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The ETS transcription factor complex GABP consists of the GABPa protein, containing an ETS DNA
binding domain, and an unrelated GABP[} protein, containing a transactivation domain and nuclear local-
ization signal. GABP has been shown in vitro to regulate the expression of nuclear genes involved in mito-
chondrial respiration and neuromuscular signaling. We investigated the in vivo function of GABP by gener-
ating a null mutation in the murine Gabpa gene. Embryos homozygous for the null Gabpa allele die prior to
implantation, consistent with the broad expression of Gabpo throughout embryogenesis and in embryonic stem
cells. Gabpo*'~ mice demonstrated no detectable phenotype and unaltered protein levels in the panel of tissues
examined. This indicates that Gabpa protein levels are tightly regulated to protect cells from the effects of loss
of Gabp complex function. These results show that Gabpa function is essential and is not compensated for by
other ETS transcription factors in the mouse, and they are consistent with a specific requirement for Gabp
expression for the maintenance of target genes involved in essential mitochondrial cellular functions during

early cleavage events of the embryo.

The E26 transformation-specific (ETS) DNA binding do-
main was first discovered as part of a fusion protein product of
the replication-defective E26 avian erythroblastosis virus that
can lead to acute leukemia (4, 26, 27). Since then, ETS genes
have been identified in species as diverse as Drosophila mela-
nogaster (23), Caenorhabditis elegans (14), Xenopus laevis (25),
and metazoa, but not plants, fungi, and protozoa (13). The
number of genes containing the highly conserved DNA binding
domain that defines the ETS family has been amplified during
evolution, with 1 gene (Linl) present in the earthworm and
more than 30 in mammals (23), suggesting divergence of gene
function.

GABPa is an ETS protein that, together with an unrelated
GABPR subunit, forms the functional GABP transcription fac-
tor complex, also known as nuclear respiratory factor 2
(NRF-2) or adenovirus E4 transcription factor 1 (E4TF-1).
GABPa is the mammalian orthologue of the D. melanogaster
protein D-Elg, which has been shown by mutation studies to be
involved in egg chamber patterning and development during
oogenesis (10). The mammalian GABP complex, together with
an unrelated transcription factor, NRF-1, has been shown in
vitro to regulate the expression of many genes necessary for
cellular respiration in mitochondria (30). These include genes
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encoding cytochrome ¢ oxidase subunits IV and Vb (39), VIA1
(41), VIIAL (31), VIIC (32), and XVII (35) and mitochondrial
transcription factor A (MTFA) (38), the principal transcrip-
tion factor in mitochondrial gene expression. In addition,
GABP is a proposed regulator of ribosomal proteins L27A,
L30, and S16 (11); the cell cycle and cell survival regulators
retinoblastoma protein (33) and Fas ligand (24); neuromuscu-
lar junction proteins such as utrophin (18) and nicotinic ace-
tylcholine receptor subunits 8 and € (9, 19); the hematopoietic
protein thrombopoietin (17) and coagulation factor IX (5);
interleukin 2 (2) and interleukin 16 (3); and long terminal
repeats of human immunodeficiency virus (37) and mouse
mammary tumor virus (1).

In order to establish the in vivo role of GABP, we have
targeted the Gabpa gene in mice. The results establish that
Gabpa is essential for early embryogenesis in mammals, and its
loss of function results in a preimplantation lethal phenotype.
Gabpa protein levels in tissues of Gabpa heterozygous mice
are not significantly different from those in wild-type mice,
consistent with a tight means of regulation of Gabpa expres-
sion. The early death of mice null for Gabpa protein expres-
sion is presumed to be due to a simultaneous decrease in the
expression of MTFA and of other Gabp target genes, since a
high rate of mitochondrial transcription is known to occur
during cleavage of the embryo (22), and a similar peri-implan-
tation lethal phenotype is observed in mouse embryos lacking
the other key regulator of nucleus-encoded mitochondrial pro-
tein expression, NRF-1 (15).

MATERIALS AND METHODS

Determination of Gabpo gene structure. Sequence in the 5’ region of Gabpa
(including exons 1 to 5) was obtained by screening a AMixII murine 129/SvJ
genomic DNA library (Stratagene) with an Ncol-BamHI restriction digestion
product spanning bp 413 to 678 of the Gabpa cDNA (GenBank identity acces-
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sion no. [gi] M74515). Sequence of Gabpa introns 5 and 6 was obtained by
screening a set of 129/SvJ mouse bacterial artificial chromosome (BAC) filters
(BACPAC) with a 977-bp SacII-Spel genomic fragment within intron 3 (span-
ning bp 12695 to 13672 of gi:27960443). Genomic sequence spanning exons 7 to
10 was derived by PCR analysis of 129/SvJ embryonic stem (ES) cell DNA.

Intron-exon boundaries of mouse Gabpa were amplified by using the Elongase
(Invitrogen) polymerase mix on a N phage, ES cell, or BAC genomic DNA
template. Primer positions, given in reference to gi:193382 (with annealing tem-
peratures in parentheses), were as follows: for I1, bp 413 to 432 (5') and 484 to
503 (3") (60°C); for 12, bp 512 to 531 (5') and 538 to 557 (3") (55°C); for I3, bp
556 to 574 (5') and 682 to 700 (3") (55°C); for 14, bp 722 to 739 (5) and 793 to
810 (3") (49°C); for IS5, bp 813 to 830 (5') and 1084 to 1101 (3") (53°C); for 16, bp
1016 to 1033 (5") and 1210 to 1227 (3") (58°C); for 17, bp 1219 to 1236 (5') and
1364 to 1381 (3") (52°C); for I8, bp 1330 to 1347 (5') and 1447 to 1464 (3')
(56°C); and for 19, bp 1441 to 1460 (5') and 1688 to 1707 (3') (57°C). PCR
products were gel purified by using QiaexII beads (QIAGEN), subcloned into
the pPGEM-T (Promega) vector, sequenced by using ABI PRISM BigDye Ter-
minator chemistry (version 3.4.1), and analyzed on an ABI 377 DNA sequencer
(Perkin-Elmer Applied Biosystems). Sequence analysis and alignment were per-
formed using Sequencher (version 3) software.

Generation of a Gabpa targeting vector and gene-targeted mice. The first
coding exon of Gabpo (exon 2) was targeted via insertion of an IRES-lacZ-
neomycin cassette (described in reference 7) into a NotlI site immediately down-
stream of the start codon. The resulting construct, spanning the area from an
Xbal site upstream of exon 1 to a HindIII site downstream of exon 2 (bp 3766 to
9610 of gi:27960443), was linearized and electroporated into 129/SvJ ES cells, as
previously described (20). A targeting frequency of 7% was obtained. Correctly
targeted ES cell clones were then injected into the blastocysts of C57BL/6
females to yield chimeric pups that were bred to wild-type 129/SvJ mice to
generate Gabpa heterozygotes. Two correctly targeted ES cell lines were inde-
pendently injected and generated chimeric pups which were bred to generate
heterozygotes. Because there was no discernible difference between the lines,
only one of these was used in this study. Mice were housed in windowless rooms
with controlled temperature (22 = 2°C) and a 12-h light and dark cycle (8:00 am
to 8:00 pm). All experimentation involving mice was performed with approval of
the appropriate ethics committee within Monash University, in accordance with
Australian federal regulations.

Genotyping of targeted ES cells. Genomic DNA was extracted from ES cells
by lysis in a solution containing 200 mM NaCl, 100 mM Tris-HCI (pH 8.0), 5 mM
EDTA (pH 8.0), 0.2% (wt/vol) sodium dodecyl sulfate, and 100 p.g of proteinase
K (Roche)/ml for 4 h at 55°C, followed by isopropanol precipitation. Targeting
events were identified by Southern blot analysis as previously described (16),
where 10 g of genomic DNA was digested with BamHI and hybridized with a
977-bp SaclI-Spel fragment (E3-4) external to the targeting construct, within
intron 3 (spanning bp 12695 to 13672 of gi:27960443), detecting a 7-kb wild-type
band and a 13-kb targeted band.

The ATP synthase coupling factor 6 gene is adjacent to the 5’ end of Gabpa,
running in the opposite direction (see gi:27960443; ATP synthase coupling factor
6 exon I is at positions 685 to 855, and Gabpa exon 1 is at positions 4474 to 4878).
Genomic PCR spanning bp 3544 to 6970 and 3544 to 8627 of gi:27960443 was
performed to examine for genomic disruption due to the targeting event.

Genotyping of embryos and adult mice. Genomic DNA was extracted from
mouse tail segments (taken at weaning, at 21 to 28 days after birth) or whole
embryos by lysis in a solution containing 1% sodium dodecyl sulfate, 0.1 M NaCl,
0.1 M EDTA (pH 8.0), 0.05 M Tris-HCI (pH 8.0), and 0.5 mg of proteinase K
(Roche)/ml at 55°C overnight, following by phenol-chloroform extraction and
ethanol precipitation. PCR was performed with 250 ng of genomic DNA as a
template to amplify a 192-bp wild-type product with oligonucleotides F3 (5'-C
TTCCAGGACTGAACTTTTGAACG-3") and B3 (5'-AAAAACAAGCACAC
TGGCCTACTC-3") and a 700-bp targeted product with oligonucleotides F8
(5'-TCTCCTGTCATCTCACCTTGC-3") and B3 by using Tag DNA polymerase
(Promega) with 2 mM MgCl, and 1 M betaine (Sigma) and annealing at 55°C.

Generation of a Gabpa-specific antibody. A unique region of 108 amino acids,
corresponding to bp 572 to 895 of the Gabpa cDNA (gi:193382), was identified
by performing BLAST analysis (http:/www.ncbi.nlm.nih.gov/BLAST) of the
mouse Gabpa open reading frame (gi:6679899) against the nonredundant cDNA
database. This sequence was excised by BstOI-Banl digestion and subcloned into
the Smal site of the pQE-31 His tag expression vector (QIAGEN). The recom-
binant Gabpa-His fusion protein was expressed in BL21 DE3(pLysS) cells
(Stratagene) with 0.4 mM isopropyl-B-p-thiogalactopyranoside (IPTG) induc-
tion for 1 h, and protein was eluted via TALON nickel resin (Clontech). Poly-
clonal antibodies specific to mouse Gabpa were then generated in two rabbits,
each immunized with an initial injection of 0.8 mg of recombinant His-tagged
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Gabpa protein in Freund’s complete adjuvant and three equivalent booster
injections in Freund’s incomplete adjuvant.

Immunodetection of Gabpa protein by Western blot analysis. Gabpa protein
levels were determined by Western blotting using protein lysates from wild-type
and Gabpa-heterozygous 129/Sv]-derived ES cells, subsequent to their growth
without a fibroblast feeder cell layer for several days, and pooled tissue lysates
from four male and four female 6- to 8-week-old Gabpa-heterozygous and
wild-type mice. An optimized dilution of polyclonal rabbit antisera was used,
followed by 0.15 wg of horseradish peroxidase-conjugated goat anti-rabbit im-
munoglobulin G (DAKO)/ml. B-Tubulin was detected by using 0.05 pg of a
mouse anti-B-tubulin monoclonal antibody (Chemicon)/ml, followed by 0.3 g of
horseradish peroxidase-conjugated rabbit anti-mouse immunoglobulin G
(DAKO)/ml. Quantities of Gabpa protein relative to those of B-tubulin were
determined by measuring the intensities of protein bands upon Western blot
analysis, performed on three independent occasions, by using MacBas (version
2.5) software.

Gabpoa mRNA expression during embryogenesis. A Gabpa fragment spanning
bp 413 to 1884 of gi:193382 (the open reading frame spans the area from position
454 to 1815) was subcloned into pBluescript SK(+) and used to generate digoxi-
genin-labeled sense and antisense transcripts according to the manufacturer’s
instructions (Roche). Subsequent hybridization was performed as previously
described (29). A sense control yielded no detectable signal. Furthermore, the
probe is specific for Gabpa. Ristevski et al. previously examined the embryonic
expression of Ets2 (29), which has the Ets domain sequence most closely related
to that of Gabpa. There is no overlap in expression between these genes,
confirming the specificity of the probe.

Nucleotide sequence accession numbers. The Gabpa genomic fragments se-
quenced in this study have been submitted to GenBank (gi:27960443 to gi:
27960445; accession no. AF346288 to AF346290).

RESULTS

Targeted disruption of the mouse Gabpx gene. To aid in the
generation of a Gabpa targeting construct, the structure and
sequence of the Gabpa gene of the mouse strain 129/Sv] were
determined by lambda phage and BAC library screening, fol-
lowed by PCR using genomic DNA from \ phage clones, BAC
clones, and ES cells (Fig. 1A). Gabpa spans ~26 kb of genomic
DNA and consists of 10 exons and 9 introns. As with human
GABPa, the 5" end of mouse Gabpa lies several kilobases from
the gene encoding the mitochondrial protein ATP synthase
coupling factor 6, which is transcribed in the reverse orienta-
tion to Gabpa (8). In the mouse, 3.6 kb of genomic DNA
separates the first exons of these two genes.

The mouse Gabpo intron-exon boundaries were predicted
by alignment of mouse (gi:193382) and human (gi:286026)
cDNA sequences, because those of the human gene had been
defined previously (12). Primers were designed to include 50 to
100 bp on either side of the predicted boundaries, and PCRs
were performed using Elongase DNA polymerase (Invitrogen).
Sequence analysis (with Sequencher software [version 3.0])
generated three genomic fragments (gaps within introns 5 and
6 due to their large size), the sequences of which have been
submitted to GenBank (gi:27960443 to gi:27960445). Subse-
quent to this analysis, these three fragments have been aligned
with the public genome-sequencing database (gi:20897082
bases 18725599 to 20709283) and found to be identical, yield-
ing the complete 26,595-bp genomic sequence of Gabpa. As
shown in Fig. 1B, the intron-exon boundaries of mouse Gabpa
conform to the gt-ag splice rule, and the positions and relative
sizes of introns are conserved between the mouse and human
genes (see reference 12 for the structure of the human gene).

By using this sequence information, a Gabpa targeting cas-
sette was generated. An IRES-lacZ-neomycin cassette was in-
serted downstream of the ATG, disrupting exon 2, the first
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FIG. 1. Genomic structure and targeted disruption of mouse Gabpa. (A) Schematic of mouse Gabpa genomic structure. Asterisks indicate the
first coding exons of Gabpa and the closely linked gene ATP synthase coupling factor 6. (B) Intron-exon boundary sequences of Gabpa and
comparison of human (12) and mouse intron sizes. Coding sequences are capitalized, introns are lowercased, and the first coding exon is indicated
by an asterisk. Splice sites (gt-ag) are boldfaced. (C) Wild-type (wt) and targeted mouse Gabpa alleles. An IRES-LacZ-neomycin cassette was
inserted into exon 2, immediately downstream of the start codon, and the position of the targeting construct (from the Xbal to the HindIII site)
is indicated. The positions of the intron-3 probe (external to the targeting construct) used for Southern blot analysis (E3-4) and of PCR primers
are indicated. Restriction endonuclease sites are as follows: B, BamHI; B, Ball; H, HindIII; N, NotI; X, Xbal. (D) Southern blot analysis of ES
cell clones by BamHI digestion and hybridization with the E3-4 probe detecting 7-kb wild-type and 13-kb targeted alleles. (E) PCR screen of
wild-type (+/+) and heterozygous (+/—) genomic DNA performed using a 5" primer within intron 1 (F3) or the neomycin cassette (F8) and a
common 3’ primer (B3) immediately downstream of exon 2 to generate 192-bp wild-type and 700-bp targeted PCR products.
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TABLE 1. Genotype analysis derived from Gabpo heterozygous intercross matings
Observed (expected) no. with the following Gabpa genotype:
Age” x> Probability”
Wild type Heterozygous Knockout

Weaning (n = 201) 78 (67) 123 (134) 0 2.7 0.2-0.3
E9.5 (n = 47) 18 (15.7) 29 (31.3) 0 0.52 0.7-0.9
E8.5 (n = 53) 25(17.7) 28 (35.3) 0 4.56 0.1-0.2
E7.5 (n = 23) 12 (7.7) 11 (15.3) 0 3.66 0.1-0.2

“ n, total number examined at each age.
® Based on 2 degrees of freedom.

coding exon (Fig. 1C). The targeting vector, spanning bp 3766
to 9610 of gi:27960443, was electroporated into 129/SvJ-de-
rived ES cells, and Southern blot analysis revealed a targeted
band of 13 kb relative to a wild-type band of 7 kb (Fig. 1D).
PCR was performed to generate 700-bp targeted and 192-bp
wild-type allele products (Fig. 1E). Given the close proximity
of Gabpa to ATP synthase coupling factor 6 (the first exons are
separated by 3.6 kb) (Fig. 1A), we examined the 5’ targeting
end for any genomic disruption during homologous recombi-
nation. An external PCR primer and two internal primers gave
rise to PCR products of the expected size in both wild-type and
heterozygous targeted genomic DNA (data not shown), sug-
gesting that genomic rearrangement and disruption of ATP
synthase coupling factor 6 expression were unlikely.

Several positive ES clones were microinjected into C57BL/6
blastocysts to produce chimeras showing germ line transmis-
sion. The resulting Gabpa-heterozygous mice were found to be
viable and fertile.

Analysis of Gabpa heterozygote matings. Breeding of het-
erozygous Gabpa mice yielded no Gabpa™’~ mice at weaning
(Table 1), no Gabpa '~ embryos at embryonic day 7.5 (E7.5),
E8.5, and E9.5, and no Gabpa~/~ blastocysts from a total of 36
analyzed (9 would be expected in accordance with a Mendelian
distribution) (blastocyst data not shown). Therefore, lack of
Gabpa protein expression results in preimplantation lethality
in mice. Of the 274 weanling mice genotyped, Gabpa™'" and
Gabpa ™'~ genotypes were observed at the expected ratio. This
indicates that Gabpa is essential very early in embryogenesis
and that monoallelic expression from the wild-type allele in
Gabpa™'~ cells produces normal levels of Gabpa and is thus
sufficient for survival and development.

Gabpo. expression during embryogenesis. Expression of
Gabpa protein was examined by Western blotting using a rab-
bit polyclonal antibody raised against a unique His-tagged 108-
amino-acid region of Gabpa. This antiserum did not cross-
react with the closely related proteins Ets-1 and Ets-2
(similarly His tagged). The relatively high level of Gabpa ex-
pression in ES cells (Fig. 2A) suggests an important role for
Gabp in early embryogenesis. No obvious reduction in Gabpa
protein expression was observed in heterozygous ES cells.

The distribution of Gabpae mRNA expression throughout
the developing embryo was determined by whole-mount
mRNA in situ hybridization. As shown in Fig. 2, Gabpa is
expressed broadly at E8.0 (B), E9.0 (C), and E10 (D). Gabpa
is expressed in the developing myotome, consistent with the
role of Gabp in the regulation of neuromuscular genes. Other
areas of high Gabpa expression include the neural fold at ES,
as well as the mesencephalon and cerebellum from E10. In

addition, Gabpa expression is detected at all developmental
stages in the fore- and hindlimb buds, mandibular and hyoid
arches, and nasopharyngeal ectoderm and mesoderm. There-
fore, Gabpa is broadly expressed in the developing mouse
embryo from an early stage.

Phenotypic analysis of Gabpa-heterozygous mice. We exam-
ined Gabpof'/ ~ mice for histopathology, growth rate, immu-
nophenotype, X-ray tomography, and gait and grip strength in

A
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- & Gabpo
(58 kDa)
@ = | B-tubulin
(50 kDa)

P

FIG. 2. Gabpa expression during embryogenesis. (A) Western blot
analysis of Gabpa and B-tubulin protein levels in wild-type (+/+) and
Gabpa heterozygous (+/—) ES cells. (B through D) Whole-mount
mRNA in situ hybridization analysis of Gabpa was performed at E8.0
(B), E9.0 (C), and E10 (D). Arrows indicate areas of relatively abun-
dant expression. A and P indicate the anterior and posterior sides of
the embryo in each panel. Tissues are as follows: NF, neural fold; N,
neural pore; YS, yolk sac; Mes, mesencephalon; Met, metencephalon;
MA, mandibular arch; Mye, myelencephalon; Pro, prosencephalon;
ONP, oronasopharyngeal region; Myo, myotome; MT, mesonephric
tubule; Cer, cerebellum; Tel, telencephalon; HA, hyoid arch; HLB,
hindlimb bud; FLB, forelimb bud.
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FIG. 3. Protein expression in adult Gabpa-heterozygous mice. Shown are results of Western blot analysis of Gabpa protein in lysates from
Gabpa wild-type (+/+) and heterozygous (+/—) mouse tissues, pooled from four animals of each sex for each genotype at the age of 6 to 8 weeks.
The B-tubulin protein was used as a loading control. Muscle was sampled from the quadriceps. BM, bone marrow.

comparison to those of their wild-type littermates (data not
shown), and found no abnormalities. We examined wild-type
and Gabpo-heterozygous mouse tissue extracts by Western
blot analysis and found that Gabpa protein levels were similar
in heterozygous mice and their wild-type littermates (Fig. 3).
This indicates that Gabpa protein levels are tightly regulated,
resulting in constant levels of Gabpa protein despite a single
gene copy number, and is consistent with the absence of any
phenotype in Gabpa*’~ mice. In order to establish that no
C-terminal truncations of Gabpoa were generated from the
targeted allele, we examined these tissue extracts with a mono-
clonal antibody generated against the C terminus (a gift from
Steve Burden). No additional bands were observed by using
this antibody, suggesting that intact protein is made at normal
levels from the untargeted allele (data not shown).

DISCUSSION

GABPua is a gene of fundamental importance to cell function
and development, as demonstrated by the early lethality of
mice carrying a homozygous deletion in the Gabpa gene. This
is consistent with the conservation of the human GABPa se-
quence with that of the mouse (8), rat (8) and puffer fish (36),
implying maintenance of protein function throughout evolu-
tion. Furthermore, steady-state Gabpa protein levels are main-
tained in heterozygous mice despite the presence of only a
single Gabpa allele. We show that Gabpa protein is expressed
in ES cells and Gabpa mRNA is detectable by whole-mount in
situ hybridization from as early as E8.0, consistent with previ-
ous reports that transcripts are widely expressed in late em-
bryogenesis (28), and in the adult mouse (6, 21).

The embryonic lethality of Gabpa-null mice is not surpris-
ing, because interestingly, mouse models of knockout of ETS
factors such as Fli-1 (34), Tel (40), and Ets-2 (42) also display
embryonic lethal phenotypes. These findings highlight the fact
that although the ETS transcription factor family is large and
consists of many highly homologous proteins, ETS factors are
not functionally redundant; each plays a unique role in the
embryo during mammalian development and in adult tissues.

Gabp (also known as Nrf-2) and Nrf-1 are two unrelated
transcription factors that act to regulate many genes encoding
protein products that function in the mitochondrial respiratory
chain. Interestingly, Nrf-1-deficient mice exhibit peri-implan-
tation lethality (15) while NrfI-heterozygous mice, like Gabpa
heterozygotes, are phenotypically normal. Nrf-1~/~ blastocysts

have reduced amounts of mitochondrial DNA and show a
decrease in rhodamine 123 staining of mitochondria relative to
that for wild-type blastocysts, suggesting that Nrf-1 is required
for mitochondrial maintenance in vivo (15). A high rate of
mitochondrial transcription is known to occur during cleavage
of the embryo and may require the new synthesis and transport
of nucleus-encoded components (22). Therefore, the early em-
bryonic lethality of mice lacking either Nrf-1 or Gabpa may be
due to decreased expression of nucleus-encoded genes of mi-
tochondrial function that are transcriptionally regulated by
these two factors, such as MTFA. Complete loss of MTFA
protein expression in the mouse results in depletion of mito-
chondrial DNA and death prior to E10.5 (22). Therefore, the
earlier death of mice null for Gabpa protein expression may be
due to decreased expression of MTFA and other Gabp target
genes. The role of Gabpa in the development and function of
specific tissues will require the establishment of conditional
deletion of this gene.
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