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E/u-myc and gfil collaborate in T cell transformation 

Eix-myc and gfil collaborate in T cell lymphomagene-
sis by targeting a p53- and Bcl-2-independent apopto-
sis pathway 

Blanca Scheijen and Anton Berns 

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

Oncogenic transformation of primary fibroblasts and pre-B cells by c-myc mostly re
quires disruption of the ARF-Mdm2-p53 pathway. This relates to the fact that c-Myc 
overexpression induces to a large extent p53-dependent apoptosis in these cells. Here we 
report that c-Myc collaborates with the transcription factor Gfil in the formation of oli-
goclonal T cell lymphomas in E[i-myc/gfil transgenic mice, without abrogating p53 func
tion. Transgenic c-myc and gfil expression synergistically protect against TCR activa
tion- and glucocorticoid-induced apoptosis. On the other hand, sensitivity to death in
duced by y-radiation or deprivation of survival factors is significantly enhanced. We show 
that E\.L-myc/gfil -transformed thymocytes sustain protection against certain modes of 
apoptosis in the presence of high Cdk2 kinase activity and independent of Bcl-2/Bcl-xL ac
tion or p53 mutation. 

[Key words: apoptosis; Bcl-2; cell cycle regulators; c-Myc; T cell lymphomas] 

In many cancers deregulation and overexpression 
of the c-myc proto-oncogene has been associated 
with the onset of tumor formation. Ectopic ex
pression of the c-myc gene can have diverse bio
logical outcomes, including cell proliferation, 
blockage of cell differentiation, and induction of 
apoptosis. Although control of cell division is an 
important function of c-Myc, the critical cell cy
cle target(s) of Myc have not yet unambiguously 
been identified. Induction of Myc results in acti
vation of Cyclin D-Cdk4/Cdk6 and Cyclin E-
Cdk2 kinase activity (Steiner et al. 1995), which 
cooperate during the Gl phase of the cell cycle to 
phosphorylate and thereby inactivate the retino
blastoma protein (pRb) (Lundberg and Weinberg 
1998; Harbour et al. 1999). 

Both cdk4 (Hermeking et al. 2000) and 
cyclin D2 (Bouchard et al. 1999; Perez-Roger et 
al. 1999) can be induced by c-Myc at the tran
scriptional level. Furthermore, analysis in c-myc' 
' fibroblasts, which display a slow-growth phe-
notype due to lengthening of the Gl and G2 

phases of the cell cycle (Mateyak et al. 1997), has 
indicated that the activity of Cyclin D-Cdk4/Cdk6 
complexes are significantly reduced (Mateyak et 
al. 1999). Activation of Cyclin E-Cdk2 activity 
has been attributed to induction of cyclin E 
mRNA (Jansen-Durr et al. 1993; Perez-Roger et 
al. 1997), functional inactivation of the Cdk in
hibitor p27*"'/ (Vlach et al. 1996; Muller et al. 
1997; Perez-Roger et al. 1997) by increasing the 
levels of the sequestering proteins Cyclin Dl and 
D2 (Bouchard et al. 1999; Perez-Roger et al. 
1999), or promoting p27/c""' degradation through 
induction of Cull (O'Hagan et al. 2000a). c-Myc 
is also able to induce the levels of Cdk7 (Mateyak 
et al. 1999), the catalytic subunit of Cdk activat
ing kinase (CAK), and phosphatase Cdc25A 
(Galaktionov et al. 1996; Santoni-Rugiu et al. 
2000), which both can activate Cdk2. Conversely, 
c-myc''cells or dominant negative mutant alleles 
of c-myc in established cell lines display sup
pressed Cyclin E-Cdk2 kinase activity (Berns et 
al. 1997; Mateyak et al. 1999). Together these 
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data provide compelling evidence that Myc af
fects the cell cycle in multiple independent ways. 

Besides promoting cell proliferation, c-
Myc can also elicit programmed cell death 
(Askew et al. 1991; Evan et al. 1992). Several 
different pathways have been identified which af
fect c-Myc-induced apoptosis, including p53- in
dependent, such as the CD95/Fas receptor, 
Ras/MEK, and PI3K/AKT (Hueber et al. 1997; 
Kauffmann-Zeh et al. 1997; Tsuneoka and 
Mekada 2000) and p53-dependent pathways. In 
E\x-myc transgenic mice forced expression of c-
myc in pre-B cells induces cell proliferation and 
apoptosis. In primary pre-B cell cultures it was 
established that ARF and p53 are important me
diators of c-Myc-induced programmed cell death 
(Eischen et al. 1999). For the development of 
(pre-) B cell lymphomas in E\x-myc transgenic 
mice disruption of the p53-Mdm2-ARF pathway 
seems to be pivotal. Roughly 80% of the sponta
neous Ep-myc B cell tumors have either lost ARF 
or p53 function or harbor elevated Mdm2 levels. 
E\x-myc mice hemizygous for INK4A, ARF or p53 
mice display an accelerated onset of (pre-) B cell 
lymphomagenesis, with concomitant loss of the 
wild type allele (Hsu et al. 1995; Eischen et al. 
1999; Jacobs et al. 1999; Schmitt et al. 1999). 

In contrast, for T lymphocytes it is less 
evident that c-myc overexpression induces apop
tosis and if this acts through ARF-p53. It has 
been shown that activation-induced apoptosis in 
T cell hybridoma cell lines requires expression of 
c-myc (Shi et al. 1992). Antisense oligonucleo
tides or addition of TGF-(3, which block c-myc 
expression, will also inhibit T cell apoptosis 
(Genestier et al. 1999). This is linked to regula
tion of Fas ligand (FasL) expression by Myc 
(Brunner et al. 2000). However, CD2-wyc trans
genic mice backcrossed onto a Fas-deficient Ipr 
background show similar rates of tumor devel
opment and levels of apoptosis compared to CD2-
myc controls (Cameron et al. 2000). Furthermore, 
Ick-c-mycER™ thymocytes do not display en
hanced T cell receptor (TCR)-triggered negative 
selection upon c-Myc activation (Rudolph et al. 
2000). Remarkably, several studies have indi
cated that NF-KB/c-myc-signaling acts as a sur
vival pathway in thymocytes, which is targeted 
by glucocorticoids (Thulasi et al. 1993; Martins 
and Aguas 1998; Wang et al. 1999). In fact, en

forced c-myc expression inhibits dexamethasone-
induced apoptosis in T cells, and enhances posi
tive selection (Broussard-Diehl et al. 1996; 
Rudolph et al. 2000). These observations suggest 
that thymocytes are relatively insensitive to c-
Myc-induced apoptosis, which is supported by 
the notion that no significant increase in tumor 
incidence is observed in hemizygous /?53+/7CD2-
myc transgenic mice, but only to some extent in 
CD2-myc/p53 '~ homozygous mice (Blyth et al. 
1995). ' 

Several lines of evidence indicate that the 
transcriptional regulator Gfil collaborates with c-
Myc in lymphomagenesis. The gfil gene has been 
found as a common proviral insertion site in 
Moloney murine leukemia virus (MoMLV)-
induced (pre-) B and T cell lymphomas of Ep-
myc (24%) and T cell lymphomas of H2K-wyc 
(75%) transgenic mice (van Lohuizen et al. 1991; 
Scheijen et al. 1997). Both gfil and its close 
homologue gfiJB encode zinc finger proteins with 
specific DNA-binding activity, and contain a 
transcription repression domain at the extreme N-
terminus (Grimes et al. 1996a; Zweidler-Mckay 
et al. 1996; Tong et al. 1998). Gfil has been 
shown to promote positive selection and inhibit 
different forms of apoptosis, including death by 
neglect (glucocorticoid sensitive pathway) and 
negative selection (TCR antigen-induced cell 
death) (Scheijen et al., submitted). Furthermore, 
in peripheral T cells, Gfil diminishes the re
quirements for interleukin-2 (IL-2) to overcome a 
G, arrest, and amplifies IL-6-dependent T cell 
activation (Gilks et al. 1993; Zörnig et al. 1996; 
Rödel et al. 2000). 

This report illustrates that gfil strongly 
accelerates the onset of T cell lymphomas in Ep-
myc transgenic mice. Gfil and c-Myc cooperate 
in abrogating glucocorticoid- and TCR activation-
induced apoptosis, leaving the ARF-Mdm2-p53 
pathway intact. Gfil exemplifies a new Myc col
laborating oncoprotein in vivo that employs a dif
ferent strategy for oncogenic transformation than 
inhibiting c-Myc-induced apoptosis. 

Results 

Gfi 1 induces oligoclonal T cell lymphomas in Ep-
myc transgenic mice 
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Figure 1. Eu-wiyc accelerates the onset of T cell lymphomas in E\L-pp-gfil transgenic mice. (A) Kaplan-Meier 
survival graph depicts the cumulative death rate, due to hematopoietic tumors of Eu,-pp-g/ï/ (GFI39) (n=38), E\x-
myc (n=28), and E\i-myc/E\x-pp-gfil (n=13) transgenic mice. Ep.-pp-gfil mice developed both lymphoblastic T 
cell lymphomas/leukemia and myeloid tumors, whereas E|A-mye mice got mostly (pre-) B cell lymphomas and 
few T cell lymphomas. All E\x-mycfEn-pp-gfiI animals succumbed to T cell lymphomas. (B) Southern blot 
analysis illustrates T cell receptor (TCRf32) and immunoglobulin heavy chain (u.) rearrangements in Eu,-/7iyc/Eu-
pp-gfil lymphomas (MG1-MG8). The position of the germline bands is indicated. (C) Cell surface expression 
profile of CD4 versus CD8 of three representative Ep.-myc/gfil T cell lymphomas (MG2, MG3, and MG7). Tu
mor cells were isolated from enlarged mesenteric lymph nodes. (D) Flow cytometric analysis shows cell surface 
expression of CD4. CD5, CD25, CD44, HSA and TCR[3 on normal wild type thymocytes (thin line) compared to 
thymic E\x-myc/gfi 1 lymphoma cells (thick line). 

Recently, the generation, functional analysis and 
tumor phenotype of E\i-pp-gfil transgenic mice 
has been described in detail, demonstrating that 
enforced gfiJ expression predisposes to lym
phoblastic T cell lymphomas/leukemias. CML-
like disease and mandibular osteosarcomas 
(Scheijen & Berns, submitted; Scheijen et al., 
submitted). Since the gfil gene is activated in a 
fraction of MoMLV-induced (pre-) B and T cell 
lymphomas of B]l-myc mice, we wanted to assess 
whether Gfil collaborates with c-Myc as effi
ciently in B as T cell lymphomagenesis and study 
in more detail the mechanism of oncogene col
laboration. Therefore, mice of the E|i-pp-g/// 
transgenic line GFI39 were crossed with the Eu.-
myc transgenic line 186 (Verbeek et al. 1991). 
Eu.-mvc mice develop with a high incidence 

spontaneous (pre-) B cell (90% of the tumors) 
and some T cell lymphomas (10% of the tumors) 
with a mean survival age of 135 days (Fig. 1A). 
The lymphoma spectrum correlates with the ex
pression level of the E\x.-myc transgene in the two 
different lineages. GFI39 have a lower death rate 
due to the occurrence of hematopoietic tumors 
(T-ALL and CML), where the mean age of sur
vival is 55 weeks (Fig. 1A). Littermates of the 
cross E\i-myc x E\x-pp-gfil were followed for 
disease development. All double Eu.-myc/Ep.-pp-
gfil transgenic animals succumbed to lymphomas 
before the age of 70 days (Fig. 1 A). Ill mice were 
sacrificed and affected organs were removed for 
further analysis. Remarkably, in all cases the 
thymus, together with spleen and lymph nodes, 
were significantly enlarged. 
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The clonality and the lymphoma pheno-
type was determined by Southern blot analysis on 
tumor DNA extracted from enlarged lymph 
nodes, to detect T cell receptor (TCR) (3 and im
munoglobulin heavy chain (p.) rearrangements 
(Fig. IB). Most tumors showed germline configu
ration or subclonal rearrangement of the u. chain. 
However TCR|32 was rearranged in almost all 
tumors analyzed, showing both clonal bi-allelic 
(MG2) as well as oligoclonal rearrangements 
(MG3, MG4, and MG6) (Fig. IB). This suggested 
that the tumors were of T cell origin and fre
quently consisted of different independent clonal 
tumor cell populations. 

To analyze the lineage-origin and differ
entiation stage of the lymphomas in more detail, 
we performed flow cytometric analysis on single 
cell suspensions of Eu.-myc/Eu.-pp-g//7 tumors. 
Characterization of 10 independent tumor sam
ples, indicated that they all T cell lymphomas 
were CD4+CD8TCR(3 tB220IgM (Fig. 1C). To 
further characterize their maturation stage, Ep-
myc/gfil thymic lymphomas were compared with 
wild type lymphocytes for the cell surface expres
sion of TCRp, HSA/CD24 and CD5. These 
markers allowed the specification of the Eu.-
myc/g/?/-induced T cell tumors as immature thy
mocytes, since they were TCRpin'HSAinlCD5h' 
(Fig. ID). If E\x-myc/gfiJ transformed thymocytes 
had represented true mature CD4* SP T cells they 
would have been HSA'TCR1" T cells (Nikolic-
Zugic and Bevan 1990). Interestingly, all T cell 
lymphomas expressed the activation marker 
CD44, which is already significantly upregulated 
on regular Eu-pp-g/7/ thymocytes (Scheijen et al., 
submitted). These results indicate that Eu-pp-g/7/ 
transgene induces specifically CD4" T cell lym
phomas in E\x-myc mice, and no B cell tumors. 

Characterization of ARF-Mdm2-p53 status in Ep-
myc/gfi 1 T cell tumors 

Transcriptional activation of ARF by c-Myc pre
disposes primary fibroblasts and pre-B lympho
cytes to p53-dependent apoptosis. Inactivation of 
the ARF-Mdm2-p53 pathway overrules this effect 
allowing for oncogenic transformation by c-Myc 
(Zindy et al. 1998; Eischen et al. 1999; Jacobs et 
al. 1999; Schmitt et al. 1999). To establish 
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Figure 2. The ARF-Mdm2-p53 pathway is intact in 
E\x-myc/E\x-pp-gfiI T cell lymphomas. Immunoblot-
ting was performed to analyze protein expression lev
els for Gfil, c-Myc, pl9ASf, Mdm2, p53 and actin in 
wild type (W), Eu-wyc (M), and Ep-pp-gfil (G) thy
mus, and 8 Ep-myc/Ep-pp-gfi I T cell tumors. Positive 
controls (PC) consist of cell extracts from primary 
mouse embryonic fibroblasts (MEF's) for pl9MF ex
pression and pBabe-Mdm2 infected MEF's for Mdm2. 

whether mutations affecting the p53 pathway oc
curred in c-Myc/Gfi 1-transformed T cells, we 
evaluated the expression levels of pl9ARF, Mdm2 
and p53 in E\L-pp-myclgfd T cell lymphomas. By 
ways not yet understood, p53 negatively regulates 
the expression of ARF, illustrated by the finding 
that in cells lacking p53, pl9 /1/"r expression in
creases substantially (Kamijo et al. 1998; Stott et 
al. 1998). It has also been shown that in E\i-myc-
induced pre-B cell tumors, mutation of p53 leads 
to high pl9"4ff/r levels (Eischen et al. 1999). There
fore we analyzed wild type, E\i-myc and Ep-pp-
gfil single transgenic thymus, in addition to 8 dif
ferent E\x.-pp-myclgfil T cell lymphomas by im-
munoblotting for their expression levels of 
pl9A S f . Protein extract of early passage primary 
mouse embryonic fibroblasts (MEFs), which 
upregulate ARF upon in vitro cell culture, served 
as a positive control. Increased pl9A R f levels were 
not detectable in the T cell lymphomas (Fig. 2). 

Amplification and up-regulation of 
Mdm2 has been found in many human cancers 
(Momand et al. 1998). Mdm2 is a negative regu
lator of p53, by its ability to antagonize p53 
transactivation (Momand et al. 1992; Oliner et al. 
1993) and stabilization (Honda et al. 1997; Honda 
and Yasuda 1999). This prompted us to examine 
Mdm2 levels in the same tumor set. Whereas ret-
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rovirally-expressed Mdm2 was easily detectable, 
none of the tumors displayed elevated Mdm2 lev
els (Fig. 2). 

Direct loss of p53 function occurs pre
dominantly by single-allele missense mutations, 
which produce a dominant negative transcription
ally inactive form of p53 (Ko and Prives 1996). 
These mutant forms of p53 accumulate to supra-
physiological levels, since they can not induce 
Menu, to trigger their own degradation (Haupt et 
al. 1997; Kubbutat et al. 1997). Immunoblotting 
indicated that all tumors expressed similar p53 
protein levels, although there were some slight 
variations between tumor samples (Fig. 2). The 
identity of the p53 band was confirmed by ana
lyzing protein extracts of p53'~ primary MEF's 
(data not shown). Altogether these results indicate 
that the ARF-Mdm2-p53 pathway is not inacti
vated in Myc/Gfil-induced T cell tumors. 

Thymus Tumor 
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Figure 3. Eu-transgene expression is strongly induced 
in c-Myc/Gfil T cell lymphomas. Northern blot analy
sis on total RNA extracted from two normal wild 
(WT), Eu-mvc (Myc), and Eu-pp-g/7/ (GF139) thymi, 
and two E\i-myc/gfil T cell lymphomas (MG1 and 
MG3). Eu-pp-g/ï/ expression was monitored with a 
gfil cDNA and transgene specific MoMLV U3LTR 
probe, whereas Eu,-/nyc expression was detected with 
c-myc cDNA probe; $-actin was used as loading con
trol. Both murine cDNA probes (gfil and c-myc} de
tect also endogenous mRNA levels (*). 

Transgene expression is increased in EjJ.-
myc/güldouble transgenic tumors 

Immunoblotting for Gfil on the collection of Eu.-
myc/gfi\ T cell lymphomas showed that protein 
levels of Gfil were much higher in T cell tumors 
than in normal E\x-pp-gfil transgenic thymus 
(Fig. 2). To determine whether this was due to in
creased RNA expression or protein stability, we 
performed Northern blot analysis on total RNA of 
two independent wild type, E\i-myc, E[i-pp-gfil 
thymi and two Ep.-myc/gfil T cell lymphomas. 
E\i-pp-gfil transgene expression was monitored 
by hybridization with a gfil cDNA and a trans-
gene specific U3LTR probe. Both probes detected 
increased gfil transgene expression in the tumors 
(Fig.3). One explanation could be that normally 
only a very small fraction of the T lymphocytes 
express the E\x-pp-gfil transgene, which will 
grow out upon (oligo)clonal transformation. 
However, the finding that at all stages of T cell 
differentiation (pro-T, pre-T and immature thy
mocytes), specific prominent phenotypes are ob
served in E\i-pp-gfil mice (Scheijen et al., sub
mitted), argues against this explanation. There
fore, we presume that Gfil expression is upregu-
lated at the level of transgene transcription. 

After hybridization with the murine c-
myc cDNA probe it became evident that also the 
E\x-myc transgene was expressed at elevated lev
els in the myc/gfil double transgenic T cell lym
phomas (Fig. 3). As expected, endogenous c-myc 
expression was severely reduced in E\i-myc/gfil 
T cell lymphoma (Fig. 3), confirming previous 
observations that transgenic Myc represses the 
endogenous c-myc promoter [Penn, 1990 #321]. 
In contrast to the readily detectable E\x-myc tran
scription in T cell lymphomas, transgenic wye 
expression was very low and barely detectable in 
normal En-myc thymocytes. Thus, during onco
genic T lymphocyte transformation both En-
containing transgenes are transcriptionally in
duced. 

c-Myc-induced apoptosis in pre-B cells is not in
hibited by transgenic gfi 1 expression 

Collaboration between E\i-pp-gfil and E\i-myc 
transgene leads only to the development of T cell 
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Figure 4. c-Myc-induced apoptosis is not rescued by transgenic gfil expression in primary pre-B cells. (A) RT-
PCR analysis shows transgenic and endogenous expression pattern of gfil in both E\x-pp-gfil transgenic lines 
(GFI37 and GFI39) in thymus, spleen and IgM*-selected splenocytes. Combination of primerl (exon V gfil gene) 
and primer2 (3'UTR gfil gene) generates a 830bp fragment (endogenous expression), whereas primerl and 
primer3 (MoMLV LTR) produces a 610bp fragment (transgenic expression). (B and C) Flow cytometric analysis 
for the cell surface markers B220 and IgM (B cells) or Mac-1 and Gr-1 (myeloid cells) was performed on bone 
marrow single cell suspension of wild type, E\i.-pp-gfil, Eu-wiyc and E\i-myc/gfi 1 mice at the age of 4 weeks. The 
percentage of cells in the different regions is shown. Of each bone marrow population the forward scatter height 
(FSC-H) profile is indicated. (D) Apoptosis assay on bone marrow cells after incubating the cells for 24 hrs in the 
absence of specific cytokines. Cells were stained for AnnexinV and B220 and the apoptotic ratio (Annex-
inWAnnexinV") of the B220* cells was determined in wild type. Eu-pp-g/i/, Eji-myc and E\x-myc/gfil mice at the 
age of 4 weeks. 

and not B cell lymphomas. Therefore, we decided 
to check whether the E\i-pp-gfil transgene was 
expressed in B cells. Previous studies demon
strated expression of the E(i-pp transgene in the B 
cell lineage and Ejl-pp-p i'mi, E\x-pp-pim2 and 
Ep.-pp-bmil transgenic mice showed strong col
laboration with Efi-mye in the formation of (pre-) 
B cell lymphomas (Verbeek et al. 1991; Alkeina 
et al. 1997; Allen et al. 1997). To confirm that 
both Ep\-pp-gfil transgenic founder lines (GFI37 
and GF139) expressed the transgene in B cells, 
RT-PCR analysis was performed on RNA iso
lated from peripheral surface immunoglobulin 
positive (IgM*) B cells. Primer combinations 
were used that allowed identification of endoge
nous and transgene specific expression of gfil 
(Fig. 4A). The analysis showed that the gfil 

transgene is indeed expressed in mature B cells of 
both GFI37 and GFI39 mice, although at lower 
levels than in thymocytes. 

To assess whether enforced gfil expres
sion could affect c-Myc-induced proliferation or 
inhibit apoptosis in pre-B cells, we analyzed bone 
marrow cells of wild type, single and double 
transgenic mice at the age of 4 weeks by flow 
cytometry, before overt T cell lymphomas had 
developed. Enforced expression of c-Myc during 
early B cell development results in a polyclonal 
expansion of pre-B cells (Langdon et al. 1986). 
This was confirmed by our findings, where the 
fraction of B220+IgM' cells in E\i-myc transgenic 
bone marrow was increased 4-fold compared to 
wild type and E\i-pp-gfil littermates (56% versus 
13%) (Fig. 4B). In E\x.-myc/gfil mice the expan-
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sion was less prominent, where only 40% instead 
of 56% of bone marrow cells comprised of pre-B 
cells. This could however be attributed to the 
Gfil-induced myeloid expansion within the bone 
marrow compartment. E\i-pp-gfil transgenic 
mice contained 3-fold more Mac-l*Gr-r"° cells 
compared to wild type controls (14% versus 4%) 
(Fig. 4C). This was reduced to 8% in the Eu.-
myc/gfil double transgenic animals. The only 
small defect we observed in B cell differentiation, 
similar to previous findings, is that the fraction of 
B220TgM+ is somewhat reduced in both Eji-pp-
gfil single and E\x-myc/gfil double transgenic 
mice. We did not investigate this observation in 
more detail. Ectopic expression of c-Myc also 
leads to increased cell size as determined by the 
FSC-Height (Iritani and Eisenman 1999). There 
was no difference in the average increased cell 
size between E\i-myc and E\i-myc/gfil pre-B cells 
(Fig. 4B). 

Next we employed AnnexinV staining on 
isolated bone marrow cells after overnight cul
ture, to establish the sensitivity of B220+ lympho
cytes to c-Myc-induced apoptosis. Overexpres-
sion of c-myc in pre-B cells resulted in enhanced 
cell death as indicated by the Annex-
inWAnnexinV" apoptotic ratio (AR), which was 
increased from 4/10 (AR= 0.4) in wild type to 
44/5 (AR= 8.8) in E\x-myc transgenic pre-B cells 
(Fig. 4D). These observations were in agreement 
with our previous analysis on Myc-induced 
apoptosis in primary B cells (Jacobs et al. 1999). 
E\x.-pp-gfil pre-B cells behaved similar to wild 
type with a ratio of 4/9 (AR= 0.44). The Eji-pp-
gfil transgene could not rescue programmed cell 
death in E\x-myc expressing pre-B cells. The 
apoptotic ratio in E\x-myc/gfil double transgenic 
B220+ cells was 36/4 (AR= 9), similar to E\i-myc. 
These data show that Gfil is not able to protect 
pre-B cells against c-Myc-induced apoptosis. 
Similar results were obtained in primary mouse 
embryonic fibroblasts, where overexpression of 
Gfil did not diminish Myc-ER-mediated cell 
death (data not shown). 

Apoptosis characteristics during onset and pro
gression ofCD4 T cell lymphomas 

Recently we have demonstrated that Eu.-pp-g/?7 
inhibits TCR-triggered programmed cell death. In 
addition both c-Myc and Gfil inhibit glucocorti-
coid-induced apoptosis and promote positive se
lection (Broussard-Diehl et al. 1996; Rudolph et 
al. 2000)(Scheijen et al., submitted). Since abro
gation of these physiological checkpoints might 
contribute to the onset of T cell lymphomas, E(i-
myc/gfil transgenic mice were monitored for their 
apoptotic response. First we performed CD4 and 
CD8 cell surface staining on thymocytes of 3 
weeks old mice. E\x-myc/gfil double transgenic 
animals at this age showed no signs of oncogenic 
T cell transformation. The population of CD4+ 

and CD8+ SP thymocytes was slightly but repro-
ducibly increased in E]x-myc/gfiJ mice compared 
to single Ep.-pp-gfil transgenic animals (Fig. 5A), 
which suggested that E\x-myc and Ep.-pp-gfil 
transgene levels collaborated in enhancing posi
tive selection. 

Analysis of Ep.-myc/E[i-pp-gfil animals 
between the age of 4 and 5 weeks indicated that 
oncogenic transformation already occurred at this 
age and was accompanied by an increase in thy
mocyte cell numbers and outgrowth of a CD4* 
lymphoblastic T cell lymphoma. Analysis of one 
cohort of 5 weeks old mice allowed the charac
terization of three stages of tumor development 
based on thymocyte numbers and FACS profile 
(Fig. 5B). At tumor stage 1, thymocyte cell num
bers were increased 1.5-fold compared to control 
thymus and a CD4hl population appeared. These 
CD4* E\L-myc/gfil transformed T cells outnum
bered almost the complete thymus at tumor stage 
2, with a 4-fold increase in thymocyte cell count. 
Tumor stage 3 represented a complete thymic 
lymphoma, with 9-fold higher thymocyte cell 
numbers and where tumor cells were detectable in 
peripheral lymph nodes. 

Isolated thymocytes were exposed to dif
ferent apoptotic stimuli during a period of 16 hrs, 
including deprivation of survival factors (non-
treated control, NT), PMA as activator of protein 
kinase C and Ras-Raf pathway, which mimics 
TCR-triggering, crosslinking of the Fas/CD95 re
ceptor by a -Fas antibodies, or 1 Gy of y-
irradiation. Apoptosis was quantified by flow 
cytometry, counting the fraction of cells contain
ing sub-G, DNA content as assessed by PI-
staining. E\i-myc transgenic thymocytes showed 
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Figure 5. Apoptosis characteristics of Gfi-1 and c-Myc transformed thymocytes. (A) Flow cytometric analysis 
on non-transformed thymocytes of wild type (WT), Eu-mvc, Ep-pp-g/?/ and E\i-myc/gfil mice at the age of 3 
weeks, using antibodies against CD4 and CD8. The percentage of cells in three quadrants is indicated. (B) At the 
age of 5 weeks, three different stages of tumor development are present in E\i-myc/gfil mice. Cell surface stain
ing for CD4 and CD8, together with apoptosis profile are shown for wild type (WT), Ep-myc and Ep-pp-g/?/ 
thymocytes in comparison with E\i.-myc/gfi 1 transformed T cells at tumor stage 1, 2 and 3. The appearance of the 
characteristic CD4h' transformed thymocyte population is indicated at tumor stage 1. The percentage of apop-
totic cells was determined in triplicate cultures of isolated thymocytes after incubation for 16 hrs in the absence 
(NT) or presence of the apoptotic stimuli PMA, a-Fas/CD95 antibodies, or y-radiation (100 rad). Average 
amount of cells with sub-G, content ± SD is indicated. (C) Cell surface staining for CD4 and CD8 in wild type 
(WT), Eix-pp-gfil T cells and E\i-myc/gfil transformed thymocytes at tumor stage 1 and 2/3. Identical cells were 
exposed for 8 hrs to dexamethasone or cultured for 16 hrs without any treatment (NT). The average amount of 
apoptotic cells (sub-G, fraction) ± SD of triplicate cultures is indicated. (D) Total cell extracts of normal and c-
Myc/Gfil transformed thymocytes as analyzed in B were subjected to Western blot analysis, using antibodies 
against Gfil, Bcl-2, Bcl-x, Bax and Actin as loading control. 

identical levels of apoptosis in comparison to 
wild type control cells for all the different stimuli 
tested (Fig. 5B and data not shown). Eji-pp-g/ï7 
thymocytes were more resistant to PMA- and 
Fas-induced apoptosis, in accordance with our 
previous data. 

During tumor progression we observed a 
reduced response to PMA-induced apoptosis, but 
increased sensitivity to cell death mediated by 

deprivation of survival factors and y-radiation in 
E\i-myc/gfil transformed T cells compared to Eu.-
pp-gfil and wild type thymocytes (Fig. 5B). The 
fact that E\L-myc/gfi] cells showed a strong 
apoptotic response upon genotoxic stress also in
dicated on a functional level that their p53-
pathway was still intact. Remarkably, trans
formed T lymphocytes exposed to PMA for 16 
hrs displayed lower levels of apoptosis than with-
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out any treatment (37% versus 52%). The re
sponse to Fas-mediated programmed cell death of 
the E\i-myc/gfiJ lymphoma cells was indifferent 
from the Eji-pp-g/ï/ single transgenic T lympho
cytes. 

In an independent cohort of mice these 
apoptosis characteristics were confirmed (data not 
shown). In addition, we determined the sensitivity 
towards glucocorticoid-induced apoptosis, by 
treating the isolated thymocytes with dexametha-
sone for 8 hrs. E^-pp-g/// thymocytes were more 
resistant to apoptosis induced by dexamethasone 
compared to wild type controls (Fig. 5C), as de
scribed before. In contrast, at tumor stage 1 there 
was already a significant protection against dex-
amethasone-mediated apoptosis in E\i-myclgfil 
transformed thymocytes, which became even 
more pronounced further in the advanced tumor 
stage 2/3 (Fig. 5C). In conclusion these data 
demonstrate that during the course of oncogenic 
transformation, overexpression of c-Myc and 
Gfil provide strong protection against TCR acti
vation- and glucocorticoid-induced cell death. In 
contrast, E\x-myc/gfil transformed thymocytes 
become highly sensitive to the absence of sur
vival factors and induction of DNA-damage. 

Down-regulation of Bcl-2 and Bcl-xL in Ep.-
myc/gfi 1 transformed T lymphocytes 

The Bcl-2 family members are important regula
tors of lymphoid cell survival (Reed 1998; Gross 
et al. 1999). Enforced expression of the anti-
apoptotic genes bcI2 and bclxL promotes survival 
of primary thymocytes deprived from cytokines, 
exposed to dexamethasone, and after inducing 
DNA damage (Sentman et al. 1991; Strasser et al. 
1991; Grillot et al. 1995). Furthermore, it has 
been argued that Bcl-2 inhibits negative selection 
(Siegel et al. 1992; Strasser et al. 1994; Williams 
et al. 1998) Protein expression levels of Bcl-2 and 
Bcl-xL were assessed in E\x-myc/gfil transformed 
T cells by Western blot hybridization. Total cell 
extracts were made from the same thymocyte cell 
suspensions that were analyzed by flow cytome
try and for apoptosis characteristics as described 
above. This allowed us to monitor changes during 
the early phases of tumor development (tumor 
stage 1, 2 and 3). 

First we monitored expression of Gfil 
and observed a strong induction of GFi I levels al
ready at the first stage of T cell transformation, 
most likely reflecting the induction of transgene 
expression (Fig. 5D). Interestingly, both Bcl-2 
and Bcl-xL expression levels became drastically 
down-regulated during the course of oncogenic 
transformation. Expression of the pro-apoptotic 
protein Bax was also analyzed, since it had been 
described as a transcriptional target of Gfil, being 
repressed in MT-gfil transgenic thymocytes 
(Grimes et al. 1996b). Immunoblotting showed 
no decreased, but rather slightly enhanced Bax 
levels in E\x-myc/gfi] T cell lymphomas com
pared to normal thymus. These results indicate 
that E\i-myc/gfil T cell lymphomas have severely 
reduced levels of the survival proteins Bcl-2 and 
Bcl-xL, and moderately increased expression of 
the pro-apoptotic protein Bax. This observation 
provides an explanation for the finding that Eu.-
myc/gfil transformed thymocytes are extremely 
sensitive to apoptosis induced by withdrawal of 
survival factors or DNA-damage. However, pro
tection against glucocorticoid and TCR activa
tion-induced apoptosis is independent from Bcl-2 
or Bcl-xL action. 

Expression analysis of critical cell cycle regula
tors in Gfil/c-Myc transformed T cells. 

Several different target genes of c-Myc have been 
identified, which play an important role in medi
ating the proliferative activity of c-Myc (Coller et 
al. 2000; O'Hagan et al. 2000b). It has been ar
gued that the regulation of some critical targets, 
such as cyclin E and cdc25A, is indirect via in
creasing E2F activity. However, recent data indi
cate that Myc can activate Cdc25A phosphatase 
and Cyclin E-Cdk2 kinase in cells whose E2F ac
tivity was blocked by a constitutively active pRb 
mutant (Santoni-Rugiu et al. 2000). We wanted to 
assess which c-Myc target genes are actually in
duced in E\L-myc/gfil transformed thymocytes 
and compare their protein levels to other cell cy
cle regulators known to be induced upon S-phase 
entry and considered to be E2F targets, like Cy
clin A, Cdc2 and Cdc6. 

The same thymocyte cell extracts that 
marked the different stages of T cell transforma-
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Figure 6. Expression levels critical cell cycle regulators and Cdk2 kinase activity at the onset of T cell transfor
mation. (A) Total cell extracts of normal wild type (WT), Eu-w_vc (M) and Ep-pp-g/// (G) thymocytes, together 
with transformed E\i-mye/gfil T cells from rumor stage 1, 2 and 3 (see Fig. 5) were analyzed by immunoblotting, 
using antibodies against Gfil, c-Myc, PCNA, E2F-1, Cdc2, Cdc6, Cyclin A, Cyclin E, Cyclin D2, Cyclin D3, 
Cdk2, Cdk4, Cdk6, Cdk7, p21K"'', and Actin as loading control. (B and C) Cdk2 kinase activity in normal and 
oncogenic transformed thymocytes. Cdk2 was immunoprecipitated from total cell extracts and incubated with 
Histone HI as Cdk2 kinase substrate, in the presence of [32P-y]ATP. Quantification was performed using phos-
pho-imaging. (D) Northern blot analysis to detect mRNA expression levels of cyclin Di, p27kipl, and {5-actin in 
normal wild type (W). Eu-myc, E\i-pp-gfiJ thymus and a very early c-Myc/Gfil transformed thymus represent
ing tumor stage 2 at the age of 5 weeks. 

tion were used for immunoblot analysis. Whereas 
Gfil expression was already induced in tumor 
stage 1, increased E\i-myc expression was only 
observed at tumor stages 2 and 3 (Fig. 6A), al
though to a lesser extent than Gfil levels. Expres

sion of PCNA was used as a general marker for 
cell proliferation and was induced at tumor stages 
2 and 3, which corresponded with enhanced T 
cell growth. Immunoblotting for the E2F targets 
Cdc2, Cdc6 and Cyclin A did not reveal any 
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change in expression levels in the transformed T 
cells compared to wild type, E\L-myc or Ep.-pp-
gfiJ thymocytes, even though E2F-1 expression 
was induced in tumor stages 2 and 3 (Fig. 6A). In 
contrast, the Myc targets Cyclin E, Cyclin D2, 
Cdk7 (Fig. 6A) and Cdc25A (data not shown) 
were strongly induced in E\i-my c/gfil trans
formed thymocytes. Furthermore, we found that 
Cdk6, instead of the previously described c-Myc 
target Cdk4, was more significantly upregulated 
in the last two tumor stages. 

In T lymphocytes Cyclin D2 and D3 are 
the major D-type cyclins, whereas cyclin Dl is 
not expressed. Although cyclin D3 is considered 
not to be regulated by Myc, different reports have 
demonstrated that Cyclin D3 can affect apoptosis 
(Janicke et al. 1996), and its expression is inhib
ited in T cell lymphoma cell lines after treatment 
with PMA or glucocorticoids (Rhee et al. 1995; 
Boonen et al. 1999). Furthermore, enforced ex
pression of Cyclin D3 in Jurkat cells prevents 
PMA and TCR activation induced cell death 
(Boonen et al. 1999). Remarkably, our analysis 
indicated that Cyclin D3 levels dropped signifi
cantly, already in the first tumor stage (Fig. 6A). 

The cyclin-dependent kinase inhibitor 
p21K'p' has broad specificity, acting as a positive 
regulator of Cyclin D-dependent kinases and 
negatively affecting Cyclin E- and Cyclin A-
dependent kinases (Sherr and Roberts 1999). As 
normal thymocytes are virtually all resting, the 
basal level of p21K'p' is very high and represents 
the most abundant and important CIP/KIP in
hibitor, since p21 c / / > ' and p51KIP2 are only ex
pressed at very low levels in thymocytes. We 
monitored p21KIP' expression in the different ex
tracts and detected a slight reduction in p21K,pt 

levels in normal E\i-myc thymocytes (Fig. 6A). In 
the E\x-myc/gfil transformed thymocytes p21K,pl 

levels declined much further. The strongest re
duction in total p21KIP' levels was seen in the 
most advanced tumor stage 3. Altogether these 
data demonstrate that activation of Gfil and c-
Myc expression at the onset of thymocyte trans
formation is accompanied by induction of E2F-1, 
Cyclin D2, Cyclin E, Cdk6, Cdc25A and Cdk7 
levels, whereas Cyclin D3 and p21KIP' levels are 
reduced. 

Increased Cdk2 kinase activity in first stages of T 
cell transformation 

Although total Cdk2 protein levels were not sub
ject to regulation, we found that the ratio of the 
two different CAK-phosphorylation forms of 
Cdk2 varied (Fig. 6A). Wild type, E\x-myc and 
E^i-pp-gfil transgenic thymus had more non-
CAK-phosphorylated Cdk2 (corresponding to the 
upper band) than the faster migrating CAK-
phosphorylated form of Cdk2 (corresponding to 
the lower band). In E\i-myc/gfil transformed T 
lymphocytes the CAK-phosphorylated form of 
Cdk2 became more abundant. This can be attrib
uted to the observed parallel induction of Cdk7, 
the catalytic subunit of Cdk activating kinase 
(CAK). 

Increased expression of Cyclin E, Cdk7, 
Cdc25A and low levels of <p21K,p' would all po
tentially contribute to enhanced Cdk2 kinase ac
tivity. To determine the actual level of its activity 
in the different stages of T cell transformation, 
Cdk2 was immunoprecipitated and incubated 
with histone HI and [y-32P]ATP to quantify Cdk2 
kinase activity. Indeed, we observed that Cdk2-
mediated phosphorylation of histone HI was 3.2-
fold higher in tumor stage 2 and 3 compared to 
wild type thymocytes, whereas Ep.-myc thymo
cytes and tumor stage 1 had only a moderate in
creased kinase activity of 1.3-fold (Fig. 6B and 
6C). The slight increase in Cdk2 kinase activity in 
regular E\x-myc thymocytes correlates with en
hanced Cyclin E and reduced p21KIP' levels. 

Down-regulation of Cyclin D3 and p27K">' occurs 
at transcriptional level 

Of all cell cycle regulators analyzed we found 
that only Cyclin D3 and p21K'p' expression levels 
were already affected in the first tumor stage, 
where Gfil protein levels were clearly signifi
cantly induced. We reasoned that cyclin D3 
and/or p27kipl could be potential primary tran
scriptional targets, related to Gfil activation in 
collaboration with E\x-myc expression. But 
p21K,p' levels were already reduced in regular Ep.-
myc transgenic thymocytes, suggesting c-Myc as 
an inhibitor of p27kipl mRNA expression. In
deed, the characterization of c-myc'' fibroblasts 

147 



Chapter 8 

has provided some indications that p27kipl could 
be a transcriptional target of c-Myc (Mateyak et 
al. 1999). Furthermore, antisense p27kipl rescues 
the slow growth phenotype of c-myc'' cells 
(O'Hagan et al. 2000a). 

Therefore total RNA was extracted 
from a very early E\x-myc/gfil thymic lymphoma, 
resembling tumor stage 2, and Northern blot 
analysis was performed to detect expression of 
cyclin D3 and p2 7kipl compared to (3-actin 
l oad ing con t ro l in normal and c-
Myc/Gfi 1 transformed thymocytes. Corresponding 
to the observed decrease in y21KIP' protein level, 
it was evident that p27kipl mRNA levels were 
reduced in E\x-myc thymocytes (Fig. 6C). Expres
sion of p27kipl was even stronger inhibited in 
gfil/myc transformed T lymphocytes. Similarly, 
also cyclin D3 expression was reduced, but only 
in transformed T cells and not in normal single 
transgenic thymocytes (Fig. 6C). These data show 
that at the early stages of oncogenic thymocyte 
transformation by c-Myc and Gfil, both cyclin 
D3 and p27kipl are transcriptionally repressed. 

Discussion 

The c-MYC proto-oncogene is deregulated in 
many human cancers, including Burkitt's lym
phoma and acute T cell leukemias and lympho
mas. Studies on E\x-myc transgenic mice have 
provided insight into the biological effects of c-
Myc and allowed the identification of collabo
rating proto-oncogenes and tumor-suppressor 
genes in B cell lymphomagenesis. Sustained c-
Myc expression in pre-B cells induces enhanced 
proliferation and polyclonal expansion of B220+ 

pre-B cells in bone marrow (Langdon et al. 
1986), with concomitant increase in cell size 
(Iritani and Eisenman 1999). In addition, B220+ 

cells of E\x-myc mice display increased levels of 
apoptosis (Jacobsen et al. 1994; Prasad et al. 
1997). 

Similar observations have been made in 
primary fibroblasts (MEFs), where Myc expres
sion induces cell cycle entry of growth arrested 
cells. Apoptosis mediated by c-Myc is dose-
dependent, strongly enhanced in the absence of 
survival factors, and signaled via the ARF-
Mdm2-p53 pathway. MEFs that loose p53 or 

pigARF f u n c t j o n become highly resistant to c-
Myc-induced apoptosis (Hermeking and Eick 
1994; Zindy et al. 1998). Furthermore, oncogenes 
which down-regulate ARF expression, like Twist 
(Maestro et al. 1999) and Bmil (Jacobs et al. 
1999) diminish c-Myc-induced programmed cell 
death and collaborate in transformation. 

An identical mechanism seems to operate 
in (pre-) B cells, where Eu-myc-induced apopto
sis is largely abrogated by disruption of p53 
function (Eischen et al. 1999), and the onset of B 
cell lymphomas is greatly accelerated in hemizy-
gous and homozygous p53- or ARF-nuU mice 
(Hsu et al. 1995; Eischen et al. 1999; Jacobs et al. 
1999; Schmitt et al. 1999). Additionally, in 
roughly 80% of spontaneous Eji-myc-induced 
(pre-) B cell lymphomas, mutations affecting p53 
function are detected, arguing strongly that abro
gation of ARF-Mdm2-p53 pathway is obligatory 
for c-Myc-induced B cell lymphomas (Eischen et 
al. 1999). 

Besides inducing B cell tumors, c-Myc 
activation is also implicated in the onset of T cell 
lymphomas. Enforced expression of c-Myc in 
thymocytes predisposes to thymic lymphomas in 
MMTVD-myc (Girard et al. 1996), CD2-myc 
(Stewart et al. 1993), H2K-myc (Morello et al. 
1989) and Thy 1-myc transgenic mice 
(Spanopoulou et al. 1989). However, there are in
dications that c-Myc expression in thymocytes 
does not readily induce p53-dependent cell death, 
but instead protects them against glucocorticoid-
induced apoptosis (Broussard-Diehl et al. 1996). 
This also relates to the observation that abroga
tion of the p53-pathway might not be required for 
T cell transformation by c-Myc, since CD2-
myc/p53w' mice show no accelerated tumor onset 
compared to CD2-myc controls (Blyth et al. 
1995). Various Myc collaborating oncogenes in 
T cell lymphomagenesis have been identified, in
cluding Notchl (Girard et al. 1996), piml (van 
Lohuizen et al. 1989), and Cbfal (Stewart et al. 
1997), although the mechanism of cooperation is 
not known. 

Previously, we identified gfil as a com
mon insertion site in MoMLV-induced B and T 
cell lymphomas of E\L-myc and H2K-myc trans
genic mice (van Lohuizen et al. 1991; Scheijen et 
al. 1997). Here we show that gfil efficiently col
laborates with c-Myc in T cell transformation by 
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inducing oligoclonal CD4+ lymphoblastic T cell 
lymphomas in E[i-myc/E\x-pp-gfi 1 double trans
genic mice within 6 weeks. Activation of c-Myc 
and Gfi-1 expression synergistically protects 
against PMA- and dexamethasone-induced 
apoptosis, while cell death by deprivation of sur
vival factors and y-radiation is not diminished. 
Our data demonstrate that c-Myc and Gfil col
laboration abrogates several physiological check
points involved in T cell selection. Interestingly, 
Gfi 1 can not accelerate the onset of B cell tumors 
in E[i-myc mice, nor rescue c-Myc-induced 
apoptosis in pre-B cells or primary fibroblasts. 
These findings strongly suggest that Gfil is a T 
cell-lineage specific cooperating oncogene of c-
Myc. 

During normal T cell development, 95-
98% of all thymocytes will die by apoptosis be
cause they failed to express a TCR with optimal 
affinity for the selecting intrathymic peptide-
MHC complexes. This occurs through lack of 
positive selection when the affinity is too low or 
negative selection, which will eliminate potential 
auto-reactive T cells with too high an affinity. 
Recently, we showed that enforced gfil expres
sion in T cells promotes thymocyte survival in 
common receptor y-chain deficient mice and in
hibits T cell receptor-mediated cell death, in
volving both high affinity (negative selection) 
and low affinity binding (neglect). Additionally, 
Gfi 1 protects against Fas/CD95-mediated apopto
sis and dexamethasone treatment. (Scheijen et al. 
submitted). The phenotype we now observe in 
E\x-myc/gfil mice seems to be in fact an aggrava
tion of some of the defects seen in E\x-pp-gfil 
single transgenic mice, especially the inhibition 
against TCR activation- and glucocorticoid-
induced apoptosis and skewing towards CD4 
maturation. 

Transgene expression analysis indicated 
that E\i-pp-gfil as well as E\x-myc expression is 
significantly induced at the onset of oncogenic T 
cell transformation. This results in a dramatic in
crease of Gfil protein levels and induction of 
several potential c-Myc target genes, like Cyclin 
D2, Cyclin E, Cdc25A and Cdk7. It seems there
fore likely that oncogenic transformation is set by 
some (epi)genetic event, which allows an increase 
in transgene expression levels of gfil and c-myc. 
Since many E\i-myc/gfil T cell lymphomas are 

oligoclonal, it is tempting to argue that activation 
of c-Myc and Gfil expression would be sufficient 
to allow for oncogenic T cell transformation. This 
is in agreement with our recent findings that 
MoMLV-induced T-ALL in E^i-pp-gfil mice is 
mainly accompanied by proviral Myc activation. 
(Scheijen and Berns, submitted). Some data im
plicate Pirn kinases as a third collaborative part
ner together with Myc and Gfil in T cell lym-
phomagenesis (Zörnig et al. 1996). However, 
immunoblotting for Piml expression during the 
course of Eu\-AMyc/g/?/-mediated oncogenic trans
formation showed no increased Piml levels (data 
not shown). We postulate that upregulation of c-
Myc and Gfil levels induces proliferative expan
sion of CD4 T cells by partially overriding nega
tive selection (PMA-sensitive pathway) and death 
by neglect (glucocorticoid-sensitive pathway). 

Several lines of evidence indicate that the 
ARF-Mdm2-p53 is still functional in E\i-myc/gfil 
transformed T lymphocytes. First, we found no 
indications for Mdm2 amplification, or aberrantly 
upregulated levels of pl9**F and stabilization of 
p53 protein levels, due to single-allele missense 
mutations of p53, as has been found in a large 
fraction of Eu.-myc-induced B cell lymphomas 
(Eischen et al. 1999). Secondly, studies in p53~'~ 
thymocytes have demonstrated that abrogation of 
p53 function induces resistance to apoptosis by 
ionizing radiation (Clarke et al. 1993). We pro
vide compelling evidence that E\x-myc/gfil-
transformed T cells are still sensitive to radiation-
induced apoptosis, implying that p53 function is 
not disabled. The increased rates of cell death, 
which are observed after deprivation of survival 
factors and y-radiation is most likely due to the 
strong reduction of Bcl-2 and Bcl-xL levels in 
these transformed thymocytes. 

Our results implicate that a p53-
independent apoptosis pathway is targeted by ac
tivation of Gfil and c-Myc. It has been demon
strated that TCR activation-induced cell death is 
not mediated by p53, but by its homologue p73 
(Ussy et al. 2000). Induction of p73 by E2F-1 re
sults in programmed cell death after TCR trig
gering. Both E2F-1- and p73-deficient thymo
cytes are protected from TCR-mediated cell 
death. Our expression analyses indicate that sev
eral E2F-targets, like Cyclin A, Cdc2, and Cdc6 
are not induced, although E2F-1 itself was clearly 
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upregulated upon c-Myc and Gfil activation. On 
the other hand, increased Cyclin E and Cdc25A 
levels were observed and both are established 
E2F-1 target genes. However, c-Myc is able to 
induce Cyclin E and Cdc25A in the presence of 
constitutively active pRb (Santoni-Rugiu et al. 
2000), suggesting that Myc can regulate expres
sion of these critical cell cycle targets independ
ent of E2F/pRb pathway. Cyclin D3 and p27' r"'' 
protein and mRNA expression levels are signifi
cantly reduced at the onset of E\x-myc/gfil T cell 
transformation. Cyclin D3 is the most abundant 
D-type Cyclin in primary thymocytes and regu
lates Cdk4/Cdk6 dependent phosphorylation of 
pRb. At present it is not clear whether repression 
of Cyclin D3 and p27A7W levels may effect E2F-1 
signaling in thymocytes. We could envision that 
decreased Cyclin D3-Cdk4/6 kinase levels might 
reduce pRb phosphorylation and prevent release 
of E2F-1 upon TCR-mediated signaling. How
ever, future experiments need to assess in more 
detail whether Gfi 1 and Myc are able to affect 
E2F signaling in T cells, which could provide an 
explanation for the observed inhibition of TCR 
activation-induced cell death in E\L-myc/gfil 
transformed thymocytes. 

Different studies have indicated that 
Cdk2 activation is not only involved in promoting 
cell cycle entry but also executes an important 
role in apoptosis. Cdk2 has been implicated as the 
death-associated cyclin dependent kinase that acts 
downstream of the caspase cascade (Harvey et al. 
2000). Pharmacologic inhibition of Cdk2 kinase 
activity protects PC12 cells from growth factor 
deprivation-induced apoptosis (Park et al. 1996), 
and blocks thymocyte apoptosis in response to 
negative selection, dexamethasone- and y-
radiation-induced apoptosis, but not CD95/Fas-
induced programmed cell death (Hakem et al. 
1999; Williams et al. 2000). Staurosporine- and 
TNF-a-induced apoptosis in Hela cells is inhib
ited by dominant-negative Cdk2 (Harvey et al. 
2000). Conversely. Cdk2 overexpression acceler
ates programmed cell death in response to cyto
kine withdrawal or genotoxic stress (Gil-Gomez 
et al. 1998). Elevation of Cdk2 kinase activity 
during apoptosis in endothelial cells has been at
tributed to cleavage of p21K,p' and p21 c / / ' by a 
caspase-3 like enzyme (Levkau et al. 1998). 

Activation of c-Myc and Gfil expression 
at the onset of T cell lymphomagenesis is accom
panied by a 3-fold increase in Cdk2 associated 
kinase activity. This increased kinase activity re
sults from induction of cyclin activating kinase 
(CAK) Cdk7, phosphatase Cdc25A, and Cyclin E 
expression and reduction in p21KIPI levels. Ep-
myc and Ep-pp-g/// transgenic expression appar
ently provide protection against PMA- and dex-
amethasone-induced apoptosis in the presence of 
high Cdk2 kinase activity. 

Down-regulation of p27A/p ' was evident 
at the level of mRNA as well as protein expres
sion. We present strong indications, implicating 
p27kip] as a transcriptional target of c-Myc, 
based on the finding that p27kipl mRNA levels 
are reduced in Ejx-myc transgenic thymocytes. 
These results are in agreement with data showing 
upregulation of p21K"'' in c-/nyc-deficient fibro
blasts (Mateyak et al. 1999) and rescue of the 
slow-growth phenotype in c-myc cells by an-
tisense p27kipl expression (O'Hagan et al. 
2000a). The complete reduction of p27A/F/ protein 
levels, as observed in later stages of tumor devel
opment, can largely be attributed to decreased 
p27kipl expression. However we can not exclude 
the involvement of post-translational degradation 
of p21kiri by ubiquitin-dependent proteolysis. 

In conclusion, our data indicate that Gfil 
is a potent collaborating oncogene of c-Myc spe
cifically in T cell lymphomagenesis. The Ep-
containing transgenes are strongly induced at the 
onset of oncogenic transformation in Ep-myc/Ep-
pp-gfil mice, which is accompanied by protection 
against TCR activation- and glucocorticoid-
induced apoptosis, inhibition of cyclin D3 and 
p27kipl expression and increased Cdk2 kinase 
activity. c-Myc-induced T cell lymphomas in Ep-
pp-gfil mice show no disruption of the ARF-
Mdm2-p53 pathway. The fact that Gfil is not 
able to suppress c-Myc-induced apoptosis corre
lates with the inability to accelerate the onset of 
(pre-) B cell lymphomas in Ep-wiyc mice. Trans
formed thymocytes in E^x-myc/gfi 1 mice display a 
severe drop in Bcl-2 and BcI-xL levels, which ex
plains the finding that E\x-myc/gfiJ T cell lym
phomas are extremely sensitive to radiation-
induced apoptosis. 
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Materials and methods 

Mice 

The generation of E\x.-pp-gfd (line GFI39) and Eu,-
myc (line 186) transgenic mice has been described be
fore (Verbeek et al. 1991). Mice were genotyped by 
PCR with oligonucleotide primers specific for the 
TDK (Eu-pp) transgenic construct or for Eu.-m.yc 
transgene as described previously (Allen et al. 1997). 
Progeny of Eu.-w.yc x Eu,-pp-g/?7 crossings were 
monitored two times per week for the development of 
disease by inspection. Mice with clinically evident 
disease were killed by C02 asphyxiation. Affected 
lymphoid tissues were removed and single-cell sus
pensions were prepared from enlarged mesenteric 
lymph nodes or thymic lymphoma. Remaining tumor 
tissues were stored at -80°C. Functional analysis on 
young Eu-wyc and Eu-mvc/Eu-pp-g/?/ animals were 
all performed on male mice, because the E\i-myc 
transgene is located on the X-chromosome and will 
stochastically be inactivated in female E\i-myc mice. 

T cell receptor and immunoglobulin rearrangements 

Genomic DNA was isolated from enlarged mesenteric 
lymph nodes or thymic lymphomas. A quantity of 
15ug of genomic DNA was digested with appropriate 
restriction endonucleases overnight, subjected to elec
trophoresis on a 0.7% agarose gel, and transferred to 
nitrocellulose filter (Schleicher & Schuell) in 10 x 
SSC, after incubating the gel for 45 minutes in denalu-
ration (1.5M NaCl, 0.5M NaOH) and 45 minutes in 
neutralization solution (0.5M Tris.Cl pH 7.5, 1.5M 
NaCl). To check for T cell receptor gene rearrange
ments, probe J15, a 900-bp Clal-EcoRl fragment of 
the Jf32 locus was used on ///>it/III-digested genomic 
DNA to detect TCR(32 rearrangements. To detect im
munoglobulin heavy chain gene rearrangements, an 
800-bp BamUl-Nael subclone of pJll was used as a 
probe on £coRI-digested genomic DNA. The probes 
were generated by random primed labeling with [cc-
3:P]dATP and hybridized under standard conditions as 
described (Scheijen et al. 1997). 

Flow cytometric analysis 

Single-cell suspensions of tumor tissues, thymus and 
bone marrow were prepared. Red blood cells were 
lysed in ammonium chloride solution (150mM NH4C1 
in lOmM Tris.Cl, pH 7.5) for 10 minutes at room tem
perature. Lymphoid cells were washed with 10% 
FCS/RPMI-1640 medium. To block non-specific Fc 

receptor-mediated binding, cells were preincubated 
with supernatant from the 2.4G2 hybridoma cell line 
for 15 min on ice. Aliquots of 1.0 x 106 cells were then 
stained in buffer (PBS with 2% FCS, 5mM HEPES) 
with monoclonal antibodies specific for CD4 (RM4-5), 
CD 8 «53-6.7), B220/CD45R (RA3-6B2), TCR0 
(H57-597). CD5 (53-7.3), CD24/HSA (Ml/69), 
CD44/pgp-l (IM7) (Pharmingen), and IgM (LO-MM-
9, Biosource) conjugated with fluorescein isothiocy-
anate (FITC), phycoerythrin (PE), or biotin. Binding 
of biotinylated primary antibodies was detected using 
PE-conjugated streptavidin (DAKO). Cells were 
washed twice in staining buffer followed by two-color 
flow cytometric analysis with a FACScan (Beckton 
Dickinson) and analyzed by CellQuest™ software 
package. 

Immunoblotting and kinase assay 

Whole-cell normal thymocyte or lymphoma cell 
lysates were generated by 2 x 4 sec sonication of sin
gle-cell suspension or frozen tissues in ice-cold lysis 
buffer (250mM NaCl, 0.1% NP40, 50mM HEPES pH 
7.0, and 5mM EDTA) supplemented with protease in
hibitors (Complete, Boehringer Mannheim). Undis
solved material was sedimented by centrifugation for 
10 minutes at 14,000 rpm. Samples corresponding to 
50ug of protein (Biorad Bradford protein assay) were 
separated on a SDS-polyacrylamide gel and trans
ferred to Immobilon-P membranes (Millipore). Poly
clonal antibodies against Gfil (M-19), Bcl-2 (N-19), 
Bcl-x (S-18), Bax (N-20), Cdc2 (C-19), Cdc25A 
(144), Cyclin A (C-19), Cyclin E (M20), Cyclin D2 
(M20), Cyclin D3 (C-16), Cdk2 (M2), Cdk4 (C-22), 
Cdk6 (C-21), Cdk7 (N-19), E2F-1 (C-20), PCNA 
(PC 10), Actin (C-ll) (all Santa Cruz), p53 (Ab-7, 
Calbiochem), pl94Rf (Abeam), and c-Myc (Genosys 
Biotechnologies) or monoclonal antibodies against, 
Mdm2 (2A10), Cdc6 (180.2) and P27*'" (K25020; 
Signal Transduction) were used. Proteins were de
tected using horseradish peroxidase conjugated secon
dary antibodies (goat anti-rabbit or mouse IgG, 
Biosource; or Protein G, Pierce) followed by ECL 
(Amersham) to visualize the specific protein products. 
For the Cdk2 kinase assay 40u.g total protein extract 
was incubated with anti-Cdk2 (M2) bound protein A 
Sepharose beads and incubated with 2.5u,g histone HI 
(Boehringer Mannheim), 30u,M ATP and 10u,Ci [y-
32P]ATP for 30 min at 37°C in kinase buffer (20mM 
Tris.Cl pH7.4; 4mM MgCl2). 

Expression analysis 
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Total RNA was isolated from thymus and T cell lym
phomas using TRIzol® (Gibco BRL) and for each 
sample 15ug of RNA was separated on a 1% aga-
rose/paraformaldehyde-containing gel, transferred to 
Protran® nitrocellulose filter (Schleicher & Schuell) 
and hybridized to gfil, P-aclin, c-myc, cyclin D3 (a 
gift from S. Dowdy), p27kipl cDNA or U3LTR probe 
as described previously (Scheijen et al. 1997). 

For RT-PCR analysis 3u.g RNA was used for 
first strand cDNA synthesis in a 20pl reaction together 
with 200U Superscript™ II Reverse Transcriptase ac
cording to the instructions of the supplier (Gibco 
BRL). Subsequently l(il of this mixture was used in a 
standard 50ul PCR reaction with oligonucleotide 
primers specific for gfil exon5-sense (5 ' -
GTCAGATATGAAGAAACACACCT-3"), gfil en
dogenous .TUTR-antisense (5'-TCACTCGCTGAGT-
AAGTGAAGACC-3') and MoMLV U3LTR-
antisense (5'-TTTCCATGCCTTGCAAAATGGCG-
3') and in a separate reaction for R-actin with sense 
(S'-ATCGTGGGCCGCTCTAGGCACCA-S1) and 
antisense (5'-CTTGCGCTCAGGAGGAGCAATGA-
3') oligonucleotide primers. 

Induction of apoptosis 

The assay for measuring apoptosis of E\i-myc B220* 
bone marrow cells and AnnexinV staining has been 
described (Jacobs et al. 1999). Thymocytes were cul
tured in RPMI-1640 medium supplemented with 10% 
FCS and 50^M 2-mercaptoelhanol without any treat
ment (NT) or in the presence of 5ng/ml PMA, 1:1000 
dilution of anti-Fas antibody Jo2 (Pharmingen), or ex
posure to 100 rad y-radiation for 16 hrs or luM dex-
amethasone for 8 hrs. Flow-cytometric quantification 
of apoptotic cells was as described elsewhere 
(Nicolettietal. 1991). 
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