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Familial dysautonomia (FD), a devastating hereditary sensory and autonomic neuropathy, results from an
intronic mutation in the IKBKAP gene that disrupts normal mRNA splicing and leads to tissue-specific
reduction of IKBKAP protein (IKAP) in the nervous system. To better understand the roles of IKAP in vivo, an
Ikbkap knockout mouse model was created. Results from our study show that ablating Ikbkap leads to
embryonic lethality, with no homozygous Ikbkap knockout (Ikbkap™'~) embryos surviving beyond 12.5 days
postcoitum. Morphological analyses of the Ikbkap™'~ conceptus at different stages revealed abnormalities in
both the visceral yolk sac and the embryo, including stunted extraembryonic blood vessel formation, delayed
entry into midgastrulation, disoriented dorsal primitive neural alignment, and failure to establish the embry-
onic vascular system. Further, we demonstrate downregulation of several genes that are important for neu-
rulation and vascular development in the Ikbkap '~ embryos and show that this correlates with a defect in
transcriptional elongation-coupled histone acetylation. Finally, we show that the embryonic lethality resulting
from Ikbkap ablation can be rescued by a human IKBKAP transgene. For the first time, we demonstrate that
IKAP is crucial for both vascular and neural development during embryogenesis and that protein function is

conserved between mouse and human.

IKBKAP (encoding IkB kinase-associated protein, also
called Elongator protein 1) is the gene mutated in hereditary
sensory and autonomic neuropathy type III, or familial dysau-
tonomia (FD). All FD patients carry at least one copy of a
splicing mutation in /JKBKAP, which causes aberrant exon skip-
ping and subsequent tissue-specific reduction of protein ex-
pression in FD patients (1, 41, 42). The IKBKAP gene is highly
conserved across species, with the human and mouse proteins
(IKAP and Ikap, respectively) sharing more than 80% amino
acid homology (12). The IKBKAP protein, IKAP, was first
reported to act as a scaffolding protein for the IkB kinase
complex (11). Recent studies, however, have shown that IKAP
does not play a role in NF-«kB (nuclear factor kB) signaling, but
rather, it is a subunit of the human Elongator complex, which
is important for efficient transcriptional elongation (19, 28, 36).

FD (or Riley-Day syndrome) is one of the best known re-
cessive hereditary neuropathies, with an extremely high carrier
frequency in the Ashkenazi Jewish population, which ranges
from 1 in 17 to 1 in 28 depending on the country of origin (29,
33, 42). Clinical characteristics of FD include diminished tear
secretion, dysphagia, esophageal and gastric dysmotility, gas-
troesophageal reflux, spinal curvature, postural hypotension,
blotching, excessive sweating, and decreased deep-tendon re-
flexes (2). Fatality in FD patients is high, and only half survive
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to 40 years of age. Clinical reports have shown that the failure
of autonomic function is one of the major causes of death (21).
To date, three FD-causing mutations have been identified in
the IKBKAP gene: an intronic noncoding point mutation,
IVS20+6T>C, and two missense mutations, R696P and
P914L. All FD patients carry at least one copy of the noncod-
ing point mutation in the IKBKAP gene, with over 99.5%
homozygous for this mutation. The IVS20+6T>C mutation in
intron 20 disrupts the splicing of IKBKAP and results in vari-
able skipping of exon 20 in the IKBKAP transcript (1, 30, 41).
Our studies have demonstrated that homozygous mutant cells
derived from FD patients express both wild-type and mutant
IKBKAP mRNA and are capable of synthesizing full-length
functional IKAP protein (41). Thus, the IKBKAP mutation
weakens but does not completely inactivate the 5 splice site of
exon 20. Indeed, this finding was further supported by the
presence of both wild-type and mutant JKBKAP mRNAs in
tissues from FD patients (17, 41). Interestingly, the relative
amounts of wild-type and mutant IKBKAP transcripts vary
between tissues. In particular, the central and peripheral ner-
vous systems contain the lowest levels of wild-type IKBKAP
mRNA and protein (13, 41), corresponding to the observed
developmental absence and ongoing degeneration of unmyelin-
ated sensory and autonomic neurons seen in FD (2, 38).
Heterozygous carriers also show reduced IKAP expression;
however, no phenotype is evident, suggesting that there is a
tissue-specific minimum threshold of IKAP expression re-
quired for normal development and maintenance of the
nervous system.

Although the correlation between the IKBKAP mutation
and FD is well documented, precisely how a tissue-specific
reduction of IKAP leads to the development of FD remains to
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be elucidated. Recently, by using RNA interference technology
in HeLa cells, it was shown that an 80% reduction of IKBKAP
transcript leads to a loss of integrity of the Elongator complex,
which subsequently diminishes the expression of several genes
that are known to be essential for cell motility. A subset of
these genes was also shown to be downregulated in fibroblast
lines derived from FD patients. Further, Elongator complex
reduction was demonstrated to directly interfere with histone
H3 acetylation of a specific subset of genes (10). Since the
development of the nervous system requires extensive migra-
tion of differentiated neuronal progenitors to their target des-
tinations, these findings suggest that defective cellular motility
could be one underlying cause of the developmental neuropa-
thology of FD. IKAP was also implicated in myelination based
on minor gene expression differences detected by microarray
analyses of RNAs isolated from the frontal cortexes of two
normal and two FD individuals (8); however, this putative role
for IKAP has not yet been functionally confirmed. In addition
to regulating the transcriptional machinery, IKAP has been
proposed to play a role in exocytosis, activation of JNK signal-
ing, and tRNA modification (24, 25, 39). As pointed out in a
recent review of the many putative functions of IKAP/Elonga-
tor, considerable work remains to sort out the precise function
of IKAP/Elongator (46).

To better understand the role of IKAP in vivo, we created
a mouse with a targeted disruption of the Ikbkap gene
(Ikbkap~'~) (GenelD, 230233). We demonstrate that homozy-
gous disruption of the mouse Ikbkap gene leads to embryonic
lethality prior to midgestation, since no Ikbkap~'~ embryos
could be recovered after 12.5 days postcoitum (dpc). Further
analyses of the Ikbkap™'~ conceptus from 7.5 to 10.5 dpc
revealed several abnormal configurations compared with
Ikbkap™'* controls, including a dramatic reduction in overall
size, disruption of the extraembryonic vascular networks, fail-
ure of germ layer inversion, and interruption of cephalic neu-
ral-tube closure. Further, the expression of several genes that
have been shown to be essential for embryogenesis is down-
regulated in the Ikbkap '~ embryos due to defective elonga-
tion of the transcript, suggesting a crucial role for Ikbkap
during development. The murine Ikap protein is 80% identical
to human IKAP, and we show that the embryonic lethality of
Ikbkap ablation can be rescued by a human /JKBKAP transgene.
By crossing the Tkbkap knockout mouse line with human trans-
genic lines, we confirmed IKAP functional conservation be-
tween human and mouse. Taken together, our studies show for
the first time that Ikap is required for embryogenesis in mam-
mals. Elucidating how IKAP functions during development is a
crucial first step toward discovering how reduction of IKAP
expression leads to neuronal loss in FD.

MATERIALS AND METHODS

Animals. The Ikbkap knockout mouse line was generated in collaboration with
BayGenomics (currently known as the International Gene Trap Consortium
[IGTC]) (35). In brief, chimeras with the Ikbkap knockout allele were derived
from embryonic cell lines that contain a gene trap vector at intron 9 of the ITkbkap
gene. The gene trap vectors used by the IGTC were inserted randomly into
introns and contained a splice-acceptor sequence followed by a B-galactosidase
and neomycin phosphotransferase II (B-geo) cassette. The resulting insertion
created a fusion transcript containing the exons upstream of the insertion joined
to the B-geo cassette. The identity of the trapped/disrupted gene could easily be
determined by 5 rapid amplification of cDNA ends, followed by sequencing. Cell
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line BGB184 produced a transcript containing Ikbkap exons 1 to 9 and the B-geo
cassette, and we later confirmed that the vector was inserted into intron 9. Mice
with the C57BL/6J background used in this study were generated by serial
backcrossing. The Ikbkap™'* and Ikbkap '~ embryos for this study were pro-
duced from heterozygous breeding pairs. The day of vaginal-plug discovery was
designated 0.5 dpc. The transgenic mouse lines that carry human /KBKAP trans-
genes were generated as previously reported (23). The mice used for this study
were housed in the animal facility of Massachusetts General Hospital (Boston,
MA), provided with constant access to a standard diet of food and water, and
maintained on a 12-hour light/dark cycle, and all experimental protocols were
approved by the Subcommittee on Research Animal Care at the Massachusetts
General Hospital.

Genotyping. The genotypes of animals and embryos were determined by PCR
analysis of genomic DNA from tail slips and from embryos and/or visceral yolk
sacs, respectively. The primer sets used were as follows: for determining the
wild-type Tkbkap allele, 5'-ACCCTCAGGCAGTTTGATTG-3' and 5'-CATGG
CTCCATAAAACAAACAC-3'; for determining the knockout allele, 5’ACCC
TCAGGCAGTTTGATTG-3" and 5'-GGCTACCGGCTAAAACTTGA-3'; and
for determining the human wild-type IKBKAP transgenes, TgProbelF (5'-GCC
ATTGTACTGTTTGCGACT-3’) and TgProbelR (5'-TGAGTGTCACGATTC
TTTCTGC-3").

Morphological analysis of embryos. Photographs of visceral yolk sacs and
embryos at different stages were taken with a digital camera (Diagnostic Instru-
ments) mounted on an Olympus dissection microscope. SPOT software (Diag-
nostic Instruments) was used for image processing.

X-Gal staining of embryos. Embryos at different stages were dissected in cold
phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde overnight.
The embryos were then rinsed with PBS three times for 10 min each time and
incubated with 1 mM 5-bromo-4-chloro-3-indolyl-B-p-galactoside (X-Gal) (Mo-
lecular Probes) in PBS at 37°C for 16 to 24 h. The embryos were rinsed with PBS
and fixed in 4% paraformaldehyde before being imaged.

RT-PCR. Total RNA from visceral yolk sacs and whole embryos was extracted
by using TRI Reagent (Molecular Research Center) according to the manufac-
turer’s protocol. Reverse transcription (RT) was then performed using 1 pg total
RNA, oligo(dT) primer, and Superscript III reverse transcriptase (Invitrogen)
according to the manufacturer’s protocol. For gene expression assessment, semi-
quantitative PCR was performed with the cDNA equivalent of 100 ng of starting
RNA in a 30-pl reaction mixture, with the use of Tag polymerase (Roche) with
target-specific primer pairs that were custom designed by OligoPerfect Designer
(Invitrogen). For the primer sequences for RT-PCR analysis, see the supple-
mental material. Thirty-two amplification cycles (94°C for 30s, 60°C for 35 s, and
72°C for 30 s) were then performed. The PCR products were separated on 1.5%
agarose gels, stained with ethidium bromide, and visualized with UV light using
the Alphaimager 2200 system (Alpha Innotech). Relative band intensities were
determined by evaluating the integrated density values as determined by the
Alphaimager 2000 software.

Acetyl-histone H3 ChIP assay. The immunocomplex containing chromatin
fragments/anti-acetyl-histone H3 antibody/protein A/G agarose was extracted
using an acetyl-histone H3 chromatin immunoprecipitation (ChIP) assay kit
(Millipore) according to the manufacturer’s protocol. In brief, formaldehyde-
treated embryos were washed with PBS containing protease inhibitors (1 mM
phenylmethylsulfonyl fluoride, 1 mg/ml aprotinin, and 1 mg/ml pepstatin A) and
centrifuged at 4°C. The pellets were suspended in sodium dodecyl sulfate lysis
buffer and incubated for 10 min, followed by sonication at 30% amplitude with
a Microson XL2000 Ultrasonic cell disruptor (Misonix). The sonicated samples
were then centrifuged, and the supernatant containing chromatin fragments was
diluted with ChIP dilution buffer. The chromatin-containing dilutions were pre-
cleared with salmon sperm DNA/protein A agarose 50% slurry before overnight
incubation with anti-acetyl-histone H3 antibody. The next day, samples were
incubated with salmon sperm DNA-protein A-agarose 50% slurry at 4°C for 1 h.
Finally, the protein A-agarose/antibody/histone complex was recovered by cen-
trifugation and sequentially washed with low-salt, high-salt, LiCl, and Tris-
EDTA buffers. For controls, an aliquot of the cross-linked/sonicated chromatin
fraction was treated as described above without adding antibody, and the first
supernatant, after being precleared with salmon sperm DNA-protein A-agarose
50% slurry, was saved as an input control. For PCR analysis, the histone-DNA
complex was first eluted from the antibody, and the DNA fragment was released
from the histone-DNA complex by adding NaCl and incubated for 4 h at 65°C.
The DNA was then purified with a PCR purification kit (Qiagen) and analyzed
by PCR with appropriate primer pairs corresponding to the coding regions of the
testing genes. For the primer sequences, see the supplemental material. The
PCR products were size fractionated by 1.5% agarose gel electrophoresis,
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FIG. 1. Gene targeting strategy and Ikbkap expression. (A) Sche-
matic of the wild-type and knockout Ikbkap alleles. The blue cassette
(B-geo) represents the vector containing B-galactosidase, neomycin
phosphotransferase II, and stop codons that is inserted into intron 9.
The insertion creates a fusion transcript containing the exons upstream
of the insertion joined to the B-geo marker, as illustrated by the red
lines. (B) PCR genotyping results of genomic DNA from embryonic
day 9.5 samples. Lanes 1, 2, and 3 represent the wild-type (Ikbkap™'"),
heterozygous (Ikbkap*'~), and homozygous (Ikbkap~'~) genotypes,
respectively. wt, wild-type fragment (454 bp); ko, knockout fragment
(244 bp). (C) The relative amounts of Ikbkap transcripts expressed in
embryos with different genotypes at 8.5 dpc as demonstrated by quan-
titative RT-PCR. The error bars indicate standard deviations. (D and
E) X-Gal staining of whole-mount Ikbkap ™'~ embryos at 8.5 and 11.5
dpc, respectively. The arrowheads in panel D point to the ventral
and dorsal neural tubes; note that the primitive hindbrain region
shows higher positive reactivity. The arrowheads in panel E point to
the hindbrain and dorsal ganglia. A, anterior; P, posterior. Scale
bars, 1 mm.

stained with ethidium bromide, and visualized with UV light using the Alphaim-
ager 2200 system (Alpha Innotech).

Western blots. Protein from brains was extracted using RIPA buffer (Boston
BioProducts). An equivalent amount of protein (30 wng) was run on a 10%
Bis-Tris gel (Invitrogen) and then transferred onto a Hybond-N* membrane
(Amersham) using XCell SureLock Mini-Cell and XCell IT Blot Module kits,
respectively (Invitrogen), according to the manufacturer’s protocol. Antibodies
against the carboxyl terminus of human IKAP (1:3,000) (41), B-tubulin (1:3,000)
(Santa Cruz Biotech), and rabbit/mouse immunoglobulin G-horseradish perox-
idase conjugate secondary antibody (1:2,000) (Santa Cruz Biotech) were applied
subsequently and visualized using the enhanced-chemiluminescence system (GE
Healthcare UK, Ltd.) on X-ray film (Kodak).

RESULTS

Generation of an Ikbkap knockout mouse line. The Ikbkap
knockout mouse line was generated utilizing gene trap tech-
nology in collaboration with the IGTC (35). This strategy has
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been widely used for functional analysis of mammalian genes
(43). The gene trap vectors contain a splice-acceptor sequence,
followed by the B-geo reporter gene and selection cassettes (a
fusion of B-galactosidase and neomycin phosphotransferase
II), which are randomly targeted to the 5" ends of introns. The
resulting inserted mutation creates a fusion transcript contain-
ing the exons upstream of the insertion joined to the B-geo
marker. As a result, the identity of the trapped/disrupted gene
can be determined by 5’ rapid amplification of cDNA ends
followed by sequencing. Not only does successful gene trap
insertion disrupt expression of the gene of interest, but the
reporter cassette also provides a tag for characterizing the
pattern of expression of the target gene. Chimeras that bear an
Ikbkap knockout allele were derived from embryonic cell lines
that contained a gene trap vector at intron 9 of the Ikbkap gene
(Fig. 1A). The genotypes of specimens were determined by
amplification of genomic DNA using wild-type and knockout
primer sets (Fig. 1B). Mice heterozygous for the mouse Ikbkap
knockout allele are fertile and phenotypically normal and show
approximately 60% reduction in mouse Ikbkap expression
when evaluated by quantitative RT-PCR (Fig. 1C). The mice
used in this study were on a C57BL/6J background and were
created by serial backcrossing for 10 generations; concurrently,
heterozygote matings were used to generate offspring
(Ikbkap™'™*, Ikbkap*'~, and Ikbkap '~). In addition, X-Gal
staining was employed to visualize the expression of Ikbkap, as
well as to confirm successful trap insertion in heterozygous
embryos during development. At 8.5 and 11.5 dpc, positive
signal could be observed from the entire embryo; however,
intensities differed across tissues, with particularly high levels
in the mid- and hindbrain walls, as well as the otic vesicle and
dorsal ganglia (Fig. 1D and E). This IKAP expression pattern
is similar to that reported in rats (34).

Ablation of Ikbkap results in embryonic lethality in mice.
Heterozygous matings (Ikbkap™'~ ™ Ikbkap™'~) generated 74
Ikbkap ™'~ and 42 Ikbkap™'" mice, while no Ikbkap '~ animals
were born, statistically demonstrating that knocking out Ikbkap
results in embryonic lethality (P < 0.005). To pinpoint the time
of embryonic death, timed matings were performed using 25
dams. Pregnant mice were sacrificed at time points ranging
from 6.5 to 12.5 dpc, and 230 embryos were isolated. By per-
forming PCR of genomic DNA isolated from either the em-
bryo or yolk sac, the genotype of each embryo was determined.
At 7.5 to 12.5 dpc, 59 Ikbkap*'*, 121 Ikbkap™'~, and 50
Ikbkap~'~ embryos were obtained, values that are consistent
with Mendelian segregation (Table 1). No embryos were re-

TABLE 1. Genotype ratios of yolk sacs and neonates produced by
heterozygous pairings

No. (%) of animals

Time* Total
Ikbkap ™'+ Ikbkap ™'~ Ikbkap ™'~

7.5-10.5 dpc 50 (26) 99 (52) 43 (22) 192

11.2-12.5 dpc 9(24) 22 (58) 7 (18) 38

14.5-16.5 dpc 18 (33) 36 (67) 0(0) 54

PO 42 (29) 74 (71) 0(0) 116

“ The time of conception is estimated to be 0.5 day prior to the observation of
a vaginal plug. PO, postnatal day zero.
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FIG. 2. Appearance of Ikbkap™'™ and Ikbkap~'~ extraembryonic
components at different stages. Shown is the morphology of the
Ikbkap™'* and Ikbkap '~ conceptus at 6.5 to 12.5 dpc under a dissec-
tion microscope. (A) At 6.5 dpc, no gross abnormalities are found in
the Tkbkap™~ conceptus compared to a wild-type control. epc, ecto-
placental cone. (B) At 7.5 dpc, the Tkbkap™'~ epc and visceral yolk sac
(vys), as well as the embryo inside, are smaller than those found in
Ikbkap™*'* controls. Note that at this stage the blood islands are readily
observable in the Ikbkap™*'* vys; however, no corresponding architec-
tures are found in the Tkbkap '~ vys. (C) At 9.5 dpc, the Tkbkap™'~ vys,
as well as the embryo inside, are smaller than those found in the
Ikbkap™*'* control. At this stage, the blood vessels can easily be iden-
tified in the Ikbkap™'* vys; however, in the Ikbkap™'~ vys, only the
primary capillary plexus is observed (inset). (D) At 12.5 dpc, the
placenta can be found in both genotypes; in contrast, no embryo can be
seen inside the Ikbkap '~ vys. P, placenta. Scale bars, 0.5 mm (A and
B), 1 mm (C), and 2.5 mm (D).

covered inside the Ikbkap '~ yolk sacs at 12.5 dpc, suggesting
that the degeneration of embryos occurs prior to this stage.

Vascular abnormalities in the Ikbkap ™'~ extraembryonic
components. Morphologically, at 6.5 dpc, the Ikbkap™'* and
Ikbkap '~ concepti were comparable in size (Fig. 2A). How-
ever, by 7.5 and 9.5 dpc, the extraembryonic components
were clearly smaller in the Ikbkap '~ conceptus (Fig. 2B and
C). Further, at 7.5 dpc, while blood islands formed in the
Ikbkap™'™* visceral yolk sac, corresponding structures were not
observed in the Tkbkap '~ conceptus (Fig. 2B). At 9.5 dpc, the
extraembryonic vessels were established in the Ikbkap™*'" vis-
ceral yolk sac; however, only the primary capillary plexus was
observed in the Tkbkap '~ visceral yolk sac (Fig. 2C, inset). By
12.5 dpc, the ITkbkap~'~ embryo had degenerated and was no
longer visible in the yolk sac, leaving only brown aggregates of
debris. Although the placenta was present in the Ikbkap '~
conceptus at this stage, it was dramatically reduced in size
(Fig. 2D).

Disturbed vascular development in the Ikbkap '~ visceral
yolk sac suggests that vasculogenesis and angiogenesis might
be compromised. Since IKAP is required for efficient tran-
scription of a vast number of genes, many of which have yet to
be identified, we examined the expression of several genes
known to be vital for the development of extraembryonic blood
vessels (6, 9, 14, 16, 27, 40, 45, 47). Studies of Tgfbl, Vegfa,
Gata6, and Smad2 knockout mouse models have shown that
ablating each of these genes results in stunted extraembryonic
blood vessel formation, which subsequently leads to embryonic
lethality. In addition, we evaluated Fl¢1, the receptor for Vegfa;
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Hnf4a, a target gene of Gata6; and Tiel and Tie2 and their
ligands Angptl and Angpt2, which have been shown to be in-
dependent from TGFbl or VEGF signaling for the develop-
ment and integrity of extraembyronic vascular networks. RNA
was isolated from Ikbkap™*'* and Ikbkap~'~ visceral yolk sacs,
and gene expression was evaluated by RT-PCR. Interestingly,
with the exception of Hnf4a, we did not see downregulation of
any of these genes in the Ikbkap '~ visceral yolk sac. In fact,
the expression of 7gfbl, Flt1, Tiel, and Tie2 was clearly ele-
vated in the Ikbkap '~ yolk sac, which may be a compensatory
response (Fig. 3). Given the robust expression of Ikbkap in the
wild-type visceral yolk sac at this stage, these results suggest
that the observed failure of yolk sac vascular development is
not directly due to inefficient transcription of the genes tested.

Abnormal architecture of Ikbkap™'~ embryos during devel-
opment. At 7.5 to 8.5 dpc, wild-type embryos underwent gas-
trulation, as indicated by the presence of the allantois, the
definitive node, head folds, and axial rotation. However,
growth of Ikbkap '~ embryos appeared to be arrested at the
late egg cylinder stage, and no distinct stage-related architec-
tures were present (Fig. 4A and B). At 9.5 and 10 dpc, several
distinguishing structural characteristics, such as the primitive
brain, spinal cord, cardiac contraction, branchial arch, and
limb buds, were observed in the Ikbkap™'* embryos; in con-
trast, the Tkbkap '~ embryos lacked these developmental fea-
tures, exhibiting only a primitive heart, cephalic neural folds,
and allantois, and growth appeared to be arrested at midgas-
trulation (Fig. 4C and D), a stage that was comparable to the
Ikbkap™'* controls at 7.5 dpc (Fig. 4A). In addition, in the
Ikbkap '~ embryos, although a heart-like vascular structure
was formed at 9.5 dpc, no visible primitive nucleated red blood
cells were observed compared to those in the Ikbkap 't em-
bryos at 10 dpc (Fig. 4C and D). At 10.5 dpc, brain structures,
branchial arches, and limb buds were visible in the Ikbkap™'*
embryos but absent in the Ikbkap ~'~ embryos (Fig. 5A and B).
At 10.5 dpc, morphological transformation had progressed in
the Ikbkap '~ embryos, as the cephalic neural folds were
found to be closed and there was evidence of rotation (Fig.
5B). In addition, mid- and hindbrain wall-like structures were
visible but were aligned irregularly on the dorsal side of
the Ikbkap '~ embryos (Fig. 5B, inset). After 10.5 dpc, the
Ikbkap~'~ embryos showed no further development, as the
11.5-dpc embryos isolated appeared similar in structure. As
described above, all concepti isolated at 12.5 dpc had em-
bryo degeneration.

Transcriptional deficits in Ikbkap~'~ embryos. As in the
visceral yolk sac, no advanced vascular network was observed
in the Ikbkap™'~ embryos. Thus, the expression levels of a
subset of the genes that are important for vascular develop-
ment were analyzed in the embryos. Since expression was eval-
uated in individual embryos, the amount of RNA was very
limited, and therefore, we chose Vegfa, Fit1, Tie2, and Smad2
for analysis. Interestingly, RT-PCR showed dramatic down-
regulation of Vegfa, Fit1, and Tie 2 in the Ikbkap—/~ embryos,
while the expression of Smad2 was similar to that seen in
normal embryos (Fig. 6). Given that the Ikbkap '~ embryos
die during gastrulation, we also examined expression of Bmp4,
Rhoa, and Ctnmnbl, genes that show defects in neurulation in
knockout mouse models (5, 18, 48, 49). These genes also show
dramatic downregulation compared to expression in wild-type
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FIG. 3. Gene expression patterns of the Ikbkap™'* and Ikbkap ™'~
visceral yolk sac at 8.5 dpc. Shown is semiquantitative RT-PCR anal-
ysis of marker genes for vasculogenesis and angiogenesis at 8.5 dpc in
the Ikbkap™'* and Ikbkap '~ visceral yolk sacs. The values represent
the integrated density values of the bands relative to the average of the
Ikbkap™'* expression. The names of the genes examined and the
genotypes of samples are indicated. The samples in lane I and lane 111,
as well as lane II and lane IV, were harvested from littermates.

embryos (Fig. 6). To determine the extent of the transcrip-
tional downregulation in Ikbkap '~ embryos, we then tested
the expression of genes, such as Gelsolin, Beclin, P57, and
Mmp2, that were previously shown to be downregulated in
response to IKAP reduction via small interfering RNA in var-
ious in vitro models (10). Interestingly, we did not see down-
regulation of these genes in Ikbkap '~ embryos at 8.5 dpc.
Likewise, expression levels of Elp2 (StIPI and Statipl) and
Elp3 (KATY), which together with IKAP form the Elongator
complex, were similar in Ikbkap*’* and Ikbkap '~ embryos.
Elongator has histone acetyltransferase activity via its Elp3
subunit, and histone acetylation plays a major role in transcrip-
tional regulation by altering the chromatin structure and there-
fore the accessibility of polymerases to the DNA (19, 20, 44).
Indeed, in a previous study, transcriptional impairment in FD
patient fibroblasts was shown to be correlated with histone H3
hypoacetylation in the transcribed regions of genes (10). To
examine whether a deficiency in transcriptional elongation and
histone acetylation might contribute to the observed down-
regulation of gene expression in Ikbkap '~ embryos, the acet-
ylation of histone H3 in various transcribed regions of the
genes was assessed using ChIP. As illustrated by PCR, the
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FIG. 4. Appearance of Ikbkap™'* and Ikbkap~'~ embryos at dif-
ferent embryonic stages. Shown are morphological phenotypes of
the Ikbkap™'* and Ikbkap™'~ embryos from 7.5 to 10 dpc. At 7.5
dpc, the Tkbkap™'* embryo undergoes gastrulation and formation of
primitive organized structures, such as allantois and head folds (A,
inset); however, the Ikbkap ™'~ embryos appeared to be arrested at
the late primitive streak stage, and this feature persisted to 8.5 dpc
in the Ikbkap~'~ embryo (B). At 8.5 and 9.5 dpc, closure of the
anterior neural tube (arrowheads in panels B and C) and body
rotation could be observed in wild-type embryos (B and C); in
contrast, the ITkbkap ™/~ embryos lacked these developmental fea-
tures (B and C). At 9.5 and 10 dpc, the characteristics of the
midgastrulation stage, such as allantois, primitive heart, and head
fold (C, inset, and D), could be found in the Ikbkap~'~ embryo;
however, no blood vessels were observed compared with the
Ikbkap™'* control (D). Scale bars, 0.5 mm; in panel D, the scale bar
adjacent to the Ikbkap*'* embryo is 1 mm.

acetylation patterns near the transcriptional start sites of
Ctnnbl (exon 2), Bmp4 (exon 1), Vegfa (exon 1), and Smad2
(exon 1) were compatible between Ikbkap™*'" and Ikbkap '~
samples, indicating that histone H3 acetylation at promoters
and during early transcript elongation was not perturbed.
However, acetylation in the downstream coding regions of
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FIG. 5. Appearance of Ikbkap™'* and Ikbkap~'~ embryos at 10.5
dpc. Shown is a morphological analysis of the Ikbkap™*'* and Ikbkap '~
embryos at 10.5 dpc. (A) At this stage, in the Ikbkap*'" embryo,
structures of the forebrain and hindbrain can be identified from ventral
and dorsal aspects of the embryo, and the forelimb and hindlimb buds
can be seen. (B) In contrast, at 10.5 dpc, incomplete turning is
observed in the Ikbkap '~ embryo. No corresponding primitive
brain structures or limb buds can be located; however, the anterior
neural tube is closed from the ventral view, and the unsmooth
zipper-like posterior neural tube can be found. Scale bars, 1 mm
(A) and 0.5 mm (B).
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FIG. 6. Gene expression patterns of the Ikbkap™'* and Ikbkap™'~
embryos at 8.5 dpc. Shown is RT-PCR analysis of genes using RNA
isolated from Ikbkap™'™ and Ikbkap~'~ embryos. The names of the
genes examined and genotypes of samples are indicated. Note that the
samples in lane I and lane III, as well as lane II and lane IV, were
harvested from littermates.

Ctnnbl, Bmp4, and Vegfa (exons 8, 2, and 3, respectively) was
significantly reduced in Ikbkap '~ embryos (Fig. 7). These data
suggest that, at least for this subset of genes, developmental
loss of Ikap leads to defective histone acetylation during tran-
script elongation.

Rescue of Ikbkap™'~ embryonic lethality by human IKAP.
The embryonic lethality of the Tkbkap '~ mice stands in sharp
contrast to the clinically observed survival of FD patients be-
yond the adolescent years. However, this result was antici-
pated, since the expression of IKAP is completely abolished in
the mouse model while variable levels of normal IKAP are
produced in FD patients, with marked reduction in the central
and peripheral nervous system (13, 41). We postulate that
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there is a tissue-specific minimum IKAP level that is required
for normal development. This hypothesis is supported by the
fact that all FD patients carry at least one copy of the
IVS20+6T>C splice mutation, which leads to the observed
tissue-specific splicing differences. Further, no extremely del-
eterious mutations have been identified in the IKBKAP gene,
as the two other known mutations lead to missense changes in
the protein. Recently, we described the creation of transgenic
mouse lines that carry the normal human /KBKAP gene and
the FD IVS20+6T>C mutation. All of these lines are pheno-
typically normal, and the IVS20+6T>C transgenics missplice
IKBKAP in a tissue-specific manner that mimics what is seen in
FD patients (23). To test whether embryonic lethality caused
by ablation of mouse Ikbkap could be rescued by human IKAP,
we crossed two transgenic lines, one carrying the normal
IKBKAP gene and one with the IVS20+6T>C mutation, with
Ikbkap™’'~ mice in order to introduce the human transgenes
into the Ikbkap knockout mouse line. The Ikbkap™'~ mice that
carried the human IKBKAP transgenes were viable, and fertil-
ity was normal with no obvious abnormalities (data not shown).
Subsequent pairing of these lines with heterozygous Ikbkap
knockout mice yielded animals that carried the human
IKBKAP transgenes on a homozygous Ikbkap knockout back-
ground. The normal human IKBKAP transgene completely
rescued embryonic lethality (Fig. 8A and B). In addition, by
using an antibody that recognized only human IKAP, we dem-
onstrated exclusive expression of human wild-type IKAP in the
Ikbkap~'~ knockout mice (Fig. 8C). These mice are phenotyp-
ically normal without any obvious abnormalities. The FD
transgene did not rescue embryonic lethality in the Tkbkap '~
mice, likely due to the very low level of normal IKAP expres-
sion (Fig. 8C). This result indicates that the lethality of Ikbkap
ablation in mice can be overcome by the presence of the
human /KBKAP gene. More importantly, it confirms the func-
tional conservation of IKAP between human and mouse dur-
ing development.

Input o-Acetyl H3

—— o2

E2

FIG. 7. Transcriptional analysis of Ctnnbl, Bmp4, Vegfa, and Smad2 in Ikbkap™'" and Ikbkap '~ embryos. (A) Schematic representation of the
genes investigated by ChIP assay. Exons are depicted by boxes; the closed boxes indicate the localization of the amplicons. The numbers (kb)
indicate the positions of these amplicons relative to the 5’ sites of genes. (B) The acetylation status of histone H3 in the transcribed regions of
Ctnnbl, Bmp4, Vegfa, and Smad2 was estimated using an acetyl-histone H3 ChIP assay. Note that Ctnnbl exon 8, Bmp4 exon 2, and Vegfa exon
3 were not pulled down with anti-acetyl-histone H3 antibody in Ikbkap '~ embryos. The genes tested, the genotypes, and the locations (E, exon)
of amplicons are indicated. a-Acetyl H3, anti-acetyl-histone H3 antibody; No Ab, no antibody control.
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A

1: Positive control

2: Ikbkap** | hu-WT-TG(-)
3: Ikbkap*/* | hu-WT-TG(+)
4: Ikbkap™" | hu-WT-TG(+)
5: Ikbkap*/* | hu-FD-TG(+)

FIG. 8. Appearance of Ikbkap ™'~ mice with a human wild-type
IKBKAP transgene. (A) The arrowheads point to Ikbkap null mice with
the human wild-type IKBKAP transgene. No significant phenotypic
differences were observed compared to heterozygous littermates.
(B) PCR genotyping results of genomic DNA from tail snips with
dedicated primers. Lane 1 (from left), Ikbkap ™'~ genotype; lanes 2 and
3, Ikbkapl '~ genotype. The mice represented by lanes 2 and 3 were
positive for carrying the human transgene. wt, wild-type fragment; ko,
knockout fragment; TG, human IKBKAP transgene. (C) Western blot
result using the human-specific IKAP antibody to confirm the presence
of the human IKBKAP protein, IKAP, in mouse brains from different
genotypes. Lane 1, positive control of nuclear extracts from HeLa cells,
which are positive for IKAP expression; lane 2, control mouse (no
human IKBKAP [WT] transgene); lane 3, Ikbkap™* mouse with hu-
man WT transgene; lane 4, Ikbkap™~ mouse with human WT trans-
gene; lane 5, Ikbkap™'~ mouse with human FD transgene. Arrowhead
150-kDa position.

DISCUSSION

The identification of mutations in the IKBKAP gene in FD
patients was a critical first step in the endeavor to find a
treatment for FD (4, 7, 41). As a result of this discovery, it
became clear that cellular levels of IKAP are diminished in a
tissue-specific manner due to the IVS20+6T>C mutation,
with the lowest levels observed in the nervous system. Even
though the defective gene is now known, it is still unclear how
reduction of IKAP during development leads to the observed
neuropathy in FD. In order to begin to understand the role of
IKAP in mammals, we created an Ikbkap knockout mouse
model.

We demonstrated that Ikbkap expression is essential for
embryonic development, as evidenced by embryonic lethality
in the Ikbkap '~ embryos. Examination of embryos suggested
that IKAP plays a crucial role in neuronal development. Ex-
pression of mouse Ikap can be detected in embryos at the early
embryonic stage (8.5 dpc), with high expression in the primitive
brain regions, notably the hindbrain, at the commencement of
neurogenesis. At later embryonic stages (11.5 dpc), Ikap is
expressed predominately in the dorsal root ganglia beside the
spinal cord and in the roof plate area, where the progenitors of
the cerebellum are born. Similar dorsal root ganglion expres-
sion has been reported previously in rat embryo studies using
in situ hybridization (34). These unique expression patterns in
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the developing central and peripheral nervous system are con-
sistent with the disoriented neural tube and absence of a prim-
itive brain in the Ikbkap~'~ embryos.

In this study, we demonstrated for the first time a role for
Ikbkap in the proper development of the extraembryonic com-
ponents of the conceptus, including the placenta and yolk sac.
The visceral yolk sac functions as the metabolic center for the
embryo during early development (3, 15). The yolk sac not only
acts as a protective barrier for the embryo against the external
environment, it is also involved in the transmission of nutrition
from the uterus, as well as the disposal of toxins from the
embryo prior to the development of the placenta and fetal
liver. In addition, several molecules that are important for
tissue remodeling, such as tissue plasminogen activator, as well
as proteinases and inhibitors, are secreted by the visceral yolk
sac (26). Over the past decade, with the advance of gene-
targeting technology, several genes, such as Vegfa (6), Fit1 (16),
Tgfbl (14), Angptl (45), Tiel/Tie2 (37, 40), Gata6 (27), and
Hnf4a (9), have been shown to be crucial for visceral yolk sac
development. The abnormalities observed in the Ikbkap ™'~
visceral yolk sac during gastrulation, such as the delayed onset
of blood island formation and failure of blood vessel develop-
ment, in part have similarities to the knockout phenotypes of
these genes, suggesting that vasculogenesis and angiogenesis
are impaired in the absence of Ikbkap. In the Ikbkap '~ vis-
ceral yolk sac, the formation of the primitive capillary plexus at
9.5 dpc, in conjunction with the absence of subsequent events,
such as the establishment and increased thickness of the lumen
and neovascularization, indicates that vasculogenesis was ini-
tiated but the subsequent angiogenesis was disrupted. Despite
our demonstration of gene expression changes, further studies
will be required to determine the precise role of Tkbkap in this
vital developmental process.

Although the abnormalities of the Ikbkap '~ yolk sac exhibit
similarities to some other gene-targeting studies that led to
embryonic lethality, the developmental deficits observed in the
Ikbkap~'~ embryos are unique. In the Tgfbl knockout mouse
model, the authors demonstrated that 50% of the TGFb1 /'~
and 25% of the TGFbI*'~ embryos were prenatal lethal
around 10.5 dpc as a result of the failure of the vascular and
hematopoietic system functions and not due to direct effects on
the nervous system in null embryos (14). In contrast, the
Ikbkap ™'~ embryo exhibited a more dramatic phenotype; no
Ikbkap~'~ embryos were recovered beyond 12.5 dpc and
severe neurodevelopmental defects were observed at earlier
stages. Interestingly, at 9.5 dpc, the Ikbkap '~ embryo exhibits
the classic features of gastrulation, such as open head fold,
allantois, and primitive vascular organization, which normally
occur in the wild-type embryos at 7.5 dpc, suggesting that
Ikbkap might be involved in the signaling cascade that controls
the transition from the primitive streak stage to gastrulation,
such as proliferation and/or differentiation of progenitor cells.
The fact that the anterior-posterior polarity of the Ikbkap ™'~
embryos was established eventually, as evidenced by the head-
tail appearance at 9.5 dpc, suggests that Jkbkap might be in-
volved in modulating this event via transcriptional regulation.

Examination of the embryos suggested that death occurred
at 10.5 dpc. In fact the Ikbkap '~ embryos at 10 dpc appeared
to be larger than those at 9.5 dpc, suggesting that the embryos
lacking Ikbkap continue to develop during this period. Further,
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at 10.5 dpc, the anterior neural tube was found to be closed,
although the structure was distinct from that observed in the
Ikbkap™’* embryos. In addition, the demonstration of disori-
ented alignment of the posterior neural tube in the Ikbkap ™'~
embryos reinforces the argument that neural-plate morpho-
genesis is still ongoing between 9.5 and 10.5 dpc. The irregu-
larity of the neural-tube architecture, as well as the reduced
expression of Bmp4 and Rhoa, both of which are important for
roof plate patterning in vertebrates, suggests that neurulation
is disrupted in the absence of Ikbkap (31, 32, 48). Interestingly,
ablating Bmp4 not only led to embryonic lethality during gas-
trulation, but some of the Bmp4 null embryos showed open
head folds and an unturned body (49), similar to what was
observed in the Ikbkap '~ embryos at the corresponding stage.
However, the Bmp4 null embryos did not advance to the post-
gastrulation stage as seen in the Ikbkap ™'~ embryos, and the
size of the Bmp4 null embryos was similar to that of controls
while the overall size of the Ikbkap '~ embryo was dramati-
cally reduced. In the future, it would be interesting to investi-
gate the interaction between Ikbkap and BMP signaling, given
the observed reduction of Bmp4 expression in Ikbkap '~ em-
bryos. In the Ikbkap '~ embryos, the level of Ctnnbl, a gene
that is particularly important for brain formation and cranio-
facial development (5), was reduced. The function of CtnnbI
during gastrulation has been demonstrated by the embryonic
lethality resulting from the failure in the formation of ectoder-
mal cell layers in the Ctnnb1 null embryo (18). The fact that the
Ctnnb1~'~ embryo cannot develop beyond gastrulation, unlike
the Ikbkap™'~ embryos, raises the possibility that in the ab-
sence of Ikbkap, another unknown signaling pathway might be
compensating for the defect of Ctmnbl signaling, or more
likely, expression of this gene might not be totally abolished in
the Ikbkap~'~ embryos. Taken together, our findings suggest
that Tkbkap '~ embryos undergo early development and ad-
vance to the late gastrulation stage in an environment without
Ikbkap. However, the disturbances in both vascular and neural
development lead to lethality immediately following gastru-
lation.

Recently, several genes that require IKAP/Elongator have
been identified by using either FD fibroblasts or HeLa cells in
which RNA interference was used to reduce IKBKAP expres-
sion (8, 10). Further, RNA microarray studies using postmor-
tem FD tissue suggest that a subset of genes involved in my-
elination might require IKAP for efficient transcription (8). In
the current study, we tested the expression pattern of a subset
of these genes in Ikbkap™'~ embryos and did not find any
reduction in expression. However, we did find reduced or ab-
sent expression of several genes required for embryogenesis.
Our ChIP analysis of these genes demonstrated that in the
absence of IKAP, histone H3 acetylation is significantly re-
duced in the 3’ ends of genes, although similar levels are
observed close to the promoter. This is similar to the patterns
observed in the FD fibroblasts and supports the previously
described model for Elongator function as a histone acetyl-
transferase involved in transcriptional elongation (10). It is
interesting that different Elongator dependences for the ex-
pression of individual genes are observed in the in vitro knock-
down and in vivo knockout systems. This might be attributed to
different gene expression patterns, or perhaps to changes in
local chromatin structure, during development. These results
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may also suggest that specific genes have either developmental
or tissue-specific thresholds for their reliance on IKAP/Elon-
gator. Finally, the observed variability in Elongator depen-
dence illustrates the complicated cascade of transcriptional
regulation and the difficulty in assessing direct targets in tissues
based on effects observed in cells in culture.

In conclusion, we have shown for the first time that IKAP is
required for embryogenesis in mammals. Although the precise
cause of embryonic lethality remains to be determined, our
findings indicate that IKAP is required for entry from the egg
cylinder stage into the gastrulation stage, as well as for proper
neurulation and primitive organ development. Further, the
function of IKAP is not restricted to the embryo, since striking
abnormalities were also seen in the visceral yolk sac. Our work
further demonstrating rescue of embryonic lethality by a hu-
man IKBKAP transgene is exciting, as it suggests functional
conservation between the mouse and human proteins. Despite
the fact that low levels of normal IKAP are expressed from the
human transgene carrying the FD splicing mutation, the trans-
gene does not rescue lethality. It does, however, suggest that
increasing IKAP expression from the FD transgene using the
small molecule kinetin (22) may enable us to achieve our
ultimate goal of creating a phenotypically accurate mouse
model of FD.
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