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Severe Liver Degeneration in
Mice Lacking the IkB Kinase 2
Gene
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Phosphorylation of inhibitor of kappa B (IkB) proteins is an important step in
the activation of the transcription nuclear factor kappa B (NF-«B) and requires
two IkB kinases, IKK1 (IKKc) and IKK2 (IKKB). Mice that are devoid of the IKK2
gene had extensive liver damage from apoptosis and died as embryos, but these
mice could be rescued by the inactivation of the gene encoding tumor necrosis
factor receptor 1. Mouse embryonic fibroblast cells that were isolated from
IKK2~~ embryos showed a marked reduction in tumor necrosis factor—o { TNF-
a)- and interleukin-1a—induced NF-kB activity and an enhanced apoptosis in
response to TNF-a. IKK1 associated with NF-kB essential modulator (IKKvy/
IKKAP1), another component of the IKK complex. These results show that IKK2
is essential for mouse development and cannot be substituted with IKK1.

The transcription factor NF-«kB orchestrates ex-
pression of a large number of genes that are
essential for growth, differentiation, and devel-
opment (/). When cells are stimulated by
TNF-a and interleukin-1 (IL-1), IkB proteins
associated with NF-kB in the cytoplasm be-
come phosphorylated, ubiquitinated, and de-

graded. Degradation of IkB proteins frees NF-
kB proteins, which then translocate into the
nucleus, where they activate transcription (2).
IkB proteins (IkBa and IkB) are phosphoryl-
ated by a 700- to 900-kD IkB kinase (IKK)
complex (3-5). Two kinases in this complex,
IKK1 and IKK2, phosphorylate IxBa at Ser>?

and Ser’® (3, 4, 6, 7). To investigate the require-
ment of IKK2 in NF-kB activation during de-
velopment, we inactivated IKK2 in mice by
targeted gene disruption.

The gene encoding IKK2 was inactivated
by replacing two exons that encode amino
acids 36 through 106 with a DNA fragment
containing phosphoglycerokinase-neomycin
(PGK-neo) (Fig. 1A). Southern (DNA) blot
(Fig. 1B) and polymerase chain reaction
(PCR) analyses (Fig. 1C) were used to iden-
tify targeted embryonic stem (ES) clones and
to genotype IKK2 mutant mice, respectively
(8). Two ES clones were germ line—transmit-
ted. Heterozygous IKK2 mutant mice ap-
peared normal, viable, and fertile. However,
no homozygous IKK2 mutant mice were
identified among 87 pups from heterozygous
intercrosses. The ratio of wild-type (+/+):
heterozygous (+/-):homozygous (—/-) mu-
tant mice was 31:56:0 (1:1.9:0), indicating
that IKK2~~ mice were embryonically lethal.
Examination of embryos at various times dur-
ing gestation revealed that IKK2™~ embryos
died between embryonic day 12.5 (E12.5)
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Fig. 1. Generation of IKK2~~ null mice (8). (A) The targeting vector was

designed to replace the two exons (Ea and Eb) that encode part of IKK2
kinase domain (KD), including the ATP-binding site at Lys*%. In the
targeting construct, the 3-kb Bam HI to Eco RV genomic fragment was
replaced by a 1.8-kb PGK-neo cassette. LZ, leucine zipper region; HLH,
helix-loop-helix region. (B) Southern blot analysis of Bam HI-digested
DNA with a probe [indicated in (A)] revealed the expected 9-kb fragment
from the wild-type locus and the 6-kb fragment from the targeted locus.
(C) PCR-based genotyping of E13 embryos from heterozygous mating.
Primers ¢, d, and e are shown in (A) and described in (8). Genomic DNAs
were isolated from yolk sacs. (D) RT-PCR analysis of total RNA from
untreated MEF cells of IKK2 wild-type (+/+), heterozygous (+/-), and
homozygous (~/-) embryos with primers a and b [shown in (A)]. Primer
a is 5'-ATGTCCTCAGCGGGTGTCG, and the reverse primer b is 5'-
CAACGGTCACGGTGTACTTC. RT-PCR products were cloned into pCR
1I-TOPO vector (Invitrogen) and subjected to automated DNA sequence
analysis. (E} IKK2 protein is undetectable in IKK2~~ MEF cells. Protein
immunoblot analyses of 40 ug of whole-cell extracts from IKK2*/*,
IKK2*/-, and IKK2~/~ MEF cells were performed with antibodies to IKK2,
IkBe, IkBB, and IKK1. All antibodies are from Santa Cruz Biotechnology,
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and E14 (Table 1). We conclude that IKK?2 is
essential during embryonic development at
E12.5 to E13.5.

To access if exons Ea and Eb (Fig. 1A)
(which encode part of the kinase domain)
were deleted, we performed a reverse tran-
scription—polymerase chain reaction (RT-
PCR) diagnosis on mouse embryonic fibro-
blast (MEF) cells isolated from EI2.5
IKK2~~ embryos. A pair of primers spanning
exons Ea and Eb amplified a 610—base pair
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(bp) fragment from IKK2*'* cells and a
397-bp fragment from IKK2™~ cells (Fig.
1D). A sequence analysis of the RT-PCR
fragments showed that the IKK2 mRNA tran-
script from IKK2~~ MEF cells contained an
in-frame deletion of nucleotides 106 through
318. However, protein immunoblot analysis
of the whole-cell extracts with an antibody
that recognizes the COOH-terminus of IKK2
failed to detect IKK2 protein. Expression of
IKK1, IkBa, and IkBp was not affected (Fig.

1E). These data indicated that IKK2™~ em-
bryos did not synthesize IKK2 protein.

As a consequence of the loss of IKK2
gene product, mutant mice appeared to suffer
severe liver degeneration at the gestation
stage. Before E12.5, most IKK27~ embryos
showed no morphological abnormality. At
E13 to E13.5, the surviving IKK2~~ embryos
showed normal body size and morphology,
but their livers appeared smaller and darker
(Fig. 2, A and B). The dead or dying IKK27~

embryos exhibited massive liver hemorrhag-
ing (Fig. 2, C and D) and degeneration (Fig.
2, E and F). Histological examinations re-
vealed that hepatocytes had visible pyknotic

Table 1. Genotype of the offspring obtained by the intercross of IKK2*/~ mice. Embryos were genotyped
by PCR amplification with DNA extracted from the yolk sac and primers ¢, d, and e (Fig. 1A) (8). Detection
of heartbeat was used to determine the viability of the embryos. PO, postnatal day O; dash, data not

available. nuclei in IKK2~~ embryos, but hematopoie-

sis appeared normal because many nucleated

Genotype and enucleated erythrocytes were present. To

determine if cell death was apoptotic, we

Stage —/= Total  conducted a terminal deoxytransferase-medi-

i+ += . ated deoxyuridine triphosphate nick-end la-

Alive Dead beling (TUNEL) assay, and extensive

E12 3 3 1 0 7 TUNEL-positive cells were identified in

E12.5 6 13 10 1 30 IKK27~ liver cells (Fig. 2, G and H). This

E13 9 24 9 5 47 result suggested that hepatocyte apoptosis

E13.5 ’ 13 4 4 28 might be a major cause of lethality in the
E14 U 6 0 3 16 IKK2~~ embryos.

E14.5 4 5 0 4 13
PO 31 56 0 _ a7 To evaluate whether a loss of IKK2 abol-

ishes signal-induced IkB phosphorylation

Fig. 2. Liver phenotype in IKK27/~ embryos at E13. For histology, the
embryos were fixed in 4% paraformaldehyde at 4°C for 12 hours, dehydrat-
ed, and embedded in paraffin. Sections with a thickness of 7 um were cut
and stained with hematoxylin and eosin (HE). (A, C, E, and G) Photographs
of IKK2*/~ embryos at E13. (B, D, F, and H) IKK2~/~ embryos from the
same litter. No differences were detected between IKK2 wild-type and
heterozygous embryos. Whole embryos at E13 are shown at low-
power magnification in (A) and (B). Many IKK2~/~ embryos at this stage
showed hemorrhaging in the liver. HE-stained transverse sections of liver are
shown in (C) and (D). Hemorrhaging was observed in the liver of IKK2~/~
embryos. Arrowheads in (A), (B), (C), and (D) point to the liver. High-power
views of the liver in (C) and (D) are shown in (E) and (F), respectively.
Hepatocytes in IKK2~~ embryos appear dissociated and dying. Increased cell
apoptosis in the liver of IKK2™~ embryos was confirmed by TUNEL assay, as
shown in (G) and (H); arrowheads point to the TUNEL-positive apoptotic
cells. TUNEL assays were performed on E13 transverse paraffin sections with
the ApopTag in situ apoptosis detection kit (Oncor, Gaithersburg, Maryland).
Incorporation of digoxigenin-labeled uridine 5'-triphosphate was detected
with peroxidase-conjugated sheep anti-digoxigenin Fab fragments (Boehr-
inger Mannheim) (diluted 1:300 in blocking buffer) and visualized by a
diaminobenzidine reaction (Boehringer Mannheim). Sections were counter-
stained with hematoxylin. Scale bars are 1 mm in (A) and (8), 200 um in (C)
and (D), and 70 wm in (E), (F), (G), and (H).
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and degradation, inhibiting the activation of
NF-«kB proteins, we performed a gel shift
analysis with nuclear extracts from MEF cells
that were untreated or treated with TNF-a
and IL-1a. With a human immunodeficiency
virus (HIV)-kB-binding site as a probe (9,
10), DNA-binding activity was detected in
extracts from stimulated IKK2*'* and
IKK2*"~ MEF cells (Fig. 3A). In contrast,
less HIV-kB binding was observed in ex-
tracts from stimulated IKK27~ MEF cells
(Fig. 3A). The kinetics of DNA-binding ac-
tivity mirrored that of the degradation of
IkBa and IkB@ (Fig. 3B). Both IkBa and
IkBB were more stable in the extracts of
IKK2~~ cells than in those of IKK2*'* and
IKK2+"~ cells.

Synthesis of IkBa is autoregulated (5,
11). After NF-kB activation, one of the first
transcribed genes is the gene encoding IkBa.
After the addition of TNF-qa, newly synthe-
sized IkBa transcripts were detected in
IKK2** and IKK2*"~ MEF cells, whereas
only half the amount of induced IkBa mRNA
was observed in IKK2~~ MEF cells (Fig.
3C). Generally, the loss of IKK2 did not
affect TNF-a—initiatedsignalingbecause phos-
phorylation of c-Jun, a member of the AP1
family of transcription factors, was not affect-
ed (Fig. 3D). These data showed that TNF-a—
and IL-1a—induced activation of NF-kB was
impaired in IKK2~~ MEF cells.

Cells lacking NF-«kB activity have been

Fig. 3. NF-kB activa-
tion by TNF-a and IL-
1o in the MEF cells
from IKK2*/*, IKK2*/-,
and IKK2™~ mice. (A)
In 10-cm plates, MEF
cells that are over 90%
confluent were treated
with hTNF-a (10 n

ml) or human IL-1a %2,

A
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shown to undergo apoptosis in response to
TNF-a (10, 12). Because IKK2~~ mice had
impaired NF-kB activity, we investigated
whether IKK27~ MEF cells displayed in-
creased apoptosis upon stimulation with
TNF-a. Our data indicated that IKK2~~ MEF
cells were much more sensitive to TNF-a—
induced apoptosis than cells from wild-type
or heterozygous littermates were (Fig. 3E).

Expression of TNF-a has been demonstrat-
ed in normal mouse hepatocytes and tumor
necrosis factor receptor 1 (TNFR1) is necessary
in TNF-a—induced apoptosis in multiple cell
types (13). To test if the increased hepatocyte
apoptosis in IKK27~ embryos resulted from the
TNF-a~induced toxicity, we crossed IKK2*/~
mice with TNFR 1~ mice (Jackson Laboratory,
Bar Harbor, Maine) to generate IKK2*'/
TNFR1*/~ double-heterozygous mice that were
in turn intercrossed to create the double-mutant
mice. Seven of 25 pups born from IKK2*"~/
TNFR17~ intercrossing were IKK2™ mice.
Surprisingly, double-mutant embryos devel-
oped to term rather than dying around E12.5 to
E13.5. However, all the double-mutant neo-
nates died in the first postnatal month. Rescue
of embryonic lethality of IKK2 deficiency by
inactivation of TNFRI gene supports our hy-
pothesis that IKK2~~ mice died because of
TNF-a—-induced hepatocyte apoptosis.

The residual NF-kB activity in response
to TNF-a in IKK27~ cells (Fig. 3A) may
have been due to IKK1 or other components

R
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ng/ml) for the indicat- thTNFu 15
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hour). After treatment, cells were washed with cold phosphate-buffered saline, cyto-  rnEg o 3+0.+

plasmic and nuclear extracts were prepared, and binding assays were performed as
described (9, 70). Nuclear extracts (5 g) were used for electrophoretic mobility shift
analysis with 32P end-labeled HIV-B oligonucleotide. Lanes 1 through 5 show several
controls, including competition with unlabeled oligo (lane 2) and supershift with p65
(lane 3) and p50 (lane 4) but not with IkBa-specific antibodies (lane 5). (B) Forty
micrograms of cytoplasmic extract were used for immunoblotting with antibodies to
IxBo and 1kBP. (C) Northern blot analysis of IkBa mRNA synthesis in MEF cells after
TNF-a stimulation. MEF cells from IKK2*/*, IKK2*/~, and IKK2~~ embryos were
untreated or treated with hTNF-a (10 ng/ml) for 30 and 60 min. Total RNA was
prepared from MEF cells with Rnazol B buffer (Tel-Test, Friendswood, Texas). Ten
micrograms of total RNA were fractionated on formaldehyde agarose gels, transferred
to membranes, and hybridized with 32P-labeled random probes from full-length IkBo
cDNA (1.5 kb). (D) TNF-a—induced c-Jun phosphorylation (c-Jun-p) was not affected in
IKK2”~ MEF cells. Ten micrograms of nuclear extracts from IKK2*/*, IKK2*/~, and
IKK2~~ MEF cells with or without TNF-c treatment were analyzed by protein immu-
noblotting with anti-phosphorylated c-Jun antibody (New England Biolabs, Beverly,
Massachusetts). (E) Survival rate of different MEF cells after TNF-o stimulation. In
six-well plates from all three IKK2 genotypes, MEF cells that are over 80% confluent
were stimulated with hTNF-a (0, 4, 10, and 50 ng/ml) for 24 hours. Cells were then
treated with trypsin and stained with trypan blue (Gibco-BRL). Unstained surviving cells
were counted with a hemacytometer. Surviving rates represent a ratio of the number
of treated cells that survived versus the number of untreated cells. Three independent
experiments were analyzed.

of the IKK complex. Recently, NF-kB essen-
tial modulator (NEMO) was shown to be a
component in the IKK complex and essential
for activating NF-kB (/4). To test if a loss of
IKK2 influences the formation of the IKK
complex, we immunoprecipitated NEMO
complexes from IKK2**, IKK2*~, and
IKK2~~ MEF cell extracts, which were then
analyzed by protein immunoblot with anti-
body to IKK1. IKK1 protein was immuno-
precipitated with NEMO in both IKK2*/*
and IKK27~ MEF cells (Fig. 4A). Although
in vitro studies suggested that NEMO asso-
ciates preferentially with IKK2 and not IKK 1
(14), our data suggest that, in vivo, IKKI
associates with NEMO through a component
other than IKK2 in the IKK complex. To
determine whether IKK complexes in
IKK27~ MEF cells phosphorylated IxBa
upon stimulation with TNF-a or IL-l1a, we
immunoprecipitated IKK complexes with an-
tibodies to IKK1 (Fig. 4B) or antibodies to
NEMO (Fig. 4C) from whole-cell extracts
and then we tested them for their ability to
phosphorylate IkBa [glutathione S-trans-
ferase (GST)-IkBa (amino acids 1 through
54)]. The immunocomplexes from IKK2*/*
MEF cells, but not from IKK2~~ MEF cells,
phosphorylated GST-IkBa (amino acids 1
through 54) (Fig. 4, B and C). It is possible
that an antibody to IKK1 blocks IKK1 kinase
activity, so we used an antibody to IKK1 to
immunoprecipitate the IKK1 complexes,
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precipitated with an-
tibody to NEMO and
then immunoblotted
with antibodies to
IKK1 and IKK2 (Santa
Cruz Biotechnology). In a 10-cm plate, whole-cell extracts from MEF cells that are
over 95% confluent were used for immunoprecipitation with NEMO antibody (Signal
Pharmaceutical). (B and C) Stimulus-induced kinase activity of IKK complexes was
determined in IKK2~~ MEF cells by an in vitro kinase assay. Ten-centimeter plates of
MEF cells from different IKK2 genetic backgrounds were untreated or treated with
TNF-a or IL-1a for 7 min. Lysates were prepared and immunoprecipitated with
antibody to IKK1 (B) or antibody to NEMO (C). Immunoprecipitates were subjected
to an in vitro kinase assay as described (4). IKK kinase activity was assessed according
to the phosphorylation of the substrate GST-IkBa (amino acids 1 through 54). (D)
Proteins that were immunoprecipitated from cell lysates with a rabbit antibody that
recognizes the synthetic peptide MERPPGLRPGAGGPWERERLG (human IKK1 amino
acids 1 through 22) (79) were eluted from the antibody by the synthetic peptide.
Equal amounts of eluates were used for kinase assays with 3 pg of GST-IkBa (amino
acids 1 through 54), 1.5 pg of GST-IkBa (amino acids 1 through 54) Ser3? — Thr?
and Ser®® — Thr38 (S/T), 2.5 g of GST-IkBpB (amino acids 1 through 44), 2.5 pg of
GST-IkBp (amino acids 1 through 44) Ser’® — Ala' and Ser>® — Ala®? (S/A), 1 png
of GST-IkBa (amino acids 1 through 317) (Santa Cruz Biotechnology), or 1 pg of
p65/RelA as a substrate. Equal amount of eluates were analyzed, and the amounts of
IKK1 and IKK2 proteins were determined by protein immunoblot analysis with

-« GST-IxBa(1-54)
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antibodies to IKK1 and IKK2.

which were then eluted from the antibody
with an IKK1-specific peptide against which
the IKKI1 antibody was generated (/5).
Again, little kinase activity was observed in
IKK1 immunocomplexes from IKK2™~ cells
when GST-IkBa (amino acids 1 through 54)
or GST-IkBP (amino acids 1 through 44) was
used as a substrate (Fig. 4D). However, we
detected some TNF-a—induced phosphoryl-
ation of full-length IkBa by the IKK1 immu-
nocomplexes from IKK2~~ cells. Interesting-
ly, induced phosphorylation of RelA/p635, a
common member of NF-kB, was not affected
by the IKK2 deficiency. Therefore, we con-
clude that, in the absence of IKK2, IKK
complexes retain some kinase activity but
much less than IKK complexes in IKK2*/*
MEEF cells.

The phenotype of IKK2~~ mice is remi-
niscent of the RelA/p65~~ mice that die
around day 15 of gestation (/6). A lack of
IKK?2 might prevent phosphorylation and the
subsequent degradation of IkB proteins in
response to stimuli, and therefore, a lack of
IKK2 prevents the activation of RelA/p65 in
liver cells. Rescue of lethal phenotypes of
IKK27~ mice by the inactivation of the
TNFRI1 gene suggested that hepatocyte apo-
ptosis in IKK27~ liver cells was induced by
TNF-a toxicity, which was prevented by
IKK2-mediated NF-kB activity during nor-
mal liver development. It is interesting that
IKK1, although present in IKK2~~ cells, was

unable to substitute for IKK2 function, be-
cause both kinases have been shown to phos-
phorylate IkBa (7). We did detect some
TNF-a—induced IKK1 kinase activity with
full-length IkBa or p65 protein as a substrate,
but it was weaker than that observed in
IKK2*/* MEF cells. Hypothetically, IKK1
may require activation by IKK2 to be fully
functional. Alternatively, the residual NF-kB
activity induced by TNF-a and IL-la in
IKK2~~ MEF cells may result from other
kinases (17, 18).
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. Evolution of a Protein Fold
in Vitro

Matthew H. J. Cordes,” Nathan P. Walsh," C. James McKnight,?
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A “switch” mutant of the Arc repressor homodimer was constructed by inter-
changing the sequence positions of a hydrophobic core residue, leucine 12, and
an adjacent surface polar residue, asparagine 11, in each strand of an inter-
subunit 3 sheet. The mutant protein adopts a fold in which each B strand is
replaced by a right-handed helix and side chains in this region undergo sig-
nificant repacking. The observed structural changes allow the protein to main-
tain solvent exposure of polar side chains and optimal burial of hydrophobic side
chains. These results suggest that new protein folds can evolve from existing
folds without drastic or large-scale mutagenesis.

Protein sequences in biological systems evolve
by random mutation, including substitutions
and en bloc changes resulting from frameshifts
or large insertions and deletions. Such genetic
changes can result, at least occasionally, in
structural evolution to a new or dramatically
different three-dimensional (3D) fold (/). Little
is known, however, about how many or what
kind of sequence changes might lead to signif-
icant structural changes. Mutagenesis experi-
ments show that limited changes in sequence
can have large effects on stability and activity,
but generally do not lead to large shifts in
structure. For example, highly disruptive muta-
tions such as insertions in elements of regular
secondary structure or hydrophobic-to-charged
substitutions at core positions lead to only mi-
nor structural differences in bacteriophage T4
lysozyme and staphylococcal nuclease, point-
ing to a strong drive to preserve the basic native
fold (2, 3). Here, by contrast, we show that
mutations at adjacent positions in the antiparal-
lel B sheet of Arc repressor are sufficient to
change the local secondary structure to a right-
handed helix without loss of global protein
stability or folding cooperativity. This suggests
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that it is plausible to evolve a new protein fold
from an existing fold by the accumulation of
simple substitution mutations.
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The wild-type Arc repressor homodimer (4)
contains an antiparallel (3 sheet consisting of a
single strand of sequence GIn®-Phe'®-Asn!!-
Leu'?-Arg"*-Trp'* from each monomer. The
odd-numbered side chains are polar, solvent-
exposed, and form the surface of Arc that binds
operator DNA. The even-numbered side chains
are hydrophobic, buried in the protein core, and
are crucial for Arc folding and stability (5). By
interchanging Asn'! and Leu'2, a surface resi-
due and an adjacent core residue, respectively,
we constructed “switch” Arc, a mutant with the
same amino acid composition as the wild type
but with a different binary pattern of polar and
hydrophobic side chains in the B-sheet region.

The purified wild-type and switch Arc
proteins differ in their far-ultraviolet circular
dichroism (CD) spectra (Fig. 1 A), near-ultra-
violet CD spectra (Fig. 1B), and fluorescence
spectra (Fig. 1C), suggesting that the switch
mutations alter the normal Arc fold (6). In
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Fig. 1. Biophysical properties of wild-type and switch Arc. (A) Far-ultraviolet CD spectra (50 uM
protein, 15°C), (B) near-ultraviolet CD spectra (100 M protein, 15°C), (C) tryptophan fluorescence
emission spectra (50 M protein, 25°C), and (D} CD thermal denaturation curves (10 wM protein).
The CD signal is expressed in millidegrees of rotation.
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