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Abstract

Chronic recurrent multifocal osteomyelitis (CRMO) is an autoinflammatory disorder that
primarily affects bone but is often accompanied by inflammation of the skin and/or
gastrointestinal tract. The etiology is unknown but evidence suggests a genetic component to
disease susceptibility. Although most cases of CRMO are sporadic, there is an autosomal recessive
syndromic form of the disease, called Majeed syndrome, which is due to homozygous mutations
in LPINZ. In addition, there is a phenotypically similar mouse, called cmo (chronic multifocal
osteomyelitis) in which the disease is inherited as an autosomal recessive disorder. The ¢mo locus
has been mapped to murine chromosome 18. In this report, we describe phenotypic abnormalities
in the cmo mouse that include bone, cartilage and skin inflammation. Utilizing a backcross
breeding strategy, we refined the c¢molocus to a 1.3 Mb region on murine chromosome 18. Within
the refined region was the gene pstpipZ, which shares significant sequence homology to the
PSTPIP1. Mutations in PSTPIP1 have been shown to cause the autoinflammatory disorder PAPA
syndrome (pyogenic arthritis, pyoderma gangrenosum and acne). Mutation analysis, utilizing
direct sequencing, revealed a single base pair change ¢.293T — C in the pstpip2 gene resulting in
a highly conserved leucine at amino acid 98 being replaced by a proline (L98P). No other
mutations were found in the coding sequence of the remaining genes in the refined interval,
although a 50 kb gap remains unexplored. These data suggest that mutations in pstpip2 may be the
genetic explanation for the autoinflammatory phenotype seen in the cmo mouse.
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Introduction

Autoinflammatory disorders are characterized by seemingly unprovoked inflammation in the
absence of autoimmunity or infection. Chronic recurrent multifocal osteomyelitis (CRMO)
[OMIM #259680] is an autoinflammatory disorder of unknown etiology. It presents in
childhood with multiple, painful, sterile, inflammatory bone lesions, often accompanied by
fever [1,2]. It is frequently seen in association with other inflammatory disorders including
psoriasis and inflammatory bowel disease [3-9].
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Although most reported cases of CRMO are sporadic, there is evidence for a genetic
component to its etiology. There are reports of affected siblings (with unaffected parents),
concordance in monozygotic twins and a report of child with CRMO whose father had
noninfectious osteomyelitis of the sternum [10-13]. There is an autosomal recessive
syndromic form of CRMO (Majeed syndrome) which is caused by mutations in LPINZ14—
17]. In addition, a CRMO susceptibility locus has been mapped to human chromosome
18g21.3- 22 [13]. Furthermore, an autosomal recessive mouse model, cmo (chronic
multifocal osteomyelitis) has been described and the locus has been mapped to a 21 cM
region of murine chromosome 18 [18]. The cmo mice develop tail kinks and hind foot
deformities caused by osteomyelitis in the affected bones. To date, the phenotypic and
histologic description of this spontaneously occurring mouse model has been limited to the
mouse skeletal system.

In this report, we expand the phenotypic and histologic characterization of the cmo mouse
and identify a missense mutation in the pstpjp2 [MGI:133508] gene that segregates with the
cmo phenotype. We discuss the importance of examining the role of PSTP/PZ (the human
ortholog of murine psipip2) in the etiology of CRMO, particularly given that mutations in
the related gene PSTPIP1 have been shown to cause another autoinflammatory disorder
called PAPA syndrome (pyogenic arthritis, pyoderma gangrenosum and acne syndrome,
MIM 604416) [19] and PSTPIPZ lies within the region containing the CRMO susceptibility
locus [13].

Materials and methods

Mice

Histology

BALB/cAnPt-cmo (Stock # 002864F), C57BL/6J (Stock # 000664) and BALB/cBYyJ (Stock
# 001026) mice were obtained from Jackson Laboratories. All mice were maintained under
SPF conditions (with sentinel mice, negative quarterly serologies) in an approved animal
care facility at the University of lowa. The study protocol was IACUC approved.

Tissues were removed and fixed in 10% buffered formalin (with a decalcification step for
the tails), embedded in paraffin, sectioned at 3 um and stained with hematoxylin and eosin
(H&E).

Genetic crosses

Genotyping

To refine the position of the cmo gene, we utilized a backcross breeding strategy. First cmo
x B6 mice were bred to produce (cmo x B6) F1 animals then the (cmo x B6) F1 mice were
mated with cmo mice to produce a cohort of backcross animals.

DNA was extracted from ear punch tissue using phenol- chloroform extraction. We
assembled a panel of 21 microsatellite markers that were polymorphic between BALB/c-
AnPt-cmo and C57BL/6J, covered the 21 ¢cM cmo locus at approximately 1 ¢cM intervals and
amplified under standard conditions. The markers used are as follows: D18Mit111,
D18Mit53, D18Mit123, D18Mit51, D18Mit40, D18Mit184, D18Mit207, D18Mit185,
D18Mit186, D18Mit188, D18Mit8, D18Mit154, D18Mit79, D18Mit210, D18Mit189,
D18Mit49, D18Mit106, D18Mit47, D18Mit46, D18Mit45, D18Mit4. Primers were either
obtained from Invitrogen (Carlsbad, CA) or IDT (Coralville, 1A). The amplified products
were either analyzed on 4% agarose gel and visualized with ethidium bromide or were
analyzed on a 6% denaturing polyacrylamide gel (8 M urea) and stained with silver nitrate.
An SSCP assay was designed to detect the ¢.293T — C change. The sequence of the
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primers used for genotyping and for SSCP as well as the PCR conditions used are available
upon request.

Expression studies

Spleen, lymph node, bone marrow and peritoneal cells from cmo, (cmo x B6)F1, B6 and
BALB/cByJ mice were utilized as a source of RNA for RT-PCR to assess for evidence of
differential gene expression for each of the 9 candidate genes in the critical interval. The
mMRNA was reverse transcribed and amplified by a one step RT-PCR system (Invitrogen)
and products separated on a nondenaturing polyacrylamide gel. p-actin served as a control.

Exclusion of candidate genes and mutation analysis

Results

The refined region is 1.3 Mb in physical size and contains 9 known or predicted genes plus a
50 kb gap. The genomic sequence for each of the 9 candidate genes was obtained from the
genome databases (http://www.genome.ucsc.edu; http://www.nchi.nlm.nih.gov; http://
ensembl.org). Primers were designed to amplify the entire coding sequence and the splice
sites of each candidate gene utilizing Primer3 (http://frodo.wi.mit.edu/cgi-bin/primer3/
primer3_www.cgi). The PCR amplified products were run on an agarose gel, the bands
containing the amplified products were cut and subsequently recovered utilizing column
purification. Sequencing was performed on a PE-Applied Biosystems Model 3700 utilizing
dye-terminator chemistry on genomic DNA from a cmo homozygote and a (cmo x B6)F1
animal, in both directions. Any nonsynonymous SNPs detected were subsequently
sequenced in the BALB/cByJ control mice. In addition, exon 5 of pstpijp2was sequenced in
a panel of inbred mice (A/J, AKR/J, BALB/cJ, C57BL/6J, C57BL/10J, CBA/J, C3H/HeJ,
DBA/1J, FVB/NJ, PL/J, SJL/J, SWR/J). Primer sequences and PCR conditions are available
upon request.

All cmo mice develop tail kinks and hind foot deformities beginning at 4 to 6 weeks (Figs.
1A and B) accompanied by histologic evidence of osteomyelitis (Fig. 1D). Subsequently, the
mice develop thickened, dystrophic hind foot nails (Fig. 1B). Approximately half of the
older mice develop erythematous, thickened, firm ears (Fig. 1C), which is accompanied by
histologic evidence of cartilage destruction and by infiltration of the dermis and epidermis
with an inflammatory infiltrate (Figs. 1G-I). The spleens are moderately enlarged (~1.5 x
normal weight) with histological evidence of extensive extramedullary hematopoiesis in the
red pulp (Fig. 1G). Abnormalities were also seen in the lymph nodes, revealing a population
of cells that have an immunoblast-like appearance (Fig. 1E). Histology of the thymus, heart,
lung, large and small intestine, pancreas, liver, bone marrow and kidney was grossly normal
by H&E staining.

The fine mapping of the cmo locus was done in 2 steps. Initially, 215 backcross mice were
generated and genotyped utilizing a panel of 21 microsatellite markers across the 21 cM
interval [18]. These backcross mice were utilized for the phenotyping as described above.
The autosomal recessive inheritance was confirmed as 46% of the backcross mice were
affected. Manual analysis of the haplotypes narrowed the critical region containing the crmo
locus to a 3 cM (4.3 Mb) region between D18Mit8 and D18Mit46. In the second step, 258
additional backcross mice were generated and genotyped with 9 markers within the refined 3
cM region. Mice exhibiting a recombinant chromosome within this region were kept for
phenotyping. This further narrowed the critical region to 1 ¢M (1.3 Mb physical distance)
between D18Mit106 and D18Mit46 (Fig. 2). The 1 cM critical region contains 9 known or
predicted genes as well as a 50 kb gap (Fig. 2). RT-PCR gene expression studies for the 9
candidate genes, including pstpip2, were performed using mRNA from spleen, lymph node,
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bone marrow and peritoneal cells from cmo homozygotes, (cmo x B6)F1 heterozygotes and
wild-type BALB/cBYyJ and B6 mice and did not reveal significant differences (data not
shown). The 50 kb gap is syntenic to a region of human chromosome 18 that contains 2
additional genes between SLCI14aland PSTPIPZin the following order: SLC14al,
CD33L3, KIAA1632 PSTPIP2.

We sequenced all the coding regions and splice sites of the 9 genes known to be present in
this region of the mouse genome (except two exons of the putative gene 6330513E13 and
exon 1 of Atp5a which repeatedly failed to amplify in control and cmo mice despite
changing conditions and primers and were not pursued). A point mutation was detected in
exon 5 of the psipip2 gene ¢.293T — C, which replaces the leucine at position 98 with a
proline (L98P; Fig. 3). SSCP analysis demonstrated that this variation segregates with the
phenotype in the backcross mice generated in both phases of the study. In addition, exon 5
of pstpip2was sequenced in 13 different inbred strains of mice and the ¢.293T — C
sequence variation was not detected in the 13 strains tested, including the BALB/cByJ
(which shares the same background as the cmo).

The leucine at position 98 in Pstpip2 is conserved across species including all mammals
examined, plus chicken and frog (Fig. 3). Modeling of the secondary structure of the region
surrounding L98 utilizing Pole Biolnfromatique Lyonnais (http://pbil.univ-lyonl.fr) predicts
alpha helical structure with the wild-type leucine. When the proline is substituted for
leucine, modeling suggests that the helical structure is disrupted (data not shown). Analysis
using PolyPhen (polymorphism phenotyping), a tool which predicts the potential impact of
an amino acid substitution on the structure and function of a protein, predicts the L98P
change to be “possibly damaging— i.e., it is supposed to affect protein function or structure”
(http://tux.embl-heidelberg.de/ramensky/polyphen.cgi).

Discussion

Together, the phenotype, gene expression studies, detection of a single base pair change and
protein modeling data suggest that the L98P change in Pstpip2 may cause the murine
autoinflammatory disorder chronic multifocal osteomyelitis when present in the
homozygous state. This is supported by (1) segregation of the mutation with the phenotype
in backcross mice, (2) the absence of the ¢.293T — C change in all inbred mouse strains
that were tested, (3) the conservation of the leucine at position 98 in mammals, chicken and
frog, (4) protein modeling studies that suggest that the L98P change would be deleterious to
its function and (5) mutations in PSTP/P1, a closely related gene, cause the phenotypically
similar autoinflammatory disorder PAPA syndrome in humans [19].

Given that a 50 kb gap remains and the regulatory regions of the known genes in the 1.3 Mb
region were not studied, we cannot definitively identify psipip2as the etiologic gene to
explain the cmo phenotype. However, the information we can obtain about what may be in
the gap suggests that the etiologic gene is unlikely to reside there. The 50 kb gap may
contain 2 additional genes (CD33L3 and KIAA1632) based on the syntenic region in
humans (http://genome.ucsc.edu). Both are predicted genes with no known function. CD33
antigen-like 3 (CD33L3) contains an IGcam domain (immunoglobulin domain cell adhesion
molecule subfamily) and is expressed in multiple tissues including bone and skin (http://
cgap.nci.nih.gov/Genes/Genelnfo). Although the immunoglobulin-like domain of this gene
would seemingly make this a candidate for murine cmo, members of the IGcam subfamily
have not been found to be components of the adaptive immune system in jawed vertebrates
(http://lwww.ncbi.nlm.nih.gov/Structure/cdd). In addition, BLASTP Best Hits of human
CD33L 3sequence identifies Siglec/Z on murine chromosome 7 as the strongest murine
homolog and Siglec-4a in the Rat genome as the strongest homolog (http://
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www.genome.ucsc.edu) making this gene an unlikely candidate. The tissue expression of
KIAA1632 makes it an unlikely candidate as it is expressed in the hypothalamus, caudate
nucleus, fetal thyroid and testis. BLASTP Best Hits of this protein reveal no homolog in the
mouse or rat (http://www.genome.ucsc.edu). Although we cannot definitively rule out other
genes in the 1.3 Mb cmo candidate region, all of our data suggest that the ¢.293T — C
(L98P) mutation is the most plausible genetic explanation for the inflammatory bone and
skin disease seen in the cmo mice.

PstpipZ, also called MAYP (macrophage actin-associated tyrosine-phosphorylated protein),
is ubiquitously expressed when assessed via Northern blot analysis [20]; however, Western
blot analysis reveals a narrow pattern of protein expression with Pstpip2 detected in highest
levels in macrophage and macrophage-derived or containing cell types [21]. Pstpip2 shares
an FCH domain and a putative coil-coil domain with Pstpipl (Fig. 4). The coil-coil domain
contains a putative actin-binding sequence [21]. Pstpip2 lacks the SH3 domain of Pstpipl,
which is necessary for the interaction of Pstpipl with WASP, CD2, c-Abl and pyrin (Fig. 4)
[22]. Pstpip2 is important in cytoskeletal reorganization, primarily localizes to the cytosol as
an F-actin associated phosphoprotein that interacts with PEST-type protein tyrosine
phosphatases (PTP PEST), the later feature is shared with Pstpipl (Fig. 4) [20,21,23].

The importance of Pstpip2 in macrophage morphology and motility has been recently
delineated by Chitu et al. [23]. They demonstrated that Pstpip2 acts downstream of CSF-1R
and is involved in F-actin bundling, membrane ruffling, filopodia formation and cell
motility. Under-expression of Pstpip2 results in marked morphologic abnormalities and
decreased cell matility in CSF-1 stimulated macrophages [23]. These data suggest that
disrupting the function of Pstpip2 would adversely affect the innate and possibly the
adaptive immune response.

Recently, it was demonstrated that PAPA syndrome and FMF were disorders of the same
pathway. First, Wise et al. demonstrated that the mutations found in PAPA syndrome disrupt
the interaction of Pstpipl with PST-PEST. Subsequently, Shoham et al. demonstrated that
pyrin binds to Pstpipl via an interaction requiring the coil-coil and SH3 domains. The
E250Q and A230T mutations in PAPA syndrome are in the putative coil-coil domain of
Pstpipl (Fig. 4) and result in hyperphosphorylation of Pstpip1, which leads to enhanced
pyrin binding to Pstpipl [19,22]. The similarity in the phenotype seen in the cmo mice and
in patients with PAPA syndrome suggests that they may affect the same immunologic
pathway. However, the lack of an SH3 domain in Pstpip2 suggests that Pstpip2 does not
bind pyrin directly. This suggests that Pstpip2 is either involved in another part of the
pathway or may require an adaptor molecule to facilitate its interaction with the proteins in
this pathway. Alternatively, Pstpip2 is involved in a similar, yet distinct immunologic
pathway. It is intriguing to note that there is a putative actin-binding sequence adjacent to
the coil—coil domain of Pstpip2 [21]. It is possible that the L98P mutation (which is in the
coil—coil domain) could have significant consequences on the organization of the
cytoskeleton if actin binding was altered in this scenario.

Despite the phenotypic similarities with PAPA syndrome, the phenotypic abnormalities seen
in murine chronic multifocal osteomyelitis more closely resemble those seen in the human
disorder CRMO. In addition, to osteomyelitis, we have documented that cmo mice develop
inflammation of the cartilage and skin. This is very similar to human CRMO, in which
affected individuals develop histologically similar bone inflammation, with many
individuals developing an associated inflammatory disorder, usually involving the skin.
Palmoplantar pustulosis is the most common inflammatory dermatosis associated with
CRMO but psoriasis [3,4,24,25], Sweet syndrome [16,26—28], pyoderma gangrenosum
[6,7,9,28-30] and generalized pustulosis may also occur [31]. Gastrointestinal inflammation
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manifesting as Crohn’s disease or ulcerative colitis has also been reported in association
with CRMO [6-9] but we have yet to detect inflammation in the small or large bowel in cmo
mice. Studies are underway to further define the immunologic abnormalities in cmo mice. In
addition, we are currently examining the role of PS7TP/P2in human CRMO and several
associated inflammatory disorders, including psoriasis. Since homozygous mutations in
LPINZ are responsible for the syndromic form of CRMO [15], it is possible that lipin2 and
pstpip2 both play a role in a common immunologic pathway. This possibility is being
investigated by examining whether or not there is evidence of direct interaction of these 2
proteins or if one or both interact with other proteins implicated in phenotypically similar
autoinflammatory pathways.
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Abbreviations

atpba ATP synthase H+ transporting mitochondrial F1

ccdch coil—coil domain containing 5

cmo chronic multifocal osteomyelitis

CRMO chronic recurrent multifocal osteomyelitis

FCH Cdc15/Fes/CIP4 homology

FMF familial Mediterranean fever

FRA familial recurrent arthritis

H&E hematoxylin and eosin
leucine

MAYP macrophage actin-associated tyrosine-phosphorylated protein
proline

PAPA pyogenic arthritis, pyoderma gangrenosum and acne

pstpipl proline—serine—threonine phosphatase-inter-acting protein 1

pstpip2 proline—serine—threonine phosphatase-interacting protein 2

PTP protein tyrosine phosphatase

sicl4al solute carrier family 14al (urea transporter)

sicl4a2 solute carrier family 14a2 (urea transporter)

setbpl SET binding protein 1

SSCP single strand conformational polymorphism

WASP Wiskott—Aldrich syndrome protein
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Fig. 1.

Phenotypic and histologic findings in the cmo mouse. (A) 4-month-old BALB/cAnPt-cmo
female mouse from our colony with multiple tail kinks. (B) Severe hind foot deformities in a
5-month-old [(B6 x cmo)F1 x cmo] backcross animal that is homozygous cmo for the
critical interval on chromosome 18. (C) 9-month-old cmo mouse with firm, erythematous
left ear and a normal right ear. (D) Histologic sections of tail stained with H&E from a cmo
(right) mouse revealing extensive osteomyelitis evident with areas of dead bone surrounded
by an inflammatory infiltrate with a predominance of neutrophils. (E) Lymph node from a
c¢cmo mouse with subtle abnormalities including a population of large transformed cells with
features of immunoblasts (arrow). (F) H&E stained section of a cmo spleen showing the red
pulp with extensive extramedullary hematopoiesis. Although all 3 cell lineages are seen, this
area demonstrates an abundance of megakaryocytes (arrows). (G) H&E stained sections
from an erythematous, firm ear of a cmo mouse revealing a mixed infiltrate with a
predominance of polymorphonuclear cells involving the dermis and epidermis (arrow). (H)
H&E stained section demonstrating an inflammatory infiltrate destroying cartilage from the
ear of a cmo mouse. (1) Higher power view of H reveals a neutrophilic microabscess
invading the cartilage of the ear.
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Marker# [cM [bplocation [A1968|A2049|A2367[A2483[U2403]U2456 8030462N17Rik
D18Mit188 | 47 73,040,543 4930465K10RIik
D18Mit8 47 74,858,647 DNW cede5

D18Mit154 | 47 | 75,646,471 atp5at

D18Mit79 | 47 75,857,440 6330513E13
DT8Mit210 | 47 | 75,890,673 DNW [pstpip2
D1SMitA9 | 49 76,303,859 50 kb gap

D18M§t 106 | 50 77.503,345 sle14at

DT8Mit47 | 50 | 78,205,576 sle14a2
D18Mita6 | 50 | 78,822,233 setbpi(exont)

Fig. 2.

Informative recombinant mice refine the interval to 1.3 Mb. Microsatellite marker name, cM
location and base pair location are shown on the left. Next, the genotyping for the 6 most
informative mice are displayed. The mouse number is above each column of genotypes.
Mouse numbers preceded by an A represent affected (A) mice (1968, 2049, 2367, 2483),
those preceded by a U are unaffected (U) mice (2409, 2456). The genotypes with a
crosshatch = cmo homozygotes. Gray solid = B6/cmo F1. DNW = did not work. The
candidate genes in the critical region are shown in the box to the far right (http://
www.genome.ucsc.edu).
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Fig. 3.

Mutation in exon 5 of pstpip2 in cmo mice changes a highly conserved leucine to a proline
at amino acid 98. The sequence of exon 5 of pstpijp2in a BALB/cByJ control, (cmo x B6)F1
and a cmo mouse showing the ¢.293T — C (L98P) mutation is shown in the left hand box.
The box on the right shows conservation of the leucine 98 in pstpip2 across species.
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Fig. 4.

Pstpip1 and Pstpip2 share domain homology. Illustrations of murine Pstpip2 (top), human
Pstpip2 (middle) and human Pstpip1(bottom) are shown. Domain locations are shown as an
approximation and are not drawn exactly to scale. All contain an FCH domain and coil—coil
(cc) domains but only Pstpipl has an SH3 domain. The location of the cmo mutation is
shown as a * located at the border of the FCH and coil—coil domains. The * shown in
Human Pstpipl demonstrates the location of the 2 mutations known to cause PAPA
syndrome. Protein interactions are below each illustration. PTP PEST = PEST-type tyrosine
phosphatase.
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