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Glycogen synthase kinase-3 (GSK-3) is a key 
member of the intracellular Wnt signaling 
pathway to regulate ß-catenin turnover. 
Recent evidence indicates that in early 
Xenopus embryos GSK-3 kinase activity is 
inhibited upon association with members of 
the FRAT/GBP family, leading to activation 
of the maternal Wnt pathway required for 
axis formation in Xenopus laevis. We have 
investigated whether the protein encoded by 
Fratl, a gene originally identified as a proto-
oncogene involved in progression of mouse T 
cell lymphomas, also has the capacity to 
function as a Wnt signaling component. Like 
GBP and FRAT2, Fratl induced secondary 
axis formation when misexpressed in early 
Xenopus embryos. Fratl interacted directly 
with GSK-3 ß in vitro. Binding of Fratl to 
GSK-3ß in vivo was observed upon transient 
overexpression in COS-7 cells, and the 
Fratl-bound GSK-3ß was able to 
phosphorylate Fratl in vitro. Furthermore, 
association of endogenous Fratl and GSK-
3ß could be demonstrated both in splenic T 
cell lymphomas and normal thymus, but not 
in normal spleen. Together, these data 
provide further evidence for the notion that 
the GBP and Frat genes constitute a family 
of GSK-3 inhibitory proteins. 

Key words: Frat; proto-oncogenes; signal 
transduction; Wnt; Xenopus laevis 

Introduction 

The Wg/Wnt signal transduction pathway, first 
described in Drosophila, is a highly conserved 
developmental pathway involved in cell fate 

determination in virtually all eukaryotic 
organisms (Cadigan and Nusse, 1997; Dale, 
1998). In vertebrates, the Wnt signaling 
pathway consists of an intracellular cascade 
that includes Frizzled, Dishevelled (Dsh), 
Glycogen Synthase Kinase-3 (GSK-3), and ß-
catenin. The Wnts are a family of cysteine-rich 
glycosylated ligands that bind to the 
extracellular domain of the Frizzled family of 
serpentine receptors (Bhanot et al., 1996; 
Orsulic and Peifer, 1996). As the intracellular 
domains of Frizzled receptors have no 
enzymatic domains, the Wnt signal is probably 
transmitted by the recruitment or release of 
intracellular signaling molecules, such as 
heterotrimeric G-proteins and/or members of 
the Dishevelled family. The archetype of this 
family, Dsh, was identified in Drosophila and 
subsequently shown to act downstream of 
Frizzled (Klingensmith et al., 1994; Siegfried et 
al., 1994; Theisen et al., 1994). The Wnt signal 
is somehow further transduced from 
Dishevelled to GSK-3, a constitutively active 
protein serine/threonine kinase that antagonizes 
downstream elements of the Wnt pathway via 
changes in the levels of free cytoplasmic ß-
catemn (Siegfried et al.. 1992; He et al., 1995; 
Yost et al., 1996). Through mactivation of 
GSK-3 kinase activity, the Wnt signal leads to 
a decrease in the phosphorylation of ß-catemn 
and a concomitant increase in its stability, and 
ultimately to translocation of ß-catenin to the 
nucleus. This translocation involves the 
association of ß-catenin with the transcriptional 
enhancers of the lymphocyte enhancer binding 
factor/T cell factor (LEF/TCF) family, to form 
an active bipartite transcriptional enhancer 
(Behrens et al.. 1996; Molenaar et al., 1996). It 
has been established that levels of free 
cytoplasmic ß-catenin are regulated through 
GSK-3 mediated phosphorylation and 
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Table 1. Axisdi [plication by Fratl 

Experiment Ventral injections Complete 2° axis Partial 20 axis No 20 axis 

n (%) n (%) n (%) 

1 3ngFratl-(l-274) 4(8) 7(15) 37(77) 

1 ng Fratl-(28-274) 32 (23) 23(17) 83 (60) 

Uninjected 0(0) 0(0) 65(100) 

2 0.5ngFratl-(l-274) 8(36) 0(0) 14(64) 

2 ng Fratl-(1-274) 12(24) 3(6) 34 (69) 

3 ng Fratl-(1-274) 5 (19) 4(16) 17(65) 

0.25 ng Fratl-(129-274) 18(39) 0(0) 28(61) 

0.5 ng Fratl-(129-274) 27(51) 1(2) 25 (47) 

1 ng Fratl-(129-274) 34 (67) 3(6) 14(27) 

Uninjected 0(0) 0(0) 46(100) 

4 cell stage Xenopus embryos were injected in a single ventral blastomerc and tadpoles with secondary body axes were scored at 
early tailbud stages. Only secondary axes with a distinct cement gland were scored as complete. 

subsequent degradation of ß-catemn by the 
ubiquitination-proteasome pathway (Yost et al., 
1996; Aberle et al., 1997). It appears therefore 
that GSK-3 is a key member of the intracellular 
Wnt pathway to regulate ß-catenin turnover, 
and that the phosphorylation of ß-catenin by 
GSK-3 is essential for this process. 

Over the past few years, several proteins 
have been shown to modulate levels of free 
cytoplasmic ß-catemn through influencing 
GSK-3-dependent phosphorylation of ß-
catenin. These include the APC tumor 
suppressor protein (Polakis, 1997), the mouse 
Fused gene product Axm (Zeng et al., 1997), 
the Axin homologues Axil and conductin 
(Behrens et al., 1998; Yamamoto et al, 1998), 
and members of the FRAT/GBP family of 
GSK-3 binding proteins (Yost et al., 1998; 
Sumoy et al., 1999). APC was shown to act as a 
negative regulator of ß-catenin m colon cancer 
cells through binding to ß-catenin and 
promoting its degradation (Rubinfeld et al., 
1993; Munemitsu et al., 1995). Furthermore, 
complexes containing APC and ß-catenin bind 
to GSK-3, and GSK-3 can phosphorylate APC 
and thus promote binding of APC to ß-catenin 
(Rubinfeld et al., 1996). It has therefore been 
suggested that in colonic epithelium, APC may 
function as a molecular scaffold, coordinating 
the actions of GSK-3 and ß-catenin, or 
alternatively act as a ubiquitination co-factor 
for the targeted degradation of ß-catemn (Dale, 

1998). Axin family members were found to 
bind directly and simultaneously to APC, GSK-
3 and ß-catenin (Zeng et al., 1997; Behrens et 
al., 1998; Hart et al., 1998; Yamamoto et al„ 
1998). The phosphorylation of ß-catenin and 
APC by GSK-3 is strongly promoted by Axin, 
suggesting that also Axin may act as a scaffold 
upon which APC, ß-catenin and GSK-3 ß 
assemble to coordinate the regulation of ß-
catemn signaling (Hart et al., 1998). Thus far 
three members of the FRAT/GBP family, 
namely Xenopus laevis GBP, Danio rerio GBP 
and human FRAT2, have been shown to 
stabilize ß-catemn levels activity in Xenopus or 
zebrafish embryos through association with 
GSK-3 and inhibition of its kinase activity 
(Yost et al., 1998; Sumoy et al., 1999). It was 
furthermore demonstrated that in Xenopus 
embryos, maternal GBP RNA is essential for 
formation of the dorso-ventral axis, since 
oocytes that were devoid of GBP mRNA, 
showed a ventralized phenotype (Yost et al., 
1998). Also in zebrafish, GBP was found to be 
involved in specification of the dorso-ventral 
axis during early development, indicating that 
components upstream of ß-catenin are 
conserved between amphibians and teleosts 
(Sumoy et al., 1999). 

The founding member of the FRAT/GBP 
gene family, named Fratl (for frequently 
rearranged in advanced T lymphomas), was 
originally isolated in an insertional mutagenesis 
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screen designed to identify cooperating 
oncogenes responsible for accelerating late-
stage lymphoma development in oncogene-
bearmg transgenic mice (Jonkers et al., 1997). 
Although both transgenic and knockout mouse 
models have been generated for Frail, no clues 
concerning the functional role of its protein 
product have been obtained to date (Jonkers et 
al., 1999; Jonkers et al., 1999). The finding that 
a C-terminal fragment of human FRAT2 can 
also bind to Xgsk-3 in vivo and induce axis 
duplication when expressed in the ventral 
blastomeres of early Xenopus embryos, 
suggests that the capacity to function as a Wnt 
signaling component may be a shared feature of 
FRAT/GBP family members (Yost et al., 
1998). To further test this possibility, we have 
investigated Wnt signaling activity of mouse 
Fratl in Xenopus embryos, and studied its 
interaction with GSK-3ß in vitro and in vivo. 

Results 

Fratl causes axis duplication in Xenopus 
embryos 

To explore whether Fratl has similar activities 
to GBP and C-terminal FRAT2 in the maternal 
Wnt pathway in Xenopus laevis, RNA encoding 
full length Myc-Fratl-( 1-274), Myc-Fratl-(28-
274) lacking the N-terminal acidic region 
(Jonkers et al., 1997) or Myc-Fratl-(129-274) 
containing only the conserved domain III 
responsible for the Xgsk-3 binding and axis-
duplicating activity of GBP and FRAT2 (Yost 
et al., 1998), was ectopically expressed in early 
Xenopus embryos. Subequatorial injection of 
Fratl RNA into a ventral blastomere of 4 cell 
stage embryos resulted in the formation of a 
secondary axis. As shown in Table I, Myc-
Fratl-(129-274), containing only conserved 
domain III, displayed the highest activity to 
induce a secondary axis. 

Association ofFratl and GSKSß in vitro 

To examine whether Fratl and GSK-3ß 
associate directly, various deletion mutants of 
Fratl fused to glutathione-S-transferase (GST) 
were purified from Escherichia coli and 
incubated with HA-GSK-3ß produced by in 
vitro translation. GST-Fratl-( 1-274) and GST-
Fratl-( 129-274), but not GST-Fratl-(1-129) or 
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.^ Co CQ Co Co 

6 o o o o 
<r s * * s 

8 1 -

4 8 -

3 5 -
2 8 -

Figure 1 Direct interaction of Fratl with GSK-3ß in 
vitro . Full length GSK-3ß was in vitro transcribed and 
translated using [35s]-methionine and cysteine. Equal 
amounts of the translation product (lane 1) were mixed 
with either purified fusions between Fratl and the 
Glutathione S-transferase (GST) protein (lanes 2-4) or 
GST alone (lane 5), incubated and captured with 
glutathione Sepharose beads. 

GST alone, bound to HA-GSK-3ß (Figure 1). 
Identical results were obtained with a kinase-
dead mutant HA-GSK-3ßK851M l n w h l c n t n e 

ATP binding site is mutated (data not shown). 
These results demonstrate that the C-terminal 
domain of Fratl directly interacts with GSK-
3ß. 

Fratl and GSK-3ß interact in vivo 

To investigate whether Fratl interacts with 
GSK-3ß in intact cells, we co-expressed Fratl 
with GSK-3ß in COS-7 cells. Fratl and GSK
Sß were tagged with Myc and hemagglutinin 1 
(HA) epitopes, respectively, at their N-termini, 
and COS-7 cells were transiently transfected 
with the resulting Myc-Fratl and/or HA-GSK-
3ß expression vectors. To detect Fratl protein, 
we generated rabbit polyclonal antisera against 
Escherichia co/z-produced LacZ-Fratl fusion 
protein. We used the polyclonal rabbit Fratl 
antiserum to perform direct Western blot 
analysis on the COS-7 cell lysates. The top 
panel of Figure 2 shows that the Fratl 
antiserum specifically detects a protein of—41 
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Frat1 
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IP: Fratl 
WB: GSK3 

HA-GSK3 
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HA-GSK3 
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Figure 2 Association of Fratl and GSK-3ß in vivo. 
Lysates prepared form COS-7 cells transfected with Myc-
Fratl and/or HA-GSK-3ß were probed with the anti-
GSK-3P and anti-Fratl antibodies (top and middle 
panel). The same lysates were subjected to 
immunoprecipitation with Fratl antiserum, separated by 
SDS/PAGE, and immunoblotted with antibodies to GSK-
3ß (bottom panel). Lysate of COS-7 cells transfected 
with empty vector was used as control (lanes l ). 

IP: GSK3 IP: Fratl 

HA-GSK3 

myc-Frat1 

myc-Frat1 • 

Figure 3 In vitro phosphorylation of Fratl by GSK-3ß. 
HA-GSK-3ß or Myc-Fratl, immunoprecipitated from 
lysates of COS-7 cells transfected with Myc-Fratl and/or 
HA-GSK-3(J, was incubated with MBP and [y32P]-ATP 
for 20 minutes, and subjected to SDS-PAGE followed by 
autoradiography. The arrows indicate the positions of 
Myc-Fratl and MBP. 

kDa in COS-7 cells expressing Myc-Fratl. 
Both HA-GSK-3ß and endogenous GSK-3ß 
were detected by the GSK-3ß specific antibody 
(Figure 2, middle panel). When the lysates of 
COS-7 cells transfected with Myc-Fratl and 

HA-GSK-3ß were immunoprecipitated with the 
Fratl antiserum, HA-GSK-3ß was detected in 
the Myc-Fratl immune complex (Figure 2, 
bottom panel, lane 4). To show that Myc-Fratl 
interacts with endogenous GSK-3ß, the lysates 
of COS-7 cells expressing Myc-Fratl were 
immunoprecipitated with the Fratl antiserum. 
Endogenous GSK-3ß was co-precipitated with 
Myc-Fratl (Figure 2, bottom panel, lane 2). 
Identical results were obtained with COS-7 
cells, transiently transfected with Myc-Fratl-
(129-274) and/or HA-GSK-3ß expression 
vectors (data not shown). These data 
demonstrate that both full length Fratl and C-
terminal Fratl-(129-274) can form a complex 
with GSK-3ß in intact cells. 

Phosphorylation of Fratl by GSK-iß 

To determine whether Fratl is an in vitro 
substrate for GSK-3ß, GSK-3ß or Fratl 
complexes from the COS-7 cell lysates 
expressing Myc-Fratl and/or HA-GSK-3ß were 
precipitated with anti-GSK-3ß or Fratl 
antiserum, respectively, and subsequently 
incubated with the GSK-3ß substrate MBP and 
[y32P]-ATP. In addition to phosphorylation of 
MBP, phosphorylation of Myc-Fratl was 
observed (Figure 3), suggesting that Myc-Fratl 
is phosphorylated due to the associated 
endogenous or HA-tagged GSK-3ß. Indeed, 
Fratl contains four possible GSK-3ß 
phosphorylation sites (TLGGS36; SPAAS134, 
TGKLS152 and SQPET185) w h l c h m a t c h t h e 

S/TXXXS/T consensus sequence (Plyte et al., 
1992). However, we cannot rule out the 
possibility that other protein kinases interact 
with and phosphorylate Myc-Fratl. 

Fratl interacts with GSKSß in T cell 
lymphomas and normal thymus 

The polyclonal rabbit Fratl antiserum did not 
permit detection of endogenous Fratl protein in 
lysates of mouse tissues or T cell lymphomas 
with a provirally activated Fratl allele. We 
could however use this antiserum to co-
immunoprecipitate GSK-3ß from protein 
extracts of mouse thymus and splenic T cell 
lymphomas (Figure 4). Tumor lysates were 
prepared from the grossly enlarged spleens, 
isolated from M-MuLV-infected H2-K-Afyc 
transgenic mice with a primary tumor lacking a 
provirally activated Fratl allele, or from 
FVB/N recipients with a transplanted tumor 
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Figure 4 In vivo interaction ofFratl and GSK-3ß in splenic T cell lymphomas and mouse thymus. Immunoprecipitations 
of protein extracts from M-MuLV-induced lymphomas, and normal thymus and spleen, were performed with the Fratl 
antiserum, separated on a SDS/12% Polyacrylamide gel, blotted to nitrocellulose, and probed with the anti-GSK-3ß 
antibody (top panel). The concentration of GSK-3ß in the protein extracts was determined by fractionating 30 pi of protein 
extract on a SDS/12% Polyacrylamide gel, followed by immunoblotting with the same anti-GSK-3ß antibody (bottom 
panel). Immunoprecipitations were performed on protein extracts from three sets of a primary tumor and transplanted 
tumors (Q2, Q24 and Q38). Each set consists of the primary tumor (lanes 0), and two or three transplanted tumors, each 
generated in an separate recipient via injection of primary tumor cells (lanes 1, 2, 3). Generation of these lymphomas has 
been described previously (Jonkers et al., 1997) 

overexpressing Fratl (Jonkers et al., 1997). 
The Fratl immune complexes, as well as fixed 
amounts of the protein extracts used for 
immunoprecipitation, were subjected to 
Western blot analysis with anti-GSK-3, thus 
allowing visual comparison of the amount of 
Fratl-bound GSK-3ß with the concentration of 
GSK-3P in the protein extracts (Figure 4; 
compare upper panel with bottom panel). While 
only moderate amounts of GSK-3ß were 
coprecipitated from protein extracts of mouse 
thymus and primary lymphomas lacking a 
provirally activated Fratl allele, significantly 
more Fratl-bound GSK-3ß was 
immunoprecipitated from the lysates of 
transplanted lymphomas with high levels of 
Fratl mRNA due to an activating proviral 
integration. These results show that association 
of endogenous Fratl and GSK-3ß occurs at 
detectable levels in normal thymus but not in 
normal spleen, and that overexpression of Fratl 
in T cell lymphomas results in a net increase of 
Fratl-bound GSK-3ß. 

Discussion 

To date, the Xenopus and zebrafish GBP genes 
, three mouse Frat genes and two human FRAT 
genes have been (partially) cloned and 
sequenced. Ammo acid alignment of the 
FRAT/GBP sequences shows that the region 

with highest homology is the previously 
identified conserved domain III, with an ammo 
acid identity of 79% and an absolutely 
conserved core sequence of 13 amino acid 
residues (Figure 5). It has previously been 
shown that binding of Xgsk-3 through 
conserved domain III is required for the 
function of GBP, and the finding that both 
Xgsk-3 binding and axis-inducing activity was 
also present in a C-termmal fragment of human 
FRAT2 suggested that the activities of domain 
III might be common among FRAT/GBP 
family members (Yost et al., 1998). In this 
study, further support for this notion was 
obtained from experiments aimed at probing 
the axis-inducing and GSK-3ß binding 
activities of mouse Fratl. 

The axis-inducing activity of Fratl was 
analyzed in early Xenopus embryos. Injection 
of RNA encoding full length Fratl, Fratl-(28-
274) lacking the N-termmal acidic region, or C-
terminal Fratl-(129-274) containing only 
domain III, into ventral blastomeres of 4 cell 
stage embryos resulted in the development of 
tadpoles with secondary axes. C-terminal 
Fratl-(129-274) displayed the highest axis-
inducing activity, suggesting that 5' Fratl 
coding sequences may interfere with efficient 
translation or that the N-terminal region of 
Fratl contains domains that may modulate 
Fratl activity in Xenopus embryos. The latter 
possibility is supported by the presence of an 

89 



Chapter 5 

domain I 

Fratl 1 
Frat3 1 
FRAT1 1 
Frat2 
FRAT2 
Xl-GBP 1 
Dr-GBP 1 

Fratl 60 
Frat3 58 
FRÄT1 61 
Frat2 1 
FRAT2 
Xl-GBP 42 
Dr-GBP 39 

EEEEAGDEAEG.EEDDDS 
..EEAGDEAEG.EEDDNS 
EEEEAGEEAEGEEEEEDS 

DAAHDRP 
DARHDGP 

IHDAAXDSP 

. . . SfflLLE^MTSG . H G E M T B V A 

. NYlffl. . EHBTVP . S K E R J V 3 
IHNAQ.RTP 
SHH. . . .NN 

aPCAAPGPP...PPQVLAALPADKTGTPARRLLRPTGSAETGNPAPPGAVRCVLGERGR 
PCAAPGPP.PAPPRVLAALPADKAGAPARRLLRRAASAEAGDPAPPGAVRCVLGERGR 
PCGPPGAPLRAPGPLAAAVPADKARSPAVPLLLPPALAETVGPAPPGVLRCALGDRGR 

VRLLRPTGSAETGNLAPPGSVRCVLRERGR 

T H C S M A Y G A L K P VSRAGPSCSC 
39 sHsQKAMSRLHGFTGSKP NGGGGSSTGGQRCIRLRSRS 

Fratl 117 
Frat3 117 
FRAT1 121 
Frat2 31 
FRAT2 1 
Xl-GBP 64 
Dr-GBP 77 

CVAEISPAASA. .LPQQPGLDGPPGTGKLSTPQPLSGPCRRGWLRNAAAS 
CVAEIAPGASA...LPQQLGLEVSPGMGKVSIPQPLSGPCRRGWLRNAAAS 
CVAELATGPSALSPLPPQADLDGPPGAGKQGIPQPLSGPCRGGWLRGAAAS 
CVAEIAPGASA LPGPGRRGWLRGSVAS 
pVAEVAAGPSA LPGPCRRGWLRDAVTS 
PVCTPRGAAR HAQHHHHHSPRQQGTGGNKRLC 
IN PPGSSDQE 

domain III 

Fratl 173 
Frat3 173 
FRAT1 180 
Frat2 66 
FRAT2 36 
Xl-GBP 104 
Dr-GBP 95 

Fratl 233 
Frat3 232 
FRAT1 239 
Frat2 120 
FRAT2 90 
XLGBP 155 
DRGBP 145 

RLLQQRRGSQPETRTGDD 
RLQQQRRGSQSETRTSDG 
RLLQQRRGSQPETRTGD. 
HRIQQRRWTAGGARAAD. 
RLLQQRRWTQAGARAGD. 
GLGWGRCNCRKHAGTEEE 
...WDHFKSSWNRKKIDE 

HSRQLQLHAKL 
HSRGLQLQAKL 
HSRRLQLRAKL 
QRÄVAAVAATS 
QRAVAAVAATG 
H MAGES 
Q FSSE 

HPFLG 
HSFLG 

QRPLLG 

PLS 
PLS. 
PLS 
. .S 
. .S 

AJJVHEPPSPGSPRAACSDPGAFMGRAQLRTGDDLLVPGS 
"' VHEPPLPGSPRAACSDPGDCDGGHSSELGTTFLSLAANNPGGHSTNL 

VHEPPSPRSPRAACSDPGA.SGRAQLRTGDGVLVPGS 
GSGGGRSGPDSVTLQPSGAWL 

Al GPGGGRSGPDRIALQPSGSLL 
GSRRVSECTETTVQ 
KSVD 

DP.... 
SDHDI. 

274 
283 
279 
143 
113 
169 
149 

Figure 5 Homologous domains in FRAT/GBP proteins. Amino acid alignment of full length mouse Fratl and human 
FRAT1 (Jonkers et a l , 1997), mouse Frai3 (Jonkers et al., 1999), C-terminal mouse Frat2 and human FRAT2, full length 
Xenopus GBP (Xl-GBP; Yost et al., 199S) and zebrafish GBP (Dr-GBP; Sumoy et al., 1999). Sequences were aligned by 
the GCG program PILEUP (Devereux et al., 1984), and were further optimized. Identical amino acid residues in all proteins 
are in white on black background. The previously identified conserved domains I and III (Yost et al., 1998) arc indicated. 
The amino acid identity of domain I and III is 52% and 79%, respectively. The partial mouse Frat2 sequence is derived from 
the nucleotide sequence of l.M.A.G.E. clone 13S660, present m the EST division of Genbank (Lennon et al., 1996) 

N-termmal conserved domain I in all available 
FRAT/GBP sequences (Figure 5; Yost et al., 
1998). Full length and C-terminal Fratl, but not 
N-terminal Fratl, interacted with GSK-3ß as 

well as with a catalytically inactive GSK-
3ßK85M mutant in an in vitro binding assay, 
indicating that Fratl directly binds to GSK-3ß. 
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Furthermore, association between (C-terminal) 
Fratl and GSK-3ß was detected upon transient 
co-expression in COS-7 cells. The finding that 
both axis-duplicating and GSK-3 binding 
activities are contained in the C-terminal region 
ofFratl, supports the notion that domain III is 
functionally conserved among most, if not all, 
FRAT/GBP family members. Surprisingly, 
GSK-3 ß-bound Fratl appeared to be 
phosphorylated in vitro by GSK-3 ß. Although 
Fratl contains four possible GSK-3 ß 
phosphorylation sites (TLGGS36; SPAAS 134 
TGKLS152 and SQPEJ.185) that match the 
S/TXXXS/T consensus sequence (Plyte et al., 
1992), our results seem in contrast with the 
proposed GSK-3 inhibitory role of FRAT/GBP 
proteins. This apparent paradox might be 
explained by a model in which Fratl interferes 
only with substrate binding, and not with GSK-
3ß kinase activity per se. In this respect it is 
interesting to note that a 3 to 5-fold decrease in 
GSK-3 ß kinase activity upon 

autophosphorylation has been reported (Wang 
et al., 1994). It remains however possible that 
other protein kinases interact with and 
phosphorylate Myc-Frat, or that 
phosphorylation of Fratl by GSK-3ß occurs 
only in vitro, and not under more physiological 
conditions in vivo. 
Using a specific Fratl antiserum, association 
between endogenous Fratl and GSK-3ß could 
be demonstrated in protein extracts from 
normal thymus and from splenic T cell 
lymphomas, but not in extracts from normal 
spleen. In splenic T cell lymphomas, the levels 
of Fratl-bound GSK-3 ß correlated with the 
levels ofFratl RNA expression, indicating that 
overexpression of Fratl in T cell lymphomas 
results in an increased association of GSK-3ß 
with Fratl, and presumably a net decrease of 
GSK-3 kinase activity. These data suggest that 
also m late-stage lymphoma development, 
Fratl exerts its oncogenic activity through 
binding and presumably inhibiting the GSK-3 ß 
protein kinase. Although transient 

overexpression of Fratl in 293 cells results in 
activation of a TCF-luciferase reporter 
construct (T.C. Dale, personal communication), 
it remains to be established which components, 
downstream of GSK-3 ß, are affected in 
lymphomas with high levels of Fratl. In 
addition to ß-catenin, two of the known GSK-
3ß substrates could be considered as candidate 

downstream effectors of Fratl m late-stage 
lymphomas: the transcription factor NF-ATc 
and cyclin Dl (Beals et al., 1997; Diehl et al, 
1998). In activated lymphocytes, NT-AT 
responds to Ca2+ signals by translocating to 
the nucleus, where it participates m the 
activation of early immune response genes, 
such as those encoding interleukin-2 (IL-2), IL-
4, CD40L, and FasL (Rao et al., 1997). This 
nuclear translocation is mediated by direct 
dephosphorylation of NF-ATc by calcmeurin 
on critical serines present in all family 
members. GSK-3 has been shown to oppose 
Ca2+ -calcineurin signaling by phosphorylation 
of these serine residues, thereby promoting 
nuclear exit of NF-ATc (Beals et al., 1997). 
More recently, GSK-3 ß was found to promote 
proteosomal degradation and cytoplasmic 
redistribution of cyclin Dl by phosphorylation 
on a single threonine residue near the C-
terminus (Diehl et al, 1997; Diehl et al., 1998). 
In addition, transcription of cvclin Dl gene 
appears to be regulated by ß-catenin, at least in 
colon carcinoma cells (Tetsu and McCormick, 
1999). We have thus far obtained no evidence 
for NF-ATc or cyclin Dl as downstream 
effectors of Fratl in progressed lymphomas 
with a provirally activated Fratl allele. 
Analysis of mRNA expression of 38 different 
cytokines by RNase protection revealed no 
differences between primary lymphomas 
lacking a provirally activated Fratl allele, and 
the corresponding transplanted tumors with 
high Fratl mRNA expression due to a proviral 
insertion. Similarly, Western blot analysis of 
the same sets of primary and transplanted 
tumors showed no differences in cyclin Dl 
expression. We are currently testing whether 
Fratl overexpression in T lymphoma cell lines 
is capable of activating a TCF-luciferase 
reporter gene. 

Experimental Procedures 

Plasmids and RNA expression vectors 

Fratl-(l-274) (Srfi-Mscl fragment), Fratl-(1-129) 
(Srfi-Bgäl fragment) or Fratl-(129-274) (Bglll-Mscl 
fragment) were cloned in pGEX-3X (Pharmacia) for 
production in E.coli. For production of LacZ-Fratl 
fusion protein in E.coli, the Fratl-(l-274) Srfl-Mscl 
fragment was cloned in pUEX3 (Bressan and 
Stanley, 1987). The HA-GSK-3ß and HA-GSK-
3ßK85M expression vectors were kindly provided by 
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Dr T.Dale (Institute for Cancer Research, Sutton, 
U.K). The Myc-Fratl-(l-274), Myc-Fratl-(28-274) 
and Myc-Fratl-( 129-274) fusions were cloned 
downstream of the Myc tag in pGlomyc3, a 
modified pCDNA3.1 vector containing 5' and 3' 
globin UTRs. RNA for Xenopus injections was 
synthesized from the pGlomyc3 derived vectors, 
linearized with Xbal, using the T7 mMESSAGE 
mMACHINE kit (Ambion) according to the 
manufacturer's instructions. 

In vitro transcription, translation and binding 
assays 

Proteins were made by in vitro transcription and 
translation of the cDNAs using the TnT system 
(Promega Biotec) and [,5S]-methionine and cysteine 
(Amersham) according to the manufacturer's 
instructions. GST fusion proteins were purified from 
E. coli as described (Frangioni and Neel, 1993). For 
in vitro binding assays, 1/10 of the in vitro 
translation reaction was added to 5 ug of GST fusion 
protein or GST alone in a total volume of 1 ml 
NETN* (100 mM NaCl, 0.5% NP-40, 20 mM Tris-
HC1 pH 8.0, 1 mM EDTA, 1 mM PMSF, 0.5 mM 
DTT supplemented with Complete protease inhibitor 
coctail (Boehringer Mannheim)). After incubation at 
4°C for 6 hours, 20 (il of Glutathione Sepharose 4B 
(Pharmacia) was added in a total volume of 100 ul 
NETN* and rocked o/n at 4°C. Beads were washed 
four times in 500 ul NETN\ heated in SDS sample 
buffer (50 mM Tris-HCl pH 6.8, 10% glycerol, 3% 
SDS, 15% ß-mercaptoethanol, 5 mM EDTA, 5 mM 
EGTA, 0.01% bromophenol blue) and loaded on an 
SDS/12% Polyacrylamide gel. 

Antibodies 

Fratl antisera were raised in two independent rabbits 
(A10 and Al l ) against a LacZ-Fratl fusion protein 
produced in E. coli. Inclusion bodies were purified 
from bacteria by spinning the bacterial lysates made 
by sonication through a 40% sucrose cushion and 
used for immunizing rabbits. For booster injections, 
ureum-solubilized protein was used. After three 
rounds of immunization polyclonal serum was 
obtained. The A10 and All antisera were purified 
over a protein G-Sepharose column according to 
(Harlow and Lane, 1988), and stored at a 
concentration of 0.25 ug of protein per ul. All 
experiments were performed with the All 
antiserum. The GSK-3ß specific mouse monoclonal 
antibody was purchased from Transduction 
Laboratories. 

Cell culture and transfections 

COS-7 cells were maintained in Dulbecco's 
modified Eagle's medium (DMEM) supplemented 
with 10% fetal calf serum (FCS). Transfections were 
performed with DEAE-dextran, according to 
(Sambrook et al., 1989). Two days post-transfection. 
cells were harvested and lysed in NETN*. Protein 
concentrations were determined by the Bradford 
method with bovine serum albumin as a standard. 

Immunoprecipitations and immunoblotting 

For immunoprecipitations, cleared NETN' lysates 
(800 ug of protein) were incubated at 4°C for 2 
hours with 20 ul of protein G-Sepharose 
(Pharmacia) and 1 ug of anti-GSK-3ß antibody or 2 
ug of Fratl antiserum. The immunoprecipitates were 
subsequently washed four times in NETN', heated in 
SDS sample buffer and loaded on a SDS/12% 
Polyacrylamide gel. Transfer was performed 
overnight to nitrocellulose. The filter was blocked in 
TBS supplemented with 0.05% Tween-20 and 5% 
non-fat milk (Protifar. Nutricia) for 1 hour at room 
temperature, incubated with anti-GSK-3ß (dilution 
1:2500) or Fratl antiserum (dilution 1:1000) in 
TBS-Tween'1% milk for 2 hours at room 
temperature, and incubated with HRP-conjugated 
secondary antibody in TBS-Tween/1% milk. 
Visualization was performed by enhanced 
chemiluminescence (Amersham). 

GSK-3ß kinase assay 

Immune complex kinase assays were performed 
using [yJ2P]-ATP and myelin basic protein (MBP) as 
substrate according to (Wang et al., 1994). Briefly, 
immunoprecipitates were given an additional wash 
in 500 ul kinase reaction buffer (30 mM Tris-HCl 
pH 7.4, 10 mM MgCL, 100 ug/ml BSA, 5% 
glycerol, 1 mM DTT), and subsequently incubated 
for 20 minutes at 30°C in 20 pi of kinase reaction 
supplemented with 20 uM MBP and 2.5 uCi [y-'2P]-
ATP (3000 Ci/mmol). Reactions were terminated by 
adding 20 ul of twice concentrated SDS sample 
buffer. and loaded on an SDS 8-15% 
Polyacrylamide gradient gel. 
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