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Abstract

Hereditary periodic fever syndromes are characterized by recurrent episodes of fever and inflammation with no known
pathogenic or autoimmune cause. In humans, several genes have been implicated in this group of diseases, but the
majority of cases remain unexplained. A similar periodic fever syndrome is relatively frequent in the Chinese Shar-Pei breed
of dogs. In the western world, Shar-Pei have been strongly selected for a distinctive thick and heavily folded skin. In this
study, a mutation affecting both these traits was identified. Using genome-wide SNP analysis of Shar-Pei and other breeds,
the strongest signal of a breed-specific selective sweep was located on chromosome 13. The same region also harbored the
strongest genome-wide association (GWA) signal for susceptibility to the periodic fever syndrome,{p 2.3 10°°,
Pgenome=0.01). Dense targeted resequencing revealed two partially overlapping duplications, 14.3 Kb and 16.1 Kb in size,
unique to Shar-Pei and upstream of thélyaluronic Acid Synthase 2 (HA$2ne. HAS2encodes the rate-limiting enzyme
synthesizing hyaluronan (HA), a major component of the skin. HA is up-regulated and accumulates in the thickened skin of
Shar-Pei. A high copy number of the 16.1 Kb duplication was associated with an increased expressiétA&2as well as the
periodic fever syndrome (p 0.0001). When fragmented, HA can act as a trigger of the innate immune system and stimulate
sterile fever and inflammation. The strong selection for the skin phenotype therefore appears to enrich for a pleiotropic
mutation predisposing these dogs to a periodic fever syndrome. The identification of HA as a major risk factor for this
canine disease raises the potential of this glycosaminoglycan as a risk factor for human periodic fevers and as an important
driver of chronic inflammation.
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Introduction brought close to extinction. A few Chinese Shar-Pei dogs were
exported to the United States in the early 1970’s and Shar-Pei

Shar-Pei dogs have been companion animals for centuries descending from this limited number of animals have undergone
within China where they were commissioned to guard and hunt, strong selection for a wrinkled skin phenotype and heavily padded
and to sometimes serve as fighting animals. At the beginning of the muzzle and are called the “‘meatmouth” type (Figure 1A-1C) and
communist era dog ownership was highly taxed and the breed was have now found global popularity. The ancestral Shar-Pei,
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association analysis identified a strong peak with several SNPs on chromosome 13 to be in association with Familial Shar-Pei Fever (FSF). After
correcting for stratification and multiple testing (100,000 permutations), four SNPs retained significant associatioro(p5; strongest SNP association,
CanFam 2.0 chr13: 27,913,803 Mb). Shar-Pei dogs used in the study were strictly classified into groups of affact@@) and unaffected K=17) by

FSF. (C) SNPs associated with FSF (blue line) are interspersed with the signals of selection (red line). The 39 Shar-Pei and 17,227 SNP common to both

analyses were used to generate this graph.
doi:10.1371/journal.pgen.1001332.9002

functional. At present our results must be considered as
preliminary and it is clear that further exploration of the
interaction between canine HAS2 and HAS2as is required.

Discussion

Here we have identified a 16.1 Kb duplication located
approximately 350 Kb upstream of HAS2. This is clearly a
derived mutation since it occurs as a single copy sequence in other
dog breeds. We postulate that this is a causative mutation
associated with both hyaluronanosis and Shar-Pei fever, as the
observed correlation between copy number and susceptibility to
Shar-Pei fever was not expected if this was a linked, neutral
polymorphism. We suggest that the unique region of the
meatmouth type duplication identified in Shar-Pei contains one
or more regulatory elements that alter the expression of HAS2. It
appears possible that as the duplication copy number increases, so
does the copy number of potential enhancer elements within the
duplication, likely leading to a higher expression of HAS2 and
elevated HA levels, and resulting in the development of
hyaluronanosis in this breed. We propose a scenario whereby
the traditional duplication arose de novo in the traditional type of
Shar-Pei causing a milder skin phenotype. This event made the
region unstable and allowed the second meatmouth duplication to
occur. Breeders subsequently selected the meatmouth duplication
as a higher copy number enhanced the phenotypic effect in
appearance. However, it is not yet possible to say whether the
meatmouth duplication first occurred at low frequency in the
Chinese Shar-Pei population and quickly rose during breeding in
America, or if the mutation occurred spontaneously during breed
expansion in the West.

Tandem duplications are notoriously unstable and may show
copy number variation due to unequal crossing-over, as is clearly
illustrated by the copy number variation of a 450 Kb duplication
associated with dominant white colour in pigs [14]. The
meatmouth Shar-Pei duplication adds to the list of copy number
variants (CNVs), which affect phenotypic traits in domestic
animals (e.g. dominant white in pigs [14], gray color in horses
[15], the hair-ridge in Rhodesian ridgeback dogs [16], and pea-
comb in chicken [17]), several of which are linked not only to the
desirable trait but also to disease. Interestingly, all of these except
pea-comb, represent novel duplications derived from single copy
sequences. This is in contrast to most reported CNVs in humans,
which are mainly benign and represent expansions or contractions
of duplicated sequences [18].

Although we failed to find a significant correlation between
serum HA levels and copy number, this does not exclude our
proposed hyaluronanosis scenario. Difficulties in correlating
fluctuating serum levels of HA with other clinical and biomedical
parameters have also been reported in many human studies,
where no or only weak correlations were observed [19,20]. We
have shown that the 16.1 Kb duplication appears only in
meatmouth Shar-Pei, a breed type that has elevated levels of
HA compared to both traditional Shar-Pei and other breeds, and
that copy number correlates with a breed-specific syndrome
associated with excessive HA deposition and the over expression of
a HA synthesizing gene. Because HA is primarily a component of
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the extracellular matrix, serum measurements may only broadly
reflect total body HA.

Hyaluronan can bind to several cellular receptors (e.g. CD44,
RHAMM and layilin), however it is the interaction between CD44
and HA which acts as a biological regulator, differentially
modulating the cellular microenvironment in response to homeo-
static versus inflammatory conditions [21]. Alterations in the
balance between native high molecular weight HA versus
fragmented HA may result in activation of innate immunity. HA
has been linked to sterile inflammation as an endogenous response
molecule to sterile tissue injury [21]. Shorter fragments of HA can
be generated by environmental insults such as sterile trauma [22],
reactive oxidative species (ROS) [23], or pathogenic hyaluroni-
dases, and it is these low molecular weight fractions which can
become pro-inflammatory danger associated molecular pattern
(DAMP) molecules [22,24] mimicking microbial surface mole-
cules.

Using a mouse model, Yamasaki and colleagues [25] showed
that HA can interact with the cell through two separate pathways
that culminate in the release of IL-1b, which together with IL-6, is
one of the main promoters of fever. In the first route, CD44 bound
HA is degraded at the plasma membrane by hyaluronidase-2
(HYALZ2) prior to endocytosis and further cleavage by lysosomal
hyaluronidase-1 (HYALL). The resultant small intracellular
oligosaccharides of HA activate the NLRP3 inflammasome, a
multiprotein complex consisting of the NLRP3 scaffold, the ASC
adaptor and caspase-1 [26]. In the second arm, the CD44-HA
complex activates toll like receptors 2 and 4 (TLR2 and 4), leading
to intracellular IL-1b mRNA transcription and the formation of
pro-IL-1b. Activation of the NLRP3 inflammasome by HA
oligosaccharides allows cleavage of this pro-lIL-1b by caspase-1
and subsequent release of IL-1b. The NLRP3 inflammasome is
present in the cytosol of many cells including monocytes,
macrophages and mast cells, and has been implicated in the
pathogenesis of numerous autoinflammatory diseases in humans
including the cryopyrin-associated periodic syndromes which
result from mutations in NLRP3/CIASI [26].

The actual role of excessive HA in Shar-Pei needs to be
investigated further. Shar-Pei may experience exogenous frag-
mentation of their over-abundant HA from sterile or pathogenic
trauma. This, plus endogenous degradation of excessive native
HA, may contribute to induction of recurrent episodes of fever and
inflammation. Acute fever events in Shar-Pei respond rapidly to
dipyrone, a potent antipyretic and analgesic pyrazolone, which has
been demonstrated to inhibit IL-1b induced fever [27-29 and
Linda Tintle unpublished data]. It is therefore not surprising that
the strong selection on the hyaluronanosis phenotype, with
increased levels of cutaneous HA, may predispose Shar-Pei to
autoinflammation, potentially contributing to other pathologies
seen in this breed. One such example is renal medullary
amyloidosis. Histopathologically, kidneys of Shar-Pei in renal
failure have multifocal non-suppurative tubulointerstitial nephritis
with fibrosis. Medullary amyloidosis predominates and glomerular
deposition, although consistent, is highly variable in its extent
[8,30]. The renal medulla is naturally HA rich and enhanced renal
interstitial HA accumulation can be coupled to inflammatory
responses, such as ischemia-reperfusion injury, transplant-rejec-
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Figure 3. The identification of two breed-specific duplications in Shar-Pei. (A) Targeted resequencing of a 1.5 Mb region on chromosome

13 identified a duplication with on average 3.5-4.5X higher read coverage in two meatmouth Shar-Pei (black and red), compared to three control
breeds (green, Standard Poodle; orange, Neapolitan Mastiff and purple, Pug). A shorter duplication was detected in the traditional Shar-Pei (Blue)

The meatmouth duplication was determined to be 16.1 Kb long (CanFam 2.0 Chr13: 23,746,089-23,762,189) with both breakpoints located in repeats
(a SINE and a LINE) and with an insertion of 7 bp separating different copies. The duplication in the traditional Shar-Pei overlapped the meatmouth
duplication and was slightly shorter, 14.3 Kb long (CanFam 2.0 Chr13: 23,743,906-23,758,214). In this case the copies were separated by 1 bp but
were still anchored in repeat motifs (c) Southern blot analysis usiB3G| digested gDNA from Shar-Pei and control breeds confirmed the existence of

two duplication types in Shar-Pei. One meatmouth dog (lane 6) contained both duplication types. Individuals were classified as healthy (h) or as
affected by Familial Shar-Pei Fever (f).

doi:10.1371/journal.pgen.1001332.g003

tion, tubulointerstitial inflammation and diabetes [31]. In addition,
Shar-Pei are prone to mast cell disease including mast cell tumors
[32,33]. The binding of HA to CD44 has been shown to play a
critical role in regulation of murine cutaneous and connective
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tissue mast cell proliferation [34]. As the CD44-HA interaction
may modulate local immune responses through regulation of mast
cell functions [35], excessive HA and its subsequent damage and
degradation may play a role also in the Shar-Pei breed’s
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Figure 4. The relationship between copy number estimate and susceptibility to Familial Shar-Pei Fever. A significant correlation
(p=, 0.0001, Mann Whitney test) was seen when the meatmouth copy number in unaffected Shar-Rei{6, H+) and individuals affected by FSF
(n=28, FSk and FSK A) were compared. Based on this limited sample size, most dogs with more than six copies had fever whereas most dogs with

less than four copies did not.
doi:10.1371/journal.pgen.1001332.9004

predilection for allergic skin disease and other mast cell driven
inflammation.

This study suggests that HAS2 dysregulation can trigger a
periodic fever syndrome in dogs and therefore it will be relevant to
examine the approximately 60% of human fever patients who
currently have unexplained disease. Previously, the role of
hyaluronan in sterile inflammation has focused on HA signaling
and degradation; for example a deficiency of hyaluronidase causing
mucopolysaccharidosis type IX in humans has some autoinflam-
matory features [36]. However by directly implicating HAS2 in
inflammation, we suggest that a reexamination of genes further up
the biosynthetic pathway, such as those involved in HA synthesis
and polymerization is called for. In addition, the canine mutation
appears regulatory in nature and therefore regulators of HA should
be also be included in a broader scope pathway analysis of human
patients with unexplained autoinflammatory disease.

Finally, this study illustrates how copy number variations can
shape phenotypic traits and how strong artificial selection for
certain phenotypic traits may not only affect the desired trait but
also the health of the animal.

Materials and Methods

Samples and diagnostic procedure
All dog samples were collected from pet dogs after owner consent
following the ethical approval protocols (SLU, Dnr: C103/10, MIT
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0910-074-13). DNA was extracted from blood samples using QlAamp
DNA Blood Midi Kit (QIAGEN) or PureLink Genomic DNA kit
(Invitrogen). All dogs, their breed type, geographic origin, health status
and experiment in which they were utilized are listed in Table S1.

Classification of Shar-Pei fever: Purebred Shar-Pei individuals
were divided into the following six groups based on their medical
records and evidence by owner and/or veterinarian:

1. FSF+A4, the individual had experienced recurrent episodes of
high fever accompanied by inflammation of joints from an early
age (less than one year old). Additionally, post-mortem examina-
tion detected depositions of amyloid in kidneys and/or liver
(amyloidosis).

2. FSF+, the individual had experienced recurrent episodes of
high fever accompanied with inflammation of joints from an early
age (less than one year old).

3. Awpical ESF, the individual had experienced occasional
unexplained fever episodes or recurrent episodes with a late onset
(greater than three years old).

4. H+, the individual had never experienced unexplained fever
and/or inflammation, was older than five years old at the time of
sampling and also lacked first-degree relatives that could be
classified into the groups FSEF+A, ESF+ or Atypical FSF.

5. H-, the individual had never experienced unexplained fever
and/or inflammation but was younger than 5 years at the time of
sampling and/or had first-degree relatives that could be classified
into the groups FSF+A, FSF+ or Atypical FSF.
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