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The Fratl gene was first identified as a proto-
oncogene involved in progression of mouse T 
cell lymphomas. More recently, FRAT/GBP 
(GSK-3ß Binding Protein) family members 
have been recognized as critical components 
of the Wnt signal transduction pathway. In an 
attempt to gain more insight into the function 
of Fratl, we have generated /rafi-deficient 
mice in which most of the coding domain was 
replaced by a promoter-less (3-galactosidase 
reporter gene. While the pattern of LacZ 
expression in Fratllac^/+ mice indicated 
Fratl to be expressed in various neural and 
epithelial tissues, homozygous Fratl'ac^ mice 
were apparently normal, healthy and fertile. 
Tissues of homozygous Fratl^ac^ mice 
showed expression of a second mouse Frat 
gene, designated Frati. The Fratl and Frat3 
proteins are structurally and functionally 
very similar, since both Fratl and Frat3 are 
capable of inducing a secondary axis in 
Xenopus embryos. The overlapping 
expression patterns of Fratl and Frati during 
murine embryogenesis suggest that the 
apparent dispensability of Fratl for proper 
development may be due to the presence of a 
second mouse gene encoding a functional Frat 
protein. 

Key words: gene targeting; fetal development; 
Frat; knockout mice; proto-oncogenes; signal 
transduction; Wnt; Xenopus laevis 

Introduction 

The proto-oncogene Fratl was originally 
identified as a common site of proviral insertion 
in the transplanted tumors from Moloney murine 
leukemia vims (M-MuLV)-infected E[i-Piml or 
H2-K-A/VC transgenic mice (Jonkers et al., 
1997). Contrary to most common insertion sites, 

retroviral insertional mutagenesis of Fratl 
constitutes a relatively late event in M-MuLV-
induced lymphomagenesis, suggesting that 
proviral activation of Fratl contributes to 
malignancy of T cell lymphomas. Experiments 
with transgenic mice that overexpress Fratl m 
lymphoid tissues have shown that, while these 
mice did not exhibit an increased incidence of 
lymphomas, they were highly susceptible to M-
MuLV-induced lymphomagenesis (Jonkers et 
al., 1999). Moreover, a marked increase in 
lymphoma incidence was observed in 
FratllPiml doubly transgenic animals, 
compared to Pitnl transgenic littermates. These 
results underscore the role of Fratl in lymphoma 
progression: overexpression of Fratl in 
transgenic animals only confers a selective 
advantage to cells that already carry initiating 
mutations, introduced either via crosses with 
oncogene-bearing mice, or via retroviral 
insertional mutagenesis. Unexpectedly, 

overexpression of Fratl in transgenic mice also 
resulted in the development of focal 
glomerulosclerosis and nephrotic syndrome, 
characterized by proteinuria due to a glomerular 
sieving defect (Jonkers et al., 1999). Long-term 
bone marrow transplantation experiments 
showed that overexpression of Fratl in the 
hematopoietic compartment alone does not 
induce nephrotic syndrome, suggesting that the 
primary lesion is kidney-bome rather than 
blood-borne. The exact mechanism underlying 
this syndrome is at present unknown. 

Although to date the physiological role of 
mouse and human Fratl remains elusive, recent 
experiments m Xenopus laevis have shown that 
two FRAT/GBP gene family members can 
activate the Wnt signal transduction pathway in 
early embryos by inhibiting GSK-3 kinase 
activity (Yost et al., 1998). An Xgsk-3 binding 
protein, named GBP, was identified in a yeast 
two-hybrid screen, and subsequently found to be 
homologous to mouse Fratl and human FRATI 
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Figure 1 Generation of Eraf/-deficient mice. (A) The Fratl genomic locus (top), targeting vector (middle) and targeted allele 
(bottom). The Fratl gene contains a single protein-coding exon (black box) flanked by 5' and 3' untranslated regions (open 
boxes).The transcriptional orientation of Fratl, lacZ, and PGK-Hyg is denoted by arrows. The 5' and 3' probes are indicated by 
shaded boxes. BamHI (B), Kpnl (K) and EcoRV (V) sites are indicated. (B) Southern blot analysis of genomic DNA from wild 
type and targeted ES cell clones (EcoRV panels), and Southern blot analysis of genomic tail DNA from offspring of a 
heterozygous cross (BamHI panel). +/+, wild type; +/-, FratllacZ heterozygote: -/-, FratllacZ homozygote. (C) Northern blot 
analysis of poly(A)-selected RNA from various adult mouse tissues from a wild type mouse and a Fratl'acZ null mutant mouse 
with a Fratl ORF probe corresponding to the region deleted in the Fratl^acZ allele. The Frat3 transcripts in Fratl^acZ null 
mutant thymus and testis are indicated by arrows. The same blot was re-hybridized with an actin probe to check the amount and 
integrity of RNA loaded. Abbreviations: spleen (Sp), thymus (Th), brain (Br), testis (Te). 
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in three well-conserved domains (I-III). 
Expression of GBP caused acitvation of the 
downstream Wnt pathway in Xenopus embryos 
by inhibiting Xgsk-3 kinase activity, which in 
turn led to accumulation of ß-catenin. Both GBP 
and a C-terminal fragment of human FRAT2, 
containing only domain II and the Xgsk-3 
binding domain III, could induce formation of a 
secondary body axis when expressed in the 
ventral blastomeres of 2- to 16-cell stage 
Xenopus embryos, suggesting that the potential 
to function as a Wnt signaling component may 
be a common trait of FRAT/GBP family 
members. Importantly, depletion of GBP mRNA 
in stage VI Xenopus oocytes using antisense 
oligonucleotides resulted in development of 
ventralized embryos, demonstrating that 
maternal GBP RNA is required for the normal 
formation of the dorso-ventral axis in Xenopus. 
These results, combined with other experiments 
indicating that the normal Wnt components 
upstream of Xgsk-3 are not involved in axis 
formation (Sokol, 1996; Hoppler et al., 1996) 
define GBP as the most upstream member of the 
maternal Wnt pathway required for axis 
formation in Xenopus. Zebrafish also express a 
maternal GBP involved in dorsal-ventral axis 
formation, indicating that Wnt components 
upstream of ß-catenin are conserved between 
amphibians and teleosts (Sumoy et al, 1999). 

The fact that Fratl is expressed at low levels 
during murine embryogenesis from gestation 
day 10 onwards (Jonkers et al., 1997), hints at a 
role for Fratl in the developing embryo. In this 
study, we have generated a FratFac^ null allele 
to gain more insight into the function of Fratl. 
We find that homozygous Fratl^ac^ null 
mutants are healthy and indistinguishable from 
their wild type littermates, despite expression of 
Fratl in various neural and epithelial tissues of 
normal mouse embryos. We report here on the 
identification of a second mouse gene encoding 
a functional Frat protein, which shows an 
embryonic expression pattern that largely 
overlaps with expression of Fratl. Together 
these findings suggest possible complementation 
between both mouse Frat genes. 

Results 

Targeting of the Fratl gene and generation of 
praijlacZ homozygotes 

The Fratl targeting construct was designed to 
replace 660 nt of the Fratl coding sequences by 
a promoter-less ß-galactosidase (lacZ) reporter 
gene and a Hygromycm resistance (Hyg) gene 
(Figure 1A). The targeting construct was 
electroporated into embryonic stem (ES) cells, 
and homologous recombinants were obtained 
with a frequency of 1 in 7 Hygromycin B-
resistant colonies. Two independent clones were 
used to generate chimeric mice, which were bred 
with FVB mice to produce outbred strams, or 
with 129/OLA to obtain inbred mouse lines. 
Mice, homozygous for the targeted mutation in 
Fratl, were generated by intercrosses of 
heterozygous mice (Figure IB). To verify that 
the gene disruption created a null allele, we 
examined expression of Fratl mRNA in 
different tissues from FratFac^ homozygotes 
(Figure 1C). 

LacZ expression in Fratl tacZ heterozygotes 

LacZ expression patterns m embryos (E8.0-
E17.5) and different organs were examined by 
whole-mount LacZ staining, or by LacZ staining 
of cryosections (Figure 2). The earliest 
expression of ß-galactosidase, controlled by the 
Fratl promoter, was detected m the neural tube 
of E8-8.5 embryos (Figure 2A). In E12.5 
embryos, LacZ expression was found in the 
developing brain, spinal cord, spinal ganglia, 
olfactory pits, otic vesicles and the apical 
ectodermal ridge of the developing limb buds 
(Figure 2B). In older embryos, LacZ staining 
was also observed in vibrissae, and to a lesser 
extent in limb cartilage and vertebras. 
Examination of organs from neonates (Figure 
2C-E), adult mice (Figure 2F) and E 17.5 
embryos (Figure 2G-I) revealed LacZ expression 
in neuronal cells of the peripheral nervous 
system (ganglion layer of retina, auditory nerve 
cells, spinal and cranial ganglia) and the central 
nervous system (spinal cord, granular layer of 
the cerebellar cortex, cerebral cortex, thalamus 
and pallidum, hippocampus, gyrus dentatus, 
geniculate nuclei, lateral septal nuclei, cingulum, 
olfactory bulb). In addition, LacZ expression 
was found m different epithelial tissues (nasal 
cavities, trachea, bronchi, intestinal epithelium, 
tubular epithelium of the kidney). In testis, 
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Figure 2 Fratl expression in Fratl^ac^l+ embryos and newborns as revealed by lacZ staining. (A) Dorsal view of E8 embryo 
with Fratl expression in the neural fold. (B) Lateral view of E12.5 embryo. Strongest expression is in telencephalon, spinal 
cord, eye, and nasal pit. (C-E) Whole mount lacZ staining of a skinned and mid-sagital cleaved newborn. (C) In the head, 
expression is detected in residual skin, nasal cavities, epithelium of tongue, palate and trachea, molecular layer of cortex, 
hippocampus, trigeminal ganglion, spinal cord and intervertebral disks. (D) In the thorax, expression is restricted to bronchi and 
bronchioli. (E) Caudally, lacZ staining is located in spinal ganglia, intervertebral disks, skin, and epithelium of colon, rectum 
and urethra. (F) Whole mount LacZ staining of a coronal adult brain section, showing expression in the molecular layer of 
cortex, cingulum, hippocampus, geniculate nuclei, gyrus dentatus, and thalamic and hypothalamic nuclei. (G-I) lacZ staining 
and neutral red counterstaining of cryosections from El 7.5 embryos.(G) Spinal ganglion. (H) Lung, showing expression in 
broncheoli. (1) Eye, showing expression in the retina. Magnification: (G, H) 200 x, (I) 400 x. 

strong blue-staining was observed in 
seminiferous tubules (not shown). 

LacZ expression of hematopoietic cell 
populations in bone marrow, thymus and spleen 
was examined by triple color FACS analysis, 
using the fluorogenic ß-galactosidase substrate 
fluorescein-di-beta-D-galactopyranoside (FDG) 
in combination with phycoerythrin- and 
cychrome-labeled antibodies against different 
surface markers. As shown in figure 3, highest 
ß-galactosidase activity was detected in CD4+ 

thymocytes. No significant or low LacZ 
expression was observed in peripheral T cells, 
immature B cell populations in bone marrow, 
and mature B cell populations in spleen. 

Fratl-deficient mice are viable and display no 
obvious abnormalities 

While the pattern of LacZ expression in 
prat]lacZ/+ embryos and adult mice indicates 
that Fratl is expressed in various neural and 
epithelial tissues, Fratl^ac^ homozygotes 
showed no notable differences in size, behavior, 
life span, and reproductive ability when 
compared to heterozygous or wild type 
littermates. Both gross examination and 
histological analyses of all major organ systems 
did not reveal any abnormalities, and also a 
detailed analysis of LacZ expressing tissues 
from homozygous Fratl'ac^ null mutant 
embryos and adults showed no significant differ
ences, compared to heterozygous littermates. 
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Figure 3 Frail expression in T and B cells from Frall^ac^ heterozygotes and homozygotes. Flow-cytometric analysis of 
thymocytes or splenocytes, loaded with fluorescein-di-ß-galactopyranoside (FDG) and stained with saturating amounts of PE-
conjugated HSA- or CD4-specific mAb. In thymus, lacZ activity correlates with expression of CD4. In spleen, weak lacZ 
activity is detected in both T and B cell populations. 

The normal size and architecture of lymphoid 
organs, including bone marrow, thymus, spleen 
and lymph nodes, suggested lymphocyte 
populations to be normal. This was confirmed by 
two-color FACS analyses of bone marrow, 
thymocyte and splenocyte populations, using 
different combinations of labeled antibodies (see 
Experimental Procedures). Similarly, triple color 
flow cytometric analysis showed no differences 
between LacZ expressing thymocytes from 
Fratl'acZ homzygotes and Fratl'ac^ /+ 
heterozygotes. 

Cloning ofFrat3 

Northern blot analysis of polyA+ RNA derived 
from Fratl+'+ and Fratl''' tissues using a Fratl 
ORF probe corresponding to the deletion in the 
Fratl null allele, showed upon overexposure 
cross-hybridization of the probe to specific 
transcripts (Figure 1C, right panel). In Fratl''' 
thymus a transcript of approximately 2.7 kb was 
found, and in Fratl''' testis a shortened 

transcript of 1.5 kb was detected. As we had 
already cloned and sequenced a second genomic 
Frat locus corresponding to I.M.A.G.E. cDNA 
clone 406672 from the Soares 13.5-14.5 dpc 
mouse embryo cDNA library (Lennon et al., 
1996), we employed RT-PCR to confirm that the 
observed transcripts in Fratl'l' tissues 
originated from this second Frat locus (see 
Experimental Procedures). Two distinct 
transcription initiation sites were mapped using 
RNase protection, of which the most 5' site 
corresponds with position 1 of the sequence in 
Figure 4 (data not shown). We decided to name 
the second mouse Frat gene Frat3, to underscore 
the limited homology between this gene and the 
partially cloned human FRAT2 gene, which has a 
number of in frame deletions in the coding 
region, compared to Fratl, Frat3, and FRAT1 
(Yost et al., 1998). Whereas the amino acid 
identity between the cloned portion of FRAT2 
and FRAT1, Fratl or Frat3 is 66%, 62% or 60%, 
respectively, the amino acid identity between 
FratlandFrat3is81%. 
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cgctgtccctgcccggaggtcccagcttccgcqtcccagacttggcctccacccagcctgggcctccgccccgctcccttcccagacgcgtcccgccgag 

cccgcggtcaaccgagccgccaqtgacgcccgcacagccacggggacccgggcggggggagcc ATGccgtgccggagggaagaggaagccqgcgacgagg 

gacgctgcagctggacgccaggcacgatggcccggcctcgccatgtgctgccccgggccccccgcccgcgcccccgcgggtcctggccgcgctgccggcg 
T L Q L D A R H D G P A S P C A A P G P P P A P P R V L A A L P A 

gacaaggccggggccccagcgaggcggctgctacggagagcagcatLcagcggaggccggggaccctgcgcccccgggggctgtgcgctgcgtgctggggg 

G01 ggggatgggcaaagtaagcatcccgcagccactgtccggccggtgccggcggggttggctccggaacgcagccgcgtcccgccgccagcaacagcgacgc 

G M G K V S I P Q P L S G R C R R G W L R N A A A S R R Q Q Q R R 

701 ggatctcagtcggagacccgcacgagtgacggcgacccgccccgactcctgcagcagctccttctttcgggaaacctcatcaaggaggcggtgcggagac 

G S Q S E T R T S D G D P P R L L Q Q L L L S G N L I K E A V R R L 

801 ttcattcgcgagggctacagctacaggcaaagcttcccgctcactcgttcctcgggcctttgtcagccccggtgcatgagccgcccttgcccgggagccc 

H S R G L Q L Q A K L P A H S F L G P L S A P V H E F P L P C S P 

901 ccgtgcagcctgcagcgaccccggcgattgtgatggagggcacagctcagaactagggacgaccttcttgtccctggcagctaataaccccggtggccac 

R A A C S D P G D C D G G H S S E L G T T F L S L A A N N P G G H 

1001 agcaccaacctgTAGcaqggqaccaagggattcacccaggacttcacccaqctggggctcqtagaqgaaaataagctaaggaagacagccgaaatatcgc 

S T N L * 

1101 aaatATTTccatgagttgagaqacccaaactgtttgaaacccacgagttaggtttgtttCaaaacattatatagqtagaqcgcaccgcaggctqtcagca 

1201 ggacttcttttttttttttttttttttttttttttggcataatccaacctggtcgctacaattccgcgcagactctccgggccaagcaggcaccacgtgg 

1301 ccacggttcatgctctcagaatcgactcagccagctatggaacgaaggacaatgatccccgttacttgctgtactttccaggactggttcctgatccact 

1401 ttgggggaggaggaaacaggaatggacataATTTcggggagcgccccgaaatgccacacttgaacATTTtatgaeagttaaaagaccatctcatcttttg 

1501 cgqtgccggttccaatgtaaaacatqaqqtaccacgagaggacctcttggggctgaacagaagtaaccqtt ATTTgtctgtcccctcttttttcaaaggg 

1601 ttgctgtCagcagagtgttgaaagaaagctgtatcccatqagtgtagggcgggaggcagcagtgagcagtgctgggtqaCgqaaqggcatqgcqaaqcac 

1701 cgagtgaaccctcctgcctttgtaaagtgtgtttECaaaggacacccattcctctttgggttcaaggtcagtttcctqgqCqtgttccgtgtaqCgqgac 

1801 ttcagcacagacactaaccgaattgccttgctqaqggatgagcacactgctctgcaaatgctggagtccttitaagqgctctcctigccatctctgggaggg 

1901 ggtggggtggctggtattgagtgtctgtgcttctggcccgaggccccctccccttccactccttccagcttccagacaaactgcctggagacagCgactg 

2001 cattccaccttttcccccttgtttctgctgctctactcaagtggggtgacgctgctgatgctaggggcccggatagggggctggggaggcttctcataat 

2101 gggcactccagggacacagtctcacacaaccgtgtataatgagctctaggggccggctctgcggggaacagctgcagttctctggatagacagagttg AT 

2201 TTcctccttctgaccctcccccagctgtgecagctggcctttgtaagggaaggaaacctagtaaaaaatgtgaccttccaaaggggaaagctgcaggctt 

2301 tttgctattgtgactgtgaagtgcttcgaaatactgttcactctgagcaaccgttttcgttttagttttatggagttaatggcttgttcagcatccagat 

2401 qtgqctattgacaatatctactcttcgcaccagagtgactgqagttgtggctgtcctgatgataggATTTtaacttaactgaaataactgtttttgaata 

2501 aatgtattggttttttttccagaaaaaaaaaaqaatgaqaaqcccaaaagtataaaccaggacattccgtat ATTTtttacgagtctagtgaatgtatac 

2601 gaaaataaatgagacatqcgttcttagtgtgacaattat 

246 
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99 GDPAPPGAVRCVLGERGRLRGRAAPÏCVAEIAPGASALPQQLGLEVSPGM 
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199 QLVLSGNLIKEAVRRLHSRQLOLHAKLPAHPFLGPLSAPVHEPPSPGSPR 

198 QLLLSGNLIKEAVRRLHSRGLQLQAKLPAHSFLGPLSAPVHEPPLPGSPR 

249 AACSDPGAFMGRAQLRTGDDLLVPGS 274 
I I I M I I I I : I : 

240 AACSDPGDCDGGHSSELGTTFLSLAANNPGGHSTNL 283 

19.7 — 

Figure 4 (A) Mouse Frail cDNA and encoded polypeptide sequence. In the 3' UTR, AT degradation motifs are in uppercase 
and the two polyadenylation site consensus sequences are underlined. Two disitinct transcription initiation sites have been 
identified and mapped approximately. They are located near position I and position 50, respectively, of the depicted sequence. 
(B) Amino acid sequence alignment of mouse Fratl (top) and Frat3 (bottom). Alignment was performed with the GCG program 
GAP (Devereux et al., 1984). Identical residues are indicated by vertical lines, well conserved replacements that score better 
than 0.5 in the PAM-250 matrix by colons, and replacements scoring better than 0.1 by dots. (C) In vitro transcription and 
translation of mycFratl and mycFrat3 cDNA. T7 produced RNA was translated in vitro in the presence of [35s] methionine 
and cysteine. Proteins were separated on a 12% SDS-polyacrylamide gel and exposed to X-ray film after DMSO-PPO treatment. 
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The sequence of Frati reveals a structure 
very similar to Fratl (Figure 4A). Both genes 
are intronless, GC-rich, and contain a long 3' 
UTR with multiple copies of the mRNA 
destabilizing ATTT motif (Shaw and Kamen, 
1986). The high degree of homology between 
Fratl and Frati is also found at the nucleotide 
level. Similar percentages of sequence identity 
are found in the coding and non-coding regions, 
and the overall level of nucleotide identity 
between Fratl and Frati is 88%, suggesting that 
Fratl and Frati derive from a common ancestor 
gene through a relatively recent gene duplication 
event. Southern blot analysis of interspecies 
backcross hybrids with a 215 nt. Aflll probe, 
specific for the Frati locus, showed that Frati 
maps to chromosome 7 in a region of human 
15qll.2-ql2 homology (N.Copeland and 
N.Jenkins, personal communication). This 
chromosomal location is clearly different from 
Fratl, which maps to chromosome 19 (Jonkers 
et al., 1997). 

The polypeptide encoded by Frati consists 
of 283 amino acid residues, and has a predicted 
Mr of 29.5 kD. The Frat3 protein is slightly 
longer than Fratl due to a C-terminal frame-shift 
mutation (Figure 4B). Since in vitro transcription 
and translation of native Fratl or Frati cDNA 
proved to be very inefficient, myc-tagged cDNA 
clones of Fratl and Frati were used for in vitro 
transcription and translation in rabbit 
reticulocyte lysate (Figure 4C). The presence of 
multiple Frat3 translation products might be due 
to initiation at an internal AUG present in 
between the myc-tag and the Frati coding 
sequences, or alternatively to initiation at the 
Frati AUG. In vitro translated Fratl and Frat3 
migrate considerably slower on SDS-PAGE than 
marker proteins with a comparable Mr, probably 
because both proteins contain a number of 
positively charged residues (Fratl: 33/274, 
Frat3: 30/283). 

Fratl and Frati have similar biological 
activities 

To explore whether the protein encoded by 
Frati is functional, we made use of the recently 
published observation that both a Xenopus Frat 
homologue, named GBP, and human FRAT2 
can induce ectopic axis formation in Xenopus 
embryos when expressed in the ventral 
blastomeres at the 2-16 cell stage (Yost et al., 

1998). For this purpose, full length Fratl and 
Frati cDNAs were cloned in frame with a myc-
tag into the pGlomyc3 vector, which contains a 
phage T7 promoter as well as 5' and 3' globm 
UTRs to enhance mRNA stability in vivo. 
Capped mRNA synthesized in vitro from these 
constructs was injected subequatonally into one 
of the ventral blastomeres of 4 cell stage 
Xenopus embryos. Injection of 3 ng of Fratl or 
Frati RNA resulted in the development of 
embryos with split body axes, indicating 
duplication of anterior dorsal structures (Figure 
5). Secondary axis formation was observed both 
in embryos injected with Fratl RNA, and in 

Table 1. Secondary axis induction by Fratl and Frat3 

Ventral 
injections 

Developed embryos 

n 

2° axis 

n (%) 

No 2° axis 

n (%) 

1 ng Fratl 49 8(16) 41 (84) 

3 ng Fratl 38 13(34) 25 (66) 

1 ng Frat3 35 0(0) 35(100) 

3 ng Frat3 33 6(18) 27 (82) 

Uninjected 35 0(0) 35(100) 

Embryos were injected at the 4 cell stage in one ventral 
blastomere and screened for secondary axis induction at 
early tailbud stages. Numbers include complete and partial 
secondary axes 

Figure 5 Fratl and Frat3 induce secondary axis formation 
in Xenopus embryos. One ventral blastomere of 4 cell stage 
embryos was injected sub-equatorially with 3 ng of Fratl 
or Frati RNA, and embryos were allowed to develop for 3 
days. Representative control (left) and ventrally injected 
(right) stage-40 sibling embryos are shown. 
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embryos injected with Frati RNA, indicating 
that both Fratl and Frat3 can promote axis 
duplication, presumably through inhibition of 
Xgsk-3 (Table I). 

Fratl was originally identified as a common 
site of proviral integrations in transplanted T cell 
lymphomas from M-MuLV infected H2-K-Myc 
or E\i-Piml transgenic mice (Jonkers et al., 
1997). To determine whether proviral activation 
of Frat3 instead of Fratl had occurred in some 
of these advanced lymphomas, Southern blot 
analysis of a series of 25 primary and 47 
transplanted lymphomas from M-MuLV 
infected H2-K-Afyc mice was performed using 
the Frati specific Aflil probe. In none of these 
tumors proviral integrations were detected in the 
25 kb EcoKV restriction fragment recognized by 
this probe (data not shown). 

Fratl and Frati show overlapping expression 
patterns daring embryogenesis 

To investigate the possibility of functional 
redundancy between Fratl and Frati in mice, 
we asked whether overlap in Frat family gene 
expression exists during mouse embryogenesis. 
To this end, we performed in situ hybridization 
of El 1.5 wild type and homozygous Fratl'ac^ 
null mutant embryos with a Frati antisense 
ORF-probe. As expected, we observed cross-
hybridization of this probe with Fratl transcripts 
due to the high degree of nucleotide identity 
between Fratl and Frati, and the high GC-
content of the probe. Comparison of the Frati in 
situ hybridization pattern with the LacZ staining 
pattern of homozygous Fratl'ac^ null mutant 
embryos allowed us to determine expression 
patterns of Frati and Fratl, respectively (Figure 
6). Although whole mount RNA in situ 
hybridization and LacZ staining do not permit 
analysis at the cellular level, our results showed 
overlapping expression patterns of Fratl and 
Frati in several tissues, including spinal ganglia, 
eye, telencephalon and branchial arches (Figure 
6B and 6C). Embryonic Fratl expression in 
spinal ganglia and eye was confirmed by LacZ 
staining of cryosections from E17.5 FratUac^l+ 
embryos (Figure 2G and 21). 

Discussion 

The possibility to produce mice with alterations 
to specific endogenous genes by gene targeting 

in embryonic stem cells has become an 
important approach to analyze the function of 
individual genes in a mammalian organism. An 
unexpected outcome of several knockout studies 
involved the more or less complete absence of 
pathology in the resulting mice (Shastry, 1998; 
Shastry, 1994). Our analysis of Fratl null 
mutant mice showed comparable results. 
Homozygous Fratl^ac^ null mutant mice are 
viable and fertile and thrive well into adulthood. 
On the gross morphological level, tissues of 
neuronal and epithelial origin were not affected 
by the loss of Fratl, although these tissues show 
Fratl expression in Fratl'ac^ heterozygotes as 
revealed by LacZ staining. Similarly, no 
perturbations of the hematopoietic system were 
detected, despite high ß-galactosidase activity in 
CD4+ thymocytes. The embryonic expression 
pattern of Fratl is particularly intriguing in view 
of the recent implication of FRAT/GBP family 
members in Wnt signaling (Yost et al., 1998). 
Several components of the Wnt pathway show 
distinct expression patterns in neuronal and/or 
epithelial tissues of the developing mouse 
embryo. These include most of the ligand-
encoding Wnt genes (Parr and McMahon, 1994), 
the Frzb gene family members Frzbl, Sfrpl 
(Hoang et al., 1998) and Mfiz (Mayr et al., 
1997), all three known mouse dishevelled (Dvl) 
genes (Tsang et al, 1996; Klingensmith et al., 
1996; Sussman et al., 1994), the Axin-encodmg 
Fused gene (Zeng et al., 1997), the genes 
encoding Ape (Senda et al, 1998) and ß-catenin 
(Butz and Larue, 1995), and the HMG 
transcription factor genes Lefl and Tcf4 
(Korinek et al., 1998; Oosterwegel et al., 1993). 

The phenomenon of apparent dispensability 
of genes in the mouse germ line has been 
rationalized previously by assuming functional 
overlap among mammalian genes, and this 
notion has been supported in certain cases by the 
generation of double knockout mice (Shastry, 
1998). Our results indicate that a similar 
mechanism might underlie the lack of notable 
pathophysiological consequences of Fratl 
inactivation. Northern blot analysis and RT-PCR 
utilizing poly(A)-selected RNA from 
homozygous Fratl'ac^ null mutant mice has led 
to the discovery of a closely related gene, Frati. 
The genomic structure of Frat3 is highly similar 
to Fratl, considering that both genes are 
comprised of one exon with a relatively short 5' 
UTR, a single open reading frame, and a long 3' 
UTR containing multiple copies of the mRNA 
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Figure 6 Overlapping expression of Fratl and Frati in El 1.5 embryos. (A, B, D) Whole mount RNA in situ hybridization of 
El 1.5 embryos. Prior to hybridization the embryos were cleaved mid-sagitally, resulting in loss of most encephalic structures 
with the exception of telencephalon. (A) Hybridization of a wild type embryo with a Frati antisense probe revealed Frat 
expression in telencephalon, spinal cord, spinal ganglia, eye, branchial arches and limb buds. (B) Hybridization of a FratllacZ 

null mutant embryo with a Fraß antisense probe showed highest Frati expression in telencephalon spinal ganglia, eye, and 
branchial arches . (C) El 1.5 Fratl^acZ null mutant embryo showing LacZ staining in all encephalic structures, spinal cord, 
spinal ganglia, eye, branchial arches and limb buds. (D) Hybridization of a wild type embryo with a Frati sense probe. 

destabilizing ATTT motif. The proteins encoded 
by Fratl and Frati are highly similar: 81% of 
the residues are identical. The amino acid 
similarity extends well beyond the previously 
defined conserved domains I-III (Yost et al., 
1998), and suggests functional similarity. This 
was confirmed by analysis of Fratl and Frat3 
activity in Xenopus laevis. Both proteins are 
capable of inducing a second body axis when 
misexpressed in early Xenopus embryos. In 
contrast to Fratl however, Frat3 was not found 
to be activated by proviral integrations in 
progressed M-MuLV-induced T cell 
lymphomas. This might reflect a difference in 
the oncogenic capacity of Fratl and Frat3 in 

lymphomagenesis, or alternatively indicate that 
the Fratl locus is the preferred target for 
proviral integrations. The latter possibility 
implies that employing a proviral tagging and 
lymphoma transplantation protocol in Fratl null 
•mutant mice might result in proviral activation 
oîFrati. 

If complementary activity of Frat3 is the 
cause of the apparent dispensability of Fratl in 
embryonic and postnatal development, the 
expression patterns of both genes should at least 
partly overlap. Our data indicate that this is 
indeed the case. Comparison of the LacZ 
staining pattern with the Frati expression 
pattern as determined by RNA in situ 
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hybridization in homozygous Fratl^ac^ null 
mutant El 1.5 embryos, showed overlapping 
expression of Fratl and Fratl in several tissues, 
most notably in spinal ganglia, telencephalon 
and eye. Interestingly, a similar extensive 
overlap in embryonic expression patterns has 
been observed for the three known mouse 
homologues of Dishevelled, a cytoplasmic 
component of the Wnt pathway which, 
analogous to Frat and GBP, functions upstream 
of GSK-3 (Tsang et al., 1996; Klingensmith et 
al., 1996; Sussman et al., 1994). Since mice that 
are deficient for the Dishevelled homologue 
Dvll display a surprisingly subtle phenotype, 
namely reduced social interaction characterized 
by lack of whisker-trimming and abnormal 
nesting, also here functional redundancy has 
been suggested (Lijam et al., 1997). Such a 
functional overlap has recently been 
demonstrated for two members of the LEF-
1/TCF family of transcription factors that 
interact with ß-catenin to form an active bipartite 
transcription factor (Galceran et al., 1999). 
While no WntAike phenotype has been observed 
in mice deficient for either Lefl or Tcfl (van 
Genderen et al., 1994; Verbeek et al., 1995), null 
mutations in both Lefl and Tcfl, which are 
expressed in an overlapping pattern in the early 
mouse embryo, result in a Wnt3a'^'-\ike 
phenotype, namely impaired differentiation of 
paraxial mesoderm manifested by the formation 
of additional neural tubes (Galceran et al., 1999). 

In summary, we have cloned a novel mouse 
Frat gene family member, named Frat3, which 
is expressed in Fratl -deficient mice. Fratl and 
Fraß encode highly similar proteins that exert 
similar activities when misexpressed in early 
Xenopus embryos. The products of both genes 
may therefore fulfill overlapping functions 
which, together with the overlap in expression 
pattern, could enable Frat3 to compensate for the 
absence of Fratl. To gain more insight into the 
critical function of these genes, it will therefore 
be of interest to generate Fratl''' Frat3''~ 
double-mutant mice. 

Experimental Procedures 

Disruption of Fratl in mouse ES cells and generation 
of Frat I-deficient mice 

To construct the targeting vector, a 15 kb Kpn\ 
fragment from a 129/SV cosmid clone, encompassing 
the complete Fratl gene, was subcloned in the pSP72 

vector (Promega Biotec). Subsequently a 660-bp Srfl-
Nrul fragment of Fratl was replaced by a 5.2-kb 
fragment containing a promoter-less ß-galactosidase 
reporter gene supplemented with SV40 poly-
adenylation sequences, and the PGK-Hyg cassette (te 
Riele et al., 1990), destroying the Sifl and Nrul sites, 
but introducing EcoRV sites. The Fratl -homologous 
region (129/SV derived DNA) extends 9.7 kb to the 
left of the lacZ-FGK-Hyg cassette, and 4.7 kb to the 
right. Cloning procedures were performed according 
to (Sambrook et al., 1989). The targeting construct 
was separated from vector sequences by gel 
electrophoresis, purified by electroelution, and 
introduced into 129/OLA-derived ES cell line E14 by 
electroporation as described previously (te Riele et al., 
1992). Cells were reseeded on gelatin-coated 10 cm 
tissue culture dishes (1 x 107 cells per dish), and 
cultured in BRL conditioned medium as described 
(Smith and Hooper, 1987). Drug selection (150 
mg/ml Hygromycin B) was started after 24 hours, and 
after 10 days resistant colonies were randomly picked 
and expanded on mouse embryonic fibroblast feeder 
layers. Clones were grown to confluence in 1 well of a 
12-well dish; thereafter one-third of the cells were 
frozen in 10% DMSO in liquid nitrogen while the 
remainder of the cells was used to isolate genomic 
DNA. Southern blots containing £coRV-digested 
DNA were hybridized with a 5' external probe and a 
3' internal probe, respectively (Figure 1A). Out of 150 
Hygromycin B-resistant colonies, 18 cell lines were 
obtained which showed bands diagnostic for correct 
integration of the lacZ reporter gene and the Hyg 
marker. Two of these cell lines, n° 13 and 18, were 
karyotyped and used for injections into blastocysts. 
Chimeric mice were obtained by injecting 10-15 
pmtjlacZ/+ E s cells into C57BL/6 blastocysts. Male 
chimeras were crossed with wild type 129/OLA and 
FVB mice and found to transmit the mutated 
Fratl'acZ allele through the germ line. Homozygous 
Fratl'acZ mutant mice were obtained by intercrossing 
Fl heterozygotes. 

DNA and RNA analysis 

High molecular weight DNA was isolated from 
mouse tissues as described previously (van der Putten 
et al., 1979). Southern analysis was performed with 
10 mg of genomic DNA, digested with the 
appropriate restriction enzymes. Genotyping was 
performed by Southern blot analysis of tail-tip DNA, 
according to (Laird et al., 1991). Total RNA from 
different tissues was isolated according to 
(Chomczynski and Sacchi, 1987). Poly(A)* RNA was 
isolated from total RNA by using a biotinylated 
oligo(dT) probe in conjunction with streptavidin-
coated paramagnetic particles (Promega Biotec). For 
Northern analysis, 5 mg of poly(A)-selected RNA was 
used. Blotting and hybridization procedures were as 
described (Sambrook et al., 1989). 

DNA probes 

Probes used to distinguish between wild type and 
targeted Fratl alleles included P5', an end-clone from 
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the original Fratl cosmid (450 bp Sphl fragment), and 
the previously described P6 probe (Jonkers et al., 
1997). The Fratl probe used for Northern analysis 
was a 660 bp Srfl-Nrul coding domain fragment, 
corresponding to the region which has been deleted in 
the FratIlacZ null allele. The hamster ß-actin probe 
has been described previously (Dodemont et al., 
1982). The 215 nt. Aflll probe, specific for the Fraß 
locus, was derived from the 6 kb genomic EcoKl 
fragment encompassing the complete Fratl gene, and 
is located 3' of Fratl. The sequence of the Aflll probe 
is identical to three mouse ESTs from Soares mouse 
lymph node NbMLN cDNA clone 653004 (Lennon et 
al., 1996), suggesting the presence of a gene 
immediately downstream of Fratl. 

Flow cytometric analysis 

Upon euthanasia, thymi and spleens were dissected 
and single cell suspensions were prepared by mincing 
the tissues through a nylon mesh. Bone marrow cells 
were flushed from femurs and tibiae. Single cells were 
kept at 4°C in PBA (phosphate-buffered saline with 
1% BSA and 0.1% sodium azide). Approximately 106 

cells were incubated in 20 ml PBA and saturating 
amounts of monoclonal antibody, in 96-well plates. 
After 30 minutes incubation at 4°C, the cells were 
washed twice with PBA and incubated with 
streptavidin-phycoerythrin for biotinylated antibodies, 
or with PBA. The following antibodies were used: 
anti-CD3g (clone 145-2C11), anti-CD4 (clone RM4-
5), anti-CD8 (clone 53-6.7), anti-CD24 (HSA, clone 
Ml/69), anti-CD43 (clone S7), anti-CD45R (B220, 
clone 6B2), and anti-TCRß (clone H57-597), all from 
Pharmingen (San Diego, CA), and anti-slg (goat anti-
mouse immunoglobulin from Tago, Burlmgame, CA). 

For triple color FACS analysis, intracellular ß-
galactosidase activity was measured by flow 
cytometry using the fluorogenic substrate fluorescein-
di-beta-D-galactopyranoside (FDG; Molecular 
Probes), as described by (Berger et al, 1994). Briefly, 
ÎO6 cells were incubated with a hypotonic solution 
containing 1 mM FDG for 50 seconds at 37°C. Excess 
RPMI was added to restore iso-osmotic conditions, 
and the enzymatic reaction was allowed to proceed on 
ice for 2 hours. During this period, the cells were 
incubated with combinations of biotinylated and 
phycoerythrin-Iabeled monoclonal antibodies as 
described above. Biotin reagents were revealed by 
cychrome-streptavidin. 

Histological analysis 

Tissues were isolated from mice and directly fixed in 
Harrisson's fixative (4% v/v formol, 40% v/v ethanol, 
0.43% w/v NaCl and 5% v/v acetic acid) for at least 
24 hours. Fixed tissues were dehydrated, embedded in 
Histowax, cut at 5 urn sections and stained with 
hematoxylin and eosin stain. For LacZ staining, whole 
embryos were fixed in 1% formaldehyde, 0.2% 
glutaraldehyde, and 0.02% NP-40 in phosphate-
buffered saline (PBS) for at least 30 min at 4°C, 
followed by two washes with PBS at room 
temperature. Staining was carried out overnight at 

37°C in PBS containing 1 mg/ml X-gal, 5 mM 
K^FefCN),,, 5 mM K4Fe(CN)6, 2 mM MgCl2, and 
0.02% NP-40. Stained embryos were then washed 
twice with PBS and post-fixed overnight with 4% 
paraformaldehyde at 4°C. Frozen sections were 
stained for ß-galactosidase activity according to 
(Hoganetal, 1994). 

In situ hybridizations of whole mount embryos 
were performed with digoxigenin (DIG)-labeled RNA 
probes, as described elsewhere (Wilkinson, 1992), 
with the following modifications: the pre-absorption 
of the antibody with embryo powder was performed 
for at least 4 hours instead of 1 hour; and in addition 
to the five 1-hour post-antibody washes three 
additional 24-hour wash steps were performed. The 
Fratl DIG-labeled antisense and sense RNA probes 
were transcribed by T7 and T3 RNA polymerase, 
respectively, from a 744 bp Mlul-Hindlll Fratl 
cDNA fragment cloned in pBluescnpt SK-. 

Cloning of Fratl 

The Frat3 locus was cloned from a size-selected 
library of £coRI-digested mouse DNA. A A.ZAPII 
phage clone, containing a 6 kb EcoRl fragment that 
cross-hybridized with the Fratl probe 0.45ftr 
(Jonkers et al, 1997), was isolated and used to 
generate various subclones for sequencing. 
Sequencing of Fratl genomic clones was performed 
on both double-stranded templates and Ml3 single-
stranded templates, using a Pharmacia T7 sequencing 
kit. 

For RT-PCR, polyA+ RNA was isolated from 
Fratl'- spleen and used for synthesis of first strand 
cDNA using SuperScript II RNase reverse 
transcriptase (GibcoBRL) and a (dT),5 primer or a 
Fratl specific RT primer (5'-
TGGAAGGTCACATTTTTTACTAGG-3'). Fratl 
cDNA products were amplified with Taq DNA 
polymerase using a nested PCR strategy. Both PCR 
reactions comprised 30 cycles of 1 min 94°C, 1 min 
55°C and 2 min 72°C. For the first reaction, primers 
FWD (5'-CGAGACGCTGCAGCTGGACGC-3') and 
REVB (5'-AACTCTGTCTATCCAGAGAACTGC-
3') were used. For the second reaction, primers 
FWDG (5'-CGGCGCCCTACTGTGTGG-3') and 
REVC (5,-CTGCAGCTGTTCCCCGCAGAGC-3,) 
were used. PCR products were cloned into pCR2.1 
(Invitrogen) and sequenced. 

RNase protection for mapping of the approximate 
Fraß transcription start site was performed using a 
commercially available in vitro transcription and RPA 
system (Pharmingen, San Diego, CA) according to the 
manufacturer's instructions. A 397 bp genomic 
EcoRl-Pstl fragment containing 5' Fratl sequences 
and part of the Fratl promoter region was used for the 
generation of a radiolabeled antisense RNA probe. 
This probe was allowed to hybridize with total RNA 
from Fratl' testis and thymus. Upon RNase digestion 
of single stranded RNA, and separation of the 
products on a Polyacrylamide gel, two protected 
fragments of approximately 190 nt and 240 nt were 
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detected, indicating two distinct transcription 
initiation sites. 

In vitro transcription and translation 

The Myc-Fratl and Myc-Frat3 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. Coupled in vitro 
transcription and translation of the same vectors was 
performed in rabbit reticulocyte lysates using the TnT 
system (Promega) with T7 RNA polymerase, and 
[35S}-methionine and cysteine, according to the 
manufacturer's instructions. One tenth of each reaction 
was heated in SDS sample buffer and separated on a 
SDS/12% Polyacrylamide gel. 

Database accession numbers 

The GenBank accession number for the sequence 
reported in this paper is AF148857. 
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