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A B S T R A C T

Psammomatoid ossifying fibroma (PsOF), also known as juvenile PsOF, is a benign fibro-osseous
neoplasm predominantly affecting the extragnathic bones, particularly the frontal and ethmoid
bones, with a preference for adolescents and young adults. The clinical and morphologic features of
PsOF may overlap with those of other fibro-osseous lesions, and additional molecular markers
would help increase diagnostic accuracy. Because identical chromosomal breakpoints at bands Xq26
and 2q33 have been described in 3 cases of PsOF located in the orbita, we aimed to identify the exact
genes involved in these chromosomal breakpoints and determine their frequency in PsOF using
transcriptome sequencing and fluorescence in situ hybridization (FISH). We performed whole RNA
transcriptome sequencing on frozen tissue in 2 PsOF index cases and identified a fusion transcript
involving SATB2, located on chromosome 2q33.1, and AL513487.1, located on chromosome Xq26, in
one of the cases. The fusion was validated using reverse transcription (RT)-PCR and SATB2 FISH. The
fusion lead to a truncated protein product losing most of the functional domains. Subsequently, we
analyzed an additional 24 juvenile PsOFs, 8 juvenile trabecular ossifying fibromas (JTOFs), and 11
cemento-ossifying fibromas (COFs) for SATB2 using FISH and found evidence of SATB2 gene rear-
rangements in 58% (7 of 12) of the evaluable PsOF cases but not in any of the evaluable JTOF (n ¼ 7)
and COF (n ¼ 7) cases. A combination of SATB2 immunofluorescence and a 2-color SATB2 FISH in our
index case revealed that most tumor cells harboring the rearrangement lacked SATB2 expression.
Using immunohistochemistry, 65% of PsOF, 100% of JTOF, and 100% of COF cases showed moderate or
strong staining for SATB2. In these cases, we observed a mosaic pattern of expression with >25% of
the spindle cells in between the bone matrix, with osteoblasts and osteocytes being positive for
SATB2. Interestingly, 35% (8 of 23) of PsOFs, in contrast to JTOFs and COFs, showed SATB2 expression
in <5% of cells. To our knowledge, this is the first report that shows the involvement of SATB2 in the
development of a neoplastic lesion. In this study, we have showed that SATB2 rearrangement is a
recurrent molecular alteration that appears to be highly specific for PsOF. Our findings support that
PsOF is not only morphologically and clinically but also genetically distinct from JTOF and COF.

© 2022 United States & Canadian Academy of Pathology. Published by Elsevier Inc. All rights reserved.
These authors contributed equally: Arjen
 H. G. Cleven, Karoly Szuhai, Daniel
Baumhoer, and Judith V.M.G. Bov�ee.
my of Pathology. Published by Elsevier Inc. All rights reserved.
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Introduction

In craniofacial bones, 3 types of ossifying fibromas can be
distinguished: cemento-ossifying fibroma (COF); juvenile trabec-
ular ossifying fibroma (JTOF); and psammomatoid ossifying fi-
broma (PsOF), also known as juvenile psammomatoid ossifying
fibroma (JPOF).1-4 COF is considered a benign odontogenic
neoplasm and develops exclusively in the tooth-bearing parts of
the jaws. It has a preference to occur in the mandible, favoring the
molar and premolar regions in the third to the fourth decade of life
with a female predilection.1-4 JTOF and PsOF most commonly
occur in the second decade without predilection for a particular
sex; however, they can also develop later in life. PsOF is most
common in the periorbital frontal and ethmoid bones, whereas
JTOF generally affects the jaws, with the maxilla representing the
most prevalent site. JTOF and PsOF can show more rapid growth
and expansion, causing facial disfigurement, visual changes, and
sinus dysfunction. In contrast, COF usually presents as a well-
defined and slowly progressing mass that can reach consider-
able sizes even if left untreated.1-4

Correlating radiological and morphologic findings is essential
for the accurate classification of bone tumors. PsOF characteristi-
cally shows small, spherical, and paucicellular ossicles (resem-
bling psammomatoid bodies) rimmed by flattened osteoblasts.1,3,4

However, the morphology of PsOF may overlap with COF, JTOF, or
other fibro-osseous lesions, such as fibrous dysplasia, cemento-
osseous dysplasia, and low-grade osteosarcoma.

Some studies detected mutations in CDC73 (HRPT2) in patients
with hyperparathyrodism-jaw tumor syndrome.5 However, in the
pathogenesis of sporadic COF, CDC73 mutations seem to play only
a minor role because the reported frequency was only 5%.6,7 GNAS
mutations are a frequent (86%) finding in craniofacial fibrous
dysplasia, and low-grade osteosarcoma harbors MDM2 amplifi-
cations in 25% to 30% of cases.6,8,9 In contrast, the molecular
pathogenesis of PsOF and JTOF is largely unknown. Identical
chromosomal breakpoints at bands Xq26 and 2q33 were
described in 3 cases of PsOF located in the orbita.10,11 Two of the
tumors showed an identical t(X;2)(q26;q33) balanced trans-
location, and the third tumor revealed an interstitial insertion of
bands 2q24.2q33 into Xq26 as the sole abnormality.10,11 We aimed
to identify the exact genes involved in these chromosomal
breakpoints and determine their frequency in PsOF using tran-
scriptome sequencing and fluorescence in situ hybridization
(FISH).
Materials and Methods

Patient Samples

We included 2 PsOF index cases (L6867 and L6605) with
available frozen material for RNA sequencing from the Leiden
University Medical Center (LUMC). To validate our results using
FISH, we included formalin-fixed paraffin-embedded tissue from
an additional 25 PsOF cases (22 cases from the University Hospital
of Basel, Switzerland; 2 cases from LUMC; and 1 case from Uni-
versity Medical Center Groningen), 8 JTOFs from Basel, and 11
COFs samples from Basel (Table). Most samples were decalcified,
and in many cases, the decalcification protocol (time and used
reagents) could not be retrieved. All LUMC samples were retrieved
from the bone and soft tissue tumor biobank after obtaining
informed consent as approved by the LUMC ethical board
(B21.022). Ethical approval for the Basel cases was provided by the
“Ethikkommission beider Basel” (ref. 274/12). Samples were coded
(pseudonymized) according to the Dutch code of proper second-
ary use of human material as accorded by the Dutch Society of
Pathology (Federa).
RNA Sequencing Using Transcriptome Sequencing

RNA was extracted from a fresh frozen tissue sample of L6867
and L6605, obtained after surgery and stored at �80 �C. Approx-
imately 15 slices of 20 mm were cut, after which TRizol (Life
Technologies) was added. Nucleotide extractionwas performed as
described by van IJzendoorn et al,12 and an additional RNA puri-
fication step was included; this step was performed using an
RNeasy Mini Kit (Qiagen) following the manufacturer’s protocols.

The NEBNext Ultra II Directional RNA Library Prep Kit for Illu-
mina was used to process the samples. Sample preparation was
performed according to the protocol “NEBNext Ultra II Directional
RNA Library Prep Kit for Illumina” (Illumina, NEB#E7760S/L).
Briefly, ribosomal (rRNA) was depleted from total RNA using the
rRNA Depletion Kit (Illumina, NEB#E6310). After fragmentation of
the rRNA-depleted RNA, complementary DNA (cDNA) synthesis
was performed using ligation of the sequencing adapters and PCR
amplification. The quality and yield after sample preparationwere
measured with the Fragment Analyzer. The size of the resulting
products was consistent with the expected size distribution (a
broad peak between 300 and 500 base pairs). Clustering and DNA
sequencing using the NovaSeq6000 were performed according to
the manufacturer’s protocols, with 50 million paired-end reads of
150 base pairs.
RNA Sequencing Analysis With Defuse

To analyze the transcriptome data of L6867 and L6605, the
sequenced readswere aligned to the hg19 reference genome using
an in-house pipeline, in which alignment was performed with
TopHat2 (v2.0.13) to the hg19 (http://genome.ucsc.edu/) and hg38
reference genomes (http://genome.ucsc.edu/). Fusions were
identified using Defuse (v0.6.2) aligning to the hg19 reference
genome (http://genome.ucsc.edu/) and filtered with the repeats
library from UCSC (http://genome.ucsc.edu/). Subsequently, the
identified fusions were sorted according to the number of reads
spanning each fusion.
Reverse-transcription PCR

The total RNA of the PsOF index case L6867 was isolated as
mentioned earlier, and 1 mg was converted to cDNA. Briefly, the
RNA was denatured for 15 minutes at 60 �C and placed on ice.
Subsequently, total RNA was added to RNasin (Promega), 5x RT-
buffer (Promega), oligodT (Promega), random primer (Promega),
dNTPs, and AMV-RT (Roche) enzyme mix and incubated at 42 �C
for 1 hour to generate the cDNA. Finally, the RT enzyme was
inactivated at 65 �C for 15 minutes. The primers designed for the
fusion identified using Defuse included forward primer 5ʹ-
TGCGTTTTATTGCGACCTGC-3ʹ (SATB2) and reverse primer 5ʹ-
GCAGGTGCAGCAGAGTGTTA-3ʹ (AL513487.1). PCR was performed
using SYBR Green Master Mix (Bio-Rad), with an annealing tem-
perature of 60 �C for 40 cycles. The PCR product was purified with
a QIAquick PCR Purification Kit (Qiagen) and further analyzed by
Sanger sequencing using the aforementioned primers.



Table
Clinicopathologic characteristics of study cases

Case Age (y) Sex Location FISH: split/no split in SATB2 SATB2 IHCd

PsOF_1L6867 14 Male Sinus maxillaris Splita,b Positive

PsOF_2L6605 12 Male Orbita Splita,b,c Positive

PsOF_3 12 Female Orbita Splita Negative

PsOF_4 11 Male Orbita Splita Negative

PsOF_5 34 Male Mandible Splita Positive

PsOF_6 9 Female Mandible Splita Negative

PsOF_7 76 Male Sinus maxillaris Splitb Negative

PsOF_8 41 Female Orbita No splita,b Failed

PsOF_9 25 Male Sinus maxillaris No splita,b Positive

PsOF_10 10 Male Nose (not further specified) No splita,b Positive

PsOF_11 4 Male Sinus maxillaris No splita,b Positive

PsOF_12 10 Male Frontal bone No splita,b,c Positive

PsOF_13 13 Female Mandible Failed Positive

PsOF_14 39 Male Sinus maxillaris Failed Negative

PsOF_15 28 Female Nose (not further specified) Failed Negative

PsOF_16 9 Male Mandible Failed Negative

PsOF_17 37 Female Maxilla Failed Positive

PsOF_18 32 Female Mandible Failed Positive

PsOF_19 46 Male Orbita Failed Positive

PsOF_20 46 Male Mandible Failed Positive

PsOF_21 24 Male Maxilla Failed Negative

PsOF_22 23 Male Maxilla Failed Positive

PsOF_23 67 Female Ethmoid sinus Failed Positive

PsOF_24 8 Female Mandible Failed Positive

PsOF_25 53 Female Sinus maxillaris Failed Positive

PsOF_26 24 Female Sphenoid bone Failed Missing

JTOF_1 4 Male Maxilla No split Positive

JTOF_2 12 Male Mandible No split Positive

JTOF_3 12 Female Mandible No split Positive

JTOF_4 23 Male Maxilla No split Positive

JTOF_5 26 Male Mandible No split Positive

JTOF_6 29 Male Mandible No split Positive

JTOF_7 4 Male Mandible No split Positive

JTOF_8 24 Male Mandible Failed Positive

COF_1 17 Female Mandible No split Positive

COF_2 62 Female Skull No split Positive

COF_3 43 Female Mandible No split Positive

COF_4 26 Female Mandible No split Missing

COF_5 33 Female Mandible No split Positive

COF_6 63 Male Mandible No split Positive

COF_7 8 Male Maxilla No split Positive

COF_8 29 Female Mandible Failed Missing

COF_9 67 Male Skull Failed Positive

COF_10 65 Female Mandible Failed Positive

COF_11 16 Male Maxilla Failed Positive

COF, cemento-ossifying fibroma; FISH, fluorescence in situ hybridization; IHC, immunohistochemistry; JTOF, juvenile trabecular ossifying fibroma; PsOF, psammomatoid
ossifying fibroma.

a FISH result: SATB2 FISH probe set 1.
b FISH result: SATB2 FISH probe set 2.
c PsOF_2L6605 12 M Orbita Split1fa2. In this case SATB2 FISH probe set 1 failed, probe set 2 was okay. PsOF_12 10 M Frontal bone. No split1, 2fa. In this case SATB2 FISH

probe set 2 failed but probe set 1 was okay.
d SATB2 IHC: “Positive” represents weak, moderate, or strong SATB2 staining, with >25% of the spindle cells in between the bone matrix and the osteoblasts lining the

bone matrix or within the matrix osteocytes being positive. “Negative” represents <5% of all spindle cells, with osteoblasts or osteoclast showing expression of SATB2 with
intensity weak, moderate or strong.
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FISH

To detect and verify the translocation as a biomarker for PsOF, a
2-color SATB2 break-apart FISH was performed on the formalin-
fixed paraffin-embedded tissue of all PsOF, JTOF, and COF cases
included in this study.

The bacterial artificial chromosomes (BAC) probes for inter-
phase FISH were selected and ordered from BACPAC Resources
(https://bacpacresources.org/), in which the first probe set
included BAC clones RP11-1012A2 (covering chr2:198,923,555-
199,135,875, GRCH38/hg38) and RP11-656D8 (covering
chr2:199,704,154-199,873,054, GRCH38/hg38) proximal and
distal from the SATB2 bracketing breakpoints within SATB2. A
second probe set covered the breaks between SATB2 and the long-
range cis-regulatory element (CRE) in the centromeric gene desert
3’ of SATB2 involved in SATB2-associated syndrome (SAS)13 and
involves BAC clones RP11-606G15 (covering chr2:197,852,082-
198,059,609, GRCH38/hg38) and RP11-656D8. A 2-color



Figure 1.
Radiology, morphology, and SATB2 fluorescence in situ hybridization (FISH) in
psammomatoid ossifying fibroma L6867. (A and B) Axial and coronal reformatted
computed tomography images. Inhomogeneous mass in the left maxillary sinus with
some expansion and small specs of mineralization (white arrowheads). (C) Typical
morphology of psammomatoid ossifying fibroma, with small spherical ossicles
(psammomatoid bodies) of bone rimmed with more flattened osteoblasts in a back-
ground of a cellular bland-appearing spindle cell component. (D) Case L6867 showing
2 cells (white arrowheads) with a split and a colocalized signal in SATB2 FISH. (E) Case
L6867 showing a split and a colocalized signal in SATB2 FISH in an osteoblast lining
bone matrix (white arrowhead; yellow-green colored).
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interphase FISH was set up after labeling the probes with biotin-
11dUTP or digoxigenin-11-dUTP (Roche) using a nick translation
labeling reaction as described earlier.14 In these combinations,
cases with a translocation involving the SATB2 gene may directly
show a split with both probe sets, whereas cases with the
involvement of the CRE may show a split with the second probe
set and not with the set bracketing the SATB2 gene.

Four-micrometerethick paraffin slides were cut to perform the
2-color FISH as described earlier.14 In short, slides were pretreated
anddenatured simultaneouslywith the probemixture at 80 �C on a
hotplate for 10 minutes. Slides were then incubated in a moist
chamber overnight at 37 �C, followed by posthybridization washes
and detection of the labeled probes using Cy3-labeled streptavidin
(diluted 1:750 in blocking buffer, Sigma-Aldrich) and fluorescein-
labeled mouse antidigoxigenin (diluted 1:250 in TNB, Sigma-
Aldrich), followed byfluorescein-labeled rabbit anti-mouse diluted
at1:1000 inblockingbuffer (Sigma-Aldrich). Slideswereembedded
with DAPI/Vectashield (Vectorlabs) solution. The slides were scan-
ned using the Pannoramic 250 Flash II slide scanner (3DHistech)
and scored using the Pannoramic CaseViewer software (3DHistech)
(by K.S., E.G., and A.H.G.C.). Cases were considered positive when
>20% of the 100 counted nuclei harbored a split in SATB2.
Correlative SATB2 Immunofluorescence and Fluorescence In Situ
Hybridization

To correlate SATB2 protein expression patterns in neoplastic
cells of the index case, immunofluorescence detection of SATB2
was followed by interphase FISH for SATB2 using digital correla-
tive microscopy after scanning the slides at each round. For the
antigen retrieval, 0.1 M citrate (pH ¼ 6.0) solution was used. The
primary mouse immunoglobulin G1 SATB2 antibody (Clone
CL0276, Invitrogen) and 1:10 in phosphate-buffered saline/bovine
serum albumin (1%) were placed on the slide and incubated
overnight at 4 �C. The primary antibody was detected using a goat
anti-mouse Alexa 594 dye (Invitrogen) diluted at 1:200, followed
by incubation with Alexa Fluor 594 donkey anti-goat antibody
diluted at 1:500 (Invitrogen). Finally, the slides were mounted
with DAPI Citifluor (Citifluor). The slides were scanned with a
Pannoramic Flash 250II scanner (3DHistech). After scanning the
slide, the cover glass was removed by a phosphate-buffered saline
wash, and FISH and scanning were performed according to the
aforementioned FISH protocol. The immunofluorescence and FISH
results were examined side-by-side to determine whether SATB2
expression was accompanied by the presence or absence of a
break-apart of SATB2 in the 100 counted nuclei using the Pan-
noramic CaseViewer software (3DHistech) (by K.S. and E.G.).
SATB2 Immunohistochemistry

Immunohistochemistry (IHC) was performed on PsOF, JTOF,
and COF (n ¼ 44) to determine SATB2 expression using a mouse
anti-SATB2 antibody (diluted 1:10) (Clone CL0276, Sigma-
Aldrich). IHC was performed using the EnVision FLEX protocol
for the Dako Autostainer with the Dako Autostainer Omnis 2x
(Agilent) using the EnVision FLEX, high Ph (Dako Omnis), HRP
detection kit, Target Retrieval solution, Haematoxylin and Lilies
modification by Agilent. Lastly, the slides were dehydrated and
mounted using the Dako Coverslipper (Agilent). The slides were
assessed independently by 2 bone and soft tissue pathologists
(A.H.G.C. and D.B.), and only nuclear staining was considered
positive. In discordant cases (n ¼ 4), consensus was reached after
discussion. Staining intensity was scored considering the spindle
cells in the background, osteoblasts lining the ossicles, and oste-
ocytes (0¼ negative,1¼weak, 2¼moderate, and 3¼ strong). The
overall percentage of positive nuclei was scored as 0% for a
staining intensity of 0,1% to 24% for a staining intensity of 1, 25% to
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49% for a staining intensity of 2, 50% to 74% for a staining intensity
of 3, and 75% to 100% for a staining intensity of 4.

After scoring,we observed 2 distinct groups: one groupwith only
a few SATB2-positive cells (overall <5%), which we considered
negative for further analysis, and a second group with weak, mod-
erate,or strongscoring in>25%ofcells,whichweconsideredpositive.

Results

Clinicopathologic Characteristics of PsOF Cases

Thefirst indexcase (L6867)wasa14-year-oldboywhopresented
with an expansile and inhomogeneous mass in his left maxillary
sinus (Fig. 1A, B). Histology showed typical findings of a PsOF, with
small sphericalossicles (psammomatoidbodies)ofbonesurrounded
by osteoblast-like cells in a background of a fibroblastic-appearing
spindle cell proliferation without cellular atypia. (Fig. 1C).

The second index case (L6605) was a 12-year-old boy with a
well-demarcated ossifying lesion arising from the orbital roof on
the left and with a close relationship with the ethmoid sinus
(Supplementary Fig. S1A). The histologic findings in this case were
identical to those in case L6867 (Supplementary Fig. S1B).

In total, 26 cases of PsOF were included in the study, with ages
ranging from 4 to 76 years, of which 38% (10 of 26) patients were
aged <20 years. Fifteen patients with PsOF were male; 16 cases
were located in the gnathic bones and 10 cases were located in the
extragnathic bones (including ethmoid, orbita, sphenoid, and
nasal bone) (Table).

SATB2-AL513487 Fusion in PsOF L6867 Lead to a Truncated Protein

In the first PsOF index case (L6867), Defuse analysis
identified a SATB2-AL513487 fusion. The chromosomal loca-
tion of these 2 genes (SATB2 is located on chromosome
2q33.1 and AL513487.1 is located on chromosome Xq26)
matched with the breakpoints of the balanced translocation
t(X;2)(q26;q33) and the direct insertion that was described
previously in PsOF.10,11

The fusion breakpoint was found in exon 3 according to
ENST00000417098.6 as reference. The exon numbering might
differ between the different transcript variants derived from
different promoters. The fusion was validated by RT-PCR (Fig. 2)
with the fusion breakpoint in SATB2. In silico translation of the
sequence showed a 57 amino acid (AA)elong extension and a
stop codon. The extended AA sequence did not show similarity to
known protein functional domains. After fusion, the first 115 AAs
of the 733 AAelong SATB2 protein remained. The deletion led to
a loss of the CUT1, CUT2, CUT-like, and homeodomain domains
and a partial loss of the ubiquitin ligation domain (AA-60-155)
after AA 115. Sanger sequencing verified that the reconstructed
sequence can be found in the National Center for Biotechnology
Information database with the BankIt2549397 BSeq#1
OM752138 ID.

The second index case (L6605) showed neither fusion nor point
mutation involving the SATB2 gene. However, FISH involving the
CRE showed a split in the region, indicating the involvement of the
long-range CRE of SATB2.
Recurrent SATB2 Break in PsOFs

In 7 of 12 PsOF cases that were suitable for FISH analysis, we
detected a split signal for SATB2. In PsOF cases with a positive
SATB2 FISH, the density of cells in which we detected the split
signal was highly variable between regionswithin the same tumor
(range, 30%-80%). A split signal was observed in the spindle cells in
between the bone matrix and the osteoblasts lining the bone
matrix (Fig. 1D, E and Table). Five of the SATB2 FISH-positive cases
showed a break with probe set 1, and 2 cases (including index case
L6605) showed a split signal only in probe set 2, indicating the
involvement of long-range CRE (Table).

We did not observe a SATB2 break in JTOF (n¼ 7) or COF (n¼ 9)
that was amenable to FISH analysis (Table)
Loss of SATB2 Expression in PsOF Index Case L6867

SATB2 immunofluorescence and subsequent FISH analysis for
SATB2 were performed in the index case L6867 using the same
slide and digital correlative fluorescence microscopy to relocate
identical regions from the 2 experiments (Fig. 3 A-C). The results
showed that scorable cells harboring a split signal (Fig. 3C) lacked
expression of SATB2 (Fig. 3B). Cells that expressed SATB2 showed
no split in the SATB2 FISH (Fig. 3B, C).
SATB2 Immunohistochemical Findings

Using SATB2 IHC, a mosaic pattern identical to the pattern
shown using immunohistochemical findings (IFs) in L6867
observed. Overall, SATB2-positive staining was seen in 65% (15 of
23) of PsOF cases (Table). All positive cases showed a variable,
heterogeneous, mosaic pattern of moderate to strong SATB2
staining in >25% of the spindle cells in the background, the oste-
oblasts lining the ossicles, and/or the osteocytes (Fig. 4A).

Interestingly, 8 out of 23 PsOF cases only showed SATB2
staining occasionally in some spindle cells (<5%), with most of the
spindle cells as well as osteoblasts and osteoclasts in the psam-
momatoid bodies being negative for SATB2 (Fig. 4B). Four of these
8 SATB2-negative PsOF cases showed a SATB2 rearrangement us-
ing FISH (Table).

In JTOF (n ¼ 8) and COF (n ¼ 11), all tumors showed diffuse
strong nuclear expression in >25% of the cells (Supplementary
Fig. S1C, D).

Discussion

PsOF, also known as JPOF, is a benign fibro-osseous neoplasm
that predominantly affects the extragnathic bones, particularly
the frontal and ethmoid bones, with a preference for adolescents
and young adults. The World Health Organization Head and Neck
Tumours 2022 edition introduced the term PsOF instead of JPOF
because of the wider age range of patients, which was also
observed in the current study cohort of PsOF.

Because clinicopathologic features may overlap with those of
other fibro-osseous lesions and additional molecular markers are
currently lacking, a definitive diagnosis can be challenging,
particularly in core needle biopsies. Here, we report the findings
of a recurrent SATB2 rearrangement in >50% of the PsOF cases,
which was absent in other ossifying fibromas, including JTOF and
COF.

With transcriptome sequencing, we analyzed 2 PsOF cases; of
which, 1 case showed SATB2-AL513487.1 fusion. The AL513487.1
gene encodes for a predicted noncoding RNA. Our SATB2 IF results
suggest that tumor cells with a SATB2 split show a loss in SATB2
protein expression. For instance, a giant cell tumor of the bone is
composed of a heterogeneous population of stromal cells with



Figure 2.
Fusion between SATB2 and AL513487.1 in psammomatoid ossifying fibroma L6867. (A) Fusion gene map showing the identified gene fusion of SATB2, located on chromosome
2q33.1, and AL513487.1, located on chromosome Xq26. (B) Reverse-transcription PCR results demonstrating that the breakpoint (red curved line) in SATB2 is located in exon 3. The
exact breakpoint of AL513487.1 could not be determined because of repetitive sequences in the gene. The first functional domain of SATB2, the ubiquitin-like domain (ULD), starts
in exon 3. CUTL, CUT-like; HOX, homeodomain.

Arjen H.G. Cleven et al. / Mod Pathol 36 (2023) 1000136
H3F3A driver mutation and reactive stromal cells without the
mutation. Similarly, the SATB2-positive cells in PsOF that lack a
split signal in SATB2 FISH probably represent a reactive cell
population.

The index case (L6867) showed a truncation of SATB2, losing
several functional domains. It should be noted that the epitope
recognition site of the used IHC and IF antibodies cover the region
in the lost domains, explaining and supporting the negative
staining pattern. Furthermore, on the basis of the IFs, 4 of 7 PsOF
cases with SATB2 rearrangement were considered mostly negative
for SATB2.

The SATB2 gene lies in a gene-poor region on 2q33.1 and
codes for the SATB2 protein, an 82.5 kDa protein composed of
733 AAs. In a zebrafish model, SATB2 played an important role in
development and tissue regeneration, particularly in craniofacial
bone development, osteoblast differentiation, and maturation.15

The SATB2 protein, a matrix-associated regionebinding protein,
is part of the CUT superclass of homeodomain proteins, in which
SATB2 consists of 2 CUT domains, one CUT-like domain and a
homeodomain domain.16,17 It binds to matrix-associated regions,
thereby activating or repressing transcription because it can in-
fluence the interplay between enhancers and promoters and
regulate chromatin structures.18 SATB2 is known to down-
regulate certain HOX genes, and it regulates the transcription
factors involved in osteoblast differentiation, such as RUNX2
(runt-related transcription factor) and ATF (cyclic adenosine
monophosphate-dependent transcription factor).18

Several single nucleotide variants (SNVs) and various sizes of
deletions, including multiple exons and translocations involving
the SATB2 gene, have been reported in the context of (isolated)
cleft palate and SAS (OMIM #612313, also known as Glass syn-
drome).16 This syndrome is characterized by impaired neuro-
development and craniofacial anatomical aberrations.16-18

SATB2 expression is strongly regulated by long-range CREs, as
identified in the context of SAS.17 Interestingly, balanced trans-
locations leading to the disruption of the 3’ long-range CRE have
been reported.13,16,17 Furthermore, balanced autosomal trans-
locations t(2;7)(q33;p21) and t(2;11)(q32;p14) have been



Figure 4.
SATB2 expression using immunohistochemistry in psammomatoid ossifying fibroma
(PsOF) cases. (A) Strong SATB2 nuclear expression in the majority (> 25%) of the
spindle cells (PsOF index case L6867), with SATB2 positive osteoblasts and osteocytes
surrounding and in the spherical ossicles. (B) Focally (<5%) weak SATB2 expression in
the spindle cell proliferation; most of the spindle cells, osteoblasts, and osteocytes
were SATB2 negative (PsOF case 3, see the Table, SATB2 fluorescence in situ hybrid-
ization positive). Scale bars ¼ 50 mm.
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described in SAS, and disruption of the coding region of the SATB2
gene between exon 2 and 3 resulted in an isolated cleft palate
phenotype in these patients; however, no fibro-osseous lesions
have been reported.13,15,16,19 The breakpoints in SAS are compa-
rable with the breakpoint we observed in our PsOF cases. In all
reported cases, the disruption of SATB2 lead to a dominant-
negative effect on the function of SATB2 protein, including the
CRE.13,15-17

To our knowledge, our report is the first to identify the direct
structural involvement of SATB2 protein in the development of a
tumor with an intriguing overlap in the anatomical site of tumor
appearance and syndromic involvement of the gnathic bones in
affected individuals with SAS.

We described a recurrent translocation in 7 cases, including 2
cases in which the disruption likely involved the 3’-CRE as iden-
tified by interphase FISH. One of these 2 cases was the index case
L6605, which involved the CRE domain and for which tran-
scriptome sequencing did not show an SNV or fusion.

In the remaining FISH-negative cases with or without SATB2
IHC positivity, we could not exclude the possibility of inactivating
SNVs in the SATB2 gene, similar to what has been described as a
frequent event in SAS.17 Seemingly, these inactivating mutations
lead to a dominant inactivation of SATB2, resulting in the syn-
dromic appearance by a mechanism that is not yet not fully
understood.

In a recent article, Toferer et al20 reported a frameshift somatic
mutation in the SETD2 gene in a 21-year-old man with a PsOF and
secondary aneurysmal bone cyst-like changes in the mandible.
The SETD2 gene is located on chromosome 3p21.31 and encodes a
histone methyltransferase, which is responsible for the trime-
thylation of lysine 36 of histone H3. Mutations of the SETD2 gene
have been found in a variety of malignant tumors, including
pancreatic and renal carcinomas.20 Whether SETD2 mutations are
a recurrent genetic finding in PsOF remains to be elucidated
because this was detected only in 1 case of PsOF. We did not find
evidence of SETD2 mutation in our PsOF index cases L6867 and
L6605.

In conclusion, we have shown that SATB2 rearrangements are a
recurrent molecular genetic alteration that seems specific to PsOF.
Based on our results, PsOF is not only morphologically and clini-
cally but also genetically distinct from JTOF and COF. Although
Figure 3.
SATB2 expression using immunofluorescence in psammomatoid ossifying fibroma L6867. (
expression (blue) scattered between the bone matrix (scale bar ¼ 50 mm). (B) The combine
Two-colored fluorescence in situ hybridization results showing cells harboring the transl
translocation exhibit SATB2 expression (green arrowheads in Fig. 3B, C).
SATB2 FISH can be used as a diagnostic tool for PsOF, the exact role
of SATB2 rearrangement in the etiology of PsOF requires further
research, which may shed light on the developmental biology and
bone physiology as well as the involvement of SATB2 in SAS.
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