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Activation of the GLI oncogene is an important step in
the sonic hedgehog signaling pathway, and leads to,
eg, tissue-specific cell proliferation during embryo-
genesis. GLI activity in adult tissues is restricted, but
has been identified in various neoplasms, as a result
of mutations in the PICH (patched) or SMOH
(smoothened) genes, encoding components of the
sonic hedgehog pathway, or by amplification of GLI.
Herein, we present a new mechanism of GLI activa-
tion through fusion with the f-actin gene (ACTB) in
five histologically distinctive soft tissue tumors show-
ing a t(7;12)(p21-22;q13-15) and a pericytic pheno-
type. Each was composed of a perivascular prolifera-
tion of monomorphic short spindle cells that stained
positively for smooth muscle actin and laminin and
that showed pericytic features by electron micros-
copy. To date, with a median follow-up of 24 months,
none has behaved in an aggressive manner. Molecu-
lar genetic analysis showed that the translocation in
all cases resulted in a fusion transcript including the
5'-part of ACTB and the 3'-part of GLI. The DNA-bind-
ing zinc finger domains of GLI were retained in the
fusion transcripts and it is likely that the replacement
of the promoter region of GLI with that of the ubiq-
uitously expressed ACTB gene leads to deregulation of

GLI expression and its downstream target genes.
(Am J Pathol 2004, 164:1645-1653)

Soft tissue sarcomas constitute a clinically and histolog-
ically heterogeneous group of malignant neoplasms,
which sometimes are difficult to distinguish from each
other or from their benign counterparts. The cytogenetic
picture is equally variable, but the identification of recur-
rent tumor-specific translocations and the gene rear-
rangements resulting from these translocations has
added significantly to diagnostic precision. Comparable
reciprocal translocations, albeit apparently often less
specific, have also been identified in some benign mes-
enchymal neoplasms, such as lipomas and leiomyo-
mas.?® Furthermore, the molecular genetic characteriza-
tion of these recurrent cytogenetic rearrangements has
also enabled a better understanding of the genetic mech-
anisms underlying the development of sarcomas.?*

A characteristic feature of sarcoma-associated trans-
locations is that they result in fusion genes by the joining
together of the 5'-part of one gene with the 3'-part of
another gene. Typically, at least one of the two genes
involved encodes a transcription factor, but also translo-
cations leading to constitutive activation of growth factors
or growth factor receptors have been identified.?

In the present study, we report the finding of a novel
fusion gene in five spindle cell tumors with distinctive
pericytic features. Lesions of this type seem previously to
be unrecognized as a discrete entity. In all of them,
cytogenetic analysis revealed a t(7;12)(p21-22;013-15),
that at molecular genetic investigation was found to result
in fusion of the ACTB (B-actin) and GL/ (glioma-associ-
ated oncogene homologue 1) genes, neither of which has
previously been implicated in fusion genes in sarcomas
or other neoplasms.
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Table 1. Panel of Antibodies for Immunohistochemical Analysis
Antigen Clone Dilution Antigen retrieval Source
SMA 1A4 1:20000 None Sigma, St. Louis, MO
Muscle actin HHF35 1:500 None DAKO, Carpinteria, CA
CK (AE1/AE3) AE1/AE3 1:200 10 minute protease DAKO
CK 8/18 CAM 5.2 1:100 10 minute protease Becton Dickinson, San Jose, CA
Desmin D33 1:500 None DAKO
CD10 56C6 1:10 30 minute microwave Novocastra, Newcastle, UK
Laminin Polyclonal 1:1500 30 minute protease DAKO
COLL IV Clv 22 1:200 20 minute protease DAKO
S-100 Polyclonal 1:3000 None DAKO
CALDES h-CD 1:300 30 minute microwave DAKO
Melanoma (HMB45) HMB45 1:400 None DAKO
EMA E29 1:200 None DAKO
CD34 Qbend 10 1:400 None DAKO
CD31 JC/70A 1:40 20 minute protease DAKO
D6 D2-40 1:100 None Signet Lab, Dedham, MA
KIT Polyclonal (A4502) 1:250 None DAKO
PR PgR 636 1:200 30 minute microwave DAKO

Abbreviations: SMA, smooth muscle actin; CK, cytokeratin; COLL IV, collagen type IV; CALDES, caldesmon; EMA, epithelial membrane antigen; PR,

progesterone receptor.

Materials and Methods
Pathological Analysis

The five tumors included in this study were all selected
initially for further molecular genetic and histopathologi-
cal analyses on the basis of their cytogenetic features, ie,
the presence of a translocation t(7;12)(p21-22;q13-15).
One case was the subject of a previous case report.*
Four um hematoxylin and eosin-stained sections of all
cases were examined and immunohistochemical studies
were performed in all cases, using the Envision Plus detec-
tion system (DAKO, Carpinteria, CA). The antibodies,
clones, dilutions, pretreatment conditions, and sources are
listed in Table 1. Appropriate positive and negative controls
were used throughout. Electron microscopy was performed
on three tumors (cases 2, 3, and 5) in which fresh material
had been suitably fixed in glutaraldehyde.

Cytogenetic and Fluorescence in Situ
Hybridization (FISH) Analyses

Cell culturing, harvesting, and G-banding were per-
formed as described,*® and the karyotypes were written
according to the recommendations of the International
System for Human Cytogenetic Nomenclature (ISCN).®
The cytogenetic features of case 5 have been reported
previously.*

Material for metaphase and interphase FISH analysis
was available for cases 1 and 5, respectively. To identify
the chromosomal breakpoints in case 1, 20 bacterial
artificial chromosome (BAC) probes spanning 7p21-22 or
12913 were selected from the NCBI Map Viewer (http://
www.ncbi.nim.nih.gov/mapview), the Ensembl Genome
Browser (http://www.ensembl.org) and the UCSC Human
Genome Browser (http://www.genome.ucsc.edu). It
should be noted that based on our FISH findings and
polymerase chain reaction (PCR) results showing that it
contains the ACTB locus, BAC RP11-1275H24 was sub-
stantially larger than the ~85 kb reported at the NCBI

Nucleotide Browser. Whole chromosome painting probes
(Vysis, Downers Grove, IL) were also used to identify
material from chromosomes 7 and 12. The BAC probes
were labeled with Cy3-dCTP (Amersham, Buckingham-
shire, UK), FluorX-dCTP (Amersham) or biotin-16-dUTP
(Roche, Mannheim, Germany), using the Megaprime
DNA labeling system (Amersham). The FISH treatments
and analyses were performed as described.”

Molecular Genetic Analyses

Total RNA was extracted from frozen tissue (cases 110 4)
or cell cultures (case 5), using the Trizol-reagent accord-
ing to the manufacturer's recommendations (Gibco BRL,
Taby, Sweden). For the cDNA synthesis, 5 ug of total
RNA were reverse-transcribed in a 20-ul reaction, contain-
ing 50 mmol/L Tris-HCI, pH 8.3 (at 25°C), 75 mmol/L KCI, 3
mmol/L MgCl,, 10 mmol/L dithiothreitol, 1 mmol/L of each
dNTP, 0.5 pmol/L random hexamers, 28 U RNase inhibitor
(RNA guard, Amersham), and 400 U M-MLV reverse tran-
scriptase (Invitrogen, Stockholm, Sweden). The reaction
was incubated for 1 hour at 37°C, followed by 5 minutes at
65°C. As an internal quality control, 1 ul of cDNA was
amplified by PCR using ABL7-specific primers.

PCR and Sequence Analyses

Reverse transcriptase (RT) PCR was used for the detec-
tion of the ACTB-GL/ and the reciprocal GLI-ACTB fusion
transcripts. The nucleotide sequences for all primers
used for PCR amplification and sequence analyses are
presented in Table 2. One ul of cDNA was used as
template for PCR, and all PCRs described below were
performed under the same conditions, ie, the 50-ul reac-
tion contained 20 mmol/L Tris-HCI, 50 mmol/L KCI, 1.25
mmol/L MgCl,, 0.8 mmol/L dNTPs, 0.5 umol/L of each
primer, and 1 U Platinum TagDNA Polymerase (Invitro-
gen). After an initial denaturation for 5 minutes at 95°C, 30
cycles of 1 minute at 94°C, 1 minute at 60°C, and 1
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Primer* Sequence Position Accession no.
GLI336F 5’-ACCTCTGTCGGATGCCAGCCTGG 336-358 NM_005269
GLI412F 5'-TCGCGATGCACATCTCCAGGAGG 412-434 NM_005269
GLI520F 5'-TCCTTTGGGGTCCAGCCTTGTGG 520-542 NM_005269
GLI577R 5'-AAGGGTCCCCGGGACTGAGGATG 599-577 NM_005269
GLI628R 5’-CGGCACTTGCCAACCAGCATGTC 650-628 NM_005269
GLI720R 5'-AGGTCCTCCCGCCCATCCAGC 740-720 NM_005269
GLI8BSR 5'-GTGGCACACGAACTCCTTCCGCTC 891-868 NM_005269
GLI938R 5'-TCTGCGCATGTGAACCACCAGCA 960-938 NM_005269
GLI1246R 5'-GCCGTTTGGTCACATGGGCGTC 1267-1246 NM_005269
GLI1389R 5'-CCCCAGGGCTTGGCTGTGGC 1408-1389 NM_005269
GLI1477R 5'-TGCCCCCTGCATTGCCAGTCAT 1498-1477 NM_005269
ACT18F 5'-CACAGAGCCTCGCCTTTGCCGA 18-39 NM_001101
ACT61F 5'-CCGCCAGCTCACCATGGATGATG 61-83 NM_001101
ACT80F 5'-GATGATATCGCCGCGCTCGTCG 80-101 NM_001101
ACT106F 5'-CAACGGCTCCGGCATGTGCAA 106-126 NM_001101
ACT288F 5'-AGCACGGCATCGTCACCAACTGG 288-310 NM_001101
ACT351F 5'-AGCTGCGTGTGGCTCCCGAGG 351-371 NM_001101
ACT520R 5'-CACCGGAGTCCATCACGATGCCA 542-520 NM_001101
ACT594R 5'-AGCCAGGTCCAGACGCAGGATGG 616-594 NM_001101

*F, forward primer; R, reverse primer.

minute at 72°C were run using a PCT-200 DNA Engine
(MJ Research, Waltham, MA), followed by a final exten-
sion for 10 minutes at 74°C. For the nested RT-PCR, 1 pul
of the first PCR products was used as template.

A total of 8 ACTB-specific, and 11 GLI-specific primers
were selected, to allow a precise mapping of the fusion
transcripts (Figure 1a and Table 2). In cases 1 to 4, the
ACTB-GLI fusion transcripts were amplified with primer
pairs ACT61F-GLIB68R, ACT18F-GLI1246R, ACT61F-
GLI1477R, and ACT61F-GLI938R, respectively. A recip-
rocal GLI-ACTB fusion was detected by nested PCR in case
1, using the primer pair GLI412F-ACT594R, in the first round
of PCR, and GLI520F-ACT520R for the second. In case 5,
nested PCR was required for the detection of all fusion
sequences. The ACTB-GLI and GLI-ACTB fusion transcripts
were amplified in a first round of RT-PCR with primer pairs
ACT80F-GLI1246 and GLI336-ACT594R, respectively. For
nested PCR, the corresponding primer pairs ACT106F-
GLI8BB8R and GLI412F-ACT520R were used.

All PCR products (15 wl) were analyzed on 1.5% agarose
gels stained with ethidium bromide. For sequence analysis,
the band corresponding to the expected PCR product was
excised, purified using the QIAquick gel extraction kit (Qia-
gen, Hilden, Germany), and sequenced in a 20-ul reaction
with various primers (Table 2), using the dideoxy procedure
with an ABI Prism BigDye terminator cycle sequencing
ready reaction kit on the Applied Biosystems (Foster City,
CA) model 310 DNA sequencing system. The BLAST soft-
ware (http://www.ncbi.nlm.nih.gov/blast) was used for the
analysis of ACTB [accession numbers: NM_001101
(mRNA), M10277 (complete cds)], and GL/ [accession
number: NM_005269 (mRNA)] sequence data.

Results

Clinicopathological Features

Clinical data are summarized in Table 3. All tumors were
primary lesions, three being located in the tongue and

one each in the stomach and calf. Three patients were
female and two were male, ranging in age at presentation
from 11 to 65 years (median, 27 years). Tumor size
ranged from 0.8 to 5.5 cm (median, 2.4 cm). Two of the
tongue lesions (cases 2 and 3) were treated with preop-
erative chemotherapy with no clear evidence of re-
sponse. All were locally resected, with tumor-positive
resection margins in cases 3 and 5. Follow-up so far,
ranging from 22 to 120 months (median, 24 months), has
revealed no evidence of recurrence or metastasis.

Histologically each tumor showed remarkably similar
morphology, seemingly somewhat distinct from any cur-
rently well-defined entity. The tumors had a multilobu-
lated, infiltrative growth pattern and were each com-
posed of uniform spindle-shaped cells with small
amounts of pale eosinophilic cytoplasm and ovoid-to-
tapered nuclei with vesicular chromatin and often a single
small nucleolus (Figure 2, A and B). These spindle cells
were consistently arranged around numerous small, thin-
walled arborizing vessels, which were readily highlighted
by immunopositivity for CD34 (Figure 2C). There was no
significant cytological atypia or pleomorphism. Mitoses in
all cases numbered less than 1 per 10 high-power fields.
Three of the cases showed a focally myxoid stroma. In
two cases there was prominent and multifocal subendo-
thelial protrusion of tumor cells into vascular lumina (Fig-
ure 2D), in a manner reminiscent of myopericytic neo-
plasms. Two of the tongue lesions showed focal surface
ulceration and the gastric lesion showed areas of stromal
hemorrhage and hyalinization but no true tumor necrosis
was seen in any case.

Immunohistochemical analysis (Table 4) revealed that
tumor cells in all cases showed focal to extensive posi-
tivity for smooth muscle actin (Figure 2E), as well as
multifocal pericellular positivity for laminin (Figure 2F),
consistent with the presence of an external lamina. Three
cases each also showed positivity for collagen type IV
and for CD10. Staining for keratins, desmin, S-100 pro-
tein, and CD34 was consistently negative. One tumor
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Figure 1. a: Position of the selected primers in relation to the ACTB and GLI
¢DNA sequences (see text and Table 1 for details). The exons as well as
primer suffix and orientation (F, forward; R, reverse) are indicated. b: Sche-
matic representation of the ACTB-GLI and GLFACTB fusion transcripts, de-
tected by RT-PCR in five cases with a t(7;12)(p21-22;q13-15). Exons are
illustrated as boxes, intronic material as thick horizontal lines. Exons 7 to
10 of GLI, encoding DNA-binding zink finger domains, are highlighted.

each showed cytoplasmic positivity for D2-40 (case 4)
and focal epithelial membrane antigen positivity (case 1)
of uncertain significance.

Three tumors examined ultrastructurally (cases 2, 3,
and 5) each showed similar features (Figure 3). The
tumor cells were closely arranged around capillary size
vessels and exhibited short segments of external lamina,
occasional intermediate-type junctions, cytoplasmic
pools of free glycogen, subplasmalemmal thickenings,
and bundles of thin filaments with focal densities at the
cytoplasmic periphery. These findings indicate partial
smooth muscle differentiation, as seen in modified
smooth muscle cells including pericytes.

Table 3. Clinical Data and Cytogenetic Findings

G-Band and FISH Analyses

All cases were cytogenetically analyzed after short-term
culturing, and a t(7;12)(p21-22;913-g15) was found in all
cases, being the sole abnormality in two of them (Table
3). In case 1, metaphase FISH analysis with the 7p-
specific probes RP11-1275H24 and RP11-93G19, and
the 12g-specific probes RP11-181L.23 and RP11-772E1
resulted in split signals in the t(7;12)-carrying cells (Fig-
ure 4a). On the corresponding normal homologues, intact
signals were seen. In case 5, only interphase nuclei from
cell cultures in passage 6 were available for FISH analy-
sis. Hybridization with probes RP11-1275H24 and RP11-
772E1 revealed split signals in ~1% (8 and 11 nuclei,
respectively) of the nuclei (Figure 4a). Based on these
FISH results, ACTB and GL/ were considered potential
target genes in 7p22 and 12q13, respectively (Figure 4, b
and c).

Molecular Genetic Findings

RT-PCR with different combinations of ACTB forward and
GLI reverse primers amplified cDNA fragments, strongly
suggesting the presence of an ACTB-GL/ fusion gene
(Figure 5). Amplified products were analyzed by direct
sequencing for an exact characterization of the corre-
sponding fusion points. The molecular genetic findings
are summarized in Figure 1b. Analyses regarding ex-
pression of the FLJ11467 gene or a potential FLJ11467-
GLI fusion gene were consistently negative (data not
shown).

In case 1, the primer pair ACT61F-GLI8B8R amplified a
270-bp product in which ACTB exon 2 (nucleotide 196,
NM_001101) was fused to nucleotide 758 within exon 7 of
GLI (NM_005269). Insertion of a guanine at the breakpoint
retained the open reading frame (Figure 6). In case 2, the
primer pair ACT18F-GLI1246R amplified a 754-bp prod-
uct corresponding to an ACTB-GL/ fusion transcript con-
taining ACTB intron 1 sequences. In this transcript, ACTB
exon 1 and nucleotides 313 to 319 of ACTB intron 1
(M10277) were joined to nucleotides 1017 to 1043 of
ACTB intron 1 (M10277), which in turn was fused to GL/
exon 6 (nucleotide 613, NM_005269) (Figure 6). In case
3, the ACT61F-GLI1477 primer combination amplified an
1172-bp product corresponding to a fusion of ACTB exon
3 (nucleotide 436, NM_001101) to GL/ exon 7 (nucleotide

Case Sex/age Localization Size* Follow-up® Karyotype

1 M /61 Calf 2 NED 24 45,XY,1(7;12)(p22;913),inv(10)(p11g21)c,der
(15;16)(q10;p10)[25]

2 F /27 Tongue 0.8 NED 60 46,XX,t(7;12)(p22;913)[20]

3 M /11 Tongue 5 NED 22 45,XY,der(1)t(1;77)(p36;p?22),add(2)
(p25),add(5)(p15),add(6)(p?21.3),der
(M(7:12)(p11.2;p11.2),der(7)X(7;12)(p21;
q?15),—12[19]

4 F /65 Stomach 55 NED 24 46,XX,1(7;12)(?p22;?q15)[17]

5 F /12 Tongue 2.4 NED 120 46,XX,1(1;13)(p22;021),1(7;12)(p22;G13)[20]

*Diameter in cm.
tFollow-up in months; NED, no evidence of disease.
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Figure 2. Tumors were composed of palely eosinophilic spindle-to-ovoid cells with a lobular/infiltrative margin (A). Tumor cells in each case were monomorphic
and arranged around numerous thin-walled capillary vessels (B), which were better highlighted by immunostaining for CD34 (C). Subendothelial proliferation
of tumor cells, as often seen in myopericytic tumors and mimicking vascular invasion, was seen in two cases (D). Tumor cells showed consistent, albeit variably
prominent immunopositivity for smooth muscle actin (E) and there was pericellular positivity for laminin (F). Capillary vessel walls are also highlighted by laminin
staining.

703, NM_005269) (Figure 6). In case 4, a 484-bp product
was amplified with primer pair ACT61F-GLI938R, corre-
sponding to a fusion of ACTB exon 2 (nucleotide 196,
NM_001101) to GL/ exon 6 (nucleotide 613, NM_005269)
(Figure 6). Nested PCR was required for the amplification

of ACTB-GLI fusion transcripts in case 5. Amplification
with primer pair ACT80F-GLI1246R yielded no visible
band at gel electrophoresis. Nested PCR with primer pair
ACT106F-GLI868R resulted in the amplification of several
bands (Figure 5), two of which were analyzed by direct
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Table 4. Immunohistochemical Findings*
Case SMA HHF-35 CK Desmin CD10 Laminin COLL IV S100 CALDES HMB45 EMA CD34 D2-40
1 + NP - - NP + (focal) NP NP - NP + (focal) NP NP
2+ NP - - NP + (focal) + (focal) - NP - - - -
3 + (focal) NP — - + + (focal) + (focal) — NP — — — -
4 + (focal) - - - + o+ + - - - - - +
5 + (focal) — — - + + (focal) — - NP — NP — -

Abbreviations: NP, not performed;
membrane antigen.

*Additional results not listed in the table
(cases 4, 5).

SMA, smooth muscle actin; CK,

sequencing. The first band (610 bp) corresponded to an
in-frame fusion of ACTB exon 3 (nucleotide 436,
NM_001101) to GL/ exon 6 (nucleotide 613, NM_005216).
Sequencing of the second band (712 bp) revealed an
alternative transcript containing ACTB intron 3 se-
quences. Thus, in this transcript, ACTB exon 3 (nucleo-
tide 1587, M10277), and nucleotides 1588 to 1592 of
ACTB intron 3, were fused to nucleotides 1706 to 1604 of
ACTB intron 3 (M10277), and joined to GL/ exon 6 (nu-
cleotide 613, NM_005269) (Figure 6). Results from
genomic PCR were in good agreement with the RT-PCR
findings in all five cases (data not shown).

Reciprocal transcripts were detected by nested PCR in
cases 1 and 5. Amplification with primer pairs GLI412F-
ACT594R and GLI336F-ACT594R, in cases 1 and 5, re-
spectively, did not yield any visible product at gel elec-
trophoresis, but nested PCR with the corresponding
primer pairs GLI520F-ACT520R (case 1) and GLI412F-
ACT520R (case 5), amplified fragments that were ana-
lyzed by direct sequencing. In case 1, the amplified
289-bp fragment corresponded to a fusion of GL/ exon 6
(nucleotide 702, NM_00592) to ACTB exon 4 (nucleotide
434, NM_001101) (Figure 6). In case 5, the amplified
162-bp fragment corresponded to a fusion of GL/ exon 4
(nucleotide 467, NM_005269) with ACTB exon 4 (nucleo-
tide 437, NM_001101) (Figure 6).

Figure 3. Electron microscopic examination closely apposed lesional cells
arranged around small vessels (V). Tumor cells had prominent external
lamina and subplasmalemmal densities (black arrows). Also noted were
bundles of cytoplasmic myofilaments (black arrowheads) with focal den-
sities, as well as intermediate-type intercellular junctions (white arrow-
heads). These appearances, in context, favor pericytic differentiation.

keratin; COLL 1V,

collagen type IV; CALDES, caldesmon; EMA, epithelial

above include negativity for progesterone receptor (cases 3 to 5), for CD31 (cases 1, 4), and for KIT

Discussion

We have identified a discrete group of previously unchar-
acterized neoplasms that are remarkably homogeneous
at the morphological, cytogenetic, and molecular genetic
levels. These lesions that, to date, seem benign (albeit
with quite limited follow-up) have cytoarchitectural, immu-
nohistochemical, and ultrastructural features highly sug-
gestive of pericytic differentiation and it seems most likely
that these lesions fall within the recently recognized
spectrum of myopericytic neoplasms.® Arguably they
could be regarded as the true hemangiopericytomas,
but, given the loosely used manner in which the latter
term has been used in the past 30 years and in view of
the resulting confusion, then this terminology seems un-
desirable at least in the short term. In fact, in the new
World Health Organization classification of soft tissue
tumors, hemangiopericytoma has been discarded as a
discrete entity and is regarded as synonymous with cel-
lular examples of solitary fibrous tumor.® In these circum-
stances (and in line with the established trend in hema-
tolymphoid neoplasia), we suggest the term “pericytoma
with t(7;12)” for these lesions, thereby reflecting both their
morphological and cytogenetic characteristics. Notably,
this group of lesions, which was first identified through
their shared karyotypic features, harbors not only a novel,
seemingly tumor-specific chromosomal translocation but
also a previously unrecognized mechanism of GL/ acti-
vation.

Tumors that might enter the morphological differential
diagnosis include cellular examples of solitary fibrous
tumor (often termed “hemangiopericytoma” in the past),
which have more patternless architecture, more promi-
nent stromal collagen, larger branching vessels, and
show consistent CD34 positivity; myofibroma(tosis),
which generally has a biphasic appearance with fascic-
ular myoid areas and is most frequent in young children;
monophasic synovial sarcoma, which is more fascicular
and shows immunopositivity for epithelial membrane an-
tigen and/or keratin; and mesenchymal chondrosarcoma
that shows more round cell morphology, greater nuclear
atypia, and has foci of cartilaginous differentiation. An
additional consideration could be metastatic endometrial
stromal sarcoma, in which the vessels are more rounded
(spiral arteriole-like) and which often shows focal keratin
and desmin immunopositivity as well as consistent posi-
tivity for progesterone receptor.
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Figure 4. a: FISH images of cases 1 and 5, showing split signals (arrows) with the 7p22 (RP11-1275H24 and RP11-93G19)- and 12q13 (RP11-772E1 and
RP11-181123)-specific probes in cells with the t(7;12)(p22;q13), strongly suggesting that the translocation breakpoints were located within the segments covered
by these BACs. The partial karyotype illustrates the t(7;12)(p22;q13) as seen in case 1. b: Physical map of 7p22, including RP11-1275H24 and RP11-93G 19, flanking
BAC probes and the genes ACTB and FILj11467. The exons (filled boxes) and the 5'— 3’ orientation of the genes are indicated. BAC probe RP11-1275H24 is,
based on our FISH mapping and PCR showing that the ACTB is present, substantially larger than the ~85 kb reported at the NCBI Nucleotide Browser
(http//:www.ncbi.nlm.nih.gov). ¢: Physical map of 12q13, including RP11-181L23 and RP11-772E1, flanking BACs, and the genes DDIT3 and GLI1.

The list of identified fusion genes in soft tissue neo-
plasms, mostly sarcomas, is steadily increasing and it
has become clear that most of them involve at least one
transcription factor gene.>® At the molecular genetic
level, the fusion of genes causes either overexpression of
normally silent genes when placed under the influence of
a strong promoter, or else expression of abnormal, chi-

M T M
Case1 Cas:
Figure 5. RT-PCR detecting ACTB-GLI fusion transcripts in cases 1 to 5 (case
1: ACT61F-GLISGSR, 270 bp; case 2: ACT18F-GLI1246R, 754 bp; case 3:
ACT61F-GLI1477R, 1172 bp; case 4: ACTGIF-GLI938R, 484 bp; case 5:
ACT106F-GLIS68R, 610 and 712 bp), and GLI-ACTB fusion transcripts in cases

land 5 (case 1: GLI5S20F-GLI520R, 289 bp; case 5: GLI412F-ACTS520R, 162
bp). M, 100-bp ladder; T, tumor.

ACTB-GLI fusion GLI-ACTE fusion

T MoT Mo MoT
2 Case 3 Cased

Case 5 Case 1 Case s

meric, gene products.? The ACTB-GL/ fusion gene de-
scribed herein fits well with this pattern. The ACTB gene,
encoding an important cytoskeletal component, is under
the control of a conserved, strong, and complex promoter
that assures a high level of expression in nonmuscle
cells. @' In contrast to the ubiquitous expression of
ACTB, GLI expression seems to be restricted to a few
tissue types, including the fallopian tube, testis, and myo-
metrium. GL/ is the archetype for the human Krippel gene
family, characterized by five DNA-binding zinc finger
domains linked by highly conserved histidine-cysteine
motifs. 213

Activation of GLI genes, also including GLI2 and GLI3,
constitute the last known step in the sonic hedgehog
(SHH) signaling pathway, and they thus function as direct
effectors of the mediated signal. The SHH gene is ex-
pressed during embryogenesis and directs tissue-spe-
cific cell proliferation. Binding of SHH to the transmem-
brane receptor PTCH (patched) releases the repression
of SMOH (smoothened) exerted by PTCH, which results
in transduction of the signal.’ The resulting activation of
GLI induces an up- and down-regulation of multiple tar-
get genes involved in, eg, cell-cycle regulation, cell ad-
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ACTB-GL! fusion transcripts

ACTB exon 2 v GLtexon 7 (intraexonic)
Case1 g tgagoctgaatetygtglatgaaactgactgecgtTag
vV FPSIVEGEGREPERETEQSGLZPESVYHRTDOGCRUW

ACTB exon 1 ! i GLI exon 6
Case 2 tgaagtcigagotggacatg
o

T K S E L D M
1=ACT8B intron 1, nts 313-319; II=ACTB intron 1, nts 1017-1043

ACTBexon 3 GLiexon 7
Case 3 atcccetgriggggatgctggatyggegggaggaccte
L N PKANTERETZKMTOQDTZE L L G .. h G R E D L

ACTB exon 2 GLlexon 6

Cased4 g agctgaagtetgagotggacatgetggttggeaagtgecyy
v £ P S IV GRZPREHEGC TLTEKS S ETLTDMLVYGZ KTCR
ACTBexon 3 GLtexon 6

Case 5 tgaagtctgagctggacatgetggttggeaagtguagg
L NP KANRETEKMTOQTKSS§FE LD LV G K CR
ACTBexon 3 11} v

tg
N R E KMTQV R G Q RRE S Y &G X RO KURE?®P?P
GL!exon 6
tgaagtctgagctggacaty
R K G A APGGQEGGRR RUPPEZETILZXSE L DN

N=ACTB intron 3, nts 1588-1592; [V=ACTB ntron 3, nts 1706-1604

GLI-ACTB fusion transcripts

GLiexon 6 ACTB exon 4
Case1 ggtgatatgtccagecccaactecacaggeatacag Lt
G DM S5 S PNGSETGTIQQIMFEFETTEFNTT®PAMTYYV

Gliexon4 ACTB exon 4
Case5 Lccattggcaccatga tacg
S I G T M i s ¢ LRPSTZPGQEPCTTLTLS ST RTLILCY

tga
P CTPLAVUPTILAS *

Figure 6. Partial nucleotide sequences spanning the breakpoints in the
ACTB-GLI and GLI-ACTB fusion transcripts. ACTB sequences are highlighted
in bold characters, and amino acids are written in capital letters. In case
1, the inserted guanine that maintains the open reading frame in the ACTB-
GLI fusion is indicated (arrow). In case 5, the out-of-frame GLI-ACTB fusion
leads to an S—R substitution (arrow) in the GLI sequence and ultimately to
the introduction of a premature stop codon (asterisk). See text for details.

hesion, apoptosis, signal transduction, and cell prolifer-
ation.’® Lack of SHH signaling during embryogenesis is
associated with human developmental birth defects; mu-
tations in SHH cause holoprosencephaly,'® and PTCH
mutations are found in patients with the Gorlin syn-
drome.”” Mutations presumably leading to the inhibition
of the PTCH repressor function of SMOH, or else direct
activation of SMOH have been described in medulloblas-
toma'® "9 and basal cell carcinoma,??" and overexpres-
sion of SHH has recently been described as a pathoge-
netic mechanism in carcinomas of the lung and upper
digestive tract.?22* Furthermore, increased GLI activity
because of amplification of the GL/ gene has been de-
tected in glioblastoma,®® B-cell lymphoma,®® and various
bone and soft tissue sarcomas.?” However, deregulation
of GLI through fusion with another gene has not previ-
ously been described.

The complex ACTB promoter contains three regulatory
domains, all with conserved CArG (CC(A/T)sGG) cis-ele-
ments recognized by serum response factors. Two of
them are situated upstream of the mRNA cap site, the
third is found within intron 1." Thus, the ACTB-GL! fusion
transcripts detected in cases 1 and 3 to 5 should include
the entire promoter region because breakpoints were
located after exon 2 or 3 (Figure 1b). In case 2, however,
the breakpoint was found after exon 1, and interpretation
of the significance of this fusion is further complicated by
the retention of ACTB intron 1 sequences (Figure 6).

Possibly, this was because of alternative splicing mech-
anisms—the 697-bp fragment that was missing (nucleo-
tides 320 to 1016, M10277) had GT-AG sequences at its
boundaries. Alternatively, the ACTB intron 1 sequences
could represent remnants of more complex changes at
the genomic level, that may have led to deletion of the
13-bp consensus sequence in intron 1 (corresponding to
nucleotides 933 to 947, M10277) (Figure 6).""

The part of GLI included in the ACTB-GL/ fusion tran-
scripts started with exon 6 (cases 2, 4, and 5), exon 7
(case 3), or from within exon 7 (case 1) (Figure 1b). Thus,
the fused GL/ sequences most likely included exons 7 to
10, which encode the five zinc finger domains,?® four of
which are DNA binding.?° Furthermore, they should have
retained sequences within exon 12 corresponding to
amino acids 1020 to 1091, required for GL/-mediated
transcriptional activation.?®° This transcription activa-
tion domain contains a conserved motif recognized by
the human TATA box-binding protein-associated factor
TAFII31, which is part of the TFIID transcription factor
complex and is thought to mediate expression of GL/
target genes.®° Although we cannot exclude the possi-
bility that loss of the amino terminal part of the GLI protein
is of significance, eg, by affecting its subcellular localiza-
tion, it is tempting to suggest that the important outcome
of the detected ACTB-GLI fusions is that the strong ACTB
promoter causes overexpression of GLI sequences im-
portant for transcriptional activation of downstream target
genes. The only other sarcoma type in which a similar
oncogenic mechanism has been described is dermato-
fibrosarcoma protuberans, where the proto-oncogene
PDGFB is activated when put under the influence of the
collagen-encoding COL1AT gene.®'®?

Reciprocal GLI-ACTB chimeras, fusing GL/ exon 6 to
ACTB exon 4 in case 1, and GL/ exon 4 to ACTB exon 4
in case 5, were also identified (Figure 1b), but for several
reasons these are probably of little or no pathogenetic
significance. First, the need for nested PCR for the de-
tection of the reciprocal transcript supports the view of
weak promoter function of GL/ or else rapid posttranscrip-
tional degradation. Second, in case 5, the GLI-ACTB
fusion introduced a frame-shift in the ACTB sequence,
and a premature stop codon (Figure 6). Third, in case 3,
only the der(7)t(7;12), ie, the derivative chromosome har-
boring the ACTB-GLI fusion, but not the corresponding
der(12), that should have contained the reciprocal GLI/-
ACTB fusion, could be detected.

In summary, these data support the existence of a
newly identified, seemingly discrete group of soft tissue
tumors that likely belong in the myopericytic category. At
this time we propose the diagnostic term “pericytoma
with t(7;12)” for these lesions in hopes of facilitating their
definition and further recognition, but also recognizing
that the most appropriate nomenclature may evolve with
time after analysis of larger case numbers and better
characterization of these lesions’ biological potential. As
a mechanistic pathway shared with many other mesen-
chymal neoplasms, these tumors have an, as yet, tumor-
specific reciprocal translocation that results in GL/ acti-
vation through a previously undescribed fusion with
ACTB. These findings bring additional insight regarding



the role of GL/ and the SHH signaling pathway in human
neoplasia.
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