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Limb and Skin Abnormalities in 
Mice Lacking IKKa 

Kiyoshi Takeda,' Osamu Takeuchi,' Tohru Tsujimura,' 
Satoshi ~ ta rn i ,~  Osamu Adachi,' Taro Kawai,' Hideki Sanjo,' 

Kunihiko Y~sh ikawa ,~  Nobuyuki Terada,' and Shizuo Akira,'" 

The gene encoding inhibitor of kappa B (IKB) kinase a (IKKa; also called IKKI) 
was disrupted by gene targeting. IKKa-deficient mice died perinatally. In IKKa- 
deficient fetuses, limb outgrowth was severely impaired despite unaffected 
skeletal development. The epidermal cells in IKKa-deficient fetuses were highly 
proliferative with dysregulated epidermal differentiation. In the basal layer, 
degradation of IKB and nuclear localization of nuclear factor kappa B (NF-KB) 
were not observed. Thus, lKKa is essential for NF-KB activation in the limb and 
skin during embryogenesis. In contrast, there was no impairment of NF-KB 
activation induced by either interleukin-I or tumor necrosis factor-a in IKKa- 
deficient embryonic fibroblasts and thymocytes, indicating that IKKa is not 
essential for cytokine-induced activation of NF-KB. 

The IKB kmase: a large protein complex. phos- 
phorylates two seillle residues of the IKB pro- 
teins. This leads to degradation of IKB and acti- 
vation of NF-KB transcliption factors (1). IKKa 
was identified as a subunit of the IKB ltinase 
complex that directly phosphoiylates IKB (2, 3). 
IKKP was subsequently identified as a second 
subunit of the IKB kinase complex that foirns a 
heterodimer with IKKa (3, 4). In vitro studies 
have indicated that both IKKa and IKKP (also 
called IKK2) may contribute to hunor necrosis 
factol-a, (TNF-at and interleukin- 1 (IL- 1)-in- 
duced activation of NF-KB (2-4). 

To assess the in vivo role of IKKa, we 
disrupted the IKKa gene by hornologo~~s re- 
colnbination in €14.1 embryonic stem (ES) 
cells (5). A targeting vector was constructed 
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to replace an exon encoding subdomain \'I of 
the kinase catalytic portioll with a neoinycin 
resistance gene. Two correctly targeted ES 
clones successfillly translnitted the disiupted 
allele through the gerln line (Fig. 1A). The 
hetelozygous (IKKa- ) mice were pheno- 
typically nonnal and healthy To generate 
I K K a  mlce, the hetelozqgotes weie 
crossed I K K a  piogeny were born wlth 
abiloilnal appealance and dled n ithln 3 houis 
aftei bllth N e n b o ~ n  I K K a  pups had de- 
fective development of limbs and tails (Fig. 
ID), and their skill was abnoilnally shiny. 
Yorthern (RYA) and protein imlnunoblot 
analysis of ernbr)~onic fibroblast (EF) cells 
coilfinned that the disruptioll of the IKKa 
gene abolished the expression of IKKa  
mRVA and protein (Fig. 1, B and C). Expres- 
sion of mRYA and protein for IKKP was 
slightly increased in I K K a  EF cells. 

Examinatioil of stained skeletal preparatioils 
from the fetus at 18.5 days postcoitu~n (dpc) 
revealed that I K K a  mice had no defect ill 

development of bone or cartilage. although the 
lengths of limb; tail, and craniofacial bones and 
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and tightly folded and tail cartilage was rolled 
up in I K K a - I  pups. These findings indicate 
that skeletal development was lloinlal; howev- 
er, limb mesenchyme outgro\\-t11 was impaired 
in IKKa-I- fetuses. Activation of hT-KB is 
essential for limb developmeilt in chicliens (6 ) .  
Therefore; we analyzed whether IICKa was ex- 
pressed in the developing limb by ~vhole-mount 
in sin1 hybiidization (7). IKKa was expressed 
predomi~~antly in the limb buds of wild-type 
fetuses at 12.5 dpc (Fig. 2A). I11 IICKa-'- 
fetuses, IKICa was not expressed, and the limb 
bud showed a slightly abnolmal phenot).pe rel- 
ative to that of wild type (Fig. 2B). IKKP was 
also expressed in the limb buds: particularly the 
forelimbs of wild-t)pe as well as IKKa- - 
fetuses at 12.5 dpc (Fig. 2; C and D). A DYO- 
soyhilri inelniiognste~ hon~olog of hT-KB: Dor- 
sal, positively and negatively regulates expres- 
sion of fi~,ist and cleccpeiifcplegic (dpp): respec- 
tively (8). The ~nurine hi,ist ho~nolog is ex- 
pressed in limb bud mesenchyme (9); and 
mutations in TCVLCT lead to craniofacial and 
limb anomalies in humans (1 0). I11 the wild- 
t p e  feh~ses; Tit,isr was expressed in the limb 
buds at 12.5 dpc (Fig. 2E). However: expres- 
sion of Twist was reduced in the link buds of 
IKKa-I- fetuses at 12.5 dpc (Fig. 2F). Expres- 
sion of the bone moiyhogenic protein-4 gene 
(BJfP4): the vertebrate cky homolog, was not 
altered in the limb buds of I I C K a  fetuses at 
12.5 dpc (Fig. 2; G and H). Reduced Twist 
expression in I I C K a  fehlses was also ob- 
sewed at 13.5 dpc (11). Talcen together, these 
results indicate that IKKa regulates gene ex- 
pression required for limb development, possi- 
bly through activation of hT-KB. 

Tissue sectiolls of sl&l at 18.5 dpc were 
stained ~vith hematoxylin and eosin and exam- 
ined by light microscopy. At this developmen- 
tal stage. the full prograin of epidermal differ- 
entiation was nearly coinplete in wild-type 
 nice (Fig. 3A). In contrast with the iidged and 
laininated noi~nal stranlm coineum of wild-type 
mice; I K K a  mice exhibited proinii~eilt par- 
alceratosis without a visible stratum granulosum 
(Fig. 3B). The strattun spinosum of IKKa- - 
epidermis was hypelplastic. The developlnellt 
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of hair follicles was retarded, and only small 
premature hair follicles were seen in IKKc-I- 
mice at this stage. The presence of hyperplastic 
epidermis prompted us to evaluate proliferative 
activity in the epidermis of IKKc-I- mice. We 
stained the skin sections with antibody to Ki-67 
(anti-Ki-67), which is expressed in proliferat- 
ing cells. Relatively few Ki-67-positive cells 
were observed in the basal cell layer of the 
epidermis of wild-type mice (Fig. 3C). In con- 
trast, almost all of the basal cells and a few 
suprabasal cells expressed Ki-67 in IKKc-I- 
mice, indicating abnormal proliferation of the 
MKcr-I- cells in the basal layer (Fig. 3D). 

A panel of antibodies for proteins expressed 
at defined stages of epidermal differentiation 
were used to examine whether IKKa deficiency 
affects keratinocyte maturation. Keratin K14 
was expressed in one to two layers of basal cells 
in wild-type mice, whereas it was strongly ex- 
pressed in the whole thickened epidermis in 
IKKa-I- mice (Fig. 3, E and F). Although 
keratin K10, one of the markers for terminal 
differentiation of stratified epithelia, was ex- 
pressed in all keratinocytes except for the basal 
layer in both wild-type and IKKa-I- epidermis 
(Fig. 3, G and H), expression of several differ- 
entiation markers was impaired in IKKa-'- 
mice. These included involucrin and filaggrin, 
which are early and late differentiation markers 
of keratinocytes, respectively. Membranous ex- 
pression of involucrin was observed in the upper 
stratum spinosum and stratum comeum from 
wild-type animals. In contrast, weak cytoplas- 
mic expression was observed in the upper layer 
of epidermis from mice (Fig. 3, I and 
J). Filaggrin was expressed in the stratum cor- 
neum and granulosurn in wild-type epidermis; 
however, its expression was reduced in 
ma-'- epidermis (Fig. 3, K and L). Thus, 

irnrnunohistological analysis of epidermis re- 
vealed that epidermal terminal differentiation 
was dysregulated in IKKc-'- mice. W(cr-'- 

mice might die shortly after b i i  as a result of 
the i m p W  skin barrier function, as demon- 
strated in mice lacking transglutamhase-1 or 
expressing dominant negative retinoic acid re- 
ceptor (12). 

The stratum spinosum is also thickened in 
transgenic mice with skin-specific expression 
of dominant negative IKB proteins (13). The 
expression of several keratin genes is transcrip 
tionally controlled by NF-KB (14). Therefore, 
we irnmunohistologically analyzed expression 
of IKBs and NF-KB in the epidermis (15). In 
wild-type mice, IKBa and IKBP were expressed 
in the stratum spinosum at 18.5 dpc; however, 
expression of IKBa and IKBP was reduced in 
the basal epithelial layer (Fig. 4, A and C). In 
contrast, no reduction of expression of I K B ~  
and IKBP was observed in the basal layer of 
KKc-I- mice (Fig. 4, B and D). We further 
analyzed the subcellular localization of RelA, a 
p65 protein of the NF-KB W l y .  In wild-type 
mice, cytoplasmic expression of RelA was re- 
duced in the basal layer as compared with that 
in the stratum spinosum (Fig. 4E). In addition, 
RelA was expressed in the nucleus in some 
basal layer cells (Fig. 4, E, G, and I). These 
observations indicate that NF-KB was activated 
in the basal cell layer of wild-type epidermis. In 
contrast, RelA was expressed in the cytoplasm 
but not in the nucleus of all cells in the basal 
layer in IKKc-I- epidermis, indicating that 
NF-KB activation did not occur in the basal 
layer of IKKc-I- epidermis (Fig. 4, F, H, and 
J). These results indicate that KKa-induced 
NF-KB activation in the basal layer cells may be 
required for terminal differentiation of the epi- 
dermis at this developmental stage. 

Fig. 2. Defective limb development in IKKa-I- 
mice. Expression of IKKa in the limb buds of 
wild-type embryos at 12.5 dpc (A), but not in 
IKKa-I- embryos (B). IKKP expression in the 
limb buds of wild-type (C) and I K K ~ - I -  em- 
bryos (D) at 12.5 dpc. Reduced expression of 
Twist in the limb buds of lKKa-I- embryos (E 
and F). BMP4 expression in wild-type embryos 
(C) and IKKa-I- embryos (H) at 12.5 dpc. 

IKKa was originally identified as a kinase 
responsible for IL-1- and TNF-a-induced 
activation of NF-KB (2-4). Therefore, we 
analyzed the response to IL-1 and TNF-a in 
EF cells. Wild-type EF cells produced IL-6 in 
response to IL-1 and TNF-a. However, 
IKKc-I- EF cells produced almost the same 
amount of IL-6 in response to IL-1 and 
TNF-a (Fig. 5A). We next examined whether 
these cytokines induced degradation of IKBS 
and activation of NF-KB (16). IL-1 and 
TNF-a stimulation induced rapid degradation 
of I K B ~  and IKBP in both wild-type and 
IKKcl-'- EF cells (Fig. 5B). IL-1 and TNF-a 
stimulation also induced similar NF-KB DNA 
binding activity in wild-type and IKh- I -  
EF cells and thymocytes (Fig. 5, C and D). 
This inconsistency with studies in which 
IKKa was required for IL-1- and TNF-a- 
induced NF-KB activation reflect compensa- 
tive action of IKKP in IKKcl-I- mice. In- 
deed, IKKP can act as a homodimer (3, 4). 

Knockout mice have revealed a direct func- 
tional role of each member of the NF-KB family 
in immune regulation (17). However, these 
knockout mice do not show any developmental 
abnormalities despite a strong similarity be- 
tween the NF-KB family members and the D. 
melanogaster protein Dorsal, which is activated 
early during embryogenesis and essential for 
development. However, there is the possibility 
that multiple NF-KB subunit gene knockouts 
may cause developmental abnormalities. Our 
present finding that IKKc activity is involved 
in mouse limb development is consistent with 
previous reports in chickens that inhibition of 
NF-KB activity by overexpression of dominant 
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Fig. 3 (left). Defective 
epidermal develop- 
ment in IKKa-'- mice. 
Dorsal skins from wild- 
ty e (A) and IKKa-'- 
(Br fetuses at 18.5 dpc 
were sectioned and 
stained with hematox- 
ylin and eosin (H&E). 
Dorsal skin sections 
from wild-type (C, E, 
C, I, and K) and 
IKKU-I- (D, F, H, J, 
and L) fetuses at 18.5 
dpc were immuno- 
stained with anti-Ki67 
(C and D), anti-keratin 
K14 (E and F), anti-ker- 
atin K10 (C and H), 
anti-involucrin (I and 
J), and anti-filaggrin (K 
and 1) (79). C, stratum 
comeum; C, stratum 
granulosum; S, stra- 
tum spinosum; B, stra- 
tum basale. lmage 
width for (A) to (L), 71 
Fm. Fig. 4 (right). 
Impaired NF-KB acti- 
vation in IKKa-'- epi- 
dermis. Dorsal skin 
sections from wild- 
type (A, C, E, C, and I) 
and IKKa-'- (B, D, F, 
H, and J) fetuses at 
18.5 dpc were immunostained with anti-lkk (A and B), anti-IKBP (C and D), in IKKa-'- epidermis (H and J). lmmunoreacted sections were counter- 
and anti-RelA (E to J) (75). Arrows in (E) indicate the nuclear-localized RelA stained with hematoxylin (A to H) or not (I and J). C, stratum comeum; C, 
stainings. Higher magnification of the basal cell layer shows the nuclear- stratum granulosum; S, stratum spinosum; B, stratum basale. lmage width 
localized RelA in wild-type (C and I), and the cytoplasmic RelA stainings for (A) to (F), 32 pm; for (C) to (I), 14 pm. 

negative IKB proteins resulted in limb deformi- 
ty (6). The skin abnormality seen in W(a 

knockout mice is pathologically similar to that 
in transgenic mice expressing dom.inant nega- 
tive IKB proteins (13). Taken together, these 
results indicate that NF-KB activation mediated 
by Kkdependent  Id phosphorylation is es- 
sential for outgrowth in vertebrate limb devel- 
opment and the terminal differentiation o f  skin. 

IL-1- and TNF-a-induced NF-KB activa- 
tion and biological responses were not im- 
paired in IKKor-I- cells. Thus, IKKa does 
not seem to be essential for cytokine-induced 
NF-KB activation, and IKKP or other kinases 
may compensate for IKKa deficiency in 
m a - / -  cells. RelA-deficient mice died 
around 14.5 dpc as a result o f  apoptosis o f  
fetal hepatocytes (18). Despite the develop- 
mental defects, m a - / -  embryos showed 
no apparent abnormality in the liver and were 
alive until birth. These results indicate that 
the contributions o f  W(a and IKKp to NF- 
KB activation may depend on the cell type 
and extracellular stimuli. 
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Abnormal Morphogenesis But 
Intact IKK Activation in Mice 
Lacking the IKKa Subunit of 

IKB Kinase 
Yinling Hu,' Veronique Baud,'* Mireille Delhase,'* Peilin Zhang,z 

Thomas Deer in~k,~ Mark El l i~man,~ Randall J~hnson,~  
Michael Karin'? 

The oligomeric IKB kinase (IKK) is composed of three polypeptides: lKKa and 
IKKP, the catalytic subunits, and IKK-y, a regulatory subunit. lKKa and IKKP are 
similar in  structure and thought t o  have similar function-phosphorylation of 
the IKB inhibitors in response t o  proinflammatory stimuli. Such phosphorylation 
leads t o  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 o f  IKK and 
degradation of IKB by proinflammatory stimuli. Instead, loss of lKKa interfered 
wi th  multiple morphogenetic events, including limb and skeletal patterning and 
proliferation and differentiation of epidermal keratinocytes. 

NF-KB/R~~ proteins are dimeric transcription plasm because IKBS mask their nuclear local- 
factors whose activity is regulated by interac- ization sequence. Exposure to proinflammatory 
tion with IKB inhibitors ( I ) .  In nonstimulated stimuli results in rapid phosphorylation, ubiqui- 
cells NF-KB proteins are retained in the cyto- tilation, and degradation of the IKBS ( I ) .  Freed 

frozen sections. After fixation with cold acetone, frozen 
seaions (5 pm) were incubated with primary antibod- Fig. 1. Phenotypic and genotypic analysis of IKKa-deficient mice. (A) Southem blot analysis of Sac 

ies for hour at room temperature, washed in PBS and I-digested genomic DNA derived from El8 fetuses of different genotypes. (B) Protein immunoblot 
incubated with fluorescein isothiocyanate-conju~ated analysis of protein extracts prepared from muscle tissue of El8 fetuses of the indicated genotypes. 
second antibodies, slides were then analwed bv flue- Extracts were separated by SDS-PAGE, transferred to a nylon membrane, and probed with antibodies . .. 
rescence microscopy. Primary antibodies used in this against the indicated proteins. (C) Appearance of wild-type (\KT) and lkka-'- (M) fetuses collected at 
study were as follows: mouse antibody to K14 (LL002, E14.5, E16, and E18. The tight and smooth appearance of mutant skin is apparent. 
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