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Abstract

TAK1 binding proteinl (TAB1) binds and induces autophosphrylation of TGF-f activating kinase
(TAK1). TAK1, a mitogen activated kinase kinase kinase, is involving in several distinct signaling
pathways including non-Smad pathways for TGF- superfamily members and inflammatory
responses caused by cytokines. Conventional disruption of the murine Tab1 gene results in late
gestation lethality showing intraventricular septum defects and under developed lung alveoli. To gain
a better understanding of the roles of TABL in different tissues at different stages of development
and in pathological conditions, we generated Tabl floxed mice in which loxP sites flank exons 9 and
10 to remove the C-terminal region of TAB1 protein necessary for activation of TAK1. We
demonstrate that Cre-mediated recombination using Sox2-Cre, a Cre line expressed in the epiblast
during early embryogenesis, results in deletion of the gene and protein. These homozygous Cre-
recombined null embryos display an identical phenotype to conventional null embryos. This animal
model will be useful to reveal distinct roles of TAB1 in different tissues at different stages.

Introduction

The transforming growth factor-beta (TGF-B) superfamily members including bone
morphogenetic proteins (BMPs), growth and differentiation factors (GDFs), nodal /lefties,
activins, and Mullerian inhibitory substance, exert a wide range of functions during early
patterning of embryos, organogenesis, and physiological regulations after birth (de Caestecker,
2004; Kishigami and Mishina, 2005). Numerous reports indicate that Smad proteins are
involving in the signaling pathway activated by members of the TGF-B superfamily (Miyazono
etal., 2005; Whitman, 1998). In addition to the canonical signaling pathway mediated by Smad
proteins, it is shown that mitogen-activated protein (MAP) kinase pathways are involved in
the TGF-p superfamily signaling pathways (Aubin et al., 2004; Kretzschmar et al., 1997). The
MAP kinase pathway is a conserved eukaryotic signaling module regulated through a three-
tiered kinase cascade composed of MAP kinase kinase kinase (MAPKKK), MAP kinase kinase
(MAPKK), and MAP kinase (MAPK) (Johnson and Lapadat, 2002; Pearson et al., 2001).
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TGF-pB Activation Kinase 1 (TAKL) was originally found as a MAPKKK of which activity is
upregulated by TGF-p treatment (Yamaguchi et al., 1995). TAK1 participates in the non-Smad
pathway by activating p38 and SnoN degradation (Hanafusa et al., 1999; Kajino et al., 2007).
Besides the TGF-p signaling pathway, TAK1 is involved in several innate immune signaling
pathways including cytokines TNF and IL-1, Toll-like receptors and intracellular bacterial
sensor NOD-like receptor NOD1/2 pathways (Hasegawa et al., 2008; Kim et al., 2008;
Ninomiya-Tsuji et al., 1999; Shim et al., 2005; Takaesu et al., 2003). The innate stimuli-
activated TAK1 also induces activation of transcription factor AP-1 through MAPKS such as
c-Jun N-terminal kinase (JNK) and p38. It has been reported that TAK1 is critically involved
in stress-activated cell signaling (Chen et al., 2002; Singhirunnusorn et al., 2005) including
osmotic stress-induced JNK activation (Huangfu et al., 2006).

Using TAK1 protein as a bait, TAK1 binding protein 1 (TAB1, Map3k7ip1) (Shibuya et al.,
1996) and TAK1 binding protein 2/3 (TAB2/3) (Ishitani et al., 2003; Takaesu et al., 2000) are
previously identified. TAB2 and its homolog TAB3 function as an adaptor tethering TAK1 to
the IKK complex for ubiquitination (Kanayama et al., 2004; Kishida et al., 2005). In cultured
cells, TABL1 is constitutively associated with endogenous TAK1 (Kishimoto et al., 2000).
TABL1 induces TAK1 autophosphorylation and thereby catalytically activates TAK1 kinase
activity in vitro (Kishimoto et al., 2000). Among a total of 502 amino acid residues of TAB1,
only 16 residues in the C-terminal region (480-495 aa.) are essential for TAK1-TAB1 binding,
and 68 residues (437-504 aa.) are sufficient for the autophosphorylation/activation of TAK1
following the binding (Ono et al., 2001). It was demonstrated that the TAK1-TAB1 complex
interacts with BMP receptors via X-linked inhibitor of apoptosis protein (IAP), supporting
further the idea that TAK1-TABL1 is involved in mediating BMP signaling as a non-Smad
pathway (Yamaguchi et al., 1999).

TABL is encoded by 11 exons on chromosome 15 in mice. Previously, Tabl-deficient mice
were generated by deleting exon 9 and 10 of Tabl, which encode the C-terminal region of
TAB1 (308-434 aa.) (Komatsu et al., 2002). An alternative splicing between exon 8 and 11, if
present, causes flameshift and the aforementioned domain necessary for TAK1 binding and
subsequent activation is not produced (Komatsu et al., 2002; Ono et al., 2001). Therefore,
TABL1 protein without the C-terminus (TAB1AC), if present in the homozygous mutants,
should be functionally inactive regarding TAK1-mediated signaling pathways. Homozygous
mice for the Tabl-deficient allele were embryonic lethal with several developmental
dysregulations including failure of cardiovascular morphogenesis (Komatsu et al., 2002). Until
mid gestation, Tab1l mutant embryos develop without overt abnormalities, however, they start
to show a bloated appearance as early as E15.5 and die at term (Komatsu et al., 2002).
Histological observation reveal that thinner ventricular wall and defects in intra ventricular
septum formation in the heart as well as degeneration of terminal bud epithelium and failure
of expansion of alveoli in the lung (Komatsu et al., 2002). It is notable that 1d2 expression in
the lung epithelium is downregulated in the mutant embryos and response to TGF-f treatment
is impaired in the Tab1 deficient mouse embryonic fibroblasts (MEFs) suggesting the
involvement of TAB1 in TGF-$ and BMP pathways (Komatsu et al., 2002).

Itisan interesting contrast that Tak1 conventional knockout embryos are lethal by E9.5 (Jadrich
et al., 2006; Sato et al., 2005; Shim et al., 2005), whereas Tab1 knockout embryos are grossly
normal by embryonic day 14.5 (E14.5) (Komatsu et al., 2002). These facts prompted us to
speculate that TAB1 is essential for some, but not all, of the TAK1-mediated signaling
pathways. Indeed, studies using TAB1 deficient MEFs reported that TNF-, and IL-1-induced
activation of NF-kB, JNK and p38 are intact in TAB1-deficient MEFs (Shim et al., 2005).

Cell type-specific gene ablation by Cre-loxP technology is particularly useful for determining
the distinct tissue-specific function of a gene that is lethal when deleted (Kwan, 2002). To
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overcome the perinatal lethality occurring with the conventional deletion of the Tab1l locus,
and elucidate further the functions of TAB1 in BMP signaling pathways and other cytokine
signaling pathways in adult mice, we generated a conditional allele of Tab1l using Cre-loxP
technology.

Results and Discussion

Generation of a universal vector for conditional gene targeting

To facilitate vector construction for gene targeting to generate a conditional allele, first we
prepared a vector which allows for directional cloning of PCR amplified genomic fragments.
A Pgk-neo selection cassette was flanked by FRT sites (Dymecki, 1996) and two loxP sites
were placed outside of the FRT-Pgk-neo-FRT cassette. A MC-DTA cassette (Yagi et al.,
1993) was also included for negative selection. Multicloning sites for a series of rare-cutting
enzymes were added in 3 places; between the DTA cassette and one of the loxP site, the FRT-
Pgk-neo-FRT cassette and the other loxP site, and the other loxP site and the vector backbone
(Fig. 1). These multicloning sites allow introducing genomic PCR products amplified with
primers having corresponding enzyme recognition sequences at the ends of each primer. Each
multicloning site has at least 2 cut sites that allow directional cloning, if applicable.
Furthermore, we added three more rare cutter sites for linearizing targeting vectors prior to
electroporation to ES cells. We named this all-in-one type vector the Multiple Amplicon
Insertion Knock Out (MAIKO) vector.

Generation of the conditional allele of Tab1l

Our targeting vector was designed to introduce one loxP site and an FRT-Pgkneo-FRT cassette
to intron 8 and the other loxP to intron 10 (Fig. 1 and 2). By this way, exon 9 and 10, the same
exons we previously deleted by a conventional gene knockout method, were flanked by the
loxP sites. Cre-dependent DNA recombination results in the deletion of the C-terminus of the
TABL1 protein essential for TAK1 binding and subsequent activation (Ono et al., 2001).
Therefore, the protein product from the Cre-recombined allele, if present, should be
functionally inactive regarding TAK1-mediated signaling pathways. After positive and
negative selection with G418 and DT-A, correctly targeted ES cell clones were screened by
Southern blot analysis (Fig. 2). Targeted ES clones were injected into blastocysts for germline
transmission. Note that we used FRT sites to flank the neo cassette for an option to remove the
neo gene with Flp recombinase.

Confirmation of deletion of Tabl allele using Cre-loxP approach

Correct targeting events were confirmed by Southern blotting using 5’ and 3’ external probes,
and the presence of the 5’ loxP site was confirmed by the 3’ external probe for the presence of
an 8 kb band with EcoRlI digestion (Fig. 2A,B). The targeted allele was designated as the floxP
+neo (fn) allele. After confirmation of germline transmission, F1 offspring heterozygous for
fnwere intercrossed to generate mice homozygous for fn. The resulting F2 showed the expected
ratio (+/+:fn/+:fn/fn = 22:55:20, 12 litters) of offspring. In addition, F1 offspring heterozygous
for fn were bred with ROSA26-FIp mice, containing FLP recombinase, to remove the neo
cassette through recombination at the FRT site. Removal of the neo was confirmed by PCR
(Fig. 3). The targeted allele without the neo cassette was designated floxP (fx) allele.
Intercrosses between mice heterozygous for the fx allele generated the expected ratio of the
mice homozygous for fx (+/+:fx/+:fx/fx = 10:20:12). To verify whether the loxP sites are
functional, mice heterozygous for fn were bred with Sox2-Cre transgenic mice, producing Cre
in the epiblast cells, to remove the floxed exon 9 and 10. Offspring were analyzed by PCR
confirmation of Cre-dependent deletion as well as the efficiency of Cre recombination of the
floxed allele in vivo (Fig. 3). The Cre-recombined allele was designated as AE allele.
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Next we examined the functionality of the conditional (fn and fx) alleles by generating
heterozygous mice for fn or fx allele over the Cre-recombined allele. Breeding between
heterozygous mice for the Cre-recombined allele (4E/+) and the allele homozygous for fx (fx/
fX) resulted in an expected ratio of pups at the weaning age (fx/+:fx/4E = 19:25, 6 litters).
However, we failed to get fn/4E mice at weaning stage from the breeding between heterozygous
mice for Cre-recombined allele (4E/+) and homozygous allele for fn (fn/fn) (fn/+:fn/4E = 18:0,
4 litters). These results suggest that the presence of the neo cassette in the Tabl locus makes
the gene hypomorphic. Indeed, expression levels of TAB1 from the fn allele is much lower
than that from the wild-type allele and the fx allele in keratinocytes isolated from newborn skin
(supplemental figure 1). Phenotypic analyses of the fn/4E embryos would be informative if
they showed less severe phenotypes than these found in previously reported conventional
knockout embryos and homozygous mice for Cre-recombined allele (see below).

Similarities of embryonic phenotype in both the conventional Tab1 null and the Cre-
recombined Tab1 mice

Mice that were heterozygous for the Cre-recombined allele were intercrossed to obtain mice
homozygous for Cre-recombined Tab1 allele (AE/4E). The phenotype obtained from this cross
was compared to that in the conventional Tabl null mice previously reported (Komatsu et
al., 2002).

As is evident in Fig. 4, homozygous mice for the Cre-recombined allele developed similar
developmental morphological abnormalities at E16.5 similar to abnormalities of conventional
Tabl null embryos, including edema and hemorrhage (Fig.4 A, B). Western blot using an
antibody against C-terminal region of TAB1 failed to detect presence of TABL in extracts from
AEIAE embryos (Fig. 4C). Histological examination revealed that embryos homozygous for
the Cre recombined allele developed similar intraventricular septum defects (VSD) (Fig. 4D-
F) and failure of expansion of alveoli in the lung (Fig. 4G-L) found in embryos homozygous
for conventionally targeted allele.

It has been reported that TABL1 is involved in BMP signaling for mesoderm induction in
Xenopus (Shibuya et al., 1998) and epithelial-mesenchymal interaction of lung morphogenesis
in mouse embryos (Komatsu et al., 2002). To further elucidate the involvement of TAB1 in
BMP signaling pathways, we examined the expression pattern of Id1 in intestine. 1d genes are
putative targets of BMP signals (Hollnagel et al., 1999). It is reported that Bmp2 and Bmp4 are
expressed in intestinal mesenchyme (Karlsson et al., 2000). Especially, 1d1 is known as a target
gene of BMP4 expressing in mesenchymal tissues of intestine. Thus, we hypothesized that
Id1 gene function may be aberrant in the intestinal mesenchyme of Tab1l mutant embryos. As
expected, expression of 1d1 in mesenchymal components of intestine was severely reduced in
the Tabl1 conventional null embryos at E16.5 (Fig. 5A). In addition, Id1 expression level was
upregulated by treatment of control MEF cells with BMP4 at 10 ng/ml and 20 ng/ml (Fig. 5B
and data not shown), whereas expression of 1d1 was not changed when conventional Tab1 null
MEFs were treated with BMP4 (Fig. 5B). These results suggest that TAB1/TAK1 is involving
in BMP signaling pathways to regulate downstream target genes such as Id1.

It is a formal possibility that a transcript from exon 1 to exon 8 is present and the N-terminal
region of TAB1 encoded by these exons is produced. Indeed, we were able to detect such
transcripts by RT-PCR in embryos homozygous for the Cre-recombined allele as well as in
embryos homozygous for the conventionally targeted allele (supplemental figure 2 and data
not shown, respectively). Unfortunately, the only TAB1 antibody available recognizes the C-
terminal region and not the N-terminus of TAB1. However, as mentioned above, domains
necessary for TAK1 binding and subsequent activation are located in the C-terminus of TAB1
(Ono et al., 2001) encoded by exon 11, and removal of exon 9 and 10 by Cre-dependent
recombination causes a frame shift that prevents expression of a functional C-terminal domain
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(Fig. 4C). Therefore, it is likely that the floxed mouse line present here can be applied to inactive
TAK1-mediated signaling pathways in a tissue-specific manner.

In conclusion, we have generated a conditional Tab1 allele and shown that homozygous general
deletion of exon 9 and 10 most likely leads to absence of C-terminal region of the TAB1 protein
that is essential for binding to TAKL1 for its activation, accompanied by embryonic lethality
exemplified as VSD. In the future, crossing this floxed line with transgenic mice that express
Cre-recombinase in a tissue-specific manner will facilitate studies determining the distinct roles
of TABL indifferent tissues where it is normally expressed, and allow determination of relative
importance in different signaling pathways mediated by TAK1.

MATERIALS AND METHODS

Generation of a Tab1-floxed allele

A 3.6-kb fragment containing exon 8 was PCR amplified from 129SvEv genomic DNA with
Phusion polymerase (New England Biolabs, Inc. MA) using the following primers; 5'-
GTGgcgatcgcCTACAGTGGCAGGGTTACCATGGA-3 and 5'-
GTGgeggecgcGCTGTTCAGatCtATCCTTCTGGAACGCACTGA-3'. ASiSl and Notl sites
are shown in lower case. A 1.7-kb fragment containing exon 9 and 10 was also PCR amplified
using the following primers; 5'- GCGttaattaaCTCAGGTTGCAATTGACTGGCAGA-3' and
5-CTCatcgatGAATTCCCACCTTGCCCTGAATCTCCACTT-3". Pacl and Clal sites are
shown in lower case. A 5.8-kb fragment containing exon 11 was PCR amplified using the
following primers; 5’-GTGggccggccCTTTCATCCATGGGCAGCTTCTCT-3' and 5'-
GTGggcgcgccGAGAGGTTGGCTCTAGTTTGTGCT-3'. Fsel and Ascl sites are shown in
lower case. After amplification, these fragments were digested with restriction enzymes and
ligated into the corresponding sites in the MAIKO vector (Fig. 1). The positions of the probes
used for Southern analysis are shown in Fig. 2A. The sizes of the restriction fragments detected
by these probes in WT and targeted DNA are shown above or below the locus. A 3’ loxP site
is marked with an EcoRl site.

Linearized targeting vector was electroporated into 1.0 x 107 AB2.2 ES cells (Lexicon
Genetics) and 1.6 x 107 clone A3 of UG347 ES cells, which we recently established from
129SvEv blastocysts. Three hundred G418-resistant ES cell clones from each cell line, a total
of 600 clones, were initially screened by Southern blot and 33 correctly targeted ES cell clones
were identified. Twenty-four of them were confirmed to possess the loxP site in intron 10 (fn/
+). The ratio of these two types of clones obtained without or with the loxP site is close to 1:3
presumably is because the loxP site in intron 10 divides the right homologous arm in about a
1:3 ratio (Cheah et al., 2000). The targeted ES clones were injected into blastocysts from
C57BL/6 albino mice. The resulting chimeras were bred to C57BL/6 females and F1 agouti
offspring were genotyped by Southern analyses. Five targeted clones were used for injection
and two of them underwent germline transmission.

Subsequently, mice heterozygous for Tab1 floxed allele with a Pgk-neo cassette (fn/+) were

bred with Flipper mice (Farley et al., 2000) to remove the neo cassette (fx/+). The fn/+ mice
also were bred with Sox2-Cre mice (Hayashi et al., 2002) to delete exon 9 and 10 to generate
a recombined null allele (4E/+).

All animal experiments were conducted according to the U.S. Public Health Service policy on
the humane care and use of animals. All animal procedures used in this study were approved
by the National Institute of Environmental Health Sciences Institutional Animal Care and Use
Committee.
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Genotype analyses

Genotypes were determined by Southern blot with 5’ and 3’ external probes as shown in Fig.
2A. For PCR analyses (Fig. 3), primers A and B were used to amplify fragments from wildtype
(232 bp) and the Tab1 floxed alleles (267 bp for both fn and fx). Primers C and D were also
used to amplify fragments from wildtype (209 bp) and Tab1 floxed allele after removal of the
neo cassette (588 bp, fx). Primers B and C were used to detect Cre-dependent deletion of the
floxed region (384 bp for 4E). Primers; A (5'-CCAATTCTCCACCCTCACCTT-3), B (5'-
CTACAGATGCATGAAGCCAGT-3'), C (5-GTAACCTTGTACCCGTGAGTT-3'), D (5-
GCTGTGTAGGAGACTTAGAGA-3)).

In situ hybridization, Western blot, MEF culture, isolation of keratinocytes

Section in situ hybridization was performed by using standard procedures (Komatsu et al.,
2002) with a digoxigenin-labeled RNA probes for 1d1 (kindly provided by Dr. Hal Weintraub).
Tabl MEF cells were established from E15.5 homozygous Tabl mouse embryos. Tabl MEF
cells were grown in Dulbecco’s modified Eagle's medium (DMEM) with 10 % fetal bovine
serum. Keratinocytes derived from the skin of newborn mice were cultured in Eagle's minimal
essential medium supplemented with 4% Chelex-treated bovine growth serum, 10 ug/mL
human epidermal growth factor (Invitrogen), and 0.05 mM calcium chloride (Omori et al.,
JBC). Recombinant human BMP4 was purchased from R&D. Whole protein lysates was
extracted from E16.5 embryos and subjected to Western blot using polyclonal antibodies
against TAK1 and TABL1 described previously (Ninomiya-Tsuji et al., 1999).

Reverse-transcription PCR

Total RNA was prepared from MEFs using the RNeasy protect mini-kit (Qiagen). cDNA was
synthesized using TagMan reverse transcription reagents (Applied Biosystems). PCR analysis
was performed using the following primers: Tabl N-terminus specific primers, 5'-
CCACTCTGTCACCTCTCTGGA-3' (located in exon 2) and 5'-
CAGTGTGCTCAGTGTTGAGCT-3' (located in exon 3), which produce a 232 bp fragment;
Tabl C-terminus specific primers, 5-GGCTGTGGTAGACCGTGTAAA-3" and 5'-
GTGCTCTGGGCACTTGAGTAG-3’ (both located in exon 9), which produce a 210 bp
fragment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structure of the all-in-one type Multiple Amplicon Insertion Knock Out (MAIKO) vector
A Pgk-neo cassette flanked by FRT sites for positive selection, a MC1-DTA cassette for
negative selection, two loxP sites were produced with 3 rare cutter multicloning sites with.
These configurations allow directional cloning of PCR amplified genomic fragments for both
homologous arms and a floxed region. Bold indicates unique enzyme sites. For this study,
genomic DNA was PCR amplified with primers designed to produce the enzyme sites
indicated, and inserted into multicloning sites as shown.
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Figure 2. Targeted recombination of ES cells for Tab1 locus

A. Genomic structure of Tab1l locus and the targeting construct. A loxP site followed by Pgk-
neo cassette flanked by FRT sites was inserted into intron 8. Another loxP site with an EcoRI
site was inserted into intron 10. Positions of 5" and 3’ external probes for Southern analyses
and the sizes of the restriction fragments detected by these probes are shown. Bll, Bglll; E,
EcoRl.

B. Confirmation of the targeting event in ES cells. Genomic DNA from WT ES cells (left lane,
+/+) and correctly targeted cells (right lane, fn/+) were digested with enzymes and blots were
hybridized with probes as indicated. EcoRI digestion and use of the 3’ probe confirmed the
presence of the loxP site in intron 10.
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Figure 3. PCR strategy and genotyping

A. Schematic representation of structure of each allele and positions of primers. Primers A and
B are used to differentiate the conditional allele from WT, whereas primers C and D are used
to differentiate the fx allele from fn. Primers B and C are used to identify the Cre-recombined
allele.

B. Genotyping results of the conditional allele. Combinations of the primers and sizes of the
amplicons are indicated.
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Figure 4. Homozygous embryos for Cre-recombined Tab1 allele show similar developmental
abnormalities to those of conventional knockout embryos
A-B. Whole view of embryos Wild-type (WT) and homozygous for Cre-recombined Tabl

embryos (AE/4E) at E16.5. Tabl AE/AE embryo shows edema and hemorrhage (white
arrowhead).

C. Brain extracts from E16.5 embryos were subjected to western blotting using an anti-TAB1
antibody that recognizes the C-terminus of TAB1. TAK1 is shown as a loading control.

D-L. H&E staining of heart (D-F) and lung (G-L) sections from WT embryos (D, G, J), Tabl
AE/AE embryos (E, H, K), and conventional Tab1-deficient homozygous embryos (—/-) (F, 1,
L) at E16.5. J-K are higher magnification of G-I (boxed areas). Tabl AE/AE embryo shows
ventricular septum defects (arrowheads) and under expanded lung alveoli that are similar to
these found in —/— embryos. Scale bar (D-L) = 200um.
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Figure 5. TAB1 is involving in BMP signaling cascade

A. Expression analysis of 1d1 in Tabl mutants at E16.5. 1d1 expression levels were
downregulated in mesenchymal regions of intestine in Tabl mutant embryos.

B. Wild type and Tabl-deficient (—/—) MEFs were cultured with BMP4 and 1d1 expression
was determined by RT-PCR. An increase in Id1 expression levels was observed in BMP4-
treated control MEFs, however there was no induction of 1d1 expression in Tab1-deficient (—/
—) MEFs after stimulated by BMP4. B-actin was used as an internal control.

Genesis. Author manuscript; available in PMC 2009 February 7.



