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The molecules Indian hedgehog (IHH), SP7 (also known as osterix), sex-determining region Y-box 9 (SOX9),

runt-related transcription factor 2 (RUNX2) and TWIST1 regulate the normal differentiation of osteo- and

chondrogenic cells from precursors during skeletal development and remodeling. The aberrant function of the

same molecules has been implicated in the pathogenesis of bone tumors. Preliminary studies suggest that

antibodies against these molecules have practical, diagnostic or prognostic utility in tumors. However, a

comprehensive analysis of the expression of these molecules in a large, diverse set of bone tumors has yet to

be reported. The goals of this study were to compare the immunohistochemical profiles of IHH, SP7, SOX9,

RUNX2 and TWIST1 among bone tumors and to determine the optimum panel for diagnostic utility. Tissue

microarrays prepared from 206 undecalcified tumors (71 osteosarcomas, 26 osteoblastomas/osteoid osteomas,

50 giant cell tumors, 5 chondromyxoid fibromas and 54 chondroblastomas) were stained with antibodies to IHH,

SP7, SOX9, RUNX2 and TWIST1. The stains were scored for intensity (0�3þ ) and distribution. The results were

analyzed by cluster analysis. Optimum antibody panels for diagnostic sensitivity and specificity were

calculated. Analysis revealed six main clusters that corresponded well to tumor types and suggested a close

relationship between the stromal cells of giant cell tumor and the osteoblasts of osteosarcoma. The expression

profile of chondromyxoid fibroma and chondroblastoma also suggested related differentiation. The distribution

of osteoblastomas and osteoid osteomas was more heterogeneous. RUNX2, SOX9 and TWIST1 represented the

most sensitive and specific immunohistochemical panel to distinguish among these diagnoses with the

limitation that no result could discriminate between chondroblastoma and chondromyxoid fibroma. IHH and

SP7 did not yield additional utility.
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Master regulatory genes control the differentiation of
multipotent stem cells into divergent mature me-
senchymal cells. The lineage-specific expression of
master regulators has allowed their use for diagnos-
tic purposes in mesenchymal tumors. For example,
immunohistochemical detection of the transcription
factors myogenin and peroxisome proliferator
gamma are valuable adjuncts to the diagnosis of

rhabdomyosarcomas and liposarcomas, respec-
tively.1,2 Such tests are particularly helpful to
interpret small biopsies from minimally invasive
procedures in soft tissue sarcomas.3,4

In contrast to soft tissue tumors, the majority of
bone tumors lack widely used immunohistochem-
ical stains. The rarity and intratumoral heterogene-
ity of bone tumors and the sensitivity of some
antigens to decalcification impede widespread use
of immunohistochemistry. Although the diagnosis
of some bone tumors can be made from routine
hematoxylin and eosin-stained slides with radio-
graphic correlation, the significant morphologic
overlap among tumors mandate larger, more inva-
sive intralesional biopsies. Specifically, osteosarco-
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mas may contain abundant osteoclasts,5 chondroid
or fibrochondroid matrix6,7 or primitive small
cells,8 thus mimicking giant cell tumor, chondromyx-
oid fibroma, chondroblastoma or Ewing sarcoma,
respectively. The immunohistochemical detection
of bone matrix proteins has some utility in the
diagnosis of osteosarcoma, but the specificity to
exclude other matrix-producing tumors is less
clear.9–12

Recently, improved understanding of the intracel-
lular mechanisms of skeleton formation and remo-
deling has revealed lineage-specific signaling
molecules. The mechanisms are complex and
include combinatorial interactions of multiple mo-
lecules promoting osteoblast and chondrocyte dif-
ferentiation.13–17 Nevertheless, studies suggest that
the signal transduction molecule Indian hedgehog
(IHH), and the transcription factors SP7 (also known
as osterix, OSX), sex-determining region Y-box 9
(SOX9), runt-related transcription factor 2 (RUNX2,
also known as CBFA1) and TWIST1 regulate the
differentiation of osteogenic and chondrogenic cells
from mesenchymal precursors.13,18–21 Furthermore,
the aberrant function of these same molecules has
also been implicated in the pathogenesis of some
bone tumors including osteosarcoma and giant cell
tumor.22–24 Preliminary studies suggest that antibo-
dies against these molecules have diagnostic or
prognostic utility in benign and malignant bone
tumors.25–28 However, a comprehensive analysis
using a large number of diverse bone tumors has
yet to be studied for the utility of immunohisto-
chemistry of these markers.

In order to better characterize the expression and
diagnostic utility of IHH, SP7, SOX9, RUNX2 and
TWIST1 in bone tumors, we evaluated 206 tumors
using tissue microarrays by immunohistochemistry.
We report that hierarchical cluster analysis of the
expression data sorts tumors into established diag-
nostic categories, with some interesting exceptions.
Moreover, the optimal diagnostic panel of SOX9,
RUNX2 and TWIST1 can aid in discriminating
between these tumors.

Materials and methods

Case Selection and Array Construction

A total of 206 tumors were identified from the
pathology database (71 osteosarcomas, 26 osteoblas-

tomas/osteoid osteomas, 50 giant cell tumors, 5
chondromyxoid fibromas and 54 chondroblastomas)
based on available tumor volume. All diagnoses
were based on current criteria after review of
available histology and radiology.29 Osteosarcomas
were further subclassified as chondroblastic, osteo-
blastic, fibroblastic, small cell, and low grade
(central, parosteal and periosteal). A subset of the
giant cell tumors and osteosarcomas have been
previously reported by us.30,31 Cores of formalin
fixed, paraffin-embedded tissue were incorporated
in duplicate or triplicate into recipient paraffin
blocks as previously described.32 Care was taken to
avoid cores of heavily mineralized matrix, by
targeting more cellular areas. A relatively large core
size (3mm) was chosen for this array, with the
tradeoff of a larger number of recipient blocks for the
following reasons: the heterogeneity of cellularity
and matrix composition in many of the tumors
could result in thin (ie, 1mm) cores sampling areas
rich in matrix with too few cells for study; micro-
tome sectioning of undecalcified bone incorporated
into arrays is technically challenging but was more
consistent with larger cores; larger cores more
closely approximate the total tissue cross-sectional
area from needle core biopsies.

Immunohistochemistry

Four mm sections were stained with antibodies
(Table 1) using standard techniques. Detection for
all cases was performed by Vector Labs (Burlingame,
CA, USA) ABC kit according to the manufacturer’s
directions. The ABC detection method was chosen
to be congruent with the methods of prior publica-
tions using these antibodies and for economic
reasons. The intensity, pattern and distribution of
staining were recorded. Staining was evaluated
according to the four-point system of Adams et al33

as follows:

� Strong (3þ ): dark staining that is easily visible at
low power and involves 450% of cells.

� Moderate (2þ ): focal darkly staining areas
(o50% of cells) or moderate staining of 450%
of cells.

� Weak (1þ ): focal moderate staining in o50% of
cells, or pale staining in any proportion of cells
not easily seen at low power.

� Negative (0þ ): none of the above.

Table 1 Antibodies used

Antibody Source City, state Pre-treatment Dilution Incubation

IHH Santa Cruz Santa Cruz, CA DAKO pressure cooker,
citrate pH6, 40min

1:100 16h 4 1C
SP7 Santa Cruz Santa Cruz, CA 1:50
SOX9 Abcam Cambridge, MA 1:50
RUNX2 Sigma St Louis, MO 1:100
TWIST1 Abcam Cambridge, MA 1:400
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Positive staining was defined as cytoplasmic and/
or nuclear for IHH, and nuclear for the remaining
antigens although the presence of cytoplasmic
staining was noted if moderate or strong. The
distribution of staining (spindle cells, osteoblasts
and osteoclasts) was recorded, particularly in the
more heterogeneous tumors (chondroblastic osteo-
sarcoma, giant cell tumor and chondroblastoma).
Normal growth plate was used as positive control.

Statistics

Detailed statistical methods are described in Sup-
plementary Materials. Briefly, we performed unsu-
pervised clustering of samples with Euclidean
distance and Ward’s linkage method. We applied
three different approaches to identify antibodies to
predict tumor type: (1) regularized logistic regres-
sion, with lasso regularization and 10-fold cross
validation,34 (2) deviance loss measure and (3) ‘one-
standard-error’ rule. All analysis was performed
using the statistical software known as ‘R’ (R
development team, Vienna, Austria).35 Only those
antibodies that were identified by all three methods
were analyzed further with the exception of chon-
dromyxoid fibroma. In these tumors, RUNX2 met
the above requirements whereas SOX9 showed
significant correlation with the diagnosis in uni-
variate logistic regression. We acknowledge that
there were very few cases of some tumor types,
especially chondromyxoid fibroma, to be able to
develop robust predictors.

Results

Immunohistochemistry

Representative immunohistochemical results are
illustrated in Figures 1 and 2 and summarized in
Supplementary Table 2. Staining scores between
duplicate cores showed 498% concordance (four
discordant cases each for IHH and SP7, respectively,
and one discordant case for TWIST1). Consistent
nuclear expression was observed for SOX9 in
chondromyxoid fibromas (5/5, 100%) and chondro-
blastomas (53/54, 98%). In all cases, the expression
was restricted to the mononuclear round or stellate
cells and absent in osteoclast-type giant cells. All
chondroblastic osteosarcomas (23/23, 100%) were
also positive for SOX9, in the chondrogenic compo-
nent, although a smaller proportion of the remaining
osteosarcomas (18/54, 33%) showed positive stain-
ing in malignant osteoblasts. Small cell osteosarco-
mas (n¼ 3), however, were uniformly negative.
Moderate-to-strong (2–3þ ) IHH expression was
noted only in osteosarcomas (17/71, 24%), rare
chondroblastomas (2/54, 4%) and in a subset of
the mononuclear cells (o10% of total cell volume)
of giant cell tumors (Figure 1). Some weak staining
was also noted in the osteoclast-type giant cells in a
variety of tumors.

SP7 staining was, at most, moderate (2þ ) in the
few positive cases and restricted predominantly to
osteosarcomas (6/71, 8%). Chondromyxoid fibromas
were uniformly negative for this marker and only
a single chondroblastoma was positive. Moderate-
to-strong (2�3þ ) RUNX2 expression was most
common in osteoblastomas (19/21, 90%) osteoid osteo-
mas (5/5, 100%) and osteosarcomas (66/71, 93%).
Intriguingly, a subset of the mononuclear cells of
giant cell tumors consistently stained strongly for
RUNX2 (49/50, 98%) but staining was absent in the
osteoclasts of giant cell tumors (Figure 1). Strongest
TWIST1 expression (Z2þ ) was in osteosarcomas
(60/71, 85%) and osteoblastomas/osteoid osteomas
(12/26, 50%).

Cluster Analysis

The relationship between expression patterns using
unsupervised hierarchical cluster analysis revealed
six main clusters (Figure 3) that corresponded well
to tumor types, with some exceptions. Clusters A
and B represented the majority (46/50, 92%) of giant
cell tumors. However, cluster A also contained a
subset of osteosarcomas, predominantly chondro-
blastic (n¼ 5) and low grade (parosteal and central,
n¼ 3), subtypes. Clusters C and D consisted almost
entirely of high-grade osteosarcomas. Chondromyx-
oid fibromas and chondroblastomas formed cluster
E. Cluster F was a mixture of tumors that were, at
most, weakly positive for most markers.

Sensitivity and Specificity of Immunostaining Results

The optimum diagnostic panel of antibodies and
their sensitivity and specificity in the diagnosis of
these tumors are summarized in Table 2. The
analysis (see Materials and methods section) re-
sulted in highest sensitivity and specificity when
the threshold of staining score Z2 was set as a
positive result and p1 as negative. RUNX2, TWIST1
and SOX9 were the most useful antibodies in
distinguishing among these diagnoses whereas IHH
and SP7 showed less utility.

Giant cell tumor can be separated from the
remaining diagnoses with positive RUNX2 and
negative TWIST1 (sensitivity 90% and specificity
83%). The combination of RUNX2 and TWIST1
positivity points to osteosarcoma (sensitivity 82%
and specificity 86%), regardless of subtype. In
contrast, the combination of a RUNX2-negative and
SOX9-positive result points to either chondroblas-
toma (sensitivity 53% and specificity 99%) or
chondromyxoid fibroma (sensitivity 80% and spe-
cificity 85%). Although the specificity is still
relatively good when considering all the diagnoses
studied, it should be noted that the (SOX9þ and
RUNX2–) immunophenotype is shared between
chondromyxoid fibroma and chondroblastoma so
this panel is not useful if the differential diagnosis
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only includes the above two entities. Finally, as
suggested by the heterogeneous immunophenotype
of osteoblastomas and osteoid osteomas on the

heatmap (Figure 3), a diagnostic antibody panel
with good specificity and sensitivity could not be
identified.

Figure 1 Representative immunohistochemical staining of chondroblastic and giant cell tumors. IHH showed nuclear and cytoplasmic
staining, albeit weak, predominantly in giant cell tumors. Nuclear SP7 was expressed in very few tumors, and only a single
chondroblastoma. Nuclear SOX9 was most common in the chondromyxoid fibromas, chondroblastomas. RUNX2 was present in the
stromal cells of giant cell tumors. CBL, chondroblastoma; CMF, chondromyxoid fibroma; GCT, giant cell tumor; IHH, Indian hedgehog.
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Discussion

The diagnosis of bone tumors requires careful
correlation between histologic, radiographic and

clinical parameters. The combination of significant
morphologic overlap between bone tumors, intratu-
moral heterogeneity and the preference for smaller,
less invasive, biopsies increases the challenge faced

Figure 2 Representative immunohistochemical staining of osteoblastic tumors. IHH showed nuclear and cytoplasmic staining in most
osteoblastic neoplasms. Nuclear SP7 was largely absent in this group of tumors. Nuclear SOX9 was typically absent in osteoblastic
tumors except rare chondroblastic osteosarcomas. Osteosarcomas expressed RUNX2 and frequently co-expressed TWIST1. IHH, Indian
hedgehog; OBL, osteoblastoma; OO, osteoid osteoma; OS, osteosarcoma.
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Figure 3 Heat map of immunohistochemical data. Major clusters (a–f), based on the third division, are demonstrated to the right and
antigens tested along the top. Staining score is indicated by color (see legend, a white bar indicates data not available). The right column
gives tumor type by color (see legend) and also by specific tumor number. CMF, chondromyxoid fibroma; CBL, chondroblastoma; GCT,
giant cell tumor; IHH, Indian hedgehog; OS, osteosarcoma; OO, osteoid osteoma; OB, osteoblastoma; RUNX2, runt-related transcription
factor 2; SOX9, sex-determining region Y-box 9.
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by pathologists. This study demonstrates that
immunohistochemical expression profiling and un-
supervised cluster analysis categorizes bone tumors
into existing histologic categories and highlights
optimum diagnostic antibody panels. The expres-
sion of SOX9, SP7, RUNX2, TWIST1 and IHH was
tested because these molecules serve as regulators of
normal skeletal development and control lineage-
specific tumor differentiation.13–17 Unlike cDNA
expression profiling, which reports the pooled
molecular signature of all cells within a tumor,
immunohistochemical profiling reveals the intratu-
moral distribution of protein expression, an advan-
tage in polymorphic cellular populations.

The separation of osteoblastic (clusters A–C) and
chondroblastic (cluster D) tumors represents the
most fundamental division extracted from the data.
Although this classification is perhaps not surpris-
ing for tumors in which osteoblastic differentiation
is definitional (ie, osteosarcoma), it does clarify the
lineage in tumors where this is less clear. For
example, chondroblastoma and chondromyxoid
fibroma rarely produce normal hyaline cartilage,
whereas some biochemical studies have even sug-
gested that the matrix proteins in the former are
comparable to osteoid thus raising questions about
the nature of the tumor cells.36 However, based on
the expression of SOX9, an early regulator of
chondrogenesis37 and absence of RUNX2, an early
marker of osteoblastic differentiation38–40 our find-
ings support the correct classification of chondro-
blastoma and chondromyxoid fibroma along the
chondroblastic lineage. That the above two tumor
types could not be separated using the available
markers, despite distinct histopathology in most
cases, suggests convergent differentiation pathways.

The link of giant cell tumor to the osteoblastic
clusters supports the current view that the stromal
cells in these tumors are, in fact, primitive osteoblast
precursors, despite the absence of osteoid synth-
esis.41,42 The pattern of staining with RUNX2 in only a
few stromal cells of GCT supports that the neoplastic
cells are likely only small component of a hetero-
geneous population.23,41 Interestingly, predominantly
low-grade osteosarcomas clustered together with giant
cell tumors. This observation implies that neoplastic
cells of low-grade osteosarcomas and stromal cells of
giant cell tumor may be closely related, possibly at an
earlier phase of osteoblastic differentiation.

Osteoid osteomas and osteoblastomas, although
largely restricted to the osteoblastic clusters

(clusters A–C), were heterogeneously distributed
between these clusters rather than forming a single,
well-defined, group. The majority of osteoblastomas
were positive for RUNX2, in keeping with prior
observations25 and their presumed osteoblastic line-
age, but the expression of the remaining markers
was less predictable than for other tumor types.
For osteoid osteoma, at least, some of the variability
can be attributed to the limited number of cases
available. In osteoblastomas, which were more
numerous, however, the results suggest true hetero-
geneity of the molecular signature. That is, some
osteoblastomas resemble the stromal cells of giant
cell tumors and low-grade osteosarcomas, whereas
other osteoblastomas resemble high-grade osteosar-
comas. Whether a difference in clinical outcome
exists between osteoblastomas that cluster with
high-grade osteosarcomas and those that cluster
with giant cell tumors and low-grade osteosarcomas
remains to be determined.

The second major aim of this study was to identify
specific diagnostic antibody panels that may be
useful in difficult cases, especially on small biop-
sies. Osteosarcoma, giant cell tumor, chondromyx-
oid fibroma and chondroblastoma may be relatively
easy to diagnose when classic morphology and
radiographic findings are present. However, a
prominent giant cell component, chondroid or
chondromyxoid stroma can blur the distinction
between these diagnoses.5,6 Although the presence
of osteoid production by tumor cells is a defining
feature of osteosarcoma, it may be difficult to
identify on small biopsies. No single diagnostic
marker, used alone, was specific for any tumor type,
supporting that combinatorial interactions between
multiple transcription factors drive the phenotypes
of currently accepted tumor categories. The initial
statistical analysis from the hierarchical data
yielded best diagnostic sensitivity and specificity
when only moderate or strong, diffuse (Z2þ )
staining was categorized ‘positive’. A high threshold
for a positive result confers the added benefit
of more straightforward interpretation in routine
practice.

The combination of RUNX2 and TWIST1 immu-
nopositivity is the most sensitive (82%) and specific
(86%) panel for osteosarcoma whereas RUNX2
without TWIST1 positivity supports giant cell
tumor (90% sensitivity and 83% specificity). The
functional significance of RUNX2 has also been
proposed in the stromal cells of giant cell tumor23

Table 2 Sensitivity and specificity of antibody panels for each diagnosis

Diagnosis Optimum panel Sensitivity (%) Specificity (%)

Giant cell tumor RUNX2+, TWIST1 � 90 83
Osteosarcoma RUNX2+, TWIST1+ 82 86
Chondroblastoma RUNX2�, SOX9+ 53 99
Chondromyxoid fibroma RUNX2�, SOX9+ 80 85
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paralleling our observation of RUNX2 staining in a
subset of the mononuclear cells. TWIST1 is a
transcription factor that has also been shown to
regulate early osteoblastic differentiation and down-
regulates RUNX2 in giant cell tumor.13,14,24 Although
TWIST1 appears to be expressed in cultured stromal
cells of giant cell tumor at the RNA level, our results
indicate that the level of protein expression may be
lower than that observed in osteosarcoma.24 Alter-
natively, the expression pattern of TWIST1 in
cultured cells may not mimic those in intact tissue.

SOX9 expression, in the absence of RUNX2, proved
the most useful immunophenotype to support chon-
dromyxoid fibroma (sensitivity 80% and specificity
85%) and chondroblastoma (sensitivity 53% and
specificity 99%) over the remaining diagnoses.
RUNX2, as mentioned above, regulates differentiation
along the osteoblastic pathway but may also promote
chondrocyte maturation in normal tissues.20,43 In past
studies, RUNX2 expression was observed in hyaline
cartilage tumors but not in chondroblastoma and
chondromyxoid fibroma, matching our own observa-
tions.25,27 Thus, the latter two tumors may recapitu-
late an earlier stage of maturation along the
chondrocyte lineage when RUNX2 is not yet highly
expressed. We did observe that many osteosarcomas,
especially, but not exclusively, chondroblastic sub-
types, co-expressed RUNX2 and SOX9. SOX9 may be
suppressed in the osteoblastic lineage during normal
differentiation, but in osteosarcomas, especially
chondroblastic ones, may contain bipotential cells
capable of both chondroblastic and osteoblastic
differentiation.20,44 Importantly, no combination of
antibodies distinguished between chondroblastoma
and chondromyxoid fibroma suggesting a close
molecular relationship between these tumors.
Furthermore, no specific panel could confirm the
diagnoses of osteoblastoma and osteoid osteoma.
Several reasons may explain this limitation of the
data. First, as discussed above, osteoblastomas were
more heterogeneously distributed in the cluster
analysis. Second, osteoblastomas were disproportio-
nately represented in the cluster of tumors negative
for most or all markers, perhaps indicating poor
antigen preservation. We specifically avoided incor-
porating decalcified tissue into the arrays, but cannot
exclude that other tissue processing effects affected
antigenicity in this group.

IHH is normally expressed in hypertrophic chon-
drocytes of the growth plate and is thought to lie
downstream of RUNX2 in the signaling cascade. IHH
expression has been reported in osteosarcomas,
chondroblastomas and hyaline cartilage-producing
tumors.27,28,45–47 Its expression in osteoblastoma,
chondromyxoid fibroma and giant cell tumor, as
demonstrated in our study, has not been previously
reported. The widespread, albeit weak, expression of
IHH suggests a functional role in multiple lineages.
Indeed, the primitive cells of Ewing sarcoma are the
only primary bone tumors that we have observed,
thus far, to be consistently negative for IHH (AH-

unpublished observations). The relatively ubiquitous,
weak expression, without strong expression in any
tumor type in the present series did not provide
added diagnostic utility.

SP7, has been detected in giant cell tumor at the
RNA level, and osteoblastic but not chondroblastic
neoplasms.22,25 Functionally, SP7 may suppress
SOX9 expression and thereby direct cells to an
osteoblastic fate. In our series, SP7 was expressed in
nearly all osteoblastic tumors but was largely absent
in giant cell tumor, chondroblastoma and chondro-
myxoid fibroma. However, even in positive cases,
staining was usually weak and thus did not improve
the sensitivity or specificity of diagnostic panels.
Interestingly, the single chondroblastoma (CBL26),
which did show moderate (2þ ) SP7 expression
displayed more aggressive clinical behavior (multi-
ple, destructive recurrences) raising the possibility
that this case might represent a higher grade form of
the tumor.6

In summary, in this study we demonstrate that the
expression patterns of skeletal development signal-
ing molecules reinforce current diagnostic cate-
gories of bone tumors. Cluster analysis suggests a
molecular relationship between a subset of osteo-
sarcomas and the stromal cells of giant cell tumors.
RUNX2, SOX9 and TWIST1 represent the most
useful immunohistochemical panel to distinguish
among these diagnoses with reasonable specificity
and sensitivity although the results need to be
interpreted in the correct histologic and radio-
graphic context.
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