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Abnormal Morphogenesis But

Intact IKK Activation in Mice

Lacking the IKKa Subunit of
IkB Kinase

Yinling Hu," Véronique Baud,’* Mireille Delhase,’* Peilin Zhang,?
Thomas Deerinck,? Mark Ellisman, Randall johnson,*
Michael Karin'}

The oligomeric IkB kinase (IKK) is composed of three polypeptides: IKKa and
IKKB, the catalytic subunits, and IKKYy, a regulatory subunit. IKKa and IKK( are
similar in structure and thought to have similar function—phosphorylation of
the kB inhibitors in response to proinflammatory stimuli. Such phosphorylation
leads to degradation of IkB and activation of nuclear factor kB transcription
factors. The physiological function of these protein kinases was explored by
analysis of IKKa-deficient mice. IKKa was not required for activation of IKK and
degradation of IkB by proinflammatory stimuli. Instead, loss of IKKa interfered
with multiple morphogenetic events, including limb and skeletal patterning and
proliferation and differentiation of epidermal keratinocytes.

NF-kB/Rel proteins are dimeric transcription
factors whose activity is regulated by interac-
tion with IkB inhibitors (/). In nonstimulated
cells NF-«kB proteins are retained in the cyto-

IxBa
IxBf

IxBe

plasm because IkBs mask their nuclear local-
ization sequence. Exposure to proinflammatory
stimuli results in rapid phosphorylation, ubiqui-
tilation, and degradation of the IkBs (/). Freed

E16

Fig. 1. Phenotypic and genotypic analysis of IKKa-deficient mice. (A) Southem blot analysis of Sac
I-digested genomic DNA derived from E18 fetuses of different genotypes. (B) Protein immunoblot
analysis of protein extracts prepared from muscle tissue of E18 fetuses of the indicated genotypes.
Extracts were separated by SDS-PAGE, transferred to a nylon membrane, and probed with antibodies
against the indicated proteins. (C) Appearance of wild-type (WT) and tkka.™’~ (M) fetuses collected at
E14.5, E16, and E18. The tight and smooth appearance of mutant skin is apparent.
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NF-«B dimers translocate to the nucleus and
regulate target gene transcription. The protein
kinase that phosphorylates IkBs in response to
proinflammatory stimuli is a multiprotein com-
plex, the IkB kinase (IKK), composed of two
catalytic subunits, IKKa and IKK@ (2—), and
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a regulatory subunit, IKKvy or NEMO (5, 6). In
several human cell lines the IKK complex con-
sists of stable IKKa::IKK heterodimers tightly
associated with dimers or trimers of IKKy (5).
In vitro, IKKa and IKK( can form homo- and
heterodimers that directly phosphorylate IkBs

WT

WT M

Fig. 2. Skeletal structures of wild-type (WT) and mutant (M) mice. (A) Vertebral columns and rib cages
of newborn mice stained with alcian blue and alizarin red. (B) Stema of newbom and E16 mice stained
as above. (C) Skulls of E18 fetuses were stained as above and photographed from the bottom (top left),
top (top right), and side (bottom). (D) Forelimb bones of E18 fetuses. Some of the more obvious skeletal
defects are indicated by arrows. Similar results were obtained with five skeletal preparations.

Fig. 3. Analysis of paw development in wild-type (WT) and mutant
(M) embryos. (A) In situ whole-mount hybridization with antisense
and sense /kko probes of forepaws from E13 embryos. (B) Photomi-
crographs of forepaws from E13 WT and mutant embryos. (C) TUNEL
staining of sectioned forepaws from E13 embryos.

at their regulatory serines (4). IKK(, but not
IKKa, associates directly with IKK<y, which
links the IKK complex to upstream activators
(5). Apart from this, IKK« and IKK were both
believed to be functionally similar and required
for IKK and NF-kB activation (2-4). However,
we recently found that IKKf, and not IKKq,
serves as the target for proinflammatory stimuli
that lead to IKK activation (7).

To determine the biological functions of
IKKa, we generated mice deficient in that
subunit. These mice exhibited normal activa-
tion of IKK and degradation of IkB in re-
sponse to proinflammatory stimuli but dis-
played multiple morphogenetic defects.

Mouse Tkka genomic DNA was used to
construct the targeting vector (&). To elimi-
nate kinase activity, a part of the exon that
encodes the adenosine 5’'-triphosphate bind-
ing site (amino acids 192 to 212) was re-
placed with a DNA fragment encoding B-ga-
lactosidase (LacZ) and neomycin resistance
(Neo™) (8). Because the Neo" gene contains
transcription termination and polyadenylation
signals, the COOH-terminal two-thirds of
IKKa, which contains its leucine zipper and
helix-loop-helix protein interaction motifs
(2), was not expressed in mutant cells (9).

Using this vector and positive-negative se-
lection (10), we isolated three embryonic stem
(ES) cell clones with a disrupted Ikka allele.
Chimeric mice derived from these cells trans-
mitted the disrupted allele to their progeny (11).
Tiko '~ mice were viable, healthy, and fertile
and had normal appearance. Intercrossed
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Tkko*’~ females bore normal numbers of em-
bryos (5 to 11), of which ~24% (32 out of 133)
had abnormal appearance. Genotyping revealed
that all abnormal embryos were homozygous
for the disrupted allele (Fig. 1A). Analysis of
extracts (12) prepared from fetuses collected at
embryonic day 18 (E18) revealed no expression
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of IKK« in Tkka ™"~ fetuses and decreased ex-
pression in heterozygotes (Fig. 1B). No chang-
es in expression of IKK@, IKK-y, the p65 and
p52 subunits of NF-kB, IkBa, IkBp, or IkBe
were detected. Similar results were obtained by
RNA analysis (9).

At E18, Ikka™’~ mutant fetuses had rudi-

Fig. 4. Analysis of wild-type (WT) and mutant (M) skin. (A) Sections of back skin of E17 fetuses
were stained with hematoxylin and eosin (H&E). (B) E17 mouse embryos were isolated 2 hours
after their mothers were injected with BrdU and fixed in 4% paraformaldehyde. Paraffin sections
were stained with anti-BrdU and visualized by fluorescence immunohistochemistry. (C) Paraffin
sections of back skin from E19 fetuses were analyzed by TUNEL staining. Magnification: (A) to (C),
X285. (D) Electron micrographs of normal and mutant epidermis. Pieces of skin from the
mid-thoracic region of fixed E17 fetuses were examined by electron microscopy (magnification:
WT, X2100; mutant, X2010) after sectioning and staining with lead citrate. In all images the outer
edge of the epidermis points to the right. The complete absence of the two outer layers in mutant

epidermis is apparent.

mentary protrusions instead of normal limbs
(Fig. 1C). In addition, they lacked well-formed
tails, and their heads were shorter than normal,
with a truncated snout and no external ears. E18
mutant fetuses also had an omphalocele (a gas-
trointestinal protrusion into the umbilical cord).
In E16 mutant embryos, forelimbs (but not hind-
limbs) were visible but were considerably short-
er than those of normal (Tkka*’* and Ikka*'™)
littermates and lacked separated digits. In addi-
tion, E16 and E18 Jkka /'~ fetuses had taut skin,
lacking folds or wrinkles visible on normal
counterparts. At an earlier stage, E14.5, the fore-
and hindlimbs of mutant embryos were not
much shorter than those of normal counterparts,
but were devoid of distinct digits.

Ttkko. ™"~ embryos developed to term and
were born alive, but died within 30 min. The
Ikko ™'~ neonates were smaller than normal
and had the same appearance as the mutant E18
fetuses (9). Autopsy revealed no obvious mor-
phological abnormalities of the heart, lungs,
liver, kidneys, spleen, brain, and spinal cord
(13). Mutant placentae, however, were severely
congested with bulging vessels and blood si-
nuses on the maternal surface and normal fetal
surface (/3). These findings suggest that the
cause of death is cardiovascular malfunction
(14). The cardiac muscle itself was morpholog-
ically normal (73). Consistent with the pleiotro-
pic developmental defects caused by the loss of
IKKa, in situ hybridization revealed wide-
spread expression of the gene, highest in the
developing spine, limb buds, and head (9).

Examination of skeletal preparations stained
with alcian blue (to reveal cartilage) and alizarin
red (an indicator of calcification) revealed mul-
tiple abnormalities (Fig. 2). Although Jkko ™'~
embryos had normal numbers of lumbar and
thoracic vertebrae, many of the sacral vertebrae
were small and fused (Fig. 2A). Cervical verte-
brae were fused as well. As a result of a shorter
sternum the mutants had smaller thoracic cages.
Mutant sterna failed to fuse and exhibited de-
layed ossification (Fig. 2B). The xiphoid pro-
cess also failed to fuse and was bifurcated.
Skulls of mutant fetuses were smaller (mostly
shorter) and maldeveloped (Fig. 2C). Some of
the skull bones were missing or reduced in size.
Strikingly, despite the almost complete absence
of external limbs, the mutants had modestly
truncated limb bones with close to normal shape
under their skin (Fig. 2D). The bones were
surrounded by normal-appearing muscle. Closer
examination revealed syndactyly in both fore-
and hindpaws of Tkka ™/~ embryos (Fig. 2D) (9).
Mutant digits were half as long as normal and
partially mineralized. The first phalanges of dig-
its III and IV were fused, whereas the second
and third phalanges were absent. Mutant hind-
paws had similar features to the forepaws except
for complete absence of phalanges (9).

During paw development mesodermal cells
in the limb bud condense to give rise to the
cartilage matrix for elements of the five digits,
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the carpals and the long bones (/5). In most
mammals, cells in the interdigital region under-
go programmed cell death, thus creating dis-
tinct digits. In situ hybridization revealed abun-
dant expression of Ikka mRNA in both the
digital and interdigital region of the E13 auto-
pod (Fig. 3A). At E13, the mutant paws failed
to form distinct digits, resulting in webbed mor-
phology (Fig. 3B). TUNEL (terminal deoxynu-
cleotidyl transferase-mediated dUTP nick-end
labeling) staining (/6) revealed a reduced num-
ber of apoptotic cells in the interdigital areas of
the mutant E13 paw (Fig. 3C).

Mutant embryos lacked obvious ridges or
wrinkles on their skin (Fig. 1C). Microscopic
examination of back skin sections from wild-
type (WT) and mutant E18 fetuses confirmed
this and revealed hyperplasia of the suprabasal
layer (stratum spinosum) of mutant epidermis
(Fig. 4A). This may explain the tightness of the
mutant skin. In vivo labeling (/7) with bro-
modeoxyuridine (BrdU) indicated that the in-
creased thickness of the suprabasal layer was
due to a higher rate of cell proliferation (Fig.
4B). Although TUNEL staining revealed large
number of apoptotic cells at the outer edge of
mutant epidermis (Fig. 4C), this may be due to
the larger number of epidermal progenitors
that arrive at this zone where terminal dif-
ferentiation and cell death through surface
desquamation give rise to the cornified lay-
er (which is absent in the mutant). In nor-
mal epidermis most programmed cell death
occurred within the stratum spinosum.
Electron microscopy revealed that in addi-
tion to marked increase in the thickness of
the stratum spinosum, mutant epidermis
was completely missing the two upper lay-
ers, the stratum granulosum and stratum
corneum (Fig. 4D). Therefore, the loss of
IKKa results in a complete block of kera-
tinocyte differentiation.

Transverse sections at the hindlimb level
revealed that whereas normal limbs and tail
were well separated from the body, the mutant
limbs and tail were surrounded by a thick layer
of skin that was fused to the skin cover of the
body (Fig. 5A). This suggests increased self-
adhesion of mutant epidermis in supplementary
Web Fig. 2 (18). A similar defect may be

Fig. 5. Defects caused
by increased adhe-
siveness of mutant
epidermis. (A) Trans-
verse sections of
wild-type (WT) and
mutant (M) E17 fe-
tuses at the hindlimb
level stained with
H&E. S, skin; T, tail
(B) Section of wild-
type (top) and mu-
tant (bottom) esoph-
agus from E17 fetuses
stained with H&E.

A
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responsible for closure of the esophagus in
IKKo ™~ fetuses (Fig. 5B). The inside of this
organ is also covered with keratinocytes.

To determine whether loss of IKKa affects
the regulation of IkB phosphorylation and deg-
radation, we cultured fibroblasts from Tkka ™/
and Jkka™~ E13 embryos. Treatment of
Tiko™"~ cells with tumor necrosis factor (TNF)
or interleukin-1 (IL-1) resulted in normal stim-
ulation of IxB kinase activity measured by im-
mune complex kinase assays with antibodies to
either IKKB or IKKYy, although no IKKa-

associated kinase activity was detected
(Fig. 6A). We also detected normal induc-
tion of IKBa degradation and resynthesis
(Fig. 6B) and nuclear translocation of p65/
RelA (Fig. 6C) in Ikko ™/~ cells. Mobility
shift assays indicated that TNF treatment of
Ikko ="~ fibroblasts resulted in induction of
NF-kB DNA binding activity (/9). Because
the function of IKKa may be cell type—
specific, we also examined the regulation
of IKK activity in WT and mutant livers.
E18 fetuses were exposed by Cesarean sec-
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Fig. 6. IKK and NF-kB activation in the absence of IKKa. (A) IKK activation in fibroblasts. Primary
cultures of mouse embryonic fibroblasts (MEFs) from E13 embryos were left untreated or stimulated for
10 min with mouse TNF (10 ng/ml) or IL-1 (10 ng/ml). IKK complexes were isolated from cell lysates
by immunoprecipitation (IP) with anti-IKKc, anti-IKKB, or anti-IKK+y, and associated kinase activity was
determined with glutathione S-transferase—IkBa(1-54) as a substrate (2). (B) IkBa degradation. MEFs
were incubated with TNF for the indicated times, then lysed. IkBa degradation was monitored by
immunoblotting with anti-IkBa (Santa Cruz). The same blot was reprobed with anti-IKKa. (C) Cytokine-
induced nuclear translocation of RelA(p65). MEFs grown on Lab-TeK chamber slides were left untreated
or stimulated for 30 min with mouse TNF or IL-1. Cells were fixed and the subcellular distribution of
RelA was examined by fluorescent immunostaining with anti-RelA(p65). (D) Activation of IKK in fetal
liver. Wild-type and mutant E17 fetuses were exposed by a cesarean section and injected intraperito-
neally with 5 g of LPS in PBS or with PBS alone. After 40 min the fetuses were removed and protein
extracts were prepared from their livers. IKK complexes were isolated by immunoprecipitation with
either anti-IKKa or anti-IKKy and their kinase activity determined as described above. The amount of

IKKy was determined by immunoblotting.
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tion of anesthetized mothers and while in
utero were injected with lipopolysaccharide
(LPS), a potent NF-«B activator. This result-
ed in efficient IKK activation, measured by
immune complex kinase assays with anti-
IKK+y in both WT and mutant livers (Fig.
6D). Immunohistochemical analysis revealed
normal LPS-induced nuclear translocation of
p65/RelA in mutant livers (20).

These results indicate that mice and
cells that lack IKK« exhibit normal activa-
tion of the variant IKK complex they ex-
press [presumably composed of IKKB ho-
modimers and IKK-+y and still eluting from a
sizing column at 900 kD (79)] in response
to *proinflammatory stimuli, resulting in
IxB phosphorylation and degradation. This
is not the result of functional redundancy
between IKKa and TKKB because mice and
cells that lack IKK[B exhibit the expected
defects in IKK and NF-kB activation (27).
In addition, biochemical and reverse genet-
ic analysis indicate that IKKf, and not
[KKa, is the target for upstream signals
generated by proinflammatory stimuli (7).
Instead of responding to proinflammatory
signals, TKKa appears to participate in
multiple. morphogenetic processes, includ-
ing limb development, apoptosis of inter-
digital tissue, and proliferation and differ-
entiation of epidermal keratinocytes. None
of these functions appears to be compen-
sated by IKKB. However, it is not clear
whether the developmental and morphoge-
netic function of IKK« is executed by stan-
dard IKK complexes, composed of IKKa:
IKKB heterodimers and IKKvy (35), or by

IKKa homodimers that may be associated

with another regulatory subunit.

In Drosophila melanogaster NF-kB tran-
scription factors participate in both pattern
formation and innate immunity (22). Knock-
out mice deficient in individual NF-kB pro-
teins provide genetic evidence for their func-
tion in various aspects of innate and acquired
immunity but not in development or morpho-
genesis (23). Given the high degree of func-
tional conservation between insect and mam-
malian dorsal/NF-«B pathways, the absence
of developmental function for mammalian
NF-«B proteins is puzzling. Yet, expression
of a phosphorylation-defective IkBo mutant
in the chicken limb bud interfered with de-
velopment (24). These results, however,
could be caused by elimination of the anti-
apoptotic function of NF-kB (25), resulting
in ablation of cells in the progress zone of the
limb bud. In fact, the defects in limb devel-
opment caused by loss of IKKa are much
milder and different from those caused by
overexpression of mutant IkBa. Expression
of the IkBa mutant in mouse skin produced a
phenotype that is superficially similar to the
one caused by loss of IKKe, namely, hyper-
plasia of the suprabasal layer (26). Yet, ex-

REPORTS

pression of the IxkBa mutant did not block
epidermal differentiation, suggesting that the
effect of the IKKa mutation is not simply due
to a defect in NF-kB activation.

The most striking defect associated with
loss of IKKa expression is the failure to form
stratified, well-differentiated epidermis. It ap-
pears that the increased thickness and adhe-
siveness of the mutant skin causes it to act as
a capsule that prevents the emergence of limb
outgrowths. In addition, the defect in epider-
mal differentiation may perturb production of
morphogens by epidermal thickenings, such
as the apical ectodermal ridge (AER). This
may account, in part, for the defects in skel-
etal patterning observed in Jkko ™~ mice,
some of which resemble defects in mice that
are deficient in certain bone morphogenetic
proteins (BMPs). For example, a partially
split sternum and forked xiphoid with de-
layed ossification were observed in BMP5
and BMP6 doubly deficient mice (27),
whereas BMPS mutants lack external ears
(28). Also, BMP4 and BMP7, regulated by
the AER, were suggested to be involved in
apoptosis of interdigital tissue (29). It is
therefore possible that IKK« may somehow
regulate the localized expression of certain
BMPs.
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