. 
Southern blot analysis showed that most Eu.-pp-
pim2/gfil T cell lymphoma displayed germline 
configuration for immunoglobulin heavy chain 
locus (data not shown) and a unique clonal TCR(3 
rearrangement pattern (Fig. 6B). A fraction of the 
Eu,-pp-pim2/gfil tumors (4/10) was analyzed by 
flow cytometry. These analyses confirmed the T 
cell origin of the tumors, since they were B220', 
but CD4+TCRp+ (Fig. 6C). Also these T cell lym
phomas Mac-1 is expressed at low levels on the 
cell surface. These data demonstrate that pim.2 is 
a potent collaborator of gfil in the onset of lym
phoblastic T cell lymphomas. 

Discussion 

The gfil gene encodes a zinc finger protein that 
acts as a transcriptional repressor (Grimes et al. 
1996a; Zweidler-Mckay et al. 1996), and has 
been implicated as a potential proto-oncogene, by 
the f inding that the genomic locus 
eis 1/gfil/pal 1/eviS contains proviral integrations 
in many independent MoMLV-induced lympho
mas (van Lohuizen et al. 1991; Zornig et al. 1996; 
Scheijen et al. 1997). These include tumors de
rived from of E\i-myc (24%), E2K-mye (75%), 
E\x-piml (93%) single transgenic and Eu.-L-
myc/piml (50%) double transgenic animals. Pre
viously, it has been argued that Gfil has low on
cogenic potential and fulfils a role in promoting 
lymphoma development, based on the results ob
tained in Ick-gfil transgenic mice, where 9% of 
the animals developed T cell lymphomas after 35 
weeks (Schmidt et al. 1998b). Our results indicate 
that low expression of E\i-pp-gfil transgene in
duces quite efficiently lymphoblastic T cell lym
phomas and leukemias, where tumors arise al
ready at the age of 12 weeks. E\x-pp-gfil trans
genic mice are highly susceptible to Moloney 
murine leukemia virus (MoMLV)-induced acute 
T cell leukemias, and strongly collaborate with 
pim2 in the onset of lymphoblastic T cell lym

phomas. In wild type mice, proviral activation re
sults in the upregulation of Gfil in a large frac
tion (80%) of primary MoMLV- induced T cell 
lymphomas. These data strongly suggest that Gfi 1 
is more involved in the initiation of T cell lym
phoma development. 

In addition, enforced gfil expression ex
pands the fraction of granulocytic precursor cells 
(Mac-rGr-l l o / +) in bone marrow, which in some 
cases progresses into an overt myeloid leukemia. 
These consist either of mature granulocytic and 
myelomonocytic leukocytes in the presence of 
myeloid blast cells, acute myeloid leukemia 
(AML) of differentiated lineage specific cells 
(monocytic, megakaryocytic, or erythroid), or 
immature uncommitted progenitors (Thyl.2'°Sca-
1+). Although E\i-pp-gfil transgenic mice develop 
no B cell lymphomas, bilineage/biphenotypic 
leukemia was observed, involving both B lym
phocytes and myeloid cells. The complete spec
trum of myeloid malignancies observed in Eu.-pp-
gfil transgenic mice, often in combination with 
T-lymphoid tumors, implicates oncogenic trans
formation of a pluripotent hematopoietic stem 
cell population. 

This myeloproliferative disease shows 
large resemblance to human chronic myeloid leu
kemia (CML). The most frequent form is repre
sented by chronic granulocytic leukemia (CGL), 
and associated with the t(9;22) Philadelphia 
chromosome, which results in a fused transcrip
tion unit producing p2\QBcrAb' (Bartram et al. 
1983; Shtivelman et al. 1985; Ben-Neriah et al. 
1986). The primary affected cell seems to be the 
pluripotent hematopoietic stem cell and closely 
related immature committed progenitor cells. The 
early chronic phase of CGL is characterized by an 
expansion of the myeloid lineage, with overpro
duction of mature granulocytes and associated 
splenomegaly (Clarkson et al. 1997; Gordon et al. 
1999). Most patients are mildly anemic, since 
erythropoiesis is ineffective. Employing a tetra-
cycline-controlled expression system, it has been 
demonstrated that Bcr-Abl expression alone is 
sufficient to increase the number of multipotent 
and myeloid lineage committed progenitors in a 
dose-dependent fashion in differentiated ES cells, 
while suppressing the development of committed 
erythroid progenitors (Era and Witte 2000). 
Chronic-phase CGL is unstable, and the disease 
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ultimately progresses to a more fatal accelerated 
form of CGL or blast crisis, which resembles ei
ther B cell leukemia/lymphoma or AML of 
primitive hematopoietic cells, or extramedullary 
blastic transformation, with a progenitor cell 
showing partial differentiation along any lineage 
(myeloid, lymphoblast, erythroblast or mega-
karyoblast). 

Interestingly, as has been described for 
CGL patients and in bcr-abl-induccd differentia
tion in ES cells, we noticed defective erythropoi-
esis in Epi-pp-gfil mice, with a reduced fraction 
of Terl l9-posit ive mononuclear cells in bone 
marrow. Whether this is an effect secondary to 
the g/VZ-induced myeloid cell expansion, or an 
inherent block in erythroid development remains 
to be determined. Other similarities with CML 
are the different biphenotypic leukemias that oc
cur in E\x-pp-gfil transgenic animals. Myeloid 
plus B cell and myeloid plus T cell biphenotyp-
ism have been described in human CGL (Akashi 
et al. 1993a; Akashi et al. 1993b). Remarkably, 
we often detected clear involvement of T cell tu
mors with CML. The fact that T lymphoid in
volvement is rare in either the chronic or acute 
phase of human CGL may reflect the limited ex
pression range of the bcr promoter. In any case, 
the exceptional contribution of T cell blast trans
formation in human CGL is clearly not due to the 
incapability of p210Bfr"' / to transform T lympho
cytes, since different mouse models have shown 
that p210"""4*' expression induces T cell lym
phomas (Honda et al. 1995; Voncken et al. 1995). 
Furthermore, blast crises in retroviral murine 
CML models result in transformation of myeloid, 
B cells, as well as T cells (Elefanty et al. 1990). 
Additionally, serial passaged clonal murine CML 
cells can give rise to T-lymphoid tumors in sec
ondary or tertiary recipient mice (Daley et al. 
1991; Gishizky et al. 1993; Pear et al. 1998). The 
long latency that is required for clinical evident 
CML in E\x-pp-gfil mice is identical to the situa
tion in tecp-p2\QBcrAh' transgenic mice, where af
ter one year 40% of the animals developed CML-
like disease or ALL (Honda et al. 1998; Honda et 
al. 2000). 

Multipotential hematopoietic stem and 
progenitor cells are faced with several develop
mental options, including quiescence, self-
renewal, proliferation, programmed cell death, 

and differentiation (Weissman 2000). Interference 
of one or more of these decisions likely contrib
utes to the onset of leukemia. Bcr-Abl has plei-
otropic effects on deregulating multiple cellular 
processes. It has been demonstrated that p210fic" 
AM inhibits apoptosis induced by chemotherapeu-
tic drugs and secondary to cytokine-withdrawal 
from hematopoietic cells (Bedi et al. 1994; 
McGahon et al. 1994; Sanchez-Garcia and Grutz 
1995), by activating bcl-x expression through 
STAT5-mediated signaling (Gesbert and Griffin 
2000; Horita et al. 2000). However, CGL cells in 
the chronic phase remain sensitive to Fas-induced 
apoptosis (Selleri and Maciejewski 2000). Fur
thermore, p210Brr'1''' promotes cell cycle progres
sion by down-regulating or functionally inacti
vating p21KW' (Jiang et al. 2000; Jonuleit et al. 
2000) and induces abnormalities of cytoskeletal 
function (Salgia et al. 1997; Bhatia et al. 1999). 
In other CML-like diseases, such as juvenile 
CML, associated with loss of NF1 GAP activity, 
constitutive Ras-Raf-MAPK signaling and hyper
sensitive to GM-CSF in methylcellulose cultures 
have been correlated to the onset of CML (Bollag 
et al. 1996; Largaespada et al. 1996). 

At present we have no direct indications 
how transgenic gfil expression interferes with 
normal hematopoietic stem or (committed) pro
genitor cell development. Gfil has been shown to 
inhibit apoptosis by down regulating bax and bak 
expression in MT-gfil transgenic thymocytes 
(Grimes et al. 1996b). However, our own recent 
data demonstrate that E\i-pp-gfil thymocytes dis
play no deregulation of bax and bak expression, 
and are not protected from apoptosis induced by 
growth factor withdrawal or genotoxic stress, 
which is normally inhibited by Bcl-2/Bcl-xL ac
tion. Furthermore, preliminary data show that 
Mac -1 + bone marrow cells of E\i-pp-gfU trans
genic mice are in fact more susceptible to apopto
sis when deprived of exogenous growth factors. 
This could explain the finding that myeloid ex
pansion in peripheral tissues like spleen in Ep.-pp-
gfil mice is not as extensive as in bone marrow. 
These results suggest that the apoptotic response 
of myeloid progenitor cells in gfil transgenic 
mice is different from the bcr-abl-medialed pro-
survival signals observed in CGL cells. 

Gfi 1 might however protect against other 
apoptotic insults than deprivation of growth fac-
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tors, as has been observed in E\i-pp-gfil trans
genic thymocytes. There we found that enforced 
gfil expression in T cells promotes thymocyte 
survival in common receptor y-chain deficient 
mice and inhibits T cell receptor-mediated cell 
death, involving both high affinity (negative se
lection) and low affinity binding (neglect). Addi
tionally. Gfil protects against Fas/CD95-
mediated apoptosis and dexamethasone treatment. 
(Scheijen et al. submitted). Whether Gfil indeed 
diminishes cell death induced by specific apop-
totic stimuli in myeloid progenitor cells remains 
to be established. Crossing hMRP8-bc72 trans
genic mice onto a Fas-deficient Ipr background 
has indicated that mice deficient in two apoptosis 
pathways in the myeloid lineage develop myeloid 
leukemia (Traver et al. 1998). Therefore, muta
tions activating the Bcl-2 pathway could poten
tially collaborate with Gfil in the onset of 
(chronic) myeloid leukemia. 

Alternatively, Gfil could affect myeloid 
cell differentiation or proliferation. Recent data 
implicate Gfil as an enhancer of STAT3 signal
ing, partially by blocking the action of PIAS3 
(Rödel et al. 2000), a specific STAT3 inhibitor 
(Chung et al. 1997). STAT3 is activated by a va
riety of cytokine receptors including G-CSF, and 
members of the IL-3/IL-5/GM-CSF family. The 
stat3 gene encodes three distinct isoforms 
(STAT3a, (3, and y)> and the composition of the 
STAT3 dimer might be relevant for the decision 
between proliferation and myeloid cell differen
tiation (Chakraborty and Tweardy 1998). Al
though primarily constitutive up-regulation of 
STATS is detected in human CGL, aberrant 
STAT3 activation has been reported in AML as 
well as T cell leukemias (Danial and Rothman 
2000; Lin et al. 2000). Therefore, it is feasible 
that Gfil affects the regulation of multipotential 
hematopoietic stem or progenitor cell differentia
tion, or induce increased sensitivity to certain 
cytokines, which will be subject for further in
vestigations. 

Our results and previous data clearly 
demonstrate that gfil collaborates with myc and 
pirn I or pim2 in T cell lymphomagenesis (van 
Lohuizen et al. 1991; Zörnig et al. 1996; Scheijen 
et al. 1997). Together these oncogenes have a 
strong tripartite collaborative activity in onco
genic T cell transformation. The data on the 

MoMLV tagging experiment suggest that gfil 
cooperates more efficiently with myc than pirn in 
the onset of acute T cell leukemia, since 7 1 % of 
the tumors show integrations near c-myc or N-
myc, whereas only 25% contain insertion near 
piml. But the tumor-latency for the development 
of lymphoblastic T cell lymphomas in Ep.-pp-
pimllgfil double-transgenic mice is comparable 
with E\l-myclgfil mice, where the mice also suc
cumb to CD4+ T cell lymphomas between the age 
of 5 and 10 weeks (Scheijen et al., submitted). 
However, the analysis on T cell receptor rear
rangements indicated that E\i-myc/gfil tumors are 
often oligoclonal, whereas E\i-pp-pim2/gfil lym
phomas are monoclonal. This suggests that the 
selection pressure for additional mutation(s) is 
more stringent for E\x-pp-pim2/gfil thymocytes, 
although we can not exclude that transgenic piml 
expression might display a more potent synergis
tic action than E[i-pp-pim2. This is indeed ob
served with the strong collaboration between pirn 
and myc, where E\x-myc/piml double-transgenic 
mice die already in utero from clonal pre-B cell 
leukemia (Verbeek et al. 1991), whereas Ep-
myc/pim2 animals exhibit leukemia only at the 
age of 3 to 4 weeks (Allen et al. 1997). 

At this point, it is not clear by which 
mechanism(s) Pirn kinases and Gfil collaborate 
in T cell lymphomagenesis. Recent data demon
strate that Piml kinase and c-Myc have synergis
tic roles in promoting cell proliferation as well as 
inhibiting apoptosis, where both genes are re
quired to reconstitute cytokine receptor gpl30-
mediated STAT3 signal (Shirogane et al. 1999). It 
has been argued that phosphorylation of Cdc25A, 
which is a transcriptional target of c-Myc, by 
Piml kinase, is involved in promoting the Gl to S 
transition (Mochizuki et al. 1999). Additionally, 
piml has been implicated in STAT5 signaling, 
which is also important in mediating prolifera
tion, differentiation and programmed cell death in 
hematopoietic cells. Piml facilitates growth fac
tor-independent survival, protects against geno-
toxin-induced death in certain cell lines and Piml 
has been shown to be required for bcl2 induction 
(Lilly and Kraft 1997; Lilly et al. 1999; Shirogane 
et al. 1999; Pircher et al. 2000). Furthermore, 
transgenic piml expression in Fas-deficient Ipr 
mice enhances the lymphoproliferative phenotype 
to a similar extent as bcl2 transgene (Möröy et al. 
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1993). In addition, VCP (valosine containing 
protein) was identified as a target gene for Piml 
(Mochizuki et al. 1999). VCP belongs to the 
AAA superfamily (ATPases associated with a va
riety of cellular activities) (Patel and Latterich 
1998), which includes yeast Cdc48p and C. ele-
gans MAC-1 (Frohlich et al. 1995; Wu et al. 
1999). MAC-1 interacts with CED3, CED4 and 
CED 9 and inhibits apoptosis in the nematode 
(Wu et al. 1999). Similarly, VCP may prevent 
apoptosis through modifying the functions of the 
mammalian homologues, being caspases, Apaf-1 
and Bcl-2 respectively. These dual activities of 
Pirn kinases provide important mechanisms to 
counteract c-myc-induced apoptosis and cooper
ate in hematopoietic cell proliferation. Moreover, 
these same properties of the Pirn kinases could 
also provide a basis for oncogenic collaboration 
with Gfil. The type of survival signals imposed 
by enforced Pirn expression is clearly distinct 
from Gfil. Furthermore, Gfil may employ differ
ent ways to enhance STAT3 signaling. Future ex
periments need to address whether indeed Gfil 
and Pirn collaborate by extending the range of 
protective anti-apoptotic signals in thymocytes, 
and combine complementary activities in STAT-
mediated cell growth and differentiation. 

At present no data is available to impli
cate GFI1 in human T-ALL or (chronic) myeloid 
leukemias. GFI1 is located on chromosome lp22 
(Roberts and Cowell 1997), and this region is not 
a major site for translocation breakpoints in he
matological malignancies. However, our data in
dicate that low levels of deregulated gfil expres
sion are sufficient to cause lymphoid and myeloid 
tumors in mice. Therefore, more detailed RNA or 
protein expression analysis on primary tumor 
samples is required to provide information on this 
aspect. In addition, Gfil could be a potential tar
get of one or more signaling cascades associated 
with the different types of human CML, including 
p210ficr/W", TEL-PDGFpR, or NFl/Ras signaling. 

Materials and methods 

Transgenic mice 

For the generation of Eu,-pp-g/?7 transgenic mice, a 
Salï fragment of phage clone SVJ129X1 containing the 
mouse gfil gene, was cloned into the Xhol site of the 
Eu,-/?/»i/promoter-MoMLVLTR (TDK) transgenic 
vector. The genomic gfil fragment included at the 5' 
end the proximal promoter of the first alternative exon 
1A of gfil, and lacked at the 3' end a part of the UTR 
and the endogenous polyadenylation site. The excised 
Ep.-pp-gfil transgenic construct was purified from aga
rose gel by electro-elution and dialysis, and microin-
jected into the pronuclei of FVB zygotes. Transgenic 
founders GFI37 and GFI39, which were born from 
(C57/B6 x DBA)F1 foster mice, were backcrossed to 
FVB. The generation of E\x-pp-pim2 transgenic mice 
has been described elsewhere (Allen et al. 1997). 
Transgenic progeny was identified by Southern blot 
analysis of genomic DNA, obtained from tail biopsies 
of mice at the age of 4 weeks. For genotyping Eu.-pp-
gfil and E[i-pp-pim2 mice the following probes were 
used: gfil cDNA clone 2EG2.4 on £coRV-digested 
and pim2 cDNA (van der Lugt et al. 1995) probe 
on Ap/il-digested genomic tail DNA. 

Transgene expression analysis 

Total RNA was isolated from thymus, spleen and 
flushed bone marrow cells, using TRIzol® (Gibco 
BRL). For RT-PCR 3ug total RNA was used for first 
strand cDNA synthesis in a 20u,l reaction together with 
200U Superscript II Reverse Transcriptase according 
to the instructions of the supplier (Gibco BRL). Sub
sequently, lu.1 of first strand cDNA was used in a 
standard PCR reaction of 50ul, amplifying either gfil 
specific fragments (endogenous and transgenic) with 
primers exon5-sense (GTCAGATATGAAGAAACA-
CACCT), endogenous 3'UTR-antisense (TCACTC-
GCTGAGTAAGTGAAGAGACC), and MoMLV 
U3LTR-antisense (TTTCCATGCCTTGCAAAAT-
GGCG); or the p-actin specific fragment with sense 
(ATCGTGGGCCGCTCTAGGCACCA) and antisense 
(CTTGCGCTCAGGAGGAGCAATGA) primers. 
Amplifications were performed in a Perkin Elmer 
Cetus DNA Thermal Cycler 480. using one single de-
naturation step for 3 min at 94°C, followed by 30 cy
cles of 30 sec 94°C, 40 sec 58°C and 90 sec 72°C. 
For Northern blot analysis, 15p.g RNA was separated 
on a 1% agarose-paraformaldehyde containing gel and 
transferred to Protran® nitrocellulose filter (Schleicher 
& Schuell) and hybridized to gfil and fi-actin cDNA 
as described before (Scheijen et al. 1997) 
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Flow cytometry was performed on single-cell suspen
sions from lymphoid organs of healthy or diseased 
animals, prepared by standard methods. Bone marrow 
cells were flushed with 10%FCS/RPMI1640 medium 
in the presence of 50u.M 2-mercaptoethanol, and 
passed through a 70u.m cell strainer. Before staining, 
red blood cells were lysed with in 150mM 
NH4C1/0.01M Tris.Cl (pH 7.5). After cells were 
washed with medium, lxlO6 cells were incubated for 
10 min in supernatant of the hybridoma 2.4G2, con
taining a-FcYRH/III monoclonal antibodies. Cells were 
subsequently stained for 20 min with antibodies 
(Pharmingen) against TCRP (H57-597), CD45R/B220 
(RA3-6B2), CDllb/Mac-1 (Ml/70), LY-6G/Gr-1 
(RB6-5C5), Terl 19, Thyl.2/CD90.2 (53-2.1), pan-NK 
(Dx-5), CD4 (RM4-5), CD8cc (53-6.7), Sca-1 (E13-
161.7) diluted in FACS buffer (2% FCS, 5mM HEPES 
(pH), 0.05% sodiumazide). Thereafter cells were 
washed and analyzed on FACScan (Beckton Dickin
son) using CellQuest software. 

Tissue specimens were fixed in formalin, and 
sections were stained standardly using hematoxylin 
and eosin. Peripheral blood smears were fixed in 
methanol and stained with a modified Wright's stain 
(Diff-Quick, Lab Aids, Narrabeen, Australia). To 
demonstrate myeloperoxidase (MPO) activity in blood 
films and paraffin sections by the avidin-biolin peroxi
dase method, we used a rabbit anti-human MPO anti
body (DAKO). 

MoMLV infection and DNA analysis 

Newborn mice from crosses between FVB females and 
E[i-pp-gfil (GFI39) males were injected with 50j.il of 
104-105 infectious units of MoMLV clone 1A. Mice 
with clinically evident disease were sacrificed. High 
molecular weight DNA was isolated and provirai inte
grations were analyzed with Southern blot analysis as 
described (Scheijen et al. 1997). To check for T 
cell receptor rearrangements, probe J15, a 900bp Clal-
EcoKl fragment of J(32 locus was used on HindlU-
digested genomic DNA, whereas an 800bp BamUl-
Nael subclone of pJU was used as a probe to detect 
immunoglobulin heavy-chain rearrangements. 

Immunoblotting 

Whole cell extracts of T cell lymphomas was gener
ated by 3 x 3 sec sonication of a small piece of frozen 
tumor tissue (mesenteric lymph node or thymus) in 
ice-cold lysis buffer (250mM NaCl, 0.1% NP40, 
50mM HEPES pH 7.0, and 5mM EDTA) supple

mented with protease inhibitors (Complete, Boe-
hringer Mannheim). After 20 min incubation on ice, 
undissolved material was sedimented by centrifugation 
for 10 min at 14,000 rpm. Samples corresponding to 
40u.g of protein (Biorad Bradford protein assay) were 
separated on a SDS-polyacrylamide gel and trans
ferred to Immobilon-P membranes (Millipore). Goat 
polyclonal antibodies against Gfil (M-19) and Actin 
(C-11) were used (Santa Cruz). Proteins were detected 
with horseradish peroxidase-conjugated protein G 
(Pierce), followed by ECL (Amersham). 
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