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Ikaros, an Early Lymphoid-Specific Transcription 
Factor and a Putative Mediator for T Cell 

Commitment 

Katia Georgopoulos,* David D. Moore, Bruce DerFler 
In a screen for transcriptional regulators that control differentiation into the T cell lineage, 
a complementary DNA was isolated encoding a zinc finger protein (Ikaros) related to the 
Drosophila gap protein Hunchback. The lkaros protein binds to and activates the enhancer 
of a gene encoding an early T cell differentiation antigen, CD36. During development, 
Ikaros messenger RNAwasfirst detected in the mouse fetal liver and the embryonic thymus 
when hematopoietic and lymphoid progenitors initially colonize these organs; no expres- 
sion was observed in the spleen or the bone marrow. The pattern of Ikaros gene expression 
and its ability to stimulate CD36 transcription support the model that lkaros functions in the 
specification and maturation of the T lymphocyte. 

T cell progenitors originate in the bone 
marrow of the adult and the fetal liver of 
the embryo and migrate to the thymus 
where they undergo T cell maturation or 
apoptosis (1 -5). Restriction of a pluripo- 
tent progenitor to the lymphoid lineage is 
the first steu toward T cell commitment and 
occurs outside the thymus. This lymphoid 
progenitor then commits to the T or the B 
cell lineage. The mechanisms that control 
the outcome of these early developmental 
decisions remain unclear. 

Early events in T cell differentiation may 
be characterized by studying the regulation 
of transcription of T cell-restricted antigens 
(6). We examined the transcriptional con- 
trol of one of the earliest definitive T cell 
differentiation markers, the CD36 gene of 
the CD3-T cell receptor (TCR) complex 
(5, 7). In order to identify a transcription 
factor expressed at, or earlier than, T cell 
commitment, which could function as a 
genetic switch regulating entry into the T 
cell lineage, we characterized the T cell- 
specific enhancer mediating CD36 gene 
expression (8, 9). This enhancer contains 
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two functionally distinct elements, 6A and 
SB, with T cell-restricted activity (9). Mu- 
tational analvsis of the 6A element has 
defined two trinscriptionally active binding 
sites which are required for full activity of 
the 6A element and the CD36 enhancer 
(Fig. 1, A and B), a CRE [cyclic AMP 
(adenosine 3' ,5'-monophosphate) response 
element]-like region and a G-rich se- 
quence. Three isoforms of the ubiquitously 
expressed CRE-binding protein (CRE-BP) 
were cloned from T cells for their ability to 
interact with the CRE-like binding site of 
the 6A element (10). Although dominant 
negative mutations in CRE-BP down-regu- 
late the activity of this enhancer element in 
T cells, the expression of this transcription 
factor in all hematopoietic and non-he- 
matopoietic cells suggests that it is unlikely 
to be the switch that activates the CD36 
enhancer in the early prothymocyte pro- 
genitor (1 0). 

A variant of the 6A element with a 
mutated CRE binding site (GAmul-CRE) 
was used to screen a T cell expression 
library as described (1 0). A lymphoid-re- 
stricted cDNA was cloned that encodes a 
previously uncharacterized zinc finger pro- 
tein (Ikaros) . The Ikaros protein contains 
431 amino acids and five CX,CX,,HX,H 
zinc finger motifs organized in two separate 
clusters (Fig. 2A). The first cluster of three 
fingers is located 59 amino acids from the 
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initiating methionine, whereas the second 
cluster is at the COOH-terminus of the 
protein, 245 amino acids downstream from 
the first cluster. Two of the finger modules 
of this protein deviate from the consensus 
amino acid composition of the Cys-His 
family of zinc fingers: Finger 3 in the first 
cluster and finger 5 at the COOH-terminus 
have four and five amino acids, respective- 
ly, between the histidine residues (Fig. 
2A). This arrangement of zinc fingers in 
two widely separated regions resembles that 
found in Hunchback, a Drosophila segmen- 
tation gap protein ( I  I ) .  Searches in the 
protein database revealed a 43% identity 
between the second finger cluster of Ikaros 

and that of Hunchback. In addition, both 
second finger clusters are located at the 
COOH-terminus of these molecules (Fig. 
2B). The similarity at the COOH-terminus 
of these proteins and their finger organiza- 
tion suggests they are members of a con- 
served subfamily of zinc finger proteins. 

The ability of the Ikaros protein to bind 
to the 6A element was examined. The 
Ikaros protein and a truncated variant that 
retains the second zinc finger domain bind 
to the 6A element with high affinity (Fig. 
1, C and D). Oligonucleotides encoding 
the wild type 6A or 6A with mutations 
outside the G box compete for the binding 
of the Ikaros proteins (&A, SArnul-CRE; 

Fig. 1, A and C) , whereas mutations within 
the G box abrogate Ikaros binding 
(6Amu2-G box; Fig. 1, C and D) . 

In the adult mouse, Ikaros mRNA is 
restricted to the thymus and the spleen, 
with threefold higher expression in the 
thymus than in the spleen (Fig. 3, A and 
B). Spleen preparations depleted of T cells 
(TDSC) expressed little of this message 
when compared to normal thymocytes (Fig. 
3B). The restricted and differential expres- 
sion of the Ikaros gene in the thymus and 
spleen and the high degree of enrichment 
in thymocytes relative to that of splenic 
lymphocytes suggest Ikaros may function to 
regulate gene expression in T cells and their 
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CRE G  box Bacterial lysate 

Bacterial lysnte + - (Ikaros ZF-DZ) + 
6A A G A A G ~ C ~ A C A T C & ~ ~ G A G A  c 

TAAGATGA TGGGGTGG 
(+I- Ikaros): - - 

Y Y Anti-IkZF-DZ serum + - 
z w e 

mu I mu2 Y Y  Y E i  DNA competitors - - 6A 6A-G 
DNA cumpetitor - % % % - % 2 % Molar excess 50 200 50 200 - 

Reporter in T cells 

Fig. 1. Functional dissection of the 6A element of the CD36 
enhancer. (A) Binding sites in the 6A element. The boxed se- 
quences represent the CRE-like and the G-rich motifs, both impor- 
tant for act~vity of the 6A element. Mutations introduced into the 
6A element are shown below the sequence. (B) Functional dissection of 
the &A element. The contribution of the CRE and the G box to the activity 
of the 6A element and the CD36 enhancer was analyzed by transient 
expression assays in the T cell line EL4. The activity of a tkCAT reporter 
gene under the control of wild-type 6A. 6Amul , and 6Amu2 as reiterated 
elements or with the CD36 enhancer was determined as previously 
described (10). Reporter gene activation (R.A.) was expressed as the 
ratio of chloramphenicol acetyl transferase (CAT) to growth hormone (GH) 
activity estimated for each transfection assay. (C) DNA binding specificity 
of the lkaros protein (25). The DNA binding specificity of the lkaros protein 
and of a truncated form containing the second zinc finger domain 
(IKZF-D2 amino acids 197 to 431) were tested in a gel retardation assay. 
Bacterial lysates (4 kg) expressing the lkaros protein were incubated with 
a radiolabeled oligonucleotide (100,000 cpm) encoding the &A element. A 
50-fold excess of wild-type SA competed effectively for lkaros binding. 
The SAmul oligonucleotide with a wild-type G box and a mutant CRE 
binding site competed effectively but to a smaller degree than wild type, 
indicating that flanking sequences to the G box are also important in 
determin~ng binding specificity. In contrast, the 6Amu2 with a 1-bp 
deletion in the G box did not compete for binding of the lkaros protein to 
the wild-type oligonucleotide. Bacterial lysates not expressing the lkaros 
protein were used as a control. (D) DNA binding specificity of a truncated 
lkaros protein. A truncated lkaros protein (IKZF-D2, amino acids 197431) 
containing the second but not the first finger domain was also tested for 
binding specificity. Bacterial lysates (0.4 kg) expressing the truncated 
protein (amino acids 197-431) were incubated with 10,000 cpm of 
radiolabeled 6A oligonucleotide. An antiserum raised to an lkaros peptide 
(amino acids 300399) from this region was used to determine the 

IKZF-DZ 
complex --C 

specificity of the reaction. E 
Antibodies to this peptide a 
may interact with the first 
of the two finger modules 6 

in the second DNA bind- 
ing domain and interfere 
with the ability of this pro- 
tein to bind DNA. Preincu- ' 
bation of the bacterial ly- 

Reporter In wn-T alLs 

- .  
sate with the antiserum RA.(CD31Blkaros) 

(1 :5 dilution) indeed abro- IRA. (CDMB) 

gated binding of the truncated lkaros prote~n to the 6A site. No such effect 
was detected when bacterial lysates expressing other DNA binding 
proteins were tested (18). A 50- and 200-fold molar excess of the 6A and 
6A-G binding sites were used as competitors. A 50-fold molar excess of 
the 6A site was sufficient to compete most of the lkaros binding; in 
contrast, the 6A-G site was not able to compete at a 200-fold excess. The 
full-length Ikaros-DNA binding complex appears to migrate in the gel 
assays as a smear whereas the truncated protein complex migrates as a 
single band. This may be due to the presence of two DNA binding 
domains in this molecule and moreover may indicate complex protein- 
protein-DNA interactions. (E) Expression of the lkaros gene in no-T cells 
up-regulates the activity of the 6A element. The CDM8 and CDM8 lkaros 
recombinant expression vectors were cotransfected with the tkcat, 
tkcat36A, tkcat3FAmu1, tkcat36Amu2, and tkcat6 enhancer reporter 
genes into CV1 (kidney epithelial) cells as described previously (10). The 
ratio of reporter activation (R.A. = CATIGH) in the presence and absence 
of lkaros expression was estimated. 
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progenitors. Examination of Ikaros expres- 
sion in cell lines supports this hypothesis. 
The Ikaros mRNA was detected in a num- 
ber of T lymphoma cell lines. The mature T 
cell line EL4 contained the highest 
amounts of Ikaros mRNA, whereas 
DO1l.lO, BW5147, and SL12.1 lympho- 
mas showed moderate to low expression. 
Little or no mRNA was detected in cell 
lines representing other hematopoietic lin- 
eages, including the bone marrow-derived 
progenitor cell line FDCPl which exhibits 
myeloid morphology and difFerentiation po- 
tential, the mast cell line RBL, the macro- 
phage line 1774 (Ikaros mRNA expression 
is 1/25 of that in thymocytes), and mouse 
proerythroleukemia (MEL) cells induced to 
difFerentiate into the erythroid lineage (Fig. 
3B). Nevertheless, moderate amounts of 
Ikaros mRNA were detected in undifferen- 
tiated MEL cells and in the B cell lym- 
phoma A20 (Fig. 3B). Immortalization of 
these cell lines and their leukemic pheno- 
type may account for the apparently aber- 
rant expression of this nuclear factor in 
these cells. Ikaros mRNA is not expressed 
in large amounts in normal B cells (T 
cell-depleted spleen cells, Fig. 3B) or hi 
exythroid progenitors in vivo (in situ data, 
Fig. 4). Moderate amounts of Ikaros mRNA 
in the transformed B cell line A20 may 
reflect expression in an early lymphoid pro- 
genitor that has the potential to difFerenti- 
ate into either the T or the B cell lineage. 

We next examined whether Ikaros protein 
that bound to the SA element could activate 
transuiption from this binding site. The tk- 
CAT reporter gene under the control of either 
a reiterated SA binding site (+I-CRE1-G) or 
under the control of the CD36 enhancer was 
c o d e c t e d ,  along with a recombinant vec- 
tor containing the Ikaros gene, into the kid- 
ney epithelial cell line CVl . Expression of the 
Ikaros gene in CV1 cells stimulated tcansuip 
tion from the G box of a reiterated 6A 
element and from the CD3S enhancer (Fig. 
1E). Activity of the 6A and SAmul(-CRE) 
elements was stimulated eight- and sevenfold, 
respectively, whereas activity of the CD3S 
enhancer was stimulated fivefold. Because the 
CD3S enhancer contains at least two regula- 
tory elements, expression of the transaiption 
factors that bind to these sites is necessary for 
its full activation potential. Ikaros gene ex- 
pression did not sgnificantly stimulate the 
activity of the thymidine-kinase promoter or 
of the SAmu2(-G box) element (Fig. 1E). 
Thus, the Ikaros gene can control activity of 
the T cell-specific SA element of the CD3S 
enhancer and can mediate expression of the 
CD3S gene in T cells. 

In the adult mouse, the Ikaros gene is 
strongly expressed in T cells and their 
progenitors. To determine whether the 
Ikaros gene is expressed before lymphoid 
differentiation in the thymus, and whether 
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Fig. 2. Amino acid se- 
quence of the protein en- 
coded by the lkaros cDNA 
and homology to the Dro- 
sophila gap protein Hunch- 
back. (A) The boxed amino 
acid sequence indicates the 
lkaros zinc finger domains. 
(8) Similarii between the 
COOH-terminal zinc finger 
domains of the lkaros and 
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brain, and heart and from 
(B) thymus, spleen, thy- 
mocytes (total and poly- 
adenylated RNA), bone 
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DMSO-induced MEL cells, and T-depleted spleen cells (TDSC). A 300-bp fragment from the 3' 
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the 28Sand 18s RNAs detected on the Northern membranes under ultraviolet light after the transfer. 
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it may be responsible for mediating gene 
expression in T cell progenitors, we used in 
situ hybridization to study its expression 
during hematopoiesis in the mouse embryo. 

The first hematopoietic center in the 
mouse embryo is the yolk sac, formed about 
day 7 of gestation and heavily populated at 
this time with primitive erythroblasts (1 2- 
16). In contrast to the erythroid-specific 
transcription factor GATA-1 (17) the 
Ikaros mRNA was not detected in the yolk 
sac at day 8 (18). In the embryo proper, 

B 
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expression of Ikaros RNA was first detected 
in the liver rudiment at the onset of its 
development as a hematopoietic center [day 
9.5 to 10.5, Fig. 4, A to F (12-16)l. At this 
time, pluripotent stem cells and more re- 
stricted progenitors are found in this tissue 
that can successfully reconstitute irradiated 
animals with the complete spectrum of 
hematopoietic lineages (1 9-24). The large 
amount of Ikaros mRNA detected in the 
early fetal liver began to decline after day 
14 (Fig. 4, G to 0), although this tissue 



Fig. 4. In situ hybridization in the 
developing mouse embryo (26, 
27). Bright-field view of sections 
hybridized with an lkaros an- 
tisense-RNA probe (A, D, G, J, 
M), dark-field view of sectlons hy- 
bridized with lkaros antisense- 
RNA probe (B, E, H, K, N), dark- 
field of sections hybridized with D 
lkaros sense-RNA probe (C, F, I, 
L, 0). (A, B, C) Day 9.5. lkaros 
RNA is first detected in the liver 
primordium. (D, E, F) Day 10.5. 
lkaros RNA amounts are higher in -I 
the developing liver rudiment. (G, 
H, I) Day 12. lkaros RNA is detect- 
ed in the thymic rudiment and in 
distinct cells of the brain. (J, K, L) 
Day 16. lkaros RNA amounts are G 
higher in the thymus and the prox- 
imal corpus striatum, whereas 
RNA levels in the liver are lower. 
(M, N, 0 )  Day 19. The thymus 
appears to be the major site of 
expression of lkaros RNA and in 
the liver lkaros RNA is not detect- , 
ed above backaround. In more " 
lateral sections, expression in the 
corpus striatum is still detectable. 
Arrows indicate the hybridizing 
tissues. I. Liver; t, thymus; s, stri- 
atum. Certain areas in the embtyo 
such as the heart tissue reflect 
light under dark field illumination 
at low magnification. This is seen 
in both the antisense and sense 
~anels and does not remesent a 

magnification reveals no hybrid- 
ization signal over these cells. 

remains the major site for erythropoiesis, 
myelopoiesis, and B cell development 
through mid-gestation and is active past 
birth. The lower expression of Ikaros in the 
fetal liver at mid-gestation correlates with a 
shift in the population of hematopoietic 
progenitors in this organ from pluripotent 
stem cells to more committed erythroid 
progenitors. The decrease of Ikaros mRNA 
in the fetal liver is concomitant with a 
dramatic increase in expression in the de- 
veloping thymus. 

Beginning at day 12, when lymphopoi- 
etic stem cells are first colonizing this or- 
gan, Ikaros mRNA was readily detected in 
the thymic rudiment (Fig. 4, G to I) (1-3, 
24). A group of cells expressing high 
amounts of Ikaros mRNA was detected at 
the center of the thymic rudiment and was 
surrounded by non-expressing cells in the 

periphery (1 8). Expression in the develop- 
ing thymus became prominent by day 16, 
and by day 19, this organ was the major site 
of expression of the Ikaros gene (Fig. 4, J to 
0). The Ikaros mRNA was detected in 
lymphoid cells throughout the thymus, 
with quantities in the medula being slightly 
more elevated than those in the cortex 
(18). 

Ikaros RNA expression was first detected 
in embryonic spleen during late gestation at 
low concentrations when compared to the 
thymus (day 19) (18). Although the spleen 
is active in erythropoiesis, myelopoiesis, 
and B cell differentiation from mid-gesta- 
tion, its population with mature T cells 
from the thymus begins late in embryogen- 
esis and may correlate with the late expres- 
sion of the Ikaros gene in this organ (16). 
No expression of the Ikaros message was 

detected in the bone marrow of the long 
bones or the spinal column at day 19. In 
contrast, RNA for the myeloid-specific fac- 
tor Spy1 (28) and the erythroid factor 
GATA-1 (1 7), was both abundantly ex- 
pressed in the bone marrow and spleen at 
this time. The only other site in the mouse 
embryo that exhibited Ikaros expression 
was a restricted group of cells in the brain 
(day 12) that gives rise to the proximal 
corpus striatum (days 16 to 19). 

In situ studies on the Ikaros gene in the 
developing mouse embryo were consistent 
with the expression pattern observed in 
primary cells and cell lines in the adult 
mouse. Ikaros mRNA was highly enriched 
in embryonic and adult thymus. In the 
mouse embryo the low amounts of expres- 
sion detected in hematopoietic centers ac- 
tive in erythropoiesis, myelopoiesis, and B 
cell development from mid- to late gesta- 
tion were consistent with the pattern of 
expression observed in hematopoietic cells 
and cell lines i n  the adult. Prominent 
amounts of Ikaros mRNA were detected in 
the early liver primordium at a time when it 
is being populated with primitive hemato- 
poietic stem cells. Large quantities of Ikaros 
mRNA may be necessary in the pluripotent 
hematopoietic stem cell for further commit- 
ment and differentiation into the lymphoid 
and ultimately the T cell progenitor. A 
decrease in Ikaros ex~ression in this hema- 
topoietic center from mid- to late gestation 
may reflect changes in the developmental 
profile of hematopoietic progenitors in this 
organ. The comparatively low amounts of 
Ikaros mRNA expression in sites of adult 
and embryonic B cell development suggest 
a primary role in the regulation of gene 
expression in the T lymphocyte. The ability 
of the lymphoid-restricted transcription fac- 
tor Ikaros to stimulate the transcription of 
an early T cell differentiation marker and its 
enriched ex~ression in sites of adult and 
embryonic thymopoiesis support the model 
that Ikaros functions in the specification 
and maturation of the T lymphocyte. 
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A GDP Dissociation lnhibitor That Serves as a 
GTPase Inhibitor for the Ras-Like Protein 

CDC42Hs 

Matthew J. Hart, Yoshiro Maru, David Leonard, Owen N. Witte, 
Tony Evans, Richard A. Cerione* 

Members of the family of Ras-related guanosine triphosphate (GTP) binding proteins 
appear to take part in the regulation of a number of biological processes, including cell 
growth and differentiation. Three different classes of proteins that regulate the GTP binding 
and GTP hydrolytic activities of the Ras family members have been identified. These 
different regulatory proteins inhibit guanosine diphosphate (GDP) dissociation (designated 
as GDls), stimulate GDP dissociation and GDP-GTP exchange (designated as GDSs), or 
stimulate GTP hydrolysis (designated as GAPS). In the case of the Ras-like protein 
CDC42Hs, which is the human homolog of a Saccharomyces cerevisiaecell division cycle 
protein, the GDI protein also inhibited both the intrinsic and GAP-stimulated hydrolysis of 
GTP. These findings establish an additional role for the GDI protein-namely, as a gua- 
nosine triphosphatase (GTPase) inhibitory protein for a Ras-like GTP binding protein. 

T h e  GTP binding and GTP hydrolytic ma1 regulation and function. The exchange 
(GTPase) activities of the Ras-like GTP of bound GDP for GTP is influenced by 
bindine moteins are essential for their nor- GDS proteins, which stimulate GDP disso- 

u .  

M. J. Hart, D. Leonard, R. A. Cerione, Department of ciation, and by GDI proteins, which inhibit 
Biochemistrv. Cell, and Molecular Biology and Depart- GDP dissociation. GDIs also influence the 
ment of pharmacology, Schurman Hall; Cornell Unl- cellular localization of the Ras-like proteins 
versity, Ithaca, NY 14853. 
Y, Maru and 0, N, Wine, Department of Microbiology the GTP binding 
and Molecular Genetics and Molecular Biology Insti- proteins from membranes (1-3). Both GDS 
tute, Howard Hughes Medical Institute, University of and GDI activities have been identified for 
California, Los Angeles, CA 90024. 
T. Evans, Department of Cell Biology, Genentech Inc., the Ras-like protein CDC42Hs (3, 4). The 
460 Point San Bruno Boulevard, South San Francisco, dbl oncogene product (5,  6 )  serves as a 
CA 94080. CDC42Hs-GDS (4). whereas a 28-kD ~ r o -  -- - ~ - -  - \ ., z 

'To whom correspondence should be .addressed. tein, purified from bovine brain, serves as 

the GDI protein (3). The latter protein 
appears to be structurally very similar, if not 
identical, to a protein that attenuates the 
dissociation of GDP from the Rho (2, 7) 
and Rac (8) GTP binding proteins. 

The regulatory effects of GDI on the Rho 
protein may result from a specific interaction 
between the GDI protein and the GDP- 
bound form of Rho (2). However, the GDI 
protein elicits a weak but measurable 
(-10%)' inhibition of the dissociation of 
guanosine-5'-0-(3-thiotriphosphate) (GTP- 
y-S) from CDC42Hs (3) and causes the 
release of the GTP-y-S-bound CDC42Hs 
(as well as the GDP-bound CDC42Hs) from 
membranes (3). This raised the question of 
whether the GDI protein might alter func- 
tional properties of the GTP-bound 
CDC42Hs species. The results presented 
below demonstrate an additional regulatory 
activity for the GDI protein-specifically, 
the inhibition of the GTP hydrolytic activity 
of CDC42Hs. 

Figure 1A shows that in the presence of 
GDI (-1 pg), the rate, of the intrinsic 
GTPase activity of the platelet CDC42Hs 
(-0.2 pg) was significantly inhibited. After 
12 min at room temperature, less than 40% 
of the bound [y-32P]GTP was hydrolyzed by 
CDC42Hs in the presence of the GDI pro- 
tein, whereas greater than 70% of the GTP 
was hydrolyzed by CDC42Hs in the absence 
of the GDI protein. The GDI protein also 
inhibited the rate of the GTPase activity of 
CDC42Hs that had been stimulated by the 
human platelet CDC42Hs-GTPase activat- 
ing protein (GAP) (9). When an identical 
set of experiments was performed with 
[cx-~'P]GTP, there was no difference in the 
amount of labeled GTP that remained asso- 
ciated with the platelet CDC42Hs in the 
presence or absence of the GDI protein or 
the platelet CDC42Hs-GAP (Table 1). 
These results indicated that the effects of the 
GDI and CDC42Hs-GAP proteins on the 
association of labeled GTP were in fact 
specific for the hydrolysis of GTP [and the 
release of inorganic phosphate (3ZPi)] and 
did not reflect changes in the rate of disso- 
ciation of GTP. We find a similar inhibition 
of the GTPase activity of CDC42Hs by the 
GDI protein (1 0) when the CDC42Hs was 
denatured with 10% trichloroacetic acid be- 
fore quantitation of the release of 3ZPi by 
extraction with ammonium molybdate and 
isobutanol plus benzene (1 1). This indicates 
that the GDI protein inhibits the GTP 
hydrolytic event and not the release of 3ZP 
from CDC42Hs. 

The inhibition of the GTPase activity 
by the GDI protein was assayed in ~arallel 
with the inhibition of [3H]GDP dissocia- 
tion throughout the purification of the GDI 
protein from bovine brain cytosol. At all 
stages of the purification, the inhibition of 
the intrinsic GTPase activity of CDC42Hs 
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