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Gfil regulates T cell selection and apoptosis 

Gfil promotes thymocyte selection at different stages 
and inhibits death by neglect, during negative selec
tion and in common receptor y-chain deficient mice 

Blanca Scheijen1, Heinz Jacobs2 and Anton Berns1 

'Division of Molecular Genetics and Centre of Biomedical Genetics, The Netherlands Cancer Institute, 1066 CX 
Amsterdam, The Netherlands 
2Basel Institute for Immunology, CH-4005 Basel, Switzerland 

Transcriptional control of thymocyte differentiation and cell death is critical for proper T 
cell development. Here we demonstrate that the zinc-finger protein Gfil regulates y8-T as 
well as early pro-T and late pre-T cell differentiation. Gfil promotes positive selection 
and maturation of both CD4+ and CD8* SP thymocytes, and increases CD44 cell surface 
expression. Additionally, Gfil inhibits specific forms of apoptosis, including death by ne
glect and HY-TCR mediated negative selection. Nur77 expression after TCR-activation is 
however not attenuated, but increased by gfil overexpression. Enforced gfil expression 
also rescues TCR-a(3 but not TCR-y8 thymocyte differentiation and survival in common 
receptor yc-deficient mice. These observations indicate that the transcription factor Gfil 
is an important regulator of thymocyte differentiation as well as apoptosis. 

[Key words: apoptosis; y8-T cells; negative selection; positive selection; pro-T cells; T cell maturation] 

Due to random recombination events generating 
the specificity of T cell receptor (TCR) a and (3 
chains, only thymocytes having an antigen re
ceptor with appropriate affinity/avidity for pep-
tide-self-major histocompatibility complexes 
(MHC) will complete their maturation in the 
thymus and form the peripheral pool. After the 
decision for y8- versus aP-T cell lineage com
mitment has been made, thymocytes at the CD4" 
CD8' double negative (DN) stage with only one 
productive TCRp1 chain will be selected (P selec
tion) (Fehling and von Boehmer 1997). A func
tional TCRP will form the pre-TCR complex to
gether with the invariant pTa-chain and CD3y, 
CD38, CD3e, and CD3C, signal-transducing 
molecules (Groettrup et al. 1993) (Saint-Ruf et al. 
1994). Signaling via the pre-TCR is ligand-
independent and promotes further differentiation 
to the CD4*CD8* double positive (DP) stage (von 
Boehmer et al. 1999). 

DP thymocytes encounter a second 
checkpoint in T cell development, which inte
grates distinct differentiation events including 

positive selection, negative selection and lineage 
commitment. Thymocytes bearing TCRs with 
high-affmity/avidity towards ligands presented by 
MHC will be killed (negative selection), whereas 
low-affinity recognition of self-MHC promotes 
thymocyte survival and allows further maturation 
to either the CD4 or the CD8 lineage (Sebzda et 
al. 1999). An unresolved issue is how signals 
from the same TCR can result in such opposing 
outcomes as positive and negative selection. Ac
tivation of the tyrosine kinases Lck and ZAP-70 
(Negishi et al. 1995; Hashimoto et al. 1996), ac
tion of the tyrosine phosphatases CD45 (Mee et 
al. 1999) and SHP-1 (Zhang et al. 1999), and Rho 
GTPase Vav (Turner et al. 1997; Kong et al. 
1998) are essential for both negative and positive 
selection. 

Although activation of the Ras/Raf/ERK 
kinase pathway is preferentially required for 
positive selection as well as CD4 lineage decision 
(O'Shea et al. 1996) (Swan et al. 1995; Swat et al. 
1996) (Bommhardt et al. 1999), MEK and ERK 
signaling have been shown to influence also 
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negative selection (Bommhardt et al. 2000; Mari-
athasan et al. 2000). In contrast, the p38 MAP 
kinase pathway (Sugawara et al. 1998), the JNK 
pathway (Rincon et al. 1998), CD28 (Noel et al. 
1998), CD30 (Amakawa et al. 1996; Chiarle et al. 
1999), the E2F-l/p73 pathway (Field et al. 1996; 
Lissy et al. 2000) and orphan steroid receptors 
Nur77 and Norl (Calnan et al. 1995; Zhou et al. 
1996; Cheng et al. 1997) are implicated in medi
ating specifically negative selection. 

Other transcription factors implicated in 
thymocyte selection are the E2A/Id family of ba
sic helix-loop-helix proteins. E2A-deficient thy
mocytes show severe defects in thymocyte devel
opment, including a significant reduction in the 
proportion of CD4 + CD8* DP cells and a con
comitant increase in CD4* and CD8+ SP cells 
(Bain et al. 1997). Proper thymocyte selection 
mediated by class I or class II-restricted TCR re
quires the presence of E47, one of the two E2A 
gene products (Bain et al. 1999). Id3 null mutant 
mice show perturbation of positive and negative 
T cell selection (Rivera et al. 2000). There is also 
a role for the interferon regulatory transcription 
factor IRF-1 in T cell selection. 1RF-1-deficient 
mice show impaired positive and negative selec
tion of CD8+ SP cells, indicating that IRF-1 is re
quired for lineage commitment and selection of 
CD8+ thymocytes (Penninger et al. 1997). 

The zinc-finger protein Gfil acts as a 
transcriptional repressor (Zweidler-Mckay et al. 
1996) and has been identified as a gene that con
fers growth factor independence to a rat interleu-
kin-2 (IL-2)-dependent T lymphoma cell line 
(Gilks et al. 1993). The gfil gene is frequently 
found activated in MoMLV-induced lymphomas 
of myc and piml single or double transgenic mice 
(Zörnig et al. 1996; Scheijen et al. 1997). Gfil 
overexpression lowers the requirements for IL-2 
in T cells to enter S-phase and enhances STAT3-
mediated transcriptional activation and IL-6-
dependent T cell proliferation (Grimes et al. 
1996a; Zörnig et al. 1996; Rödel et al. 2000). Ad
ditionally, Gfil has been implicated in promoting 
T cell survival by repressing transcription of bax 
and bak (Grimes et al. 1996b). Previous data ar
gued that the transcriptional regulator Gfil blocks 
pre-TCR P-selection, by the observation that the 
transition of DN to DP is disturbed and progres
sion from E to L cells at the CD44 CD25 DN 

stage of thymocyte development is inhibited in 
Ick-gfil mice (Schmidt et al. 1998b). 

Our data will demonstrate that the tran
scriptional regulator Gfil facilitates T cell selec
tion at the DN pre-T cell, as well as CD4*CD8+ 

DP stage of thymocyte development. In addition, 
Gfil is able to inhibit distinct modes of thymo
cyte apoptosis, including negative selection, 
death by neglect and deficiency of the common 
cytokine receptor y-chain. This study clearly il
lustrates that Gfil can provide two signals that 
are necessary for thymocytes to progress through 
T cell selection, namely rescue from apoptosis 
and induction of T cell maturation. 

Results 

Mice display moderate levels of Ep-pp-gfi\ 
transgene expression 

To determine the impact of deregulated and en
hanced gfil expression on thymocyte develop
ment we analyzed transgenic mice expressing the 
mouse gfil gene under the control of a duplicated 
version of the immunoglobulin heavy chain en
hancer (Ep) and the piml promoter (pp) (Figure 
1A). The Ep.-pp transgene confers broad expres
sion during embryonic development and high 
lymphoid expression in adult mice. Only two vi
able independent founder-lines could be gener
ated, GFI37 and GFI39, which differed slightly in 
transgene copy-numbers (Figure IB). After 
breeding both lines for successive generations it 
became apparent that a fraction of the transgenic 
offspring of both founder-lines was smaller in 
size and displayed mild defects in craniofacial 
bone development (Scheijen et al., manuscript in 
preparation). Functional analysis on thymocyte 
development as described below was performed 
on E\x-pp-gftl transgenic mice which differed not 
more than 10% in weight from their control lit-
termates. 

Transgenic mRNA expression in thymus 
was determined by Northern blot analysis, using a 
gfil cDNA probe. Both GFI37 and GFI39 ex
pressed low transgenic gfil levels, showing not 
more than 2.5-fold increase in gfil mRNA levels 
compared to wild type (Figure 1C). Gfil protein 
levels were assessed by western blot analysis 
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Figure 1. Structure and expression of Eu-pp-g/ï/ transgenic construct. (A) Genomic fragment containing the 
mouse gfil gene was cloned into the TDK vector, which contains a duplicated version of the immunoglobulin 
heavy chain enhancer (p) inserted in the genomic promoter of the mouse pirn I (pp) gene, and the MoMLV LTR 
at the 3'end. The transgenic construct is denoted as Ep-pp-g/z/. (B) Southern blot shows transgene copy-
numbers in the two transgenic founder-lines GFI37 and GFI39. Asterisk marks the endogenous fragment of 9.5 
kb as detected with gfil cDNA probe on EcoRV digested tail DNA. (C) Northern blot on total thymus RNA in
dicates gfil levels in wild type (WT), GFI37 and GFI39 mice compared to fi-actin loading control. (D) Western 
blot analysis shows endogenous Gfil (WT) and transgenic Gfil levels in total thymic cell lysates of founder-
lines GFI37 and GFI39. Actin signal serves as loading control. (E) EMSA on total cell extract shows bandshift 
complexes in thymus of WT, GFI37 and GFI39 mice on a Gfi-specific oligo in comparison to an E2F-specific 
oligo 

(Figure ID) and electrophoretic mobility shift as
say (EMSA) on Gfi-specific oligonucleotides and 
compared to binding activity on E2F-specific oli
gonucleotides (Figure IE). Thymocytes of both 
E{i~pp-gfil founder-lines display similar Gfil ex
pression levels, with a 3- to 4-fold increase in ex
pression compared to endogenous wild type lev
els. 

Altered thymus composition in Efi-pp-gfi 1 mice 

We analyzed the composition of the thymus in 
both Eu-pp-g/i'7 transgenic lines, by performing 
flow cytometric analysis for the cell surface 
markers CD4 and CD8, which allows identifica
tion of the major subsets of TCR-afj T cells. 
Both gfil transgenic lines had a similar increase 
in the proportion CD4* and CD8* SP thymocytes, 
with a more significant rise in the relative amount 
of CD8+ SP cells (Figure 2A). Thymocyte cell 
count was slightly higher in GFI37 (2-fold) as 
well as GFI39 (1.5-fold) transgenic animals com 

Gfil regulates T cell selection and apoptosis 

pared to wild type littermate controls (Figure 2B). 
Besides allowing for the development TCR-aP T 
cells, the thymus also facilitates differentiation of 
TCR-Y8 T cells (Pardoll et al. 1988). In both Ep.-
pp-gfil founder-lines there was a 2.5-fold in
crease in the relative amount of yS-T cells (Figure 
2C). 

The relative increase in CD4* and CD8* 
SP cells could be related to enhanced positive 
TCR-a(3 DP thymocyte selection. Therefore, we 
checked the cell surface levels of CD5 and CD69, 
two cell surface markers that become up-
regulated when thymocytes are positively se
lected (Yamashita et al. 1993; Kearse et al. 1995). 
In addition, expression of CD25 and CD44 was 
analyzed, two other early activation markers that 
are not immediately linked to the process of posi
tive selection. Maturing gfil transgenic thymo
cytes had slightly elevated levels of CD5 and 
CD69 expression compared to wild type litter
mate controls (Figure 2D). Interestingly, CD44 
expressed was significantly more upregulated on 
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Figure 2. Thymus composilion of Eu.-pp-g/77 transgenic mice. (A) Representative CD4, CD8 cell surface stain
ing of 6 weeks old wild type (WT), GF137 and GFI39 mice. (B) Thymocyte counts of 8-10 weeks old mice as 
assessed by counting viable trypan blue negative cells using a hematocytometer. Mice were sex matched be
tween wild type (n=9), GFI37 (n=5) and GFI39 (n=5) transgenic mice. (C) Cell surface staining for yS-TCR cells 
in thymus of wild type (n=4), and Ep-pp-,g/7/ mice (2 GFI37 mice and 2 GFI39 mice). The average fraction ± 
SD is indicated. (D) Cell surface staining on total thymocytes for CD5, CD25, CD44 and CD69, comparing wild 
type (thin line) and GFI39 (thick line) levels. (E) Triple staining on total thymocytes with the markers CD4, CD8 
and CD44. The gates are set to detect CD44 expression on CD4*CD8* DP (1), CD4*CD8'° (2), CD4+CD8" (3), 
CD4'°CD8* (4), CD4CD8* (5) cells of wild type and GFI37 thymocytes. 

gfil transgenic thymocytes, whereas CD25 cell 
surface levels remained identical to controls. 

Triple staining for CD4, CD8 and CD44 
indicated that at CD4+CD8+ and CD4*CD8~ SP 
stages, more thymocytes showed CD44 expres
sion (Figure 2E). In contrast, gfil transgenic CD4 
C D 8 + SP population had fewer CD44+ thymo
cytes than wild type, implying that CD44 induc
tion had been transiently during T cell differen
tiation. Indeed, CD44 expression on gfil trans
genic splenic CD4+ T cells was normal (data not 
shown). Similar analysis for the cell surface 
marker CD69 showed that more Eu,-pp-g/?7 thy
mocytes displayed elevated CD69 expression at 
both intermediate CD4XD8 1 " and CD4 loCD8* 
maturation stages and more advanced CD4* and 
CD8+ SP T cell stage (Table 1). For instance, the 

fraction of CD69 cells increased from 13 to 24% 
at the CD4+CD8'° and from 15 to 32% at the 
CD4'"CD8* stage. In contrast to CD44, higher 
CD69 levels remained present in CD4'CD8* thy
mocytes. T cells from the CD8 lineage 
(CD4 |0CD8*; CD4CD8 + ) of gfil transgenic mice 
expressed lower levels of HSA/CD24 compared 
to wild type controls and were therefore consid
ered to be more mature (Table 1) (Nikolic-Zugic 
and Bevan 1990; Ramsdell et al. 1991). These re
sults demonstrate that Eja-pp-g/// transgenic mice 
contain a moderate increased thymus with rela
tively more yS-T cells, enhanced numbers of 
positively selected CD4+ and CD8+ SP thymo
cytes, associated with up-regulation of CD5. 
CD69 and CD44 expression. 

72 



Gfil regulates T cell selection and apoptosis 

Table 1. Expression of maturation markers in specific thymocyte subpopulations. 

CD44 

CD69 

CD24 

WT (n=3) 
GFI37 (n=3) 

WT (n=3) 
GFI37 (n=3) 

WT (n=3) 
GFI37 (n=3) 

CD4+CD8+ 

3 ±0.0% 
18 ±2.8% 

0.7± 0.0 % 
1.3± 0.4 % 

97 ± 0.4 % 
99 ± 0.3 % 

CD4+CD8'° 

13 ±1.6% 
27 ± 3.6 % 

13 ±1.2% 
24 ± 4.6 % 

80 ±1.0% 
87 ±2.1 % 

CD4+CD8' 

36 ±1.8% 
48 ± 4.2 % 

49 ± 0.2 % 
61 ± 1.3% 

41 ±1.1 % 
37 ±1.6% 

CD4'°CD8+ 

16 ± 1.3% 
30 ± 3.4 % 

15 ±0.2% 
32 ±8.1% 

80 ± 2.3 % 
62 ± 10.5% 

CD4CD8+ 

31 ± 1.0% 
16 ±2.2% 

14 ± 2 . 1 % 
28 ± 3.9 % 

21 ± 1.6% 
6 ± 2.3 % 

Decreased pro-Tl and enhanced progression to 
latepre-Tcells in Ep-pp-gü\mice 

The earliest committed T lineage progenitors are 
the pro-Tl cells, which are characterized by a 
lack of CD4 and CD8 co-receptor expression. 
After d i f ferent ia t ion from the p ro -T l 
(CD44+CD25) to the pro-T2 (CD44*CD2 5+) 
stage, TCR-3 rearrangements are initiated 
(Godfrey et al. 1994). Thymocytes will only dif
ferentiate beyond the pro-T3 (CD44"CD25+) stage 
if they contain a productively rearranged TCR p 
chain (Mallick et al. 1993). This critical regula
tory checkpoint is known as p-selection. To es
tablish whether Ep-pp-g/ï/ transgenic expression 
had an effect on early T cell differentiation, the 
composition of the CD4CD8" double negative 
(DN) compartment was examined by flow cy
tometry. 

Two different cell populations could be 
distinguished in the fraction of CD44+CD25' DN 
thymocytes in wild type mice (Fig. 3A). The 
composition and size of this combined population 
was altered in gfil transgenic mice. On the other 
hand CD44+CD25"\ CD44 |0-CD25+ and CD44" 
CD25' DN cells were increased in E\x-pp-gfil 
transgenic thymocytes (Figure 3A). The presence 
of more CD44CD25' late pre-T cells could relate 
to increased amount of p-selected DN pre-T cells, 
which express a functional pre-TCR at the cell 
surface. Indeed we found a 2-fold increase in 
TCRP positive DN thymocytes in gfil transgenic 
mice compared to wild type (Figure 3A). 

Since yo-T cell and CD44+ NK T cells 
were in fact still present in total CD4CD8" DN 
thymocyte population, we examined CD3CD4" 
CD8* triple negative (TN) thymocytes to study 
the true composition of the pro-T cell compart
ment. The number of pro-Tl cells was clearly 
diminished in gfil TN thymocytes, whereas the 
amount of pro-T3 cells appeared to be indifferent 
(Figure 3B). Furthermore, there was at least a 2-
fold increase of CD3 CD44CD25 - T cells, sug
gesting that more thymocytes had been function
ally P-selected. 

Ep-pp-gfi 1 transgenic partially alleviates block in 
Rag!-deficient mice 

In recombinase activating gene (rag)-l deficient 
mice that can not carry out V(D)J recombination, 
thymocyte development arrests at the pro-T3 
stage (Mombaerts et al. 1992). To further sub
stantiate our observation that Gfil might facilitate 
P-selection, the Ep-pp-g/i 1 transgene was crossed 
onto the ragl-deficient background. In total 6 Ep-
pp-gfil/ragl mice were examined at the age of 6 
or 8 weeks and we found no significant increase 
in the amount of total thymocytes, which re
mained at 106 cells (data not shown). Although 
transgenic gfil expression did not allow further 
progression of T cell differentiation towards 
CD4+CD8+ DP stage, we observed a clear expan
sion of CD44CD25" DN late pre-T cells in 
gfil tragi-deficient thymocytes (Figure 3C). This 
result suggests that some thymocytes proceeded 
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Figure 3. Pro - and pre-T cell development in Eu-pp-g/?/ transgenic mice. (A) Thymocytes were stained with a 
cocktail of FITC-conjugaled antibodies against CD4. CD8. B220. Mac-1, and Gr-1, which allows identification 
of CD4'CD8" DN thymocytes of wild type and gfil mice. Gated DN cells were analyzed for CD44 and CD25, or 
TCRP expression. (B) Thymocytes were stained for CD3, CD4, CD8, B220, Mac-1 and Gr-1. CD3CD4CD8 
TN cells of wild type and GFI mice were analyzed for CD44 and CD25 expression. (C) CD4, CD8 staining on 
total thymocytes of rag l'' and Eu-pp-g/?/ (GFI37)/rag// mice was followed by analyzing CD25 expression on 
CD44" cells. 

in T cell differentiation beyond the pro-T3 stage. 
We noticed a higher CD25 expression level on 
E\x-pp-gfil/ragl'' thymocytes, which could indi
cate a different composition of pro-T3 cells, due 
to Gfil overexpression. In conclusion, our data 
demonstrate that enforced Gfil expression di
minishes the fraction of very early pro-Tl cells 
and increases the amount of late pre-T cells in 
wild type and Ragl-deficient mice, mimicking P-
selection. 

Activation of Gfil in differentiated MoMLV-
induced Rag2-deficient Tcell tumors 

Recently, we have shown that provirus tagging in 
Rag-deficient mice is a suitable approach to 
identify genes in the control of early T cell devel
opment (Jacobs et al. 1999). Thus besides anti-
CD3e antibody treatment (Jacobs et al. 1994) or 
sublethal y-radiation (Guidos el al. 1995), also 
Moloney murine leukemia virus (MoMLV) in
fection will allow for pre-TCR independent dif
ferentiation of pro-T3 thymocytes to immature 
single positive (ISP), DP or SP f cells. This is the 
result of promoter- or enhancer activation of cel
lular genes by MoMLV, which can compensate 

for the lack of a pre-TCR signal in Rag-mutant 
mice. 

In a defined set of 67 tumors, the pre s-
ence of the known common insertion loci c-
myc/N-myc (htye), pimllpim2 (pirn), and 
eisllgfill'lpallleviS (gfil) (Scheijen et al. 1997) 
was investigated (Figure 4A). These tumors were 
generated in ragl'' mice and analyzed by flow 
cytometry, using the markers CD4, CD8, CD25, 
CD24. CD44, CD90 and CD45R (B220). All 19 
tumors which were CD25*CD4'CD8" DN, like 
tumor 126 (Figure 4B), did not contain proviral 
insert ions in the eisllgfillpalllevi5 locus, 
whereas 16% (3/19) and 11% (2/19) contained 
insertions in myc and piml loci respectively. In 
contrast, 27% (13/48) of the tumors that ex
pressed CD4 and/or CD8 (i.e. differentiated tu
mors) (Figure 4B) harbored proviral insertions 
near the gfil gene. Only 1/13 gfil positive tumors 
showed co-activation of piml. Northern blot 
analysis revealed that DP (Figure 4C; 41) and SP 
tumors (Figure 4C; 35 and 36) which contained a 
proviral insertion near the gfil gene showed clear 
upregulation of gfil mRNA levels compared to a 
DP tumor without a gfil integration (Figure 4C; 
103). These data show that proviral activation of 
gfil can support the differentiation of CD44" 
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Figure 4. Proviral aciivation of gfil induces differentiation of mature T cell tumors in rag2-deficient mice. (A) 
T cell tumors induced by Moloney MLV infection in rag!'1' mice were categorized according to their differen
tiation stage as being CD4CD8- DN, CD8* ISP, CD4*CD8* DP or CD4*, CD8* SP. In each category the per
centage of tumors carrying a proviral integration site in the c-myc/N-myc (myc), piml/piml (pirn), or 
eisl/gfil/pall/evi5 (gfil) loci is presented. (B) Flow cytometric analysis on different T cell tumor types, 
showing CD4 versus CD8 staining, and their corresponding CD25 expression profile. Tumor-number and 
-phenotype is indicated. (C) Northern blot analysis on total RNA extracted from normal B6, ragl'', a-CD3 
treated ragl''thymus and from tumors 103 (without proviral integration in g/ï/Iocus), 35, 36, and 41 (with 
MoMLV insertion in gfil locus). 

CD25+CD4"CD8" to more mature T lymphoma 
cells. 

Gfil inhibits distinct forms of apoptosis 

Gfil is able to inhibit apoptosis in IL-2 dependent 
T lymphoma cell lines after growth factor with
drawal, and in ex vivo cultured thymocytes car
rying a zinc inducible MT-g/ïZ transgene (Grimes 
et al. 1996b). Eu.-pp-g//7 thymocytes from both 
transgenic founder-lines were tested for their sur
vival potential after exposure to several apoptotic 
stimuli. E\x-pp-gfil thymocytes showed no in
creased survival, when cells were kept in suspen
sion at normal serum conditions or after treatment 
with 1 Gy of y-radiation (DNA damage-induced 
apoptosis) (Figure 5A). However, after exposure 
to dexamethasone (glucocorticoid nuclear recep
tor pathway), PMA (activator of protein kinase C 
and the Ras-Raf pathway), or crosslinking 

the Fas/CD95 receptor, there was a significant in
creased survival of Ep.-pp-gfil transgenic thymo
cytes of both founder-lines compared with non-
transgenic controls (Figure 5A; data not shown). 

The protection against PMA-induced 
apoptosis is reminiscent of TCR antigen-induced 
programmed cell death, resulting in the elimina
tion of self-reactive immature thymocytes. To test 
this we administrated anti-CD3 antibodies to both 
gfil transgenic and wild type mice, thereby 
mimicking TCR-triggered activation-induced 
apoptosis of primary thymocytes in vivo (Shi et 
al. 1991). T cell receptor crosslinking leads to de
pletion of CD4*CD8* DP (cortical) and to a lesser 
extent CD47 CD8+ SP (medullary) thymocytes 
and can be monitored in situ by TUNEL, which 
detects DNA strand breaks in cells undergoing 
apoptosis (Surh and Sprent 1994). There were far 
less apoptotic thymocytes in anti-CD3 treated Eu,-
pp-gfil animals compared to wild type littermates 
(Figure 5B and 5C). Even the untreated gfil 
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Figure 5. Gfil inhibits different modes of apoptosis, and controls expression pro-apoptotic genes. (A) Isolated 
thymocytes were incubated for 16 hrs without exposure to apoptotic stimuli (NT) or treated with dexamethasone, 
PMA, ra-Fas antibodies, or exposed to y-irradiation. Afterwards cells were harvested and treated with PI con
taining hypotonic buffer. PI content was measured on a logarithmic scale and fraction of viable intact nuclei with 
G|/S/G2M content was determined in triplicate values for three independent wild type and GFI37 mice. Average 
count ± SD is indicated. (B) and (C) GFI39 (n=2) and wild type (n=2) were injected with oc-CD3eantibodies, 
and 24 hrs later the thymus was removed and processed for paraffin slides. TUNEL staining was performed on 
independent slides of a-CD3 and non-treated controls of wild type and GFI37 mice, using FITC-conjugated nu
cleotides. TUNEL-positive cells on six independent fields as shown in (C) were counted, and average numbers ± 
SD are shown. (D) Northern blot expression analysis on total thymus of GFI37 and WT mice, using U3LTR 
probe and cDNA probes for gfil, box, bak, bad, bid, bim and fi-actin. (E) Endogenous Gfi I levels after anti-slg 
(aspecific), anti-CD3, anti- CD28, anti-CD3 in combination with anti-CD28, or PMA + ionomycin stimulation; 5 
x 106 thymocytes were exposed to 10 u.g/ml pre-bound antibodies, or 1 p,M PMA + 0.5 u.M ionomycin for 90 
min harvested and analyzed on SDS-PAGE., with subsequent immunoblotting with Gfil and Actin antibodies 
(F) Nur77 induction is not prevented by transgenic gfil expression; similar experiment as in (E), where expres
sion levels for Actin, Gfil and Nur77 are determined in wild type (wt) and Eu.-pp-g/77 (GFI) transgenic mice. 

transgenic thymus showed fewer TUNEL-
positive thymocytes (Figure 5B and 5C). Under 
these conditions one detects thymocytes under
going apoptosis due to negative selection as well 
as lack of positive selection (neglect) (Surh and 

Sprent 1994). Altogether these findings demon
strate that Gfil inhibits glucocorticoid-, Fas-, 
PMA-, and CD3-induced programmed cell death 
of primary thymocytes, but not apoptosis induced 
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by DNA-damage or deprivation of survival fac
tors. 

Expression levels of pro-apoptotic bcl2 gene 
family members in Ep-pp-gül thymocytes 

Gfil has been shown to act as a transcriptional 
repressor due to the SNAG repression domain at 
its N-terminus (Zweidler-Mckay et al. 1996), and 
represses the expression of the pro-apoptotic 
genes box and bak (Grimes et al. 1996b), which 
are members of the Bcl-2 family (Reed 1998; 
Gross et al. 1999). This will increase the Bcl-2 : 
Bax/Bak ratio and improve survival signaling. 
We decided to examine the expression of several 
BH3 domain-containing pro-apoptotic genes, in
cluding box, bak, bad, bim and bid, in wild type 
and E[i-pp-gfil thymocytes. 

Northern blot hybridization revealed that 
box and bak expression were similar between 
wild type and E\x-pp-gfil thymus (Fig. 5D). Bax 
protein levels showed also identical levels be
tween E\i-pp-gfil and control thymocytes (data 
not shown). Interestingly, we did observe a slight 
repression in bad and bim mRNA levels (Fig. 
5D). In contrast, bid mRNA levels were induced 
in E\x-pp-gfil transgenic T cells. Similar results 
were obtained using another series of Northern 
blot analysis. These results indicate that increased 
Gfil levels alter expression of different BH3-
domain containing pro-apoptotic genes in op
posing directions. 

TCR-triggering but not activation by PMA and 
ionomycin diminish Gfil levels in primary thymo
cytes 

E\i-pp-gfil transgenic thymocytes were strongly 
protected against anti-CD3-medaited apoptosis. 
Therefore we assessed whether endogenous Gfil 
levels were regulated by TCR-triggered apopto
sis. If thymocytes would be dependent on dimin
ished Gfil activity to undergo clonal deletion, 
Gfil levels should diminish after TCR crosslink-
ing. Indeed, immunoblotting for Gfil indicated 
lower levels in anti-CD3 treated primary thymo
cytes compared to mock (slg) or untreated con
trols (Fig. 5E). 

It has been postulated that clonal deletion 
of thymocytes requires costimulatory signals, 
provided by thymic antigen presenting cells. In
deed, CD28 costimulates clonal deletion and 
crosslinking the CD28 receptor in suspension or 
fetal thymic organ cultures amplifies TCR-
mediated apoptosis (Punt et al. 1994; Amsen and 
Kruisbeek 1996; Punt et al. 1997). We found that 
anti-CD28 alone or in combination with anti-CD3 
also decreased Gfi 1 levels, suggesting that Gfi 1 is 
regulated both by TCR-CD3 as well as CD28 
signaling. Induction of TCR-triggered apoptosis 
in T cells can be mimicked by combined protein 
kinase C activation (PMA) and Ca2*-release (ion
omycin). Interestingly, treatment of primary thy
mocytes with PMA and ionomycin did not alter 
Gfil protein levels, indicating that activation of 
further downstream signaling cascades, impli
cated in mediating apoptosis induction, had no ef
fect on Gfi 1 levels. 

Nur77 induction after TCR activation is not at
tenuated by transgenic gfi 1 expression 

Nur77 was identified as an immediate early gene 
responsive to TCR signaling under conditions 
that resulted in thymocyte apoptosis (Liu et al. 
1994; Woronicz et al. 1994). Nur77 family mem
bers perform a critical role in TCR-mediated 
apoptosis, since they seem to be required for 
TCR-induced cell death (Calnan et al. 1995; Zhou 
et al. 1996; Cheng et al. 1997). Recent data im
plicate the involvement of CD28 costimulatory 
signals for Nur77 induction in primary thymo
cytes (Amsen et al. 1999). To test whether Gfil 
inhibited TCR-mediated apoptosis by preventing 
induction of Nur77 expression upon CD3/CD28-
mediated signaling, we analyzed by immunoblot
ting Nur77 levels, and compared kinetics in wild 
type and E\x-pp-gfil transgenic thymocytes. En
forced expression of Gfil did however not sup
press Nur77 induction, but permitted increased 
levels of Nur77 in primary thymocytes after anti-
CD3/anti-CD28 stimulation or PMA and iono
mycin treatment. These results indicate that Gfil 
inhibits apoptosis independent and downstream 
of Nur77 action. 

Decreased negative selection in Ep-pp-gü\/HY-
TCR mice 
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Figure 6. Negative and positive selection in E[i-pp-gfi 1 MY-TCR transgenic mice. (A) HY-TCR and gfilMY-
TCR male mice on selecting H-2Db background were analyzed at the age of 6 weeks by flow cytometric analysis 
with antibodies against the cell surface markers CD4, CD8 in combination with either T3.70 (transgenic Va3) or 
F23.1 (transgenic Vf38.2). Cell surface expression of HY-TCR (thin line) and gfilMY-TCR (thick line) at differ
ent stages of T cell development is displayed. (B) Thymocyte cell counts of 6-8 weeks old wild type male mice 
(H-2Db/q n=4; H-2Db/bn=3), gfil transgenic male (H-2Dh/c| n=3; H-2D"* n=2), HY-TCR transgenic male (H-2Dh/q 

n=4; H-2Dtvb n=3), and gfilMY-TCR transgenic male mice (H-2Db/q n=4; H-2Db/b n=3) are displayed. AnnexinV 
staining was performed on total thymocytes of two independent mice for each genotype and average count is in
dicated. (C) Representative analysis on T cell development of HY-TCR (T3.70)-positive thymocytes on a non-
selecting H-2Dq haplotype in HY-TCR and gfilMY-TCR mice at the age of 6 weeks. CD4 versus CD 8 staining 
is shown on total or T3.70in' and T3.70hi gated cells. (D) T cell development in female H-2Db mice carrying the 
HY-TCR or gfilMY-TCR transgene. CD4 versus CD8 staining is demonstrated on total and CD69hl gated cells. 
Transgenic T3.70 expression was assessed on CD4*CD8* and CD4'CD8* gated thymocytes, indicating the per
centage of positive cells in each quadrant. 

To further investigate the role of gfil in negative 
selection, Eji-pp-g/ii animals were crossed with 
mice carrying the H-Y transgenic TCR, which is 
largely class I restricted and H-2Db specific 
(Kisielow et al. 1988a). The antigen recognized 
by the HY-TCR is the male-specific protein H-Y, 
and thymocytes expressing transgenic HY-TCR 
display nerative selection in male H-2Db mice. In 

B6 mice this results in an almost complete deple
tion of CD4*CD8+ DP and CD4+, CD8+ SP thy
mocytes, which was also evident in our flow cy
tometric analysis (Figure 6A). However, Eji-pp-
g/ÏV/HY-TCR transgenic littermates still con
tained a significant DP and CD8+ SP thymocyte 
compartment (Figure 6A). Expression of the 
transgenic a and (3 genes was analyzed with 
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T3.70 mAb specific for the transgenic V a 3 gene 
product (Teh et al. 1989) and F23.1 mAb, which 
recognizes V(38.2 gene segment of the transgenic 
TCR (Kisielow et al. 1988a). Analysis on differ
ent thymocyte populations indicated that the HY-
transgene was expressed at similar levels in 
gfil/HY-TCR T cells compared to HY-TCR con
trol thymocytes (Figure 6A). 

Gfil was also able to restore partially the 
reduced thymic cellularity in HY-TCR mice in 
both H-2Db/q and H-2Db/b background (Figure 
6B). These data strongly suggested that enforced 
gfil expression inhibited apoptosis during nega
tive selection. AnnexinV staining was used on 
freshly isolated thymocytes, which labels exposed 
phosphotidylserine on apoptotic cells. Indeed, 
there were significantly less AnnexinV positive 
Eu.-pp-&/7.//HY-TCR transgenic thymocytes 
compared to HY-TCR thymocytes (Figure 6B). 
Our observations show that even a moderate in
crease in Gfil levels inhibits HY-TCR-mediated 
negative selection. 

Gfil rescues death by neglect and allows MHC-
independent T cell maturation 

In HY-TCR mice that do not express Db, trans
genic bearing thymocytes do not receive TCR-
mediated signals and subsequently die by neglect 
(Kisielow et al. 1988b). Introduction of the trans
genic a(3 receptor results in allelic exclusion of 
the endogenous P but not the a TCR alleles 
(Uematsu et al. 1988). The endogenous a TCR 
genes do rearrange, resulting in thymocytes ex
pressing different cxPTTCR gene-products. We 
followed T cell development in H-2Dq Eu.-pp-
gfil/HY-TCR mice and analyzed CD4 and CD8 
differentiation at the different levels of T3.70 ex
pression. T3.70"1' thymocytes reflect T cells that 
are less mature or co-express different apYTCR 
chains. Both SP CD4+ and CD8+ thymocytes are 
significantly increased in H-2Dq g/?//HY-TCR 
mice. Transgenic thymocytes in HY-TCR mice, 
which are T3.70'", differentiated from the 
CD4+CD8+ DP until the CD4loCD8'° stage (Figure 
6C). The CD4 | 0CD8'° stage represents an inter
mediate phase during normal T cell development 
preceding final positive selection and lineage 
commitment (Lucas and Germain 1996). Few 

HY-TCR T3.70inl/hi T cells could proceed to the 
subsequent C D 4 * C D 8 , n stage. In contrast, 
gfil/HY-TCR thymocytes progressed further in T 
cell development and were able to differentiate 
mainly towards CD4+ but also CD8* SP thymo
cytes at T3.70in' and T3.70hi levels (Figure 6C). 

Next we examined female H-2Db Eu,-pp-
gfil/UY-TCR mice for MHC-dependent positive 
selection, since positive selection and maturation 
of CD8* SP thymocytes is increased, due to the 
affinity of the transgenic HY-TCR for MHC class 
I (Kisielow et al. 1988b). There was an equal ra
tio CD4: CD8 SP thymocytes in HY-TCR H-2Db 

mice, showing relatively more CD8+ SP thymo
cytes to be positively selected. The Eu.-pp-
g/ï / /HY-TCR mice however had a "normal" 
CD4:CD8 ratio of 3:1 (Figure 6D). Analysis of 
transgenic a-chain expression showed far less 
T3.70 positive T cells in CD4+CD8+ and CD4" 
CD8+ thymocytes of gfil /HY-TCR mice (Figure 
6D), indicating that in Eji-pp-g/?//HY-TCR mice 
more cd3TTCR -bearing T cells arose, which were 
positively selected independent of MHC contact. 
There were in fact more CD69h ' cells in Eu.-pp-
gfil/HY-TCR than HY-TCR female mice with H-
2Db haplotype, with a stronger skewing towards 
CD4 differentiation in gfil transgenic mice (Fig
ure 6D). These results indicate that Gfil can res
cue thymocytes from death by neglect and allow 
for subsequent MHC-independent T cell matura
tion. 

Ep:-pp-gfil transgene enhances afi-T cell sur
vival in common y-chain-deficienl mice 

The common cytokine receptor y chain (yc) is a 
component of the receptors for interleukin 2 (IL-
2), IL-4, IL-7, IL-9 and IL-15. Signals that are 
dependent on yc have been shown to support vari
ous stages of thymocyte development (Cao et al. 
1995; DiSanto et al. 1995), with the IL-7-
mediated signaling representing an important one 
(von Freeden-Jeffry et al. 1995). To ascertain 
whether Gfil can rescue thymocyte differentia
tion in yc-deficient (yc) mice, we introduced Eu.-
pp-gfil mice into the yc" strain by breeding. Mice 
lacking yc expression have a very small thymus, 
approximately 1-3% of wild type cellularity (Fig
ure 7A). Introduction of the gfil transgene par-
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Figure 7. Enforced expression of gfiI partially restores thymic development in yc-deficient mice. (A) Gfil in
creases thymic cellularity in Yc-deficient mice. Mean thymocyte counts are given on a log scale ± SD of YL" (n=3), 
GFI39/yc" (n=4), and yc* (n=3) animals at the age of 4-5 weeks. (B) Increased selection of SP thymocytes by gjll 
occurs independent off yc-chain and Gfil can not restore skewed CD4: CD8 ratio in yc" mice. Shown are repre
sentative CD4 versus CD8 staining on thymocytes from yc* and GFI39/yc' mice at the age of 3 weeks. The frac
tion of cells in each quadrant is indicated. (C) Increased thymocyte survival in E\i-pp-gfil transgenic yc-deficient 
mice. Thymocytes were stained with a cocktail of FITC-conjugated antibodies (CD4, CDS, B220, Mac-1, and 
Gr-1) and subsequently stained for AnnexinV. Representative percentage of AnnexinV positive thymocytes in 
the sub-populations of DN (CD47CD8) and DP/SP (CD47CD8*) are indicated. (D) E\i-pp-gfil transgene can 
not rescue y8-T cell development in adult yt-deficient animals. TCRy8 positive thymocytes are marked with the 
box and the average fraction of positive cells is shown of two independent mice per genotype. 

tially restored the thymic cell count of y„" mice. 
The number of thymocytes in gfillyQ mice in
creased about 8-fold (to 9% of y* wild type lev
els) (Figure 7A). Although the thymus size is se
verely affected in yc" mice, T cell development 
proceeds almost normal, albeit that the SP CD4: 
CD8 ratio is increased. Flow cytometric analysis 
on thymocytes indicated that gfil could not en
hance specifically the proportion of CD8* SP 
within the yc" thymus, but still promoted positive 
selection of both CD4+ and CD8* thymocytes 
(Figure 7B). 

Many of the yc-dependent cytokines act 
as survival factors and analysis in yc' mice has 
demonstrated that T cells at different stages of 
development display augmented apoptosis 
(Kondo et al. 1997; Nakajima et al. 1997). Since 
gfil was able to increase thymic cellularity in yc" 
mice, we tested if this was related to diminished 
thymocyte apoptosis in gfillyc' compared to yc' 
animals. Therefore we looked at the fraction of 
AnnexinV positive cells present in freshly iso

lated DN (CD4CD8) or DP/SP (CD4VCD8*) 
thymocytes. The amount of AnnexinV positive 
cells was significantly increased in both popula
tions of yc' T cells compared to wild type levels 
(Figure 7C), confirming the notion that yc is nec
essary for normal T cell survival. Enforced gfil 
expression was able to rescue apoptosis to a large 
extent in both DN (30% reduction in AnnexinV* 
cells) and CD47CD8* compartment (50% reduc
tion in AnnexinV"1" cells) (Figure 7C). 

The yc signaling pathway is essential for 
the development of TCR-y5 T cells, since TCR-
yS-bearing cells are absent from the adult thymus, 
spleen and skin of yc' mice (Cao et al. 1995). 
Given the fact that gfil was able to promote dif
ferentiation of y5-T cells in wild type mice (Fig
ure 2), we investigated whether TCR-y8 T cell 
numbers would be increased in the thymus of 
gfil/yQ mice. Whereas enforced expression of gfil 
could increase the fraction of y8-T cells in yc

+ 

animals, there was no rescue of TCR-yS-bearing 
cells in yc" animals (Figure 7D). These results 
demonstrate that gfil rescues thymic cellularity to 
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some extent in yc" mice by promoting differentia
tion and survival of T cells from the afj- but not 
the y5-T cell lineage. 

Discussion 

The murine gfil gene acts as a potent proto-
oncogene in the T cell lineage. This is illustrated 
by the finding that transcriptional activation of 
gfil is a very frequent event in Moloney leukemia 
virus-induced T cell lymphomas (Zörnig et al. 
1996; Scheijen et al. 1997). Furthermore, gfil 
transgenic mice develop T cell lymphomas and 
display strong cooperation with myc in T cell 
lymphomagenesis. In the present study we have 
explored the effect of enforced Gfil expression 
on thymocyte development in E\x-pp-gfil trans
genic mice. Our data provide strong evidence that 
the transcription factor Gfil can induce different 
signals important for T cell selection and apopto
sis. 

Pro- andpre-T cell development 

Thymic lymphoid progenitors, which have mi
grated from the bone marrow, are phenotypically 
defined by presence of the CD44 cell surface 
marker, and absence of CD25 expression (pro-Tl 
cells) within the population of CD4CD8CD3 
triple negative (TN) thymocytes (Zuniga-Pflucker 
and Lenardo 1996; Fehling and von Boehmer 
1997). We observed that the fraction of pro-Tl 
CD44XD25" TN cells in E\x-pp-gfil thymus is 
only one third compared to wild type controls. 
The reduction in pro-Tl thymocytes in gfil trans
genic animals may result from reduced homing of 
lymphoid progenitors to the thymus or decreased 
survival of pro-Tl cells. These options would 
also lead to a general defect in T cell develop
ment and low numbers of total thymocytes. How
ever, the reverse is observed with a 1.5- and 2-
fold increase in total thymocytes in the two inde
pendent founder-lines. Therefore, we postulate 
that transgenic gfil expression promotes early T 
cell differentiation and transition from pro-Tl to 
subsequent pro-T2 and - T 3 stages. This is in 
agreement with the relative 2.5-fold increase of 
y5-T cells, which arise during T cell development 
after the pro-T2 stage, and the presence of more 

CD44CD25* DN thymocytes in E\x-pp-gfil 
transgenic mice. More detailed kinetic studies 
need to be performed to underscore this hypothe
sis. 

Productive rearrangement of a TCR(3 
chain gene by CD44l0"CD25* DN T cells and the 
assembly of a pre-TCR complex (fj-selection) is a 
crucial stage during T cell development (von 
Boehmer et al. 1999). Expression of the pre-TCR 
at the cell surface induces a differentiation pro
gram that includes inhibition of further V(D)J re
combination at the TCR-p locus (allelic exclu
sion), down regulation of CD25 expression, res
cue from apoptosis, exponential proliferation, 
CD4 and CD8 surface expression and initiation of 
TCR-ct gene rearrangement. The presented data 
show that transgenic gfil expression partially fa
cilitates ^-selection in wild type and ragl-
deficient thymocytes and induces differentiation 
of pro-T3 CD44CD25* cells to CD44CD25" DN 
pre-T cells. However, differentiation beyond the 
pro-T3 cell stage in E^-pp-gfil/ragl*'' is not ac
companied by cellular expansion and progression 
to CD4 + CD8 + DP T stage, which is often ob
served in case ectopic signaling elicits pre-TCR 
independent (3-selection. 

At present it is not clear whether the lim
ited rescue in E\i-pp-gfil/rag l'' is related to in
sufficient transgenic gfil expression, absence of 
obligatory pre-TCR-mediated phosphoryla-
tion/modification on Gfil, or only induction of a 
restrictive differentiation event by enforced gfil 
expression. On the other hand, our results on 
MoMLV-induced T cell tumors in ra#2-deficient 
mice suggest that proviral induction of gfil ex
pression, can indeed promote differentiation to 
more advanced stages of T cell development, i.e. 
ISP. DP and SP T cell stage. However, activation 
of other genes by Moloney retrovirus may also 
contribute to the final phenotype, leaving the ex
act targets of Gfi 1 at pre-TCR selection to be es
tablished. 

Altogether our data provide at least no 
indications that Gfil blocks [3-selection, which is 
in apparent contrast with previous findings in Ick-
gfil mice (Schmidt et al. 1998b), where it was ar
gued that Gfil blocks progression from E to L 
cells (Hoffman et al. 1996). Since the Ick-gfil 
mice express higher transgenic gfil levels in the 
thymus, a dose-dependent response may exist. 
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Alternatively, the observed reduction in DP thy
mocytes and the relative increase in CD4+ ISP/SP 
T cells, reflects the potential of Gfil to induce 
CD4 thymocyte differentiation at the expense of 
DP and CD8+ SP cells. It is worth mentioning that 
the analyses which were performed on CD4"CD8" 
DN Ick-gfil thymocytes might have been ob
scured by g/(7-induced differences on NK and/or 
y8-T cell composition and future experiments 
need to address these issues. 

Positive selection and T cell maturation 

Positive selection is a multistage process, where 
initiation is dependent on MHC molecules ex
pressed on thymic epithelial cells, whereas later 
stages do not need TCR-MHC interactions but 
require accessory signals (Anderson et al. 1997; 
Anderson et al. 1999; Dyall and Nikolic-Zugic 
1999). The first selection step results in the ap
pearance of CD4+CD8'° and CD4 | 0CD8+ thymo
cytes; the second selection step requires the inter
action of CD4 or CD8 co-receptors with MHC 
class I or class II molecules. Induction of CD69 
expression is an early event during positive se
lection and occurs after TCRcxfi ligation 
(Yamashita et al. 1993; Hare et al. 1999). 

In E\\-pp-gfil transgenic mice both CD4+ 

and CD8* SP thymocyte maturation is enhanced, 
which is associated with more CD69+ thymocytes 
at the intermediate CD4+CD8'°, CD4'°CD8* and 
mature CD4*CD8", C D 4 C D 8 + stages. Further
more, CD24/HSA is significantly down-regulated 
on gfil transgenic CD8* SP thymocytes, indicat
ing a more advanced T cell maturation stage 
(Nikolic-Zugic and Bevan 1990; Ramsdell et al. 
1991; Teh et al. 1998). In HY-TCR transgenic 
mice at the selecting H-2Dh background enforced 
gfil expression allows more T3.70" thymocytes in 
females to differentiate to CD4+ and CD8+ SP T 
cells. These T3.70 TCRc*T-negative T cells still 
arise because endogenous TCR a alleles are not 
allelic excluded. MHC-dependent positive selec
tion of CD8+ T3.70* thymocytes is not increased 
in H-2Db Eu-pp-g/i7/HY-TCR mice, indicating 
that Gfil does not promote MHC class I depend
ent selection. Future experiments need to estab
lish whether Gfil indeed stimulates genuine 

MHC-independent steps during the process of 
positive selection. 

Enforced expression of gfil actively by
passes death by neglect of HY-TCR-bearing thy
mocytes on a non-selecting H-2Dq background 
and induces maturation beyond the CD4 l0CD8'° 
stage, which is not observed in littermate con
trols. At T3.70"" levels E\x-pp-gfil thymocytes 
differentiate towards CD4* and CD8* SP T cells 
and at T3.70hi levels to CD4+CD8 l0 /- cells. We 
postulate that Gfil promotes T cell maturation in 
two independent ways. One probably reflects true 
increased positive selection, is associated with 
CD69 upregulation and allows more CD4+ as 
well as CDS'" SP thymocytes to be recovered after 
the selection process. In addition, Gfil activates a 
second differentiation pathway that leads to se
lective CD4+ SP T cell maturation, as has also 
been observed in Ick-gfil mice (Schmidt et al. 
1998a; Schmidt et al. 1998b). This pathway is 
apparently highly sensitive for oncogenic trans
formation, since E]X-pp-gfil mice develop from 
the age of 3 months spontaneous lymphoblastic T 
cell tumors that are almost exclusively CD4+ SP 
tumors (Scheijen and Berns, submitted). A simi
lar tumor-phenotype is obtained by intercrossing 
the E\x-myc or E\i-pp-pim2 transgene onto the 
Eu.-pp-g//i background (Scheijen and Berns, 
submitted). 

CD44 activation 

An interesting feature we observed in E\x-pp-gfil 
transgenic animals is the strong specific induction 
of CD44 expression on DP thymocytes, which are 
subject to TCR-mediated selection as well as 
post-selected CD4 + CD8 '° , C D 4 ' ° C D 8 * and 
CD4+CD8" cells. The induction of CD44 expres
sion on immature thymocytes is only transiently, 
since mature CD8* SP thymocytes and peripheral 
T cells display no increased CD44 levels any
more. Although CD44 expression is not aberrant 
upregulated on CD4CD8" DN pro- or pre-T cells, 
there is a tendency of post-p-selected pre-T cells 
to retain somewhat higher levels of CD44 on their 
cell surface. This could relate to an inherent acti
vation state linked to pre-TCR selection in the 
presence of enforced Gfil expression, which also 
results in increased CD25 cell surface levels on 
E\x-pp-gfil/rag 1' pro-T3 thymocytes. 
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It has been described that CD44 upregu-
lation is a relatively late event during positive 
selection (Bendelac et al. 1992; Jameson et al. 
1995). However, increased CD44 cell surface ex
pression is more associated with acquiring a 
memory-like phenotype on peripheral T cells 
(Budd et al. 1987; Sanders et al. 1988). Memory 
cells accumulate with age and antigen exposure, 
have a lower activation threshold, and express a 
different cytokine spectrum when reactivated 
(Sprent et al. 1997). Similar to antigen-
experienced memory T cells, homeostasis-driven 
proliferating naive T cells also undergo a pheno-
typic conversion which is associated with (tran
sient) upregulation of CD44, but not CD25 (Ernst 
et al. 1999; Kieper and Jameson 1999; Cho et al. 
2000; Goldrath et al. 2000). Memory-like T cells 
do not require MHC interaction for peripheral 
homeostasis and survival as opposed to regular 
naive T cells (Goldrath and Bevan 1999; Murali-
Krishna et al. 1999; Swain et al. 1999). It remains 
to be established whether Gfil controls CD44 ex
pression directly, or if this relates to a general ac
tivation state due to enforced Gfi 1 expression. In 
future studies we want to address if Gfi 1 has any 
role in memory T cell function and controls ho
meostasis-driven proliferation in lymphopenic 
hosts. 

Inhibition of apoptosis and negative selection 

The glucocorticoid pathway has a dual role in 
thymocyte development (Ashwell et al. 2000). At 
high concentrations glucocorticoids induce thy
mocyte apoptosis, whereas endogenous thymic 
glucocorticoids promote survival of thymocytes 
following TCR engagement. Conversely, activa
tion of the TCR-signaling pathway blocks gluco-
corticoid-induced apoptosis, and crosstalk exist 
between both pathways (Jamieson and Yama-
moto 2000). Decreasing glucocorticoid respon
siveness enhances the effects of TCR signaling, 
shifting the selection windows toward lower TCR 
avidity's for self-antigen/MHC (i.e. rescue death 
by neglect) (Vacchio and Ashwell 1997; Vacchio 
et al. 1998; Vacchio et al. 1999). Our results indi
cate that overexpression of Gfi 1 protects against 
dexamethasone-induced apoptosis and absence of 
positive selection (death by neglect). Up till now 

there were no indications that both glucocorti-
coid-sensitive apoptosis pathways could be regu
lated by one critical transcription factor and Gfil 
may be the first example. 

In contrast to the protection against glu-
cocorticoid-induced thymocyte death, enforced 
gfil expression does not prohibit apoptosis in
duced by deprivation of survival factors or geno-
toxic stress. On the other hand, cell death medi
ated by the Fas pathway through crosslinking the 
Fas/CD95 receptor appears to be diminished in 
E[i-pp-gfil transgenic thymocytes. Fas signaling 
is important for maintaining peripheral tolerance. 
The Fas receptor is upregulated after TCR 
stimulation and results in activation-induced cell 
death (AICD) through interaction with the Fas 
ligand during the late stages of a primary immune 
response (Dhein et al. 1995; Ju et al. 1995; Na-
gata and Golstein 1995). In the next future we 
will extend our analysis in peripheral T cells to 
determine whether Gfil inhibits true AICD. 

The most significant phenotype observed 
in E\x-pp-gfil mice is the protection against 
PMA- and anti-CD3- induced apoptosis, in addi
tion to HY-TCR- mediated negative selection. In 
H-2Db male mice on the selecting background we 
observed a significant rescue in total thymocyte 
numbers, as well as more CD4 + CD8 + DP and 
CD8+ SP cells. Expression levels of transgenic 
TCRa (T3.70) are similar between regular HY-
TCR and Eu.-pp-g//7/HY-TCR thymocytes, ar
guing that deregulation of transgenic TCRa(3 ex
pression provides no explanation for the observed 
rescue. Instead, it seems that Gfi 1 is an important 
regulator of TCR-triggered apoptosis. Gfil levels 
are down-regulated upon crosslinking the TCR, 
but not after bypassing TCR-signaling through 
activation with PMA and ionomycin. 

To assess which pro-apoptotic genes 
might be down-regulated upon Gfil overexpres
sion, we focused in this study on BH3 domain-
containing proteins belonging to the Bcl-2 family 
and on Nur77. Previously it has been demon
strated, using a zinc-inducible MT-gfil transgene, 
that both box and bak expression could be re
pressed in primary thymocytes (Grimes et al. 
1996b). However, Northern analysis indicated 
that in E\x-pp-gfil thymocytes neither box nor bak 
mRNA levels are repressed. This may relate to 
relative low E\i-pp-gfil transgenic expression. 
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However, bim and to a lesser extent bad mRNA 
levels are lower in gfil transgenic thymocytes. In 
contrast, bid mRNA levels are increased in gfil 
transgenic thymocytes. So the pro-survival effect 
related to down-regulating bim and bad may eas
ily be overruled by increased bid expression. 
Furthermore, E\L-pp-gfil thymocytes display no 
enhanced survival in the absence of cytokines or 
after y-radiation, whereas this is the case in bim-
deficient DP thymocytes (Bouillet et al. 1999), as 
well as Bcl-2 and BcI-xL transgenic T cells 
(Sentman et al. 1991; Strasser et al. 1991; Grillot 
et al. 1995). Therefore, it seems that the observed 
repression of bim or bad expression has no im
pact on Bcl-2-dependent survival signaling as 
determined in E\x-pp-gfil transgenic thymocytes. 
However, we can not exclude that direct or indi
rect regulation of bid, bim or bad transcription by 
Gfil may have functional implications in other 
cell types and under different physiological con
ditions. 

Nur77 is implicated in TCR-stimulated 
apoptosis, by the finding that transgenic mice 
overexpressing a dominant-negative form of 
Nur77 are protected against TCR-induced apop
tosis (Calnan et al. 1995; Zhou et al. 1996), while 
overexpression of full-length Nur77 shows the 
reverse phenotype (Weih et al. 1996). Transcrip
tional activity of Nur77 correlates with the extent 
of in vivo thymocyte apoptosis (Kuang et al. 
1999). Although Nur77-deficient mice show 
normal TCR-mediated T cell death (Lee et al. 
1995), expression of the redundant and functional 
homologue Nor-1 may account for this result 
(Cheng et al. 1997). The presented data show that 
Gfil can not suppress Nur77 induction in primary 
t h y m o c y t e s af ter a n t i - C D 3 / C D 2 8 or 
PMA/ionomycin stimulation. In fact, the reverse 
is observed with higher basal and induced expres
sion levels of Nur77 in Ep.-pp-gfil transgenic 
thymocytes. Expression of the immediate early 
gene nur77 in primary cells is induced as a re
sponse to an activating stimulus (Ucker et al. 
1994). Enhanced Nur77 levels in thymocytes 
with high Gfil expression may therefore reflect 
an indirect effect of increased T cell activation. 
We postulate therefore that Gfil inhibits TCR-
induced apoptosis downstream and independent 
of Nur77 action. 

Rescue Deficiency of Common Receptor y-Chain 

The common y-chain (yc) is an essential compo
nent of five cytokine receptors: IL-2R, IL-4R, IL-
7R, IL-9R and IL-15R. Mice deficient in IL-7 
(von Freeden-Jeffry et al. 1995) or IL-7Ra 
(Peschon et al. 1994) display similar defects in 
thymocyte development as yc-deficient mice. 
Several studies have demonstrated that IL-7 pro
vides a crucial survival signal during early stages 
of T cell development, by its ability to induce ex
pression of Bcl-2 (von Freeden-Jeffry et al. 1997; 
Kim et al. 1998). However, transgenic bcl2 ex
pression in T lymphoid cells of IL-7Ra- (Akashi 
et al. 1997; Maraskovsky et al. 1997) or yt-
deficient mice (Kondo et al. 1997) restores 
thymic cellularity only to a small extent and is 
not able to promote y8-T cell survival. Further
more, Yc-deficient DP thymocytes have essential 
normal levels of Bcl-2, but still display aug
mented apoptosis (Nakajima et al. 2000). Thus yc 

controls cell survival beyond inducing Bcl-2 ex
pression. 

In this study we demonstrate that Gfil 
enhances thymocyte survival, which is depended 
on yc-mediated signaling. The E\x-pp-gfil trans-
gene is able to protect both Yc-deficient DN as 
well as DP thymocytes from programmed cell 
death, but restores thymic cellularity only par
tially (8-10% of normal levels) as has also been 
observed in Bcl-2-induced rescue of Yc-deficiency 
(Kondo et al. 1997). There are indications that Yc-
mediated signaling not only promotes survival 
but also controls proliferation of thymocytes (Di 
Santo et al. 1999). Significant rescue of thymic 
cellularity in yc-deficient mice as observed in Eu-
pp-piml/^c~ animals (Jacobs et al. 1999), probably 
not only requires restoration of survival signals 
but also cytokine-dependem proliferation. 

Our data indicate that enforced gfil ex
pression affects several aspects in thymocyte de
velopment normally controlled by IL-7R/yc sig
naling, which could suggest that regulation of 
Gfil by Yc might be implicated. During pro-T cell 
development in IL-7Ra-deficient mice, the ma
jority of pro-T 1 cells are at stage 1 (CD44TD25" 
) or the stage 2-3 transition (Moore et al. 1996; 
He et al. 1997), which is the opposite phenotype 

84 



Gfil regulates T cell selection and apoptosis 

as seen in E\x-pp-gfil transgenic mice. Like 'gfil 
transgene expression, IL-7 prevents negative se
lection (Kishimoto and Sprent 1999) and yc-
dependent signals are required for survival of 
thymocytes that bear relatively high-affinity TCR 
for self-MHC (Nakajima and Leonard 1999; Na-
kajima et al. 2000). In addition, y5-T cells are ab
sent in Yc-deficient mice, whereas Gfil overex-
pression induces a 5-fold increase in the total 
amount of thymic y8-T cells in wild type mice. 
However, E\x-pp-gfil transgene levels, as well as 
bcl2 overexpression, are not able to rescue sur
vival and differentiation of y8-T cells in yc-
deficient mice, arguing that the common y-chain 
probably controls survival-independent events for 
proper y5-T cell development. 

In conclusion, our data show that enforced Gfil 
expression regulates thymocyte differentiation 
and inhibits different modes of programmed cell 
death. The significant impact Gfil has on modu
lating TCR-controIled signaling pathways and in
ducing CD44-linked T cell activation provide im
portant clues as to how Gfil acts as an oncogene 
in the T cell lineage. 

Materials and methods 

Mice 

For the generation of the Eu-pp-g/7/ transgenic mice, a 
9 kb genomic Sail fragment of the lambda phage clone 
SVJ129X1 (Scheijen et al. 1997), containing the mouse 
gfil gene, was cloned into the Xhol site of the Eu-
piml promoter-MoMLVLTR transgenic construct 
(TDK cassette). The genomic gfil fragment lacks the 
endogenous transcription termination site. The trans-
gene was microinjected into the pronuclei of FVB zy
gotes, and subsequently transferred to (B6 x DBA)F, 
foster mice. Transgenic founders (CF137 and GFI39) 
were backcrossed to FVB. Genotyping was performed 
by PCR with transgene specific primers TDK5' 5'-
CGGCCTTTGATGGCTTTG-3' and EMU3' 5'-
AGGGTATGAGAGAGCCTC-3' as described else
where Allen 1997. The rag-l' (Mombaerts et al. 
1992), rag!1' (Shinkai et al. 1992), HY-TCR 
(Kisielow et al. 1988a). and % (Jacobs et al. 1999) 
mice have been described elsewhere. To obtain HY-
TCR animals on H-2Dq background, mice were back-
crossed for three generations to FVB. H2Dh/q mice 
were F, of a cross between HY-TCR H-2Db and Eu-

pp-gfil (GFI37) H-2Dq transgenic strains. H-2Dh/b Eu-
pp-gfil (GFI37) mice were obtained after four genera
tions of backcrossing to C57BL/6. 

Southern and Northern Blot Analysis 

To detect transgene copy numbers, genomic tail DNA 
was digested with £coRV, separated on 0.7% agarose 
gel, blotted and hybridized with a mouse gfil cDNA 
probe. The analysis of MoMLV-induced tumors has 
been described previously (Jacobs et al. 1999). Total 
RNA was isolated from thymus and tumor tissues by 
TRIzol® (Gibco BRL), andl5ug of RNA was sepa
rated on a 1% paraformaldehyde-containing agarose 
gel, transferred to Protran18 nitrocellulose filter 
(Schleicher & Schuell) and hybridized to gfil, /5-actin 
or the collection of apoptosis-related cDNA probes 
(see below) under standard conditions (Scheijen et al. 
1997). 

EMSA and Western Blotting 

For Western blot analysis, total cell extracts were pre
pared by lysis in ELB (250mM NaCl, 0.1% NP40, 
50mM HEPES pH7.0 and 5mM EDTA) supplemented 
with protease inhibitors (Complete, Boehringer Mann
heim) for 20 min on ice. Extracts were cleared by 15 
min centrifugation at 14.000 rpm 4°C, and 40u.g of to
tal cell lysates were separated on a 10% SDS poly-
acrylamide gel and transferred to Immobilon™ (Milli-
pore). The membrane was blocked in PBS containing 
0.1% Tween-20 and 4% of dried non-fat milk for 1 hr 
and incubated for 16 hrs at 4°C with the addition of 
1:1000 diluted anti-Gfil (M-19), Nur77 (clone 12.14; 
Pharmingen) or anti-actin (C-ll) goat polyclonal anti
bodies (Santa Cruz). After washing with PBS the pri
mary antibody was detected with horseradish peroxi-
dase-conjugated protein G (Pierce) and enhanced 
chemiluminescence (Amersham). 

Electrophoretic mobility shift assay was done 
using standard conditions to detect E2F bandshift 
complexes. Shortly, total cell lysates were obtained by 
incubating for 20 min in lysisbuffer (20mM HEPES 
pH7.9, 400mM NaCl, ImM EDTA, 20% glycerol) 
containing lOmM DTT and ImM PMSF, followed by 
two rounds of freeze thawing. Cell lysates were 
cleared by centrifugation and lOpg of extract was used 
in a 20ul binding assay containing 0.2ng of [y-
'-P]ATP-end-labeled dsDNA oligonucleotides (10.000 
cpm) in the presence of lpg sonicated salmon sperm 
DNA and lOmM HEPES pH7.9, lOOmM KC1, ImM 
EDTA and 4% Ficoll. The sense sequence for the Gfi-
o l i g o n u c l e o t i d e i s 5 ' -
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TGTCGACTCAAATCACAGGCTCTAGAGC-3' and 
for E2F 5' AATTTAAGTTTCGCGCCCTTTCTCAA-
3' . Binding reactions were eleclrophoresed on 4.5% 
polyacrylamide gels in 0.25x TBE buffer. The gels 
were dried after the run and exposed to X-ray films. 

Flow Cytometry 

Single cell suspensions were made from thymi and 
remaining red blood cells were lysed with 150mM 
NH4CL in lOmM Tris.Cl (pH 7.5). After cells were 
washed with 50u,M 2-mercaptoethanol contain
ing 10%FCS/RPMI-1640 medium, 106 cells were re-
suspended in 2% FCS, 5mM HEPES pH containing 
PBS in the presence of an equal volume of anti-Fey re
ceptor hybridoma (2.4G2) supernatant. Subsequently 
cells were stained for 20 min on ice with fluorescein 
isothiocyanate- (FITC), phycoerythrin- (PE), or biotin-
conjugated antibodies. For triple staining avidin-
conjugated Cy-chrome® was used. Monoclonal anti
bodies RM4-5 (CD4), 53-6.7 (CD8a), 145-2C11 
(CD3e), Ml/69 (HSA/CD24), 7D4 (CD25), IM7 
(CD44/pgp-l), 53-7.3 (CD5), H1.2F3 (CD69), H57-
597 (TCRB), Ml/70 (CD 1 lb/Mac-1), RB6-5C5 (Ly-
6G/Gr-1), RA3-6B2 (B220/CD45R) and GL3 (TCRy5) 
were purchased from Pharmingen. Staining for cell 
surface markers preceded AnnexinV staining accord
ing to the instructions of the supplier (Boehringer 
Mannheim). Flow cytometry was performed on a 
FACScan (Beckton Dickinson) and analyzed by 
CellQuest™ software package. 

Induction ofapoptosis 

Thymocytes were incubated at 106 cells/ml for 8 hrs 
(lp.M dexamethasone) or 16 hrs (non-treated, 5ng/ml 
PMA, 1:1000 dilution anti-Fas antibody Jo2 (Pharm
ingen), 1 Gy y-radiation) in 50 u,M 2-mercaptoethanol 
containing 10%FCS/RPMI-1640 medium. Thereafter 
cells were washed with PBS and incubated for at least 
one hr at 4°C in 0.1% Na-Citrate, 0.1% Triton-XlOO 
supplemented with 50u.g/ml Propidium Iodide. The PI-
content of the nuclei was analyzed on FACScan and 
the sub-G, population was counted as the apoptotic 
fraction. Purified anti-CD3e monoclonal antibodies 
(145-2C11) were injected intraperitoneally in mice and 
24 hrs later the thymus was removed fixed in formalin 
and embedded in paraffin. TUNEL staining was per
formed on independent slides according to the instruc
tions of the supplier (Boehringer Mannheim). 

Probes Apoptosis-Related Genes 

First strand cDNA synthesis was performed on 5pg 
total thymus RNA in a 20pl reaction using 200U Su
perscript™ II Reverse Transcriptase according to the 
supplier's instructions (Gibco BRL). Subsequently, 
lu.1 of the first strand cDNA was used in a standard 
PCR reaction at 58°C using specific primers for bad 
(sense 5'-CGACGCGGGAGGAAGGCGGT-3'; an-
tisense 5'-GGGATGTGGAGCAGAAGATC), bax 
(sense 5'-CGGCGAATTGGAGATGAACT-3'; an-
tisense 5'-TGAGGACTCCAGCCACAAAG-3'), bid 
(sense 5'-ACACAGCTTGTGCCATGGACTCTG-3•; 
antisense 5'-GTGAATCACCAGCTTGGGGTTC-3'), 
and b i m ( s e n s e 5 ' -

CCAAGCAACCTTCTGATGTAAG-3'; antisense 5'-
ATTTGAGGGTGGTCTTCAGCCTC-3'). The ob
tained fragments for the distinct genes were isolated 
from agarose gel, re-amplified and used as probes on 
Northern blots. 
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