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lysozyme in the complex were assigned by using a '°N-edited three-dimensional nuclear
Overhauser enhancement (NOE) spectroscopy—HSQC experiment. This was collected
with eight transients per increment, with 128, 28 and 512 complex points in t; (*H), t,
(**N) and t5 ("H), and with acquisition times of 14.2, 12.3 and 48.4 ms in ¢, t, and t5. The
observed NOE data for bound lysozyme were interpreted by using published assignments
for the free protein®. The resonances of D67H were assigned by comparison with the
assigned spectrum of the unbound protein'' and that of the wild-type complex.
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The systematic comparison of genomic sequences from different
organisms represents a central focus of contemporary genome
analysis. Comparative analyses of vertebrate sequences can
identify coding'™ and conserved non-coding**” regions, includ-
ing regulatory elements®*'°, and provide insight into the forces
that have rendered modern-day genomes®. As a complement to
whole-genome sequencing efforts>>®, we are sequencing and
comparing targeted genomic regions in multiple, evolutionarily
diverse vertebrates. Here we report the generation and analysis of
over 12 megabases (Mb) of sequence from 12 species, all derived
from the genomic region orthologous to a segment of about
1.8 Mb on human chromosome 7 containing ten genes, including
the gene mutated in cystic fibrosis. These sequences show con-
servation reflecting both functional constraints and the neutral
mutational events that shaped this genomic region. In particular,
we identify substantial numbers of conserved non-coding seg-
ments beyond those previously identified experimentally, most
of which are not detectable by pair-wise sequence comparisons
alone. Analysis of transposable element insertions highlights the
variation in genome dynamics among these species and confirms
the placement of rodents as a sister group to the primates.

The NIH Intramural Sequencing Center (NISC) Comparative
Sequencing Program aims to sequence and to analyse targeted
genomic regions in multiple vertebrates. Our initial target is a
genomic segment of about 1.8 Mb on human chromosome 7q31.3
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containing the gene encoding the cystic fibrosis transmembrane
conductance regulator'' and nine other genes (referred to below as
the ‘greater CFTR region’). We sought to clone and to sequence the
orthologous genomic segments in multiple other vertebrates
(Table 1 and Methods). So far, our efforts have yielded more
than 12 Mb of high-quality comparative sequence data (see Sup-
plementary Information), over 95% of which has been finished to
the standards established for human genome sequence'”. This
represents the most diverse collection of large blocks of orthologous
vertebrate sequence generated to date.

To identify regions of sequence conservation, we used blastz" to
construct pair-wise alignments of the sequences and MultiPip-
Maker'* to show pair-wise percentage-identity plots of an annotated
reference sequence against multiple query sequences (Fig. la and
Supplementary Information). Alignments between the human
sequence and the sequence of each of the other 12 species allowed
the general patterns of conservation to be investigated. As expected,
the fraction of sequence that can be aligned generally decreases with
increasing evolutionary distance from humans (Fig. 1b). The only
exceptions to this trend are mouse and rat, which, although
considered to be closer to humans than to the other non-primate
mammals included here'®, have a lower fraction of sequence that can
be aligned with the human sequence. This probably reflects a
particularly high rate of sequence evolution, including large del-
etions, in the rodent lineage®.

For all species, reasonably consistent alignments are seen in
coding exons (Fig. la, b). The human—fish alignments are largely
limited to these, with only 14% of the aligned sequence outside
coding exons; in fact, only two local human—fish alignments do not
at least partially overlap a coding exon (5’ to CAV2 and within
intron 4 of CORTBP2; see Supplementary Information). Almost a
third (31.4%) of the human coding sequence does not align to fish
sequence in the orthologous region. By contrast, the human—
chicken alignments exclude less than 2% of the coding sequence,
which is comparable to the alignments between human and the
other mammals. Within the alignments, sequence divergence rela-
tive to human (measured as the percentage of single-nucleotide
mismatches) varies from a low of 1.15% for chimpanzee to a high of
35.60% for zebrafish (see Supplementary Information).

Analyses of large-scale mutational events in this genomic region
support mammalian phylogenies'>'® that place the rodents and
primates as sister groups in one clade and the artiodactyls and
carnivores as sister groups in another clade (Fig. 1¢). Both of these
groupings are confirmed by transposon insertions that are present
in sister groups and absent from the other species. In particular, we
found three clear examples of insertions that support the rodent—
primate grouping (all MLT1AO elements) and three that support the
artiodactyl—carnivore grouping (one MLT1A0 and two LIMA9Y; see

Table 1 Sequence generated for the greater CFTR region in 12 non-human
vertebrates

Non-redundant sequence Clone Sequence
Species (totalbp) gaps* gapst
Chimpanzee 1,317,858 2 0
Baboon 1,508,413 0 2
Cat 1,357,338 2 3
Dog 1,195,669 4 10
Cow 1,480,745 0 0
Pig 1,077,879 1 0
Rat 1,600,751 0 3
Mouset 1,486,509 0 0
Chicken 415,528 0 0
Fugu§ 273,624 0 0
Tetraodon 257,833 0 0
Zebrafishl| 162,514 1 0

*Number of gaps between non-overlapping BACs within the clone tiling path.

1+ Number of gaps within the sequenced BACs.

FIncludes ~150kb of sequence that we generated previously (GenBank accession number
AF162137).

§Includes ~36 kb of sequence generated by others (GenBank accession number AJO09961.1).
|lIncludes some non-orthologous sequence (see Supplementary Information for additional details).
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Supplementary Information). In each case, insertions of the same
transposon subtype, present in the same orientation and with the
same target-site duplication, were identified at homologous pos-
itions in all members of sister groups.

Both MLT1A0 and LIMAY elements are thought to have been

a CAV2 CAPZA2 WNT2  CFTR
TES1 CAV1 MET ST7 GASZ CORTBP2
Chimpanzee #-150(?;?
Baboon
Cat
Dog f*
Cow |
Pig i
Rat | ” ‘
Mouse. !
Chicken ;
Fugu -
Tetraodon - .
Zebrafish i - i i . i
328K 336K 716K 724K
b 1001 oy B Coding
] CUTR
I Repetitive
801 [ Not annotated

60 ]

404

20

Percentage of human sequence in alignment

)

Q
Q

00

&

O oF F & & O &
< ‘5@@’ ¥ ¥ S

RS
N2
& ,\Q}@ 7&

Homo sapiens

0.05 substitutions per site
Pan troglodytes L—

Papio cynocephalus anubis

ot Rattus norvegicus

L = Musmusculus

. Felis catus

St Canis familiaris

i Bos taurus
_:Sus scrofa
Figure 1 Patterns of sequence conservation. a, MultiPipMaker results for the greater
CFTR region. Pair-wise alignments between the human reference sequence and the
sequence of each indicated species were generated. The percentage identity of each gap-
free alignment is indicated. Numbered boxes correspond to exons. b, Proportion of
aligned human sequence in each of four annotated categories, shown for alignments with
the sequence of each indicated species. ¢, Deduced phylogenetic tree of indicated
mammalian species (see Supplementary Information). Labels on branches reflect

differences in exon lengths, as determined manually by parsimony (4, insertion; —,
deletion; e, extension due to alteration of splice site or stop codon; s, early stop codon).
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active at around the time of the eutherian radiation, on the basis of
the reconstructed phylogenies and divergence levels of the elements
themselves. We found no insertions supporting alternative phylo-
genies (for example, rodents as an outgroup to primates, artiodac-
tyls and carnivores). For example, out of 81 identified segments
present in the primates, artiodactyls and carnivores but missing
from rodents, none is an identifiable transposable element; instead,
all seem to be deletions in the rodent lineage. These analyses seem to
definitively refute alternative phylogenies that place the rodents as
an outgroup to the other mammals studied here'®".

Tabulation of exon-length differences indicate a significant excess
of deletions relative to insertions, which is particularly strong in the
rodent lineage (consistent with previous reports for mouse genes®).
When this excess is taken into account, the most parsimonious
interpretation of the differences again favours the grouping of
primates with rodents (Fig. 1c).

Neutral substitution rates estimated from sites in ancestral
repeats, which are relics of transposons inserted before the eutherian
radiation, also show a higher rate of substitution in the rodent

a
3 Missed by mouse
120 kb
% B Overlap with mouse
7 [ Unique to mouse
100 kb 7 rZZ1 Aligned mouse bases
-
80 kb 7
60 kb -
40 kb l
20 kb %
T T T T T T T T T T T T T T T T T
78 80 82 84 86 83 90 92 94 96
Percentage-identity threshold
b 100% -
Specificity W«b e
o 50% ww % d!
s 80%- © 70% q{% #
2 90% &
2 . ° % @ &
[0}
S 6o%- i J&g #
o
= é 5
S
> 40%- o
2 g
@ 20%
0.1 0.3 0.5 0.7 0.9 1.1 1.3

Total branch length

Figure 2 Detection of MCSs by using different mammalian sequences. a, For each
indicated percentage-identity threshold (see Supplementary Information), the number of
aligned mouse bases that overlap a set of 598 MCSs (see text) is shown in blue. Also
shown are the number of aligned mouse bases that do not overlap MCSs (yellow) and the
number of MCS bases that do not overlap aligned mouse sequence (grey). The arrow
indicates the percentage-identity threshold that results in a sensitivity of 48% (with a
specificity of 62%; see text). b, The relationship between the total branch length of the
phylogenetic tree relating the species and the sensitivity of MCS detection is shown for all
possible human-containing subsets of the nine mammalian sequences (see
Supplementary Information). Results are plotted for three different specificities.
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lineage (Fig. 1¢). The branch lengths that we estimate from ancestral
repeat sites total about 1.2 substitutions per site in the mammals
and are similar to previous calculations (made with these sequence
data but with a different multi-sequence alignment'®) that were
based on examining untranslated regions (UTRs; total 0.93 substi-
tutions per site), non-exonic regions (total 1.35 substitutions per
site) and synonymous substitutions in codons (total 1.28 substi-
tutions per codon).

It is important to note, however, that there are several currently
unresolved methodological issues regarding substitution analysis of
non-coding genomic sequences. Alignments involving the more
diverged sequences tend to have significant uncertainties, and
current substitution models do not easily accommodate several
known complexities in neutral mutational patterns, including
context effects'®, positional variation in substitution rates®** and
the fact (discovered with these sequence data®') that there are
substitution rate asymmetries associated with transcribed regions.
As a result, these rate estimates must be interpreted with caution.
Together, these data show that combined molecular evolution
studies examining transposon events, neutral substitutions and
exonic changes provide a more robust and informative phylogenetic
analysis than any method alone.

Of special interest are small genomic regions that are more highly
conserved across multiple species than are neutrally evolving
sequences, as these may be under purifying selection (that is,
selection against mutation of the base) for a functional role. By
the use of two methods (E.H.M. et al., manuscript in preparation,
and Supplementary Information), we identified ‘multi-species
conserved sequences’ (MCSs) across the greater CFTR region.
Each method was calibrated such that 5% of bases in the region
fell within an MCS (a value chosen to be consistent with the
estimated 5% of the mammalian genome under selection based
on human-mouse sequence comparisons®). Nearly 80% of the
MCSs identified with the two methods overlap, and 75% of the
MCS bases are identical.

We examined the 1,194 MCSs that overlapped between the two
methods. These average 58 base pairs (bp) and represent 3.7% of the
bases in the region. About 2% of MCS bases fall in ancestral repeats
(corresponding to ~0.4% of the ancestral repeat sequence in the
region), suggesting that the fraction of neutrally evolving sequence
falsely identified as conserved is small. A total of 32% of the MCS
bases overlap known coding sequence or UTRs, involving 98%
(125/128) of the known coding exons and 67% (14/21; note that the
5" UTR of the MET gene spans two exons) of the known UTRs. The
MCSs contain 90.4% and 27.2% of coding and UTR bases,
respectively. The relative paucity of UTR bases in MCSs might
reflect the fact that these regions include unselected bases or are
under lower selection or occasional positive selection, or a combi-
nation of these. The remaining 68% of the MCS bases are outside
known exons, and virtually all of these (92%) are in MCSs that
contain less than 5% repetitive sequence and are present in a single-
copy fashion in the human genome (see Supplementary Infor-
mation). Of the non-exonic MCSs, 16 out of 966 (1.7%; averaging
31 bp) fall within the 1-kilobase (kb) segments immediately upstream
of a known transcription start site (the presumed location of most
core promoters), which is about 2.3 times more frequent than
would be expected if the MCS bases were randomly distributed.

Interestingly, 950 of the 1,194 MCSs (80%; averaging 44 bp) are
neither exonic nor lie less than 1-kb upstream of transcribed
sequence. Of these, 648 fall in introns and 302 are intergenic; this
represents a 28% enrichment of MCS bases in introns (as compared
with a random distribution). The detected MCSs overlap with 63%
of the functionally validated regulatory elements in the region and
26% of promoters predicted by in silico analyses (see Supplementary
Information). Several factors could account for the failure of MCSs
to overlap all such elements: many of these elements are notably
small (<14 bp), whereas our methods do not identify MCSs of less

NATURE | VOL 424 | 14 AUGUST 2003 | www.nature.com/nature




than 25 bp; some of the regulatory elements may be specific to the
primate lineage; and the presence or position of some of the
annotated elements may be incorrect. Note that most (98%) non-
exonic MCSs do not correspond to currently known regulatory
elements, yielding a rich supply of candidates for future functional
studies.

An important issue relevant to future genome sequencing pro-
jects is the degree to which the detection of highly conserved
sequences depends on the particular set of species being studied.
In the absence of a comprehensive catalogue of functional elements
for any large region of the human genome, we used the detection of
MCSs as a surrogate for the ability of a species’ sequence to identify
functionally important regions. Because a draft mouse genome
sequence is now available®, we first examined the ability of human—
mouse pair-wise alignments to detect a set of 561 MCSs in a portion
of the greater CFTR region for which sequence coverage in all
species was nearly complete (see Supplementary Information).
Adjustments to the stringency of the human—-mouse alignments
were ineffective at accurately identifying these MCSs (Fig. 2a). For
example, at a percentage-identity threshold of 85%, the sensitivity
(percentage of MCS bases that overlap aligned mouse sequence) is
only 41%, whereas the specificity (percentage of the aligned mouse
sequence that overlaps MCSs) is 77%. This is consistent with the
observation that individual conserved elements often cannot be
reliably detected with only the human and mouse sequences®.

To explore more broadly how MCS detection is dependent on the
specific sequences used in the analysis, we identified MCSs with
each possible subset of species (always including human) and in
each case calibrated the results to yield a defined specificity
(percentage of bases overlapping the above 561 MCSs; see Sup-
plementary Information). For the various subsets of mammalian
species, there is strong correlation between total divergence of the
subset (as measured by the combined branch length of the phylo-
genetic tree defined by the specific subset of species) and the ability
to detect MCSs (Fig. 2b). The results at 90% specificity show that
eliminating chimpanzee and baboon does not reduce the number of
detected MCS bases. Eliminating the non-human primates, chicken
and fish—thereby retaining only the six non-primate mammals in
addition to human—reduces the number by 17%. With only one
mammal from each major lineage (baboon, cat, cow and mouse),
the number is reduced by 29%. Of note, chicken sequence alone
detects 40% of MCS bases (representing 94% of the coding but only
29% of the non-coding MCS bases), and this value is higher than for
any other single species. Fish sequences alone are effective at
detecting coding exons but miss most non-coding MCSs.

The trends in Fig. 2b suggest that most MCSs are broadly
distributed among the mammalian lineages, because the power to
detect them seems to depend mainly on the total divergence of the
subset of species rather than on the particular distribution of the
species among lineages. In addition, the fact that at high specificity
the sensitivity increases steadily throughout the full range of branch
lengths suggests that we may be far from saturating the ability to
detect such conserved sequences, even with the full set of mammals
examined here. It thus seems that combined branch length will be a
useful metric for guiding the selection of additional genomes to
sequence.

The nature of the mutational events that have produced the
observed differences in the greater CFTR region among the
sequenced species is of fundamental evolutionary interest. Despite
strict conservation in gene order and content and the absence of any
observed syntenic breaks, there is significant variation in the
amount of non-coding sequence, suggesting variation in genome
expansion or compression. For example, the region is about tenfold
smaller in the two pufferfish species than in the mammals, which
themselves vary by as much as ~15% (see Supplementary Infor-
mation). These findings are consistent with the relative genome

sizes established for some of these species™*° and point to significant
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changes in this genomic region throughout vertebrate evolution. To
account for these differences, we looked for evidence of molecular
events that have contributed to genome expansion or compression.

The fraction of sequence corresponding to interspersed repeats,
which are remnants of insertion events mediated by active or extinct
transposons, varies from roughly 29% to 39% among the mammals
(Fig. 3a; see Supplementary Information). The interspersed repeat
content is much lower in the non-mammalian vertebrates, with the
pufferfish and zebrafish sequences containing less than 1% and 13%
interspersed repeats, respectively. In addition, the distribution of
interspersed repeat types differs greatly among species (Fig. 3a).
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Figure 3 Comparison of genome dynamics among species. a, Relative content of
different interspersed repeat types plotted for each species. b, Relative contribution of
different mutational events within major lineages. Sequence alignments between the
indicated species pairs were used to classify all sequence differences: single-nucleotide
changes, small indels (<100 bp), large indels (>100 bp) and complex events (involving
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Thus, the accumulation of interspersed repeats correlates with
expansion of the greater CFTR region in the main lineages.

Differences in the pattern of interspersed repeat types are also
apparent between and within mammalian lineages. Indeed, the
accumulation of species-specific interspersed repeats seemingly
accounts for much of the differences in relative size and interspersed
repeat composition of this genomic region within these lineages (see
Supplementary Information). Our findings implicate an increased
rate of interspersed repeat insertions rather than variation in the
extent of deletions as a primary cause of the observed size differ-
ences for this region; this contrasts with the observed higher rate of
deletion versus insertion in the mouse lineage, which has resulted in
a significantly smaller size of the mouse genome relative to human®.

For the three primate species, we estimated the rate of large
(>100bp) insertions or deletions (indels) using parsimony (see
Supplementary Information). This revealed variable rates of inser-
tion and deletion, producing a slight relative expansion in the
human lineage and a slight compression in both the chimpanzee
and baboon lineages. We also examined the relative importance of
interspersed repeat insertions and large indels compared with small
indels (<100bp) and single-nucleotide changes. Although most
mutational events leading to human—chimpanzee differences are
single-nucleotide changes, they account for only 33% of the bases
that differ between these two species (Fig. 3b and Supplementary
Information). Indeed, nearly half of the differing bases correspond
to large indels (Fig. 3b; as an example, note the large deletion in the
chimpanzee sequence immediately upstream of CAPZA2 exon 2 in
Fig. 1a). Similarly, at least 44% of the bases that differ between the
human and baboon sequences reflect large indels. Thus, among the
primates, large indels are the principal mechanism accounting for
the observed sequence differences, a finding that is consistent with
other studies®?*.

Similar analyses of the other mammals identified a similar
spectrum of mutational events, with large indels accounting for
the largest fraction of bases that differ in each lineage (Fig. 3b). This
suggests that the non-aligning regions in mammalian sequence
primarily reflect the insertion of repetitive elements and the deletion
of ancestral sequences. Given this assumption, the alignment of the
human greater CFTR region to the other mammalian sequences
suggests that a minimum of 63% of this segment of the human
genome was present in the last common ancestor of the mammals
sampled here, some 94 million years ago™, and that the rodents
represent the most derived mammalian sequence (minimum 39%
ancestral; Fig. 1b). Finally, the pufferfish sequences show a distinct
pattern of genomic changes (Fig. 3b). As compared with the
mammals, single-nucleotide mismatches and small indels are
more prominent than large indels. In part, this probably reflects
the paucity of transposon insertions in pufferfish and the deleter-
ious consequences of large indels in a more compact genome.

In summary, our approach for multi-species sequence generation
and analysis is providing a previously unavailable glimpse through
the window of vertebrate evolution. Our findings confirm that the
genomes of rodents are changing faster than those of primates,
carnivores and artiodactyls, in agreement with many reports®* but
in contrast to studies defending the molecular clock®. In addition,
we have found a substantial number of sequence elements
conserved across multiple species, most of which are located in
non-coding regions. Although the general mutational spectrum is
similar among all vertebrate lineages, differences in the relative
contribution of the various types of molecular events have sculpted
the genome of each species in a unique fashion. It should be noted
that the findings reported here pertain to a single genomic
region, whereas the vertebrate genome is known to show highly
non-uniform patterns of sequence conservation®’. Our efforts
to sequence many other genomic targets in multiple species (see
the NISC Comparative Sequencing Program website: http://
www.nisc.nih.gov) should provide a broader and more informed
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view of such regional variation. Together, our studies point to
myriad avenues for investigating the evolutionary and functional
features of the vertebrate genome. O

Methods

Sequence generation and analysis

Targeted genomic regions of interest were isolated in overlapping bacterial artificial
chromosome (BAC) clones” by using libraries derived from different vertebrate species.
We used ‘universal’ hybridization probes, designed from small stretches of sequence
conserved between human and mouse®, to isolate BACs from multiple mammals in
parallel. For isolating BACs from non-mammalian vertebrates, species-specific probes
(typically designed from available gene sequences) were mostly used for clone isolation.
For each species, a minimally overlapping tiling path of BACs spanning the genomic target
was selected, and individual BACs were sequenced by a conventional shotgun sequencing
strategy (see Supplementary Information).

To facilitate computational analyses, we compiled a single, non-redundant nucleotide
sequence for each species by merging together the data generated for all sequenced BACs.
This was then annotated to indicate the locations of known genes and coding regions on
the basis of matches to human and/or mouse reference cDNA sequences, exons predicted
by Genscan®, and repetitive elements using RepeatMasker. Annotated sequence records
are available at the NISC Comparative Sequencing Program website (http://
www.nisc.nih.gov/data). A more detailed description of this assembly and annotation
process is given in the Supplementary Information.

The assembled and annotated sequences were then subjected to a series of analyses,
starting with the generation of multi-sequence alignments and including the studies
described above and in Figs 1-3 (such as establishing orthology, examining the general
patterns of sequence conservation, performing phylogenetic analyses, detecting highly
conserved sequences and investigating genome dynamics). Details of these analyses are
given in the Supplementary Information.

Visualization and dissemination of results

The establishment of robust and user-friendly computational-based approaches for
capturing, visualizing and disseminating multi-species sequences and the data emanating
from their comparative analyses represents an increasingly important challenge. By using
our data as a model, we developed a viable solution to this problem by incorporating our
data into the University of California Santa Cruz Genome Browser®. The resulting web-
based resource (http://genome.ucsc.edu) serves as an additional electronic supplement to
this paper; a low-resolution overview of this website is given in the Supplementary
Information.

Integrating our data into the UCSC Genome Browser allows it to be visualized within
the context of the growing body of information about the human and other genome
sequences represented on this browser. We have configured the browser to display custom
tracks showing the results of various analyses, including those involving multiple
sequences (see Supplementary Information). The dynamic nature of the browser allows
convenient navigation from a detected region of conservation to the underlying sequence
alignment, as well as the ability to examine the results of comparative analyses using
different species’ sequence as the reference.

Availability of data and analysis tools

Details about the data underlying the studies reported here (including updated BAC
contig maps, information about each sequenced clone, compiled and annotated sequence
files for each species and links to the various electronic resources) are available on the NISC
Comparative Sequencing Program website (http://www.nisc.nih.gov/data). The blastz
program and MultiPipMaker network services can be obtained on the Penn State
Bioinformatics Group website (http://bio.cse.psu.edu).
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CYLD is a deubiquitinating enzyme
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Familial cylindromatosis is an autosomal dominant predisposi-
tion to tumours of skin appendages called cylindromas. Familial
cylindromatosis is caused by mutations in a gene encoding the
CYLD protein of previously unknown function'. Here we show
that CYLD is a deubiquitinating enzyme that negatively regulates
activation of the transcription factor NF-kB by specific tumour-
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necrosis factor receptors (TNFRs). Loss of the deubiquitinating
activity of CYLD correlates with tumorigenesis. CYLD inhibits
activation of NF-kB by the TNFR family members CD40, XEDAR
and EDAR in a manner that depends on the deubiquitinating
activity of CYLD. Downregulation of CYLD by RNA-mediated
interference augments both basal and CD40-mediated activation
of NF-kB. The inhibition of NF-kB activation by CYLD is
mediated, at least in part, by the deubiquitination and inacti-
vation of TNFR-associated factor 2 (TRAF2) and, to a lesser
extent, TRAF6. These results indicate that CYLD is a negative
regulator of the cytokine-mediated activation of NF-«B that is
required for appropriate cellular homeostasis of skin
appendages.

Activation of NF-kB by cytokines depends on the activity of the
IkB kinase (IKK) complex, which mediates phosphorylation of the
NF-kB inhibitor IkB% NEMO (also known as IKK-y) is an essential
component of the IKK complex. IKK-mediated phosphorylation of
IkB causes its degradation by the ubiquitin—proteasome pathway
and results in nuclear translocation and activation of NF-kB.

A yeast two-hybrid screen with NEMO as the bait identified
complementary DNAs encoding either the alternatively spliced,
‘full-length’ CYLD of 953 amino acids or two truncated forms of
the protein spanning amino acids 211-709 and 387-953. The
interaction of CYLD with NEMO was specific, because full-length
CYLD did not interact with two mutated forms of NEMO (C417R
and D406V) that have an altered carboxy-terminal zinc-finger
motif°. To determine whether this association occurs in mammalian
cells, Flag-tagged CYLD and glutathione S-transferase (GST)-
tagged NEMO were coexpressed in human embryonic kidney
(HEK) 293T cells. Co-precipitation experiments indicated that
CYLD and NEMO can indeed interact in mammalian cells after
their coexpression (Fig. 1a, b). The amino-terminal region of CYLD
mediates the interaction with NEMO, because deletion of the
N-terminal 537 amino acids of CYLD abolished NEMO binding
(Fig. 1c). We could not detect an interaction between endogenous
CYLD and NEMO, either because of the possible transient nature
of this interaction or because of the relatively low affinity of our
antisera against CYLD.

The C-terminal 365 amino acids of CYLD contain motifs found
in ubiquitin-specific proteases (UBPs), a subclass of deubiquitinat-
ing enzymes thought to be responsible for the removal of poly-
ubiquitin chains from polypeptides"*. Most pathogenic inactivating
mutations of CYLD result in truncations or frameshift alterations of
the C-terminal region of the molecule'. To determine whether
CYLD can act as a UBP, Flag-tagged wild-type CYLD and three
C-terminally truncated mutants of CYLD that are associated
with familial cylindromatosis (encoding residues 1-932, 1-864
and 1-754 of CYLD; see Online Mendelian Inheritance in Man
number 132700 at http://ncbi.nlm.gov/Omim/) were expressed in
HEK 293T cells, immunoprecipitated and tested for their ability to
cleave tetraubiquitin. Wild-type CYLD readily cleaved the tetra-
meric substrate to its monomer, dimer and trimer; however, the
pathogenic mutations associated with familial cylindromatosis
abolished the UBP activity of CYLD, indicating a correlation
between tumorigenesis and loss of the deubiquitinating activity of
CYLD (Fig. 1d, top). The deubiquitinating activity of CYLD did not
require any other mammalian proteins, because it was detectable in
bacteria (Supplementary Fig. 1). In addition, the deubiquitinating
activity of CYLD was abolished by replacing the conserved catalytic
residue Cys 601 with serine.

The interaction of CYLD with NEMO prompted us to investigate
the potential involvement of CYLD in NF-kB activation. CD40,
XEDAR and EDAR are members of the TNFR family implicated
in the proper development of skin appendages from which cylin-
dromas arise*. Expression of wild-type CYLD in HEK 293T cells
inhibited the ability of coexpressed CD40 (Fig. 2a), XEDAR or
EDAR (Supplementary Fig. 2) to activate the NF-kB pathway; by
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