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Abstract

Mutations in the human CIASL (hCIASL) gene have been identified in a continuum of
inflammatory disorders including familial cold autoinflammatory syndrome (FCAS), Muckle—
Wells syndrome (MWS), and neonatal onset multisystem inflammatory disease (NOMID). CIASL
codes for the protein Cryopyrin, which appears to play a role in innate immune function by
regulating the production of proinflammatory cytokines. Human and mouse Cryopyrin are highly
conserved and consist of three functional domains including a pyrin domain, an NACHT domain,

*Supplementary data associated with this article can be found, in the online version, at doi: 10.1016/j.gene.2004.05.002.
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CIASL.Exon3 AY337288, CIASL.Exon4 AY337289, CIASL.Exon5 AY337290, CIASL.Exon6 AY337291, CIASL.Exons7-9
AY337292, (strain BALB/c) CIASL.mRNA variant 1 AY495376, CIASL.mRNA variant 2 AY495377, CIASL.Exonl AY337293,
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accession numbers are GgCIASL.Exonl AY 337307, TgCIASL.Exonl AY337308, MsCIASL.Exonl AY337309, AbCIASL.Exonl
AY337310, CjCIASL.Exonl AY337311, CmCIASL.Exonl AY337312, GgCIASL.NBS AY338196, TgCIASL.NBS AY 338197,
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and a leucine-rich repeat (LRR) domain that are characteristics of the NALP family of proteins.
The pyrin and NACHT domains of Cryopyrin and other NALP proteins are highly conserved
among primate and nonprimate mammals, suggesting purifying selection throughout mammalian
evolution. Cryopyrin expression is also very similar in human and mouse with mouse CIASL
mMRNA expression found primarily in peripheral blood leukocytes consistent with the postulated
inflammatory function. We also detected significant expression in mouse eye and skin tissue,
which is consistent with symptoms observed in human Cryopyrin-associated diseases.
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Cryopyrin; Pyrin; Primate; NACHT; Autoinflammatory; NALP

1. Introduction

A new family of proteins involved in innate immunity has recently been identified in
humans. The common characteristics of proteins in this family are the presence of certain
structural domains such as caspase recruitment domains and pyrin domains (PYD). Several
of these proteins, referred to as NALP, NOD, or CATERPILLAR proteins, also contain
purine nucleotide-binding NACHT domains, and leucine-rich repeat (LRR) domains
(Harton et al., 2002; Tschopp et al., 2003). Four of these proteins have been associated with
human diseases, including pyrin, NOD2, major histocompatibility complex (MHC) class Il
transactivator (CIITA), and Cryopyrin. Alterations in pyrin result in familial Mediterranean
fever (FMF), a recessively inherited periodic fever disorder characterized by intermittent
episodes of fever, arthritis, rash, and abdominal pain (French FMF Consortium, 1997;
International FMF Consortium, 1997). Mutations in the gene for CIITA are associated with
a rare recessively inherited cellular immune deficiency called bare lymphocyte syndrome,
which is characterized by a lack of MHC class Il gene expression resulting in susceptibility
to infection early in life (Steimle et al., 1993). Mutations in NOD2 have been associated
with susceptibility to Crohn’s disease, a relatively common inflammatory disease of the
gastrointestinal tract (Hugot et al., 2001; Ogura et al., 2001a), and Blau syndrome, a rare
dominantly inherited granulomatous disorder involving skin, joints, and eyes (Miceli-
Richard et al., 2001). Cryopyrin (also known as NALP3/Pypafl) is altered in patients with a
spectrum of inflammatory syndromes characterized by fever, as well as cutaneous, joint, and
neurosensory symptoms (Feldmann et al., 2002; Hoffman et al., 2001a).

CIASL mutations are associated with a continuum of phenotypes that encompass three
previously recognized syndromes. Familial cold autoinflammatory syndrome (FCAS MIM
120100), commonly known as familial cold urticaria, is an autosomal dominant systemic
inflammatory disease characterized by intermittent episodes of rash, arthralgia, fever, and
conjunctivitis after generalized exposure to cold (Hoffman et al., 2001b). Patients with
Muckle-Wells syndrome (MWS MIM 191900) have similar episodes to those of FCAS, but
symptoms are usually not associated with cold exposure. A significant percentage of patients
with MWS also develop progressive sensorineural hearing loss (~ 60%) and systemic
amyloidosis (~ 30%) leading to renal failure (Muckle, 1979). Neonatal onset multisystem
inflammatory disease (NOMID MIM 607115) is primarily sporadic, but dominant
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transmission has been documented. These patients have chronic systemic inflammation
involving the skin, joints, and central nervous system, and also have cartilage overgrowth,
hearing loss, and eye disease (Prieur et al., 1987). There is some correlation of specific
CIASL nucleotide substitutions with phenotype; however, the same mutation has been
associated with different phenotypes in different patients suggesting additional genetic or
environmental influences (Dode et al., 2002; Neven et al., 2004).

Mouse models of human disease can be used to elucidate genetic and immunologic
mechanisms in ways not feasible in the human model. Mouse knockout models for CIITA
and pyrin, both proteins associated with the recessive disorders discussed above, have
provided significant insight into pathophysiology (Chae et al., 2003; Chang et al., 1996).
The availability of the mouse genome sequence has made the identification of human
disease gene orthologs relatively straightforward (Reed et al., 2003). However, genetic strain
variation and tissue and cell expression studies are necessary before the development of a
mouse model, because variation between humans and mice at the DNA, RNA expression, or
protein level often create significant differences in phenotypic expression. In this paper, we
demonstrate that the mouse homolog of CIASL has significant similarities in expression to
human CIASL with patterns consistent with clinical symptoms. We also analyze the
evolutionary history of CIASL and contrast it to the gene that codes for the related protein

pyrin.

2. Materials and methods

2.1. Database search of genome sequence

The National Center for Biotechnology Information (NCBI) and UCSC Genome mouse
databases were searched using the Basic Local Alignment Search Tool (BLAST: http:/
www.ncbi.nlm.nih.gov/BLAST/, and BLAT: http://genome.ucsc.edu/) programs with the
human CIASL (hCIASL) ORF (AF410477) and predicted protein sequence (AAL33908) to
find the DNA sequences of mouse CIASL (mCIASL) and the 14 known human NALP genes
(Table 1). BLAST searches were also performed against the NCBI and Ensembl databases
for D. rerio (zebrafish), D. melanogaster (Drosophila), C. elegans (nematode), and Fugu
rubripes (pufferfish) (http://www.ensembl.org/).

2.2. Mouse genomic DNA amplification and sequencing

Mouse-tail preps were used to isolate genomic DNA from the BALB/c and C57BL/6 strains.
Embryonic stem cell DNA and RPI22 269L7 and 157J5 BAC clones (Children’s Hospital
Oakland http://bacpac.chori.org/home.htm) from chromosome 11 (Chr 11) were used for the
129/SV strain. Genomic sequence surrounding mCIASL was used to design mCIASL-specific
primers for PCR and sequencing of mCIASL. Primers were designed by using Primer3
(http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi). The PCR conditions and
primers used to amplify and sequence mouse genomic DNA are shown in Supplementary
Table 1.
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2.3. Rapid amplification of 5" and 3'cDNA ends (5" and 3’ RACE) for the mCIAS1 gene

To amplify and sequence the 5" and 3’ cDNA ends of mCIASL, we used a mouse spleen
Marathon-Ready cDNA kit (Clontech). The RACE reactions were performed according to
manufacturer’s protocol. The primers used for the 5" end were Mex-2F (sense: 5'-
ACCCAAGGCTGCTATCTGG-3), mCIASlex1R (antisense: 5/-
TTCTCCTCGCCATTGAAGTC-3'), PyrinckR (Supplementary Table 2), MP1R (antisense:
5-GCTAGGATGGTTTTCCCGAT-3), Mx2-mx3R (Supplementary Table 1), and
Mex2-3SeqR (Supplementary Table 1). The primers used for the 3’ end were Mx3-mx4aF
(sense: 5-TGAAGTGGATTGAAGTGAAAGC-3"), mCIASLex8F (Supplementary Table 1),
MCIASL3'utrFb (sense: 5-TTTCTCTCTCTGGGCCTCTG-3'), and mCIASL3'utrR (sense:
5-GGGTTTTATAAATCTCTGAG-3). PCR products were then purified, sequenced, and
analyzed as previously reported (Kolodner et al., 1999).

2.4. Cloning of the mCIAS1 ORF

The primers MFLFwd (sense: 5’-CTGCTGCTGAAGATGACGAG-3’) and MFLRev
(antisense: 5'-GCCTACCAGGAAATCTCGAA-3) were used to amplify the entire coding
sequence of the mCIASL gene from mouse spleen cDNA. The PCR reactions were prepared
as described in Supplementary Table 1 with the following conditions: an initial denaturation
step of 94 °C for 30 s; followed by five cycles of 94 °C for 5 s and 72 °C for 4 min, five
cycles of 94 °C for 5 s and 70 °C for 4 min, and 20 cycles of 94 °C for 5 s and 68 °C for 4
min. The PCR product was directly cloned into pCR®-Blunt 11-TOPO® vector
(Invitrogen™). The clone was fully sequenced and aligned with genomic sequence to
confirm the intron—exon structure and that sequence was identical to the MMIG gene
(AF486632) recently reported (Kikuchi-Yanoshita et al., 2003).

2.5. Northern blot analysis of mCIAS1 expression

A PCR product of 599 bp corresponding to nucleotides 96-695 of the mCIASL ORF was
amplified from mouse cDNA and gel purified from 1% agarose. This and a 3-actin control
probe were radioactively labeled with [a32P] dCTP using Primelt® 11 (Stratagene) and
purified on a G-25 Sephadex column (Boehringer Mannheim). The probes were hybridized
to the Northern blots (Clontech) for 1 h at 68 °C in ExpressHyb™ solution (Clontech),
washed at 50-65 °C according to the manufacturer’s instructions and analyzed by
autoradiography.

2.6. Isolation of mouse tissue and blood

Mouse tissues were collected from C57BL/6, frozen at =80 °C, and then homogenized.
Whole blood was obtained by direct heart puncture from BALB/c mice and separated by
centrifugation using Lympholyte® (Cedarlane®) according to manufacturer’s protocol. The
granulocyte fraction was obtained by red blood cell lysis of the lower layer, and peripheral
blood mononuclear cells (PBMCs) were collected from the upper layer. PBMCs were
further separated using the MACS® murine monocyte positive selection beads (Miltenyi
Biotec). Purity of cell populations was confirmed by FACS analysis. Mononuclear cells
were stained with FITC-labeled anti-CD3 (clone 145-2C11), APC-labeled anti-CD45R/
B200 (clone RA3-6B2) or isotype controls (BD-Pharmingen), PE-labeled F4/80
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(cloneCl:A3-1) (Cal-tag) in the presence of Fc block (BD-Pharmingen) as appropriate. Data
were acquired using a FACSCalibur™ (BD Biosciences) and analyzed with FlowJo software
(Treestar). Forward and side-scatter gates included only nucleated viable cells, dead cells
were excluded based on light scatter and 7-AAD uptake. Purity was further confirmed using
microscopic analysis of Wright-stained cytospins. The granulocyte cell fraction was greater
than 90% pure. PBMCs were 98% pure and were further fractionated into a monocyte
fraction with greater than 50% purity (enriched eightfold) and a lymphocyte fraction with
99% purity. Mouse bone marrow-derived mast cells were generated as reported previously
(Razin et al., 1981).

2.7. RNA isolation, reverse transcriptase PCR, and quantitative real-time PCR

Total RNA isolation was performed using the TRI1zol® Reagent protocol (Invitrogen™).
Reverse transcriptase PCR was then performed using SuperScript™ First-Strand Synthesis
System (Invitrogen™) using manufacturer’s protocols and primers and several mCIASI-
specific primers. Quantitative real-time PCR analysis was performed using TagMan®
technology. RNA was reverse-transcribed to yield cDNA using Applied Biosystems
reagents. A primer/probe set was designed to anneal at the junction of coding exons 1-2 of
CIASL (sense: 5-TGTGTGGATCTTTGCTGCGA-3’; antisense: 5’-
GTCATTCCACTCTGGCTGGTC-3; probe, 6 FAM -5 -
ACAGGCGAGACCTCTGGGAAAAAGCTAAG-3-TAMRA,; all used at 200 nM final
concentration). A primer/probe set for the housekeeping gene HPRT was obtained from
Applied Biosystems (Assay-On-Demand) and used as recommended. For each cDNA,
separate PCR reactions were run with mCIASL and HPRT reagents in TagMan® Universal
PCR Master Mix (Applied Biosystems). Resulting threshold cycle (C;) data were normalized
to standard curves constructed using serial dilutions of mouse PBMC cDNA vyielding cell
equivalents. Data are expressed as the ratio between mCIASL and HPRT cell equivalents
(relative expression units, REU) as described previously (Boyle et al., 2003). Each PCR run
also included nontemplate controls, which generated a C; greater than 40 in all experiments.

2.8. Primate and mammalian ortholog sequencing

The NACHT domain was sequenced for select old world, new world, lower primates, and
other mammals. The old world primates sequenced were G. gorilla (gorilla), T. gelada
(baboon), M. sylvanus (macaque), C. cephus (guenon), and C. guereza (colobus). The new
world primates sequenced were A. belzebul (howler monkey), A. azarae (owl monkey), S.
sciureus (squirrel monkey), C. apella (capuchin), S. midas (tamarin), C. jacchus (common
marmoset), and C. pygmaea (pygmy marmoset). The NACHT domain was only partially
sequenced for the following lower primates and other mammals: T. bancanus (tarsier), C.
medius (dwarf lemur), L. catta (ring tailed lemur), V. variegata (ruffed lemur), L. africanus
(African elephant), E. europaeus (Western European hedgehog), and D. novem-cinctus
(nine-banded armadillo).

To sequence the NACHT domain of these mammals, primers were first designed in the most
conserved regions found by comparing human and mouse DNA sequences. Human DNA
sequence was used for any nonconserved bases. Further primer design was necessary to
sequence the lower primates and mammals. As we sequenced more animals, those
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sequences were used in creating new primers in the most conserved regions. The PYD was
only sequenced for a few of the primates due to difficulty with the amplification of this
region. Primers were used first from human DNA sequence, and then from primate sequence
once it was obtained. The PCR conditions and the primers used to amplify and sequence the
PYD and NACHT domain are shown in Supplementary Table 2. The sequences were
analyzed and assembled using both Sequencher™ 3.1 (Gene Codes) and MacVector™ 6.5.1
(Oxford Molecular).

2.9. Primate and mouse ortholog alignment and analysis

DNA and predicted protein sequences were aligned using ClustalW and modified by visual
inspection (Thompson et al., 1994). MacClade was used to trace amino acids along a total
evidence phylogram (Goodman et al., 1998; Murphy et al., 2001) and to infer the most
closely matched ancestral states (Maddison and Maddison, 1989). A total of 21 amino acids,
where known human mutations have been described, were analyzed. Maximum Likelihood
Analysis was performed using a total evidence tree representing the relationships of the
primates in this data set (Goodman et al., 1998). Positive selection was assessed using the
ratio of non-synonymous substitutions per nonsynonymous site (dy) to synonymous
substitutions per synonymous site (ds). The codon-based likelihood method was used to
analyze lineage specific dy/ds ratios (Schaner et al., 2001; Yang, 1998). We used the
program PAML to apply two models of nucleotide sequence evolution to our data set, the
“free ratio” model and the “simple” model (Yang, 1998). In theory, a dy/ds ratio equal to
1.0 indicates neutral change, a dy/ds ratio less than 1.0 indicates purifying selection, and a
dn/ds ratio greater than 1.0 indicates positive selection (Schaner et al., 2001).

Analysis of orthology relationships among mouse and human NALP homologs was carried
out by combining a phylogenetic reconstruction of the gene family with a genomic synteny
comparison of mouse and human chromosomes. Predicted genes from the Ensembl mouse
and human builds 32 and 34 (http://www.ensembl.org/), respectively (Feb. 2004) were used
to construct a gene family alignment with and modified by visual inspection (Thompson et
al., 1994). Bootstrapped neighbor joining and maximum parsimony phylogenies were
calculated using Phylip 3.6 (Felsenstein, 2000). Maximum likelihood branch lengths were
calculated based on the parsimony topology using Tree-Puzzle (Schmidt et al., 2002).
Mouse-human synteny blocks (regions of genomic homology) were identified in
chromosomes M7/H19, M7/H11, and M11/H1 using DiagHunter (Cannon et al., 2003).
Orthologous and paralogous genes were confirmed using OrthoParaMap by combining
synteny predictions and gene family phylogeny, with methods and parameters previously
described (Cannon and Young, 2003).

3. Results and discussion

3.1. Analysis of mouse CIAS1 and other genes in the NALP family

When the hCIASL-predicted protein sequence (aalL33908) was used as a query sequence on
NCBI’s Standard protein—protein BLAST (blastp) program, the resultant matches included
hCIASL (NALP3) and the other 13 human NALP genes (Tschopp et al., 2003). We found the
chromosomal location for all 14 known human NALP genes using the LocusLink button
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(Table 1). hCIASL is unique in its localization to 1q44, because most of the other human
NALP genes cluster on Chr 11 and 19, except for NALP1, which is localized to Chr 17.
NCBI’s HomoloGene link identified mouse orthologs to 10 of 14 human NALP genes;
however, orthologs for NALP 7, 8, 11, and 13 were not identified. mCIASL is located on a
23-kb region on Chr 11B1.3, a region that has limited synteny to human Chr 1g44. All of the
other mouse NALP genes cluster on Chr 7 except for NALP1, which is located at Chr 11B4.
This clustering suggests gene duplications (Harton et al., 2002), and the additional human
NALP genes on Chr 19 not found in the mouse indicate further gene duplications.
Combining phylogenetic and comparative synteny information using DiagHunter (Cannon et
al., 2003) and OrthoParaMap (Cannon and Young, 2003) indicates local gene duplications
of human NALP 2 and 7 on chromosome 19 following speciation, local duplication of
mouse NALP 9a and 9c following speciation, and probable loss of several mouse orthologs
(Fig. 1). The presence of hCIASL at the telomere on human Chr 1q in a region with limited
synteny to mouse Chr 11B1.3 may suggest substantial rearrangements in the mouse and/or
human chromosomes in these regions during mammalian evolution. However, high levels of
conservation in the coding sequence of hCIASL and mCIASL (NALP3) suggest that these are
genuinely orthologs (Fig. 1).

We independently confirmed the exon structure of mCIASL by sequencing all nine exons
and splice junctions in three commonly studied inbred strains of mice. From these
sequences, we discovered only one variation (T to C) at a nucleotide that is 27 bp beyond
the intron 4—exon 4 junction. All other exons and available surrounding intron sequences
were completely conserved in all three strains. The mouse exon structure bears very close
resemblance to the human exon structure (Supplementry Fig. 1). Comparison of the
complete mouse and human ORF shows they have an 80.8% identity. This is different from
MEFV, the gene that codes for pyrin, which shows only a 65.8% identity between mouse
and human (Chae et al., 2000), suggesting different evolutionary pressures on these two
related genes.

The mCIASL gene has nine coding exons with a putative initiator methionine codon in good
agreement with the Kozak criteria and a stop codon in the final exon. Cloning and
sequencing of the cDNA and comparison to the genomic sequence confirmed the
assignment of the donor and acceptor splice sites of the exon—intron boundaries. 5" RACE of
mCIASL identified two untranslated exons and alternative splicing, which results in two
transcriptional start sites. One isoform contains two untranslated exons of 19 bp and 59 bp,
respectively. The second isoform consists of one large (226 bp) untranslated exon. This
pattern differs from hCIASL, where only one transcriptional start site was identified and no
additional untranslated 5’ exons were identified. 3’ RACE demonstrated approximately 700
untranslated bp before the poly A tail consistent with AF486632 (Kikuchi-Yanoshita et al.,
2003). We also detected alternative splicing of mCIASL exons 4-9 from mouse peripheral
blood leukocyte cDNA. Alternative splicing in this region has also been described in bone
marrow-derived mast cells (Kikuchi-Yanoshita et al., 2003). The finding of alternative
splicing in this region correlates with hCIASL, where extensive alternative splicing was
apparent in this region of cDNA from human peripheral blood leukocytes (Hoffman et al.,
2001a).

Gene. Author manuscript; available in PMC 2015 March 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Anderson et al.

Page 8

The mCIASL ORF encodes a putative 1033-aa protein with a predicted size of 118.3 kDa
and a pl of 6.55. As in hCIASL, the first coding exon is predicted to code for a PYD; the
large central exon is predicted to code for a NACHT domain and each of the 171 bp exons
code for two leucine-rich repeats, while the final coding exon codes for one leucine-rich
repeat (Supplementry Fig. 1). The predicted amino acid sequence has an 82.7% identity and
an 89.6% similarity between human and mouse. This is different from the related protein
pyrin, another PYD containing protein, which only has a 47.6% identity and a 65.5%
similarity between human and mouse homologs (Chae et al., 2000). The PYD of CIASL
shows the greatest homology with 93.0% identity/97.2% similarity. The NACHT domain
shows 85.0% identity/91.2% similarity, and the LRR region shows an 83.6% identity/90.5%
similarity. The alignments of the NACHT and PYDs are shown in Figs. 2 and 3. A total of
21 amino acids are shown where human mutations have been identified. With the exception
of aa198 and aa662, all amino acids where human disease causing mutations occur are
conserved in the mouse. In the mouse, aal196 (corresponding to human aal98) is a
methionine. This is the mutated aa (V198M) observed in some patients with FCAS and
MWS (Aganna et al., 2002; Hoffman et al., 2001a). Additionally, valine is substituted for a
methionine at position aa662 in the mouse. In humans, M662T has been identified in a
patient with NOMID (Feldmann et al., 2002). Interestingly, the V198M mutation has been
seen in up to 6% of normal Caucasian controls (unpublished data), suggesting that it is either
not a fully penetrant mutation or it is simply a polymorphism. The conservation of these
amino acids throughout mammalian evolution is expected if one assumes that they are
important for protein function. However, once again, this is very different from the case of
pyrin where only 1 of 10 amino acids, where human mutations have been identified, is
conserved (Schaner et al., 2001).

3.2. Expression analysis and tissue distribution

Northern blot analyses of human tissues identified expression in peripheral blood leukocytes
and no significant expression in other tissues. Northern analysis in mouse tissues identified a
single transcript expressed at low levels in liver; no expression was detectable in other
tissues (data not shown). This transcript, approximately 4.0 kb, is similar in size to hCIASL
cDNA and is consistent with the longest complete mCIASL cDNA identified. Because there
is limited representation of mouse tissue on available Northern blots (eye, skin, and PBMCs
were not included on the Northern blots), we performed Tagman® quantitative real-time
PCR, which identified prominent expression of mCIASL in skin and eye (Fig. 4A). This
finding is in strong agreement with human disease phenotypes in that rash is present in all
patients with CIASL mutations, conjunctivitis is commonly seen in FCAS and MWS
(Hoffman et al., 2001b). Low level expression of mCIASL was detected in liver in agreement
with Northern analysis. The relative higher expression of CIAS1 in liver compared to other
tissues on the blot may be due to contaminating peripheral blood leukocytes.

Significant expression of mCIASL was detected in peripheral blood leukocytes by
quantitative real-time PCR similar to the expression pattern in hCIASL (Fig. 4B).
Quantitative real-time PCR of leukocyte subpopulations showed significantly higher relative
expression of mMCIASL in granulocyte and monocyte fractions, with relatively less expression
in bone marrow-derived mast cells, and low expression in lymphocyte fractions. This
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cellular expression pattern is similar to that of hCIASL (Maniji et al., 2002), as well as human
NOD?2 (Ogura et al., 2001b) and human pyrin (Tidow et al., 2000), and is consistent with the
role of these proteins in innate immunity. Additionally, granulocytes are elevated in
peripheral blood and are visualized in biopsies from affected skin in patients with CIASL
mutations.

3.3. Evolutionary analysis

All of the new and old world primates (including human) shared significant homology in the
NACHT domain, with the DNA identities all greater than 87%, and the amino acid identities
and similarities all greater than 90% and 93%, respectively. Fig. 2 shows an alignment of the
predicted amino acid composition of the NACHT domain in representative primates. Old
and new world primates not shown in Table 2 show very similar results to those of their
corresponding orders. The amino acid positions, where human disease mutations have been
identified, are conserved within the primates we sequenced and the mouse with differences
in only three aa. At aal198, the baboon is heterozygous (valine or isoleucine), and the mouse
is homozygous for methionine; at aa374, the common marmaoset has a threonine instead of
an alanine; and at aa662, all of the primates sequenced, and the mouse have a valine instead
of a methionine.

The DNA from the lower primates and mammals was more difficult to amplify and
sequence, therefore some of the NACHT domains were not completely sequenced in these
animals. As in the higher mammals, the sequence obtained still showed significant
similarities (Table 2), and the amino acids where human disease causing mutations occur
were conserved. In an attempt to delineate the evolutionary age of CIASL, we also tried to
amplify and sequence select birds and reptiles, but were unable to confirm any orthologs in
these proposed mammalian predecessors. However, we were able to identify a possible
ortholog for CIASL in the database for the vertabrate puffer-fish, F. rubripes
(SINFRUGO00000i50262), but not in the zebrafish (http://www.ensembl.org/).

Recently, an evolutionary analysis of mutations in pyrin, another PY D-containing protein,
demonstrated that 7 of 10 FMF causing mutations in one domain are present in many of the
wild-type primates (Schaner et al., 2001). A similar analysis of 21 mutations (all with
frequencies < .00001 in the general population) within CIASL (INFEVERS: http://
fmf.igh.cnrs.fr/infevers) indicates that none of these mutations (except VV198M) are present
in primates; in fact, the vast majority of them represent the only amino acid change evident
during the evolutionary history of that site. In contrast to pyrin, the evolutionary history of
Cryopyrin mutations suggests that the wild-type amino acids have been strongly selected
for. In our analysis, the data fit the “free ratio” model with high significance (P<0.001).
This model posits that dy/ds ratios vary along each branch of the phylogram. The highest
rate ratio of nonsynonymous to synonymous substitutions that we obtained using this model
was 0.26, and the rest of the values were much lower. These data strongly suggest that
Cryopyrin has been under purifying selection throughout its evolution.

The evolutionary history of pyrin and Cryopyrin may point to fundamental differences in
function and/or position within inflammatory pathways. While pyrin and Cryopyrin appear
to be involved in the activation of caspase 1 and NF-xB through their interactions with
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Apoptosis-associated speck like protein (ASC; Manji et al., 2002; Richards et al., 2001;
Srinivasula et al., 2002), it has been proposed that pyrin has an inhibitory role and Cryopyrin
has an activating role (Dowds et al., 2003). Although pyrin and Cryopyrin share a similar N-
terminal domain (PYD), the rest of the pyrin protein structure is unique among PYD-
containing proteins, while the C-terminal region of the Cryopyrin protein is homologous to
the large family of NALP proteins (Tschopp et al., 2003). It is also of note that FMF is
typically recessive, while FCAS is transmitted in an autosomal dominant fashion. It has been
suggested that pyrin may be responding to positive selective pressure, and disease may be
the homozygous manifestation of an advantageous heterozygous state (International FMF
Consortium, 1997). In contrast, heterozygous mutations in the strongly purified NACHT
domain of Cryopyrin may alter function resulting in disease.

3.4. Conclusions

The highly conserved nature of Cryopyrin throughout mammalian evolution and expression
in inflammatory cells supports its proposed crucial role in innate immune function. An
important regulatory function for Cryopyrin is further supported by the fact that single
heterozygous missense mutations in hCIASL in areas of highly conserved amino acids of
Cryopyrin cause a variety of inflammatory phenotypes ranging from cold sensitivity to
severe multi-system involvement.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
The human and mouse NALP gene phylogeny and genomic context. Dot plots show regions

of mouse- human synteny (diagonal lines) near NALP-containing regions (synteny blocks
are labeled with consecutive numbers as assigned by the program) in (A) human 19/mouse 7
and (B) human 11/mouse 7. The locations of NALP genes are shown with short lines on the
axes. Where two of these genes from mouse and human intersect with a diagonal, they are
highlighted with bulls-eyes. These points represent candidate orthologs. The phylogeny (C)
shows human (Hs) and mouse (Mm) genes, genomic positions (gene midpoints in kb), and
corresponding synteny blocks labeled with italic numbers (a, mouse; b, human). Gene
duplications clearly originating in speciation-derived synteny blocks are indicated with S,
gene duplications likely to be orthologs but without strong supporting synteny information
are indicated with ‘S?’, and those arising through local gene duplications following
speciation are indicated with D. Nodes marked with “x” likely originated through speciation
(they are the reciprocal best matches between mouse and human), although no synteny is
detectable. # CIAS1 is also known as NALP3.
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Cryopyrin NACHT domain aa alignment. The amino acid sequences shown are from the
NACHT domain (Human aal68 to aa666 and Mouse aal66 to aa668). G. gorilla (gorilla) is
shown as a close relative to H. sapiens (human), T. gelada (baboon) is an old world primate,
while A. belzebul (howler monkey) and C. jacchus (common marmoset) are different ends of
the new world primate infraorder. The shaded regions are exact matches, while nonshaded
regions are similar amino acids. Separated boxed amino acids are dissimilar. The X located
at aa198 for the baboon indicates heterozygosity at this base pair. The predicted amino acids
are either a valine or isoleucine.
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210 4I0 60
Human LEDLEDVDLKKFKMHLEDYPPQKGCIPLPRGQTEKADHVDLATLMIDFNGEEKAWAMAY|
Gorilla LEDLEDVDLKKFKMHLEDYPPQKGCIPLPRGQTEKADHVDLATLMIDFNGEEKAWAMAY|
Baboon LIDLIDVDLKKFKHBL!DY?PQKGCIE]LFRGQTIKADHVDLATLHID!“GIIKA'AHAV
Howler Monkey LEDLEDVD[FKKFKMHLED[C/PPQKG[Y|IPLPRGQTEKADHVDLATLMIDFNGEEKAWAMAY|
Common MarmoSet [LEDLEDVD|FKKFKMHLEDYPPQKGCIPLPRGQTEKADHVDLATLMIDFNGEEKAWAMAYV|
Mouse LEDLEDVDLKKFKMHLEDYPPEKGCIPVPRGQMEKADHLDLATLMIDFNGEEKAWAMAY|

Fig. 3.
Cryopyrin pyrin domain aa alignment. The amino acid sequence shown is the first 60 amino

acids of the pyrin domain (73 aa). The shaded regions are exact matches, while nonshaded
regions are similar amino acids. Separated boxed amino acids are dissimilar.
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Fig. 4.
Expression analysis of mouse CIASL. (A) mCIASL mRNA levels assayed from tissues and

normalized to those of HPRT mRNA. (B) mCIASL mRNA levels assayed from leukocyte
fractions and normalized to those of HPRT mRNA.
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NACHT domain identity and similarities in mammalian CIAS1 orthologs

Species DNAZ  aaP #Of bpC
Mouse 82.0 85.0/91.2 1503
Gorilla 98.7 98.6/99.8 1497
Baboon 97.5 98.0/99.0 1497
Howler monkey 92.9 95.6/98.2 1500
Common marmoset  92.4 94.2/97.4 1500
Dwarf lemur 90.4 91.9/94.5 1365
Tarsier 84.7 88.6/92.0 1311
Armadillo 84.3 90.3/94.4 1239
African elephant 85.3 89.6/93.2 1239
Hedgehog 80.7 83.9/91.2 1110

aPercentage identity.

bPercen’(age identity/percentage similarity.

c . .
Number of base pairs sequenced for each animal.

Gene. Author manuscript; available in PMC 2015 March 03.

Table 2

Page 19



