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Multicentric carpaletarsal osteolysis; multicentric osteolysis, nodulosis, and arthropathy; and Winchester
syndromes, skeletal dysplasias characterized by carpal/tarsal and epiphyseal abnormalities, are caused by
mutations in v-maf musculoaponeurotic fibrosarcoma oncogene ortholog B (MAFB), matrix metal-
loproteinase (MMP) 2, and MMP14, respectively; however, the underlying pathophysiology is unclear.
Osteoclast-mediated osteolysis has been regarded as the main mechanism, but does not explain the skeletal
distribution. We hypothesized that MAFB, MMP-2, and MMP-14 have integral roles in carpal/tarsal and
epiphyseal bone development. Normal neonatal mouse forepaws were imaged by microecomputed
tomography and examined histologically. Murine forepaw ossification occurred sequentially. Subarticular
regions of endochondral ossification showed morphologic and calcification patterns that were distinct from
archetypical physeal endochondral ossification. This suggests that two different forms of endochondral
ossification occur. The skeletal sites showing the greatest abnormality in the carpaletarsal osteolysis
syndromes are regions of subarticular ossification. Thus, abnormal bone formation in areas of subarticular
ossification may explain the site-specific distribution of the carpaletarsal osteolysis phenotype. MafB,
Mmp-2, and Mmp-14 were expressed widely, and tartrate-resistant acid phosphatase staining notably was
absent in the subarticular regions of the cartilage anlagen and entheses at a time point most relevant to the
human osteolysis syndromes. Thus, abnormal peri-articular skeletal development and modeling, rather than
excessive bone resorption, may be the underlying pathophysiology of these skeletal syndromes.
(Am J Pathol 2017, 187: 1923e1934; http://dx.doi.org/10.1016/j.ajpath.2017.05.007)
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Skeletal dysplasias are rare genetic disorders that cause
abnormal skeletal development and growth.1 Within the
osteolysis group of skeletal dysplasias are three syndromes
with overlapping features: multicentric carpaletarsal osteol-
ysis syndrome (Mendelian Inheritance in Man; MIM166300);
multicentric osteolysis, nodulosis, and arthropathy (also called
Torg syndrome or nodulosis arthropathy osteolysis syndrome;
MIM259600); and Winchester syndrome (MIM277950).1

These conditions are caused, respectively, by mutations in
v-maf musculoaponeurotic fibrosarcoma oncogene ortholog B
(MAFB),2matrixmetalloproteinase 2 (MMP2),3 andMMP14.4

Loss-of-function mutations cause the latter two conditions,3,4
stigative Pathology. Published by Elsevier Inc
however, the effect of multicentric carpaletarsal osteolysis
syndrome causingMAFBmutations on protein function is not
yet clear.
. All rights reserved.

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:allison.pettit@mater.uq.edu.au
mailto:allison.pettit@mater.uq.edu.au
http://dx.doi.org/10.1016/j.ajpath.2017.05.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajpath.2017.05.007&domain=pdf
http://dx.doi.org/10.1016/j.ajpath.2017.05.007
http://ajp.amjpathol.org
http://dx.doi.org/10.1016/j.ajpath.2017.05.007


Lazarus et al
All three conditions are characterized by site-specific
bone abnormalities, with progressive destruction of carpal
and tarsal bones and epiphyses of many long bones evident
on serial radiographs (Figure 1) and are assumed to be a
consequence of excessive osteolysis. Because carpotarsal
osteolysis is the overriding common feature of all three
syndromes, they are henceforth referred to as carpotarsal
osteolysis disorders (CTODs). Contractures across the
involved joints are another common feature.2,6e12 Affected
individuals typically present with swelling of their wrist
and/or feet in early childhood, with quiescence during
adolescence. Bisphosphonates have been used in trials for
both multicentric carpaletarsal osteolysis syndrome and
multicentric osteolysis, nodulosis, and arthropathy, with
anecdotal improvement in pain and swelling in some cases
but no objective evidence of altered disease progres-
sion.11,13,14 Similarly, glucocorticoid therapy, nonsteroidal
anti-inflammatory drugs, or immunomodulatory therapy has
provided symptom relief but not altered bone phenotype or
disease progression.15e18

Individuals with multicentric osteolysis, nodulosis, and
arthropathy have recessive mutations of MMP2 and reduced
MMP-2 expression.3,19 MMP-2 is a gelatinase with a wide
variety of bone-relevant substrates including collagens and
proteoglycans.20 It is secreted as a pro-enzyme, and then
activated by MMP-14. Winchester syndrome has been
described in only two sisters, homozygous for a MMP14
mutation, who had severely reduced MMP-14 activity and
consequently had decreased active MMP-2.4 In contrast, the
molecular consequences of MAFB mutations are unclear.
MAFB has key roles in osteoclast and macrophage differ-
entiation, intuitively suggesting that mutations affect oste-
oclasts and, consequently, osteolysis. However, MAFB is
up-regulated during early osteoclast differentiation but
down-regulated in late differentiation,21,22 suggesting direct
Figure 1 X-rays from children affected by carpaletarsal osteolysis (MCTO) sy
ticentric osteolysis, nodulosis, and arthropathy (MONA) (B),5 and a 6-year-old with
Winchester et al,6 with permission from Elsevier, John Wiley and Sons, and the A
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influence over myeloid commitment rather than osteoclast
formation and function.
Interestingly, both MAFB and MMP-2 are implicated in

bone formation. MAFB is expressed by cartilage-producing
chondrocytes within the physis (growth plate), and nega-
tively regulates aggrecan expression in vitro.23,24 Thus,
MAFB mutations causing multicentric carpaletarsal
osteolysis syndrome may affect mesenchymal lineage
pathways, including chondrocyte and/or osteoblast function.
MMP-2 is present within articular and/or periarticular
human fetal and adult chondrocytes, and expression is
increased in osteoarthritic cartilage.25,26 Mmp2�/� bone
marrow has reduced osteoblastic and osteoclastic poten-
tial.27 Thus, reduced MMP-2 activity in both multicentric
osteolysis, nodulosis, and arthropathy and Winchester syn-
drome might alter bone and/or cartilage formation.
Skeletal development is complex. Bone is formed either

through intramembranous ossification (direct bone forma-
tion without a cartilage intermediary; eg, the cranial vault)
or endochondral ossification (in which bone replaces a
cartilage template; eg, limb long bones). The human hand
undergoes sequential ossification of its eight carpal bones,
beginning with the capitate and hamate (where primary
ossification centers (POCs) appear at approximately 2 to 3
months), and ending with the pisiform at approximately 8 to
11 years. Carpal bones achieve maturity before fusion of the
radial and ulnar epiphyses.28

Thus, evidence that the CTODs are osteolysis syndromes
largely is assumed, and needs reconsideration given the
following: i) minimal benefits of anti-osteolytic treatments,
ii) recent elucidation of their molecular causes, and iii) site
specificity of the skeletal phenotype. Thus, we investigated
postnatal forepaw development in normal mice to provide
insight into potential site-specific developmental mecha-
nisms within bones affected by CTODs.
ndromes. A 3-year-old with (MCTO) syndrome (A),2 a 4-year-old with mul-
Winchester syndrome (C).6 Reprinted from Zankl et al,2 Al Aqeel et al,5 and
merican Journal of Roentgenology, respectively.
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Mouse Carpal Bone Formation Variance
Materials and Methods

Research Animals and Tissue Collection

All mice were treated in accordance with the Australian
code of practice for the care and use of animals. Ethics
approval was obtained from The University of Queensland
Health Sciences Animal Ethics Committee (UQCCR/056/
12/NHMRC and MATER/052/14/RBWH). Forepaws were
collected from wild-type C57Bl/6 mice on postnatal days 2,
4, 6, 8, and 12, and at week 8 (n Z 4/age). Overlying soft
tissue was removed followed by fixation using 4% para-
formaldehyde. Left paws were imaged by microecomputed
tomography (micro-CT) followed by resin embedding as
previously described.29 Right paws were decalcified in 14%
EDTA and processed for paraffin embedding as previously
described.30

Micro-CT

Left forepaws were imaged using a multimodality Platform
Inveon preclinical micro-PET/CT scanner (Siemens, Berlin,
Germany) unfiltered at 60 kV and 500 mA. Gantry total
rotation was 360� with 512 rotation steps using an exposure
time of 430 ms/frame. The effective pixel size was 34 mm.
Image reconstruction was performed with a down sample
factor of one using Cobra Reconstruction software version
6.3.39 (Exxim Computing Corporation, Pleasanton, CA).
Three-dimensional reconstruction of the bone was analyzed
with Inveon Research Workplace software version 1.5
(Siemens). An atlas of micro-CT images of the adult mouse
skeleton was used to identify developing bones.31

Histology and Immunohistochemistry

Sections were cut in the coronal plane, enabling maximum
simultaneous visualization of independent carpal bones,
with triangular, navicular-lunate, lesser multangular, capi-
tate, and hamate sampled routinely. Serial sections (5 mm)
were cut from paraffin-embedded tissues and deparaffinized
with xylene and graded ethanol. These were stained either
using standard histologic protocols or immunohistochem-
istry. Hematoxylin and eosin was used to assess morpho-
logic features, 0.1% toluidine blue staining was used to
identify proteoglycan-rich tissues including cartilage, and
tartrate-resistant acid phosphatase (TRAP) activity was used
to identify osteoclasts.32 Immunohistochemistry was per-
formed as previously described,30 using the following pri-
mary antibodies: anti-MafB (rabbit anti-mouse; Novus
Biologicals, Littleton, CO), anti-Mmp2 (rabbit anti-human;
Abcam, Cambridge, UK), anti-Mmp14 (rabbit anti-human;
Abcam), anti-F4/80 (rat anti-mouse; Abcam), and anti-
osteocalcin (rabbit anti-mouse; Enzo Life Sciences, Farm-
ingdale, NY) antibodies. Staining of serial sections with
matched isotype control antibodies (normal rabbit IgG;
Abcam; or rat IgG2b; Biolegend, San Diego, CA) was used
The American Journal of Pathology - ajp.amjpathol.org
to confirm the specificity of staining. Antigen retrieval was
required for anti-MafB and anti-Mmp14 (0.37% trypsin for
8 minutes), anti-Mmp2 and anti-osteocalcin (proteinase K
for 5 minutes), and anti-F4/80 (0.37% trypsin for 10 minutes
or heat method in sodium citrate buffer). Primary antibodies
were incubated overnight at 4�C, except for anti-F4/80,
which was incubated for 2 hours at room temperature.
Sections were counterstained with Mayer’s hematoxylin,
mounted, and viewed using an Olympus BX50 microscope
(Olympus, Tokyo, Japan) or scanned using a Leica SCN400
slide scanner (Leica Microsystems, Wetzlar, Germany), and
viewed using Digital Image Hub for Leica version 4.0.5
(SlidePath, Dublin, Ireland).

Results

Murine Forepaw Ossification Is Sequential, with
Distinct Patterns of Calcification

The murine carpus consists of 10 bones arranged in two
parallel rows.31 Forepaw micro-CT imaging showed com-
plete radiolucency in the carpus region on day 2, and the
distal ulna and radius also were radiolucent (Figure 2A).
Thus, these bones had not commenced ossification. On day 4,
tiny foci of radiodensity indicating calcification were
detectable in the pisiform, triangular, and hamate bones
(Figure 2B). By day 6, these radiodensities had increased in
size; small centers of radiodensity also were visible in the
capitate, lesser multangular and navicular-lunate, and in the
ulnar styloid process (Figure 2, C and K). On day 8, all 10
carpals showed radiodensity (Figure 2D), and by day 12 the
carpals had a similar radiologic appearance to that of the
week 8 sexually mature mouse (Figure 2, E and F). The radial
and ulnar physes were much narrower but still distinguish-
able at week 8 (murine physes never fully close). Thus, carpal
ossification occurs sequentially in both mice (Figure 2, AeF)
and humans (Figure 2, GeJ), with formation and minerali-
zation complete by sexual maturity in both species. In-
dividuals affected by CTODs typically present before 3 years
of age, a stage of carpal ossification best represented by
postnatal day 6 mice (Figure 2, C and H).

Within the carpals, von Kossa staining of sections from
micro-CTeimaged forepaws showed that the radiodensity
detected on days 6 and 8 was associated with calcified
cartilage matrix surrounding hypertrophic chondrocytes of
emerging POCs (Figure 2, KeN). Calcium deposition first
occurred in the center of each carpal cartilage anlagen, and
extended radially. There was sparing of articular cartilage,
with a well-defined peripheral zone of uncalcified cartilage
evident in the carpals by day 8 (Figure 2, M and N). Calcified
cartilage was replaced with calcified bone by week 8.

Within the distal ulna and radius, the distribution of
calcium within the articular pole of the ulnar (Figure 2L)
and radial secondary ossification centers (SOCs) (Figure 2,
M and O) was similar to that seen in carpal POCs, with
extensive calcification of subarticular cartilage occurring by
1925

http://ajp.amjpathol.org


Lazarus et al

1926 ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


Mouse Carpal Bone Formation Variance
day 8, and well-defined sparing of articular cartilage. In
contrast, the nonarticular end of the SOC had uncalcified
hypertrophic cartilage contiguous with proliferative chon-
drocytes of the physis (Figure 2, M and O).

Within the proximal metacarpals, the D6 proximal second
to fifth metacarpals showed uncalcified articular cartilage
merging with a thick zone of calcified hypertrophic cartilage
(Figure 2L), which, in turn, was contiguous with the marrow
cavity. By day 8, the zone of calcified cartilage in the
proximal metacarpals had thinned (Figure 2, M and N). The
appearance of the proximal metacarpals resembled that of
the carpal POC and subarticular SOC cartilage.

Overall, several patterns of cartilage calcification were
evident within the distal murine forelimb during postnatal
skeletal maturation, such as: i) subarticular (in which all
hypertrophic cartilage matrix was calcified), seen in carpal
POCs, and in subarticular cartilage of the proximal meta-
carpals, distal ulna, and radius; ii) prephyseal (in which
there are moderate amounts of both calcified and uncalcified
hypertrophic matrix), seen in the distal ulna and radius; and
iii) postphyseal (in which very little hypertrophic matrix is
calcified) (Figure 2P), seen in the distal ulna and radius. The
articular cartilage remained uncalcified at all time points.

Forelimb Bones Developing via Subarticular
Ossification Share Morphologic Features that Are
Distinct from Physeal Ossification

Contralateral limb forepaw skeletal tissues were examined
using standard histologic approaches (hematoxylin and
eosin, not shown, and toluidine blue) (Figure 3). Carpals
were composed entirely of avascular proteoglycan-rich
cartilage on day 2 (Figure 3A). Chondrocytes appeared to
be distributed isotropically on day 2 (Figure 3, A and G),
lacking the highly organized columnar appearance of typical
physes in the sectional plane used. On day 4 (Figure 3B)
and day 6 (Figure 3, C and H), the central chondrocytes had
larger lacunae and were hypertrophic.

Cartilage canals first were observed on day 6 (Figure 3, C
and H) and appeared sequentially, following the same
temporal and spatial sequence as for the calcification
described earlier. Extensive excavation of the central carti-
lage matrix and early bone formation was evident by day 10
in all carpals (not shown); day 12 samples had a similar
Figure 2 Microecomputed tomography (micro-CT) and histologic examination
Images of micro-CT scans of murine forepaws from postnatal days 2 (A), 4 (B), 6
Increased contrast settings permit appreciation of small foci of radiodensity in th
ossification also is seen in the human wrist (reprinted from Gilsanz and Ratib3

corresponds best to human carpal ossification at age 3 years. K and L: The appear
cartilage on histologic examination with von Kossa/McNeal’s Tetrachrome staining
metacarpal is indicated with a circle. Arrowheads show corresponding ossificati
fication centers (POCs) are visible in this histologic plane of sectioning; the pisifor
the plane of sectioning]. M: Day 8 forepaw. Red boxes are shown at higher
(hypertrophic cartilage of the proximal metacarpal is indicated by an oval). O: Ra
of calcification at the articular (hash mark) compared with the nonarticular end (a
(L, NeP). Original magnification: �20 (L and NeP); �4 (M). D, day; II, second
V, fifth metacarpal; W, week; y, year.
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appearance (Figure 3, E and K). By week 8, all carpals were
composed predominantly of mature bone, with a peripheral
rim of mature articular cartilage (Figure 3, F and L).

At all ages examined, variation in intensity in toluidine
blue staining differentiated the carpals into peripheral and
central zones (Figure 3, G, H, K, and L); the former marked
the future articular cartilage and the latter delineated the
region for ossification (Figure 3, G, H, K, and L). Before
excavation of the central zone (relevant for all carpals on
days 2 to 4, some carpals on days 6 to 8), the peripheral
zone was defined by less-intense toluidine blue staining
compared with the cartilage matrix of the central zone
(Figure 3G), suggesting differential proteoglycan content.
After excavation of the central zone (seen from day 6 on-
ward), the peripheral zone persisted as cartilage and there-
fore continued to stain purple, whereas the central zone was
replaced progressively with low-toluidine-blueestained
bone (Figure 3, K and L). Chondrocytes within the pe-
ripheral zone were small and round at all ages, whereas
chondrocytes within the central zone became progressively
more hypertrophic before vascular invasion of the matrix
occurred.

The subarticular poles of the distal ulnar and radial SOCs
were similar morphologically to carpal POCs at each time
point (Figure 3, AeE). Proliferating chondrocytes at the
opposite pole (ie, prephyseal chondrocytes) had a different
organizational structure. This was apparent on day 6
(Figure 3C) and day 8 (Figure 3D), but was appreciated
most readily on day 12 (Figure 3E), where proliferating
chondrocytes adjoined a short zone of hypertrophic chon-
drocytes (Figure 3E); there were fewer proliferating chon-
drocytes and almost no hypertrophic chondrocytes visible in
the subarticular pole (Figure 3E).

The ossifying second to fifth metacarpals had a typical
physis at the distal (physeal) ends (Figure 3, I and J). The
proximal (nonphyseal) ends had hypertrophic cartilage
fusing directly with the POC, without the columnar orga-
nization of a physis (Figure 3, I and J). Cartilage of the
nonphyseal end rapidly decreased in depth during early
postnatal life (Figure 3, AeE, I, and J).

The cartilage of the subarticular ossification centers
(seen in the carpals, distal ulna and radius, and second to
fifth proximal metacarpals) (Figure 3, AeD) was similar
morphologically and had an isotropic arrangement
of normal murine carpal development shows sequential ossification. AeF:
(C), 8 (D), 12 (E), and week 8 (F) show sequential ossification of the wrist.
e carpal region on day 4 of postnatal development (inset). GeJ: Sequential
3 with permission from Springer). H: Murine carpal ossification on day 6
ance of day 6 ossification centers on micro-CT (K) parallel areas of calcified
of the same specimen (L), calcified hypertrophic cartilage of the proximal

on centers across micro-CT and histologic specimens [not all primary ossi-
m POC is the largest ossification center present, but lies anterior (palmar) to
magnification in NeP. N: Day 8 proximal third metacarpal and capitate
dial prephyseal chondrocytes of the distal epiphysis, with different patterns
sterisk). P: Postphyseal chondrocytes of the metaphysis. Scale bars: 100 mm
metacarpal; m, month; U, secondary ossification center of the distal ulna;
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compared with the ulnar and radial physes. This distribu-
tion mirrors the findings of the mineralization studies
described earlier, which is further suggestive evidence that
these regions undergo a similar ossification process,
whereas the ulnar and radial physes showed the well-
described columnar organization of traditional long-bone
growth plates.

MafB, Mmp-2, and Mmp-14 Are Expressed in Peripheral
Carpal Chondrocytes

The distribution of the proteins mutated in CTODs (MafB,
Mmp-2, and Mmp-14) was determined using immunohis-
tochemistry. Because MafB has an established role in
macrophage and osteoclast differentiation, staining for the
macrophage-restricted F4/80 antigen and TRAP activity
(osteoclasts) also was performed.

In the carpal peripheral zone, chondrocytes almost uni-
versally were MafBþ (Figure 4, A, D, J, and M) across the
8-week postnatal skeletal developmental period. Staining
predominantly was nuclear, consistent with its role as a
transcription factor, but cytoplasmic staining also was seen
(Figure 4D and Supplemental Figure S1, A and B). Mmp-2
staining within the carpal peripheral zone also showed
consistent staining of most, if not all, chondrocytes, with a
cytoplasmic and nuclear protein distribution (Figure 4, B, E,
K, and N). In addition, there was patchy Mmp-2 cartilage
matrix staining, most noticeable from day 4 onward
(Figure 4, B, E, K, and N), sometimes involving the artic-
ular surface. This could be distinguished readily from low-
level nonspecific matrix staining seen in isotype controls
(Figure 4, PeS, and Supplemental Figure S1, C and D).
Peripheral zone chondrocytes also consistently were Mmp-
14þ (Figure 4, C, F, L, and O). Mmp-14 staining distribu-
tion also was consistent with its known distribution as a cell
surface protein. Peripheral cartilage remained negative for
both F4/80 expression and TRAP activity at all time points
(not shown).

MafB, Mmp-2, and Mmp-14 Are Expressed Highly
during Carpal Excavation and in Newly Formed Bone

On day 2, most central zone chondrocytes were MafBþ,
Mmp-2þ, and Mmp-14þ (Figure 4, AeC). However,
staining intensity was more variable than in smaller pe-
ripheral zone chondrocytes; and, occasionally, central zone
chondrocytes lacked specific staining, particularly for MafB
(Figure 4A) and Mmp-14 (Figure 4C). Similar observations
were made on day 4. By day 6, when chondrocyte hyper-
trophy clearly had progressed, a larger proportion of central
zone chondrocytes were negative for MafB, Mmp-2, and
Mmp-14 (Figure 4, DeF, respectively); similar features
were observed on day 8. Intense MafB, Mmp-2, and Mmp-
14 staining was present within the region of initial cartilage
matrix breakdown in the few sections that captured these
early stages of carpal excavation (Figure 4, GeI), with clear
1928
but patchy Mmp-2 staining in the actual matrix surrounding
these excavation zones. Many of the MafBþ, Mmp-2þ, and
Mmp-14þ cells in this region did not resemble chondrocytes
morphologically, some had an elongated and/or ramified
appearance reminiscent of activated macrophages
(Figure 4G). This focal excavation region was no longer
present in near-serial sections stained for F4/80 and TRAP
activity; consequently, macrophage identity could not be
confirmed. However, a section showing radial SOC forma-
tion on day 8 contained a region with cells of similar
morphology, and these were F4/80þ, supporting the pres-
ence of macrophages (Figure 5G) (Distributions of MafB,
Mmp-2, and Mmp-14 within Other Subarticular Tissues
Replicate the Distribution in Carpal Tissues).
Morphologically identifiable bone was present in carpal

central zones from day 8 onward; day 12 images (Figure 4,
JeL) are provided as representative of this stage in devel-
opment. Most cells in the vicinity of newly laid/actively
forming bone were intensely MafBþ, Mmp-2þ, and Mmp-
14þ (Figure 4, JeL). Although we were unable to ascertain
all of the specific positive cell types definitively, at least
some of the MafBþ, Mmp-2þ, and Mmp-14þ staining was
in osteocalcinþ osteoblasts (not shown). MafBþ osteoclasts
were observed occasionally (Figure 4J). Occasional TRAPþ

osteoclasts were present in the hamate on day 8, the site of
most advanced carpal excavation (Figure 5A); all carpal
central zones were TRAPþ by day 12 (Figure 5B).

Distributions of MafB, Mmp-2, and Mmp-14 within
Other Subarticular Tissues Replicate the Distribution in
Carpal Tissues

The ulnar and radial SOCs showed a similar developmental
pattern of MafB, Mmp-2, and Mmp-14 staining to carpal
POCs, particularly at the articular pole. Peripheral chon-
drocytes at the articular pole largely were MafBþ

(Figure 5C), Mmp-2þ, or Mmp-14þ, but did not express
TRAP or F4/80 (not shown). Small prephyseal chon-
drocytes showed variable MafB (Figure 5D), Mmp-2, and
Mmp-14 staining (not shown). Central zone hypertrophic
chondrocytes also showed similar staining to carpal POCs at
comparable developmental stages, with variable expression
of MafB (Figure 5C), Mmp-2, and Mmp-14. As was seen
within carpal POCs, the proportion of positive cells in mice
on days 6 and 8 (at which time vascular invasion had
occurred) decreased compared with younger mice (not
shown). On day 8, one section showed F4/80þ macrophages
forming a loose line that connected the edge of the radius to
the region of cartilage excavation; the line terminated near
the developing radial SOC, which contained scattered F4/
80þ macrophages (Figure 5G). A near-serial section also
showed macrophage-like MafBþ cells within the radial SOC
(Figure 5H).
Within radial and ulnar physes, MafB staining was most

intense within the hypertrophic zone (Figure 5E), which is
consistent with previously published data.23 A similar
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Subarticular regions of ossification are similar
morphologically. Toluidine blue staining ofmurine forepaws
on days 2 (A) (solid box indicates carpals; dashed box,
distal ulna and radius; dotted box, proximal metacarpals), 4
(B), 6 (C) (arrowhead indicates site of vascular invasion), 8
(D), 12 (E), and week 8 (F) showing progressive maturation
of the ossification centers within the wrist based on pro-
teoglycan-richecartilage matrix distribution and chon-
drocyte morphology. Red lines in E indicate hypertrophic
chondrocyte zones in the secondary ossification center
(long line) and subarticular pole region (short line). The
hamate on postnatal days 2 (G), 6 (H; arrowhead shows the
same site of vascular invasion indicated in C), 12 (K; ar-
rowheads showcartilage remnants in bone), andweek8 (L).
The metacarpal on days 4 (I) and 8 (J); the proximal end is
oriented at the bottom of the page for both I and J with
asterisks indicating the distal typical physis and hash
marks indicating the proximal nonphyseal end. Scale bars:
500 mm (AeF, I, and J); 100 mm (G, H, K, and L). Original
magnification:�4 (AeF, I, and J);�20 (G, H, K, and L). C,
central zone; D, day; H, hamate; II, second metacarpal; IV,
fifth metacarpal; P, peripheral zone; R, distal radius; U,
distal ulna; W, week.

Mouse Carpal Bone Formation Variance
distribution was seen for Mmp-14 staining (not shown);
however, all physeal chondrocytes strongly were Mmp-2þ

(not shown). As expected, the ossification front and new
bone within the radial and ulnar POCs contained numerous
TRAPþ cells, and the matrix also strongly was TRAPþ (not
shown).

Chondrocytes of the proximal second to fifth metacarpals
also showed similar MafB (Figure 5F), Mmp-2, and
Mmp-14 (not shown) staining to that of the carpal POC.

Entheseal Distribution of Mmp-2 Overlaps but Is
Distinct from MafB and Mmp-14

From day 4 onward, the most intense Mmp-2 staining was
concentrated at the entheses (Figure 5, I and J). Isolated,
intensely MafBþ cells were present at some carpal entheses
(not shown), but these areas did not correspond consistently
to Mmp-2þ entheseal regions. Distal ulnar and radial
entheses were Mmp-2þ (Figure 5, I and J) and MafBþ

(Figure 5K). Entheses also weakly were Mmp-14þ (not
shown). The entheseal matrix adjacent to the metacarpals is
markedly Mmp-2þ in day 4 and older mice (Figure 5I), but
The American Journal of Pathology - ajp.amjpathol.org
only weakly Mmp-14þ and show minimal MafB expression
(not shown). The entheses and adjacent cartilage were
negative for TRAP staining (not shown).
Discussion

The three prototypical CTODs were characterized as
osteolytic syndromes based on radiographic changes in the
affected bones.6,34,35 We have been unable to identify any
direct evidence to support osteolysis as the underlying
pathophysiology. In fact, the site-specific distribution of
affected bones is inconsistent with a genetically driven,
generalized osteolytic dysfunction. Very little is known
about the mechanisms involved in the formation of normal
wrist bones. Therefore, we sought to provide a framework
for understanding the site specificity of CTODs by charac-
terizing this developmental process in healthy mice. Our
study showed differences in subarticular compared with
physeal ossification in wrist bones, both in timing and in
cellular organizational structure. We show for the first time
that the protein products of the genes mutated in these
1929
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syndromes were expressed in the affected bones at devel-
opmental stages equivalent to the age at which bone ab-
normalities first manifest. In addition, the timing and
distribution of MafB, Mmp-2, and Mmp-14 expression in
the relevant wrist bones differed from that observed at sites
of classic physeal endochondral ossification, sites that show
minimal pathology in CTODs. These observations suggest
that distinct osteogenic mechanisms are involved in wrist
bone formation, providing unprecedented insight into the
observed site-specific distribution of affected bones in
CTODs.

We have shown that subarticular and physeal regions
undergo distinct variations of endochondral ossification.
Specifically, regions of subarticular ossification (ie, carpal
POCs, distal radial and ulnar SOCs, and the nonphyseal end
of metacarpals) had chondrocytes arranged isotropically and
underwent extensive cartilage matrix mineralization before
widespread excavation and replacement with bone in the
early postnatal period. This contrasts with ossification of the
postphyseal regions, where continual proliferation and
maturation of chondrocytes occurred within highly orga-
nized columns until skeletal maturity (at age 3 months).36

Thus, wrist bones affected characteristically in CTODs
form by a common endochondral osteogenesis mechanism
that varied from the traditional growth plate.

Murine carpal ossification occurred sequentially, in a
pattern similar to that of humans.28 The polar ossification
pattern of murine metacarpals also is seen in humans.37,38

Although interspecies differences clearly exist (eg, murine
cartilage canals appear only at the time of ossification but
appear much earlier in larger mammals39,40), small animal
models still can provide useful information36,41 and our data
support that wrist bone development is no exception.
CTODs usually present before age 3 years,2,6,7,9e11,18 an
age best represented by murine carpal ossification on day 6.
Importantly, on day 6, the bones commonly affected in these
syndromes predominantly are cartilaginous. Therefore, in
contrast to previous assumptions,6,24,35 CTODs may share a
common pathology of dysfunctional cartilage anlagen
development, cartilage mineralization, and/or vascular in-
vasion, all of which are prominent features involved in the
bone formation process at the appropriate developmental
stages.

Of particular relevance to the osteolytic classification of
CTODs, osteoclasts were observed in carpal tissue only
after excavation of the extensively calcified cartilage
anlagen had commenced. Therefore, osteoclasts were not
involved predominantly in the carpal endochondral ossifi-
cation mechanisms until after radiographic mineralization of
Figure 4 Distributions of MafB, Mmp-2, and Mmp-14 within the carpals are sim
Mmp-2, and Mmp-14 at different ages: days 2 (AeC), 6 (DeI), 12 (JeL), and wee
expressing MafB or Mmp-14, respectively. GeI: Early excavation of the hamate
staining (less intense than the nuclear staining) also is seen, as highlighted in
morphology are observed (arrowheads). J: A multinucleated osteoclast is visible
type control staining shows low-level nonspecific cartilage matrix staining, but no
corner. Original magnification: �40. Scale bars: 20 mm (AeO). D, day; Iso, isoty

The American Journal of Pathology - ajp.amjpathol.org
the entire cartilaginous bone template was achieved.
Abnormal ossification center formation in CTODs is evident
before achieving full mineralization. Consequently, the
appearance of osteoclasts in the relevant bones does not
match the timing of abnormality onset, suggesting that os-
teoclasts may not be key participants in carpal development
at the time of CTOD symptom onset. This raises the pos-
sibility that dysfunctional bone formation, rather than
osteolysis, may be the underlying mechanism in CTODs.

The similar temporal and anatomic expression patterns
of MafB, Mmp-2, and Mmp-14 within the postnatal
murine wrist suggest that all three proteins are involved in
articular cartilage formation, growth of the underlying
cartilage anlagen in preparation for ossification, and/or
initiation and establishment of vascular invasion with
attendant influx of mesenchymal cells. We observed dif-
ferences in expression within chondrocytes at subarticular
compared with postphyseal sites, and therefore these pro-
teins may mediate or at least reflect some of the observed
differences in ossification mechanisms. MafB, Mmp-2, and
Mmp-14 were expressed widely in areas of new bone
formation, but there was no evidence of differential site
specificity of expression at bone formation sites in any of
the tissues examined.

Interestingly, arthritic changes characterized by thin and
irregular hyaline cartilage and narrow joint spaces have
been reported in CTODs.8,42,43 Affected individuals also
have characteristic facial features that may be a conse-
quence of altered hyaline cartilage modeling. We showed
expression of wild-type MafB, Mmp-14, and Mmp-2
within hyaline cartilage of wrist joints. Given that these
proteins are the products of genes mutated in these syn-
dromes, it is possible that the causative mutations in
CTODs directly impact hyaline cartilage quality. This
observation provides a potential direct causal relationship
between the genetic mutations and both the arthritic
pathology and the CTOS-associated facial phenotypes.
Supporting this interpretation, Mmp-14e or Mmp-
2edeficient mice develop craniofacial abnormalities that
reproduce the corresponding human phenotypes.27,44,45

Mmp-14e or Mmp-2edeficient mice also have arthritic
pathology, with both mouse strains showing articular
cartilage destruction.27,44

Compellingly, Mmp-14edeficient mice also develop
severe osteopenia and wrist kinking,44 reproducing CTOS
clinical features.4 To our knowledge, there is no published
histology of the wrist bones of these mice; therefore, clari-
fication of whether the developmental defect mimics the
abnormal wrist bone development in CTODs has to be
ilar. AeO: Immunohistochemical staining of murine carpal tissue for MafB,
k 8 (MeO). A and C: Arrowheads indicate central chondrocytes that are not
on day 6. MafB staining is predominantly nuclear; however, cytoplasmic
D (arrowheads). G: MafB-expressing cells with ramified macrophage-like
(arrowhead), showing both nuclear and cytoplasmic staining. PeS: Iso-
cellular staining. Orientation of images is with distal-most tissue in top left
pe; W, week.
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Figure 5 Histologic characteristics of extracarpal wrist tissue. A: On day 8, a small tartrate-resistant acid phosphatase (TRAP)þ region (pink stain) was visible
within the hamate excavation site (arrowhead); there was much more intense staining of the proximal metacarpals. B: On day 12, all visible carpals were TRAPþ

(arrowheads). C: V-maf musculoaponeurotic fibrosarcoma oncogene ortholog B (MafB) staining of articular cartilage and secondary ossification centers (SOCs) of
the distal radius on day 6 showing near-universal staining of articular chondrocytes, and more variable staining within the radial SOC. Arrowhead indicates the
articular surface between the navicular lunate and radius.D:MafB staining of prephyseal chondrocytes (red line) on day 6, showing a similar pattern of staining to
carpal primary ossification centers (POCs). E: MafB staining of physeal hypertrophic chondrocytes on day 8 showed MafB� cells within the prehypertrophic zone
(PZ) and MafBþ cells within the hypertrophic zone (HZ). F: MafB staining of the proximal second metacarpal on day 6, showing a similar pattern of staining to
carpal POCs.G: F4/80 staining of radial SOCs on day 8 showing a loose line of F4/80þmacrophages connecting themedial edge of the radius with the early SOC, and
scattered F4/80þ cells within the SOC. H: Serial MafB staining, with arrowhead indicating a MafBþ cell with macrophage-like morphology. I: Matrix metal-
loproteinase (Mmp)-2 staining on day 6, showing marked entheseal staining. J:Mmp-2 staining of the distal ulna and adjacent lateral enthesis on day 6, showing
intense cellular and matrix staining. K: Similar distribution of MafB nuclear staining. Thus, TRAPþ cells are present only after excavation has commenced, whereas
MafB is present earlier within subarticular cartilage, regardless of whether this is carpal or extracarpal, and in nonbone noncartilage tissues. Scale bars: 100 mm
(A and B); 20 mm (C, D, FeH, J, and K); 50 mm (E); 500 mm (I). Original magnification:�20 (A);�60 (C, D, F, G, and J);�40 (E);�4 (I). II, second metacarpal;
P, physis; R, distal radius; U, distal ulna; V, fifth metacarpal.
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confirmed. Mmp-14edeficient mice also show near-normal
physis development with only transient abnormalities of the
POC,27 but have delayed and abnormal postnatal SOC
development, abnormal entheseal remodeling, and progres-
sive entheseal fibrosis, with an associated increase in
osteoclastic bone resorption.44

Overall, this study has identified that, in mice, an endo-
chondral ossification mechanism (subarticular endochondral
ossification) distinct from archetypical physeal endochon-
dral ossification, is responsible for the formation of the
carpal bones as well as the distal ulna and radius, and the
second to fifth proximal metacarpals. Subarticular endo-
chondral ossification progressed via complete mineraliza-
tion of a cartilaginous template of the mature bone structure
with delayed vascular invasion and osteoclast-mediated
remodeling relative to physeal growth plate temporal
events. MafB, Mmp-2, and Mmp-14 were expressed within
chondrocytes from the earliest stages of subarticular endo-
chondral ossification. Because the skeletal abnormalities of
CTODs predominantly affect wrist bones that develop via
subarticular endochondral ossification, our accumulated
data provide plausible explanations for the site-specific
distribution of bone abnormalities and overlapping pheno-
types of the three prototypical CTODs. These observations
provide a valuable roadmap for future investigation of the
underlying pathologic features of these syndromes using
appropriate animal models. Our findings raise the possi-
bility that the underlying abnormality of CTODs may be
impaired bone modeling rather than an osteolytic pathol-
ogy, although secondary dysregulated or compensatory
osteoclastic activity cannot be ruled out. If correct, this
would shift our understanding of these conditions from
osteolytic disorders to disorders of dysfunctional skeletal
formation, with consequent implications for treatment and
nomenclature.
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