
Abstract. Background/Aim: The translocation t(9;12)
(p22;q14~15) has been reported in lipomas, pleomorphic
adenomas, a myolipoma, two chondroid hamartomas, and two
uterine leiomyomas. In lipomas and pleomorphic adenomas, the
translocation fuses HMGA2 (12q14) with the NFIB gene from
9p22; in myolipoma, it fuses HMGA2 with C9orf92 from 9p22;
and in chondroid hamartomas, fluorescence in situ
hybridization (FISH) investigations showed the chromosomal
aberration to cause intragenic rearrangement of HMGA2. The
translocation’s molecular consequence in a uterine leiomyoma
is described here. Materials and Methods: A typical leiomyoma
was investigated using banding cytogenetics, FISH, RNA
sequencing, reverse transcription polymerase chain reaction
and Sanger sequencing. Results: A single translocation,
t(9;12)(p22;q14) leading to an HMGA2::BNC2 chimera, was
found in tumor cells. A sequence of the untranslated part of
exon 5 of HMGA2 (nucleotide 1035 in the NCBI reference
sequence NM_003483.4) had fused with a sequence from the
untranslated part of exon 7 of BNC2 from 9p22 (nucleotide
9284 in reference sequence NM_017637.6). Conclusion: At the
molecular level, the t(9;12)(p22;q14~15) found in several
benign tumors appears to be heterogeneous fusing HMGA2
with either BNC2, C9orf92 or NFIB which all three map close

to one another within a 3 Mbp region in 9p22. Because the
fusion point in HMGA2 in the present tumor lays downstream
from the first Let-7 miRNA consensus binding site, we conclude
that deletion of the first Let-7 miRNA binding site is not
important for the transcriptional upregulation of HMGA2
caused by the genomic rearrangement.

Uterine leiomyomas are benign neoplasms found in most
middle-aged and older women (1, 2). They presumably arise
from a single myometrial stem cell which, by acquiring a
suitable somatic mutation, has been transformed
neoplastically (3-5). The most common tumorigenic events
(70%) seem to be point mutations targeting exons 1 and 2 of
the mediator complex subunit 12 gene which maps to
chromosome sub-band Xq13.1 and codes for a subunit of the
multiprotein transcriptional regulator mediator complex (6).
At a higher level of genomic organization, cytogenetic
examinations of uterine leiomyomas have detected
nonrandom chromosome aberrations in 25-40% of tumors
subjected to banding analysis (7-14). By far the most
common clonal abnormality thus detected is the translocation
t(12;14)(q14~15;q23-24), seen in 15-20% of karyotypically
abnormal leiomyomas (15, 16). Other rearrangements
targeting 12q14~15 are also occasionally seen, including
t(9;12)(p22;q14~15) that was hitherto been reported in two
uterine leiomyomas (17, 18). None of these two leiomyomas
has been analyzed molecularly. Here, we describe another
uterine leiomyoma that carried a t(9;12)(p22;q14)
chromosome translocation and include a full description of
the molecular consequences of that cytogenetic aberration.

Materials and Methods

Ethics statement. The study was approved by the regional ethics
committee (Regional komité for medisinsk forskningsetikk Sør-Øst,
Norge, http://helseforskning.etikkom.no). Written informed consent
was obtained from the patients for publication of the case details.
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The ethics committee’s approval included a review of the consent
procedure. All patient information has been de-identified.

Patient. The patient was a 45-year-old woman who underwent
hysterectomy because of uncertainty as to whether her uterine
tumors were benign or malignant. Several leiomyomatous tumors
were found in the uterus, the largest, which was subsequently
examined genetically, had a diameter of 24 cm. Microscopic
evaluation showed a smooth muscle tumor with no evidence of
atypia, increased mitotic activity or necrosis (Figure 1). Areas with
degenerative changes in the form of hyalinization were seen (Figure
1A). The diagnosis was leiomyoma. 

G-banding, karyotyping and fluorescence in situ hybridization
(FISH). A piece of tumor tissue was mechanically and enzymatically
disaggregated and the resulting cells were short-term cultured (7
days), harvested, and processed for cytogenetic examination as
described in detail previously (18). Chromosome preparations were
G-banded using Wright’s stain (Sigma Aldrich; St Louis, MO, USA)
and examined. The subsequent cytogenetic analysis and karyotype
description followed the recommendations of the International
System for Human Cytogenomic Nomenclature (ISCN) 2020
guidelines (19).

FISH analysis was performed on metaphase plates using an in-
house prepared HMGA2 break-apart probe as previously described
(20-22). The centromeric (proximal) part of the probe (red signal)
was constructed from a pool of clones RP11-185K16, RP11-30I11,
and RP11-662G15. The telomeric (distal) part of the probe (green
signal) was constructed from a pool of the clones RP118B13, RP11-
745O10, and RP11-263A04 (20-22). 

RNA sequencing. Total RNA was extracted from frozen (-80 ˚C)
tumor material adjacent to that used for cytogenetic analysis and
histologic examination using the miRNeasy Mini Kit (Qiagen,
Hilden, Germany). One μg of total RNA was sent to the Genomics
Core Facility at the Norwegian Radium Hospital, Oslo University
Hospital (http://genomics.no/oslo/) for high-throughput paired-end
RNA-sequencing. The FASTQC software was used for quality
control of the raw sequence data (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/). Fusion transcripts were detected
using the FusionCatcher software (23).

Reverse transcription (RT) PCR and Sanger sequencing analyses.
In order to confirm the existence of the fusion transcripts (see
below), RT-PCR and Sanger sequencing analyses were performed.
The primers are listed in Table I. The methods for cDNA synthesis,
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Figure 1. Microscopic examination of the uterine leiomyoma. (A)
Hematoxylin and eosin (H&E) stained section showing a smooth
muscle tumor with areas of hyalinization; scale bar represents 100
μm. (B) H&E staining showing smooth muscle cells with no evidence
of atypia, increased mitotic activity or necrosis; scale bar represents
50 μm. (C) H&E staining at higher magnification; scale bar
represents 25 μm.



RT-PCR amplification, and Sanger sequencing are described
elsewhere (22, 24-26). For the first, outer PCR the primers
HMGA2-929F1 and BNC2-9443R1 were used, whereas the primer
combinations HMGA2-1012F1 and BNC2-9409R1 were used for
the second, inner PCR. The sequences obtained by Sanger
sequencing were aligned to the NCBI reference sequences
NM_003483.4 [high mobility group AT-hook 2 (HMGA2), transcript
variant 1, mRNA] and NM_017637.6 [basonuclin 2 (BNC2),
transcript variant 1, mRNA] using the Basic Local Alignment
Search Tool (BLAST) (27). 

Results

The G-banding analysis of tumor cells yielded a karyotype
with a single chromosome abnormality in all twelve
examined metaphases: 46,XX,t(9;12)(p22;q14)[12] (Figure
2A). FISH analysis on metaphase spreads showed that the
distal part of the HMGA2 probe hybridized to the p22 band
of der(9), whereas the proximal part of the probe hybridized
to the q14 band of der(12) (Figure 2B).

Analysis of raw sequencing data using FusionCatcher
detected a fusion transcript in which a sequence of the
untranslated part of exon 5 of HMGA2 from 12q14.3
(nucleotide 1221 in the NCBI reference sequence
NM_003483.4) had fused with a sequence of the untranslated
part of exon 7 of BNC2 from 9p22 (nucleotide 9284 in
reference sequence NM_017637.6): AGCAGTTGGATCTTTT
GAAGGGAGAAGACACTGCAGTGACCACTTATTCT*::TA
ATGTGAACGCTGCTGACAAGACTGTCACACTAACAGC
AGACAACACCC.

Nested PCR with the inner primer combination HMGA2-
1012F1 and BNC2-9409R1 amplified a 358 bp fragment
(Figure 2C), which by Sanger sequencing was shown to be
a chimeric HMGA2::BNC2 cDNA fragment with a fusion
point identical to that obtained by RNA sequencing (Figure
2D). The chimeric HMGA2::BNC2 cDNA fragment has been
registered in GenBank with accession number ON989351.

Discussion

The centerpiece of the present study was a uterine
leiomyoma with t(9;12)(p22;q14) as the sole cytogenetic
abnormality. The gene-level consequence of the translocation

was fusion of HMGA2 from 12q14 with BNC2 from 9p22
(Figure 2D-F). This is the first time that the latter gene is
demonstrated to be an HMGA2 fusion partner. The BNC2
fusion point in the chimeric HMGA2::BNC2 was in the last
exon (exon 7 in sequence with accession no NM_017637.6)
within the 3´-untranslated region that has many binding
miRNA sites (28-30). 

BNC2 codes for one of the most evolutionarily conserved
DNA-binding zinc finger proteins and is highly expressed in
the uterus (31). The gene has multiple promoters, many
alternative spliced exons, and also other genetic features
giving it the potential to generate 90000 mRNA alternative
transcripts coding for more than 2000 protein isoforms (32).
Interestingly, BNC2 has been implicated in ovarian
carcinogenesis (33-35).

The general pattern of HMGA2 involvement in
tumorigenesis is that disruption of the locus results in the
gene’s upregulation and expression (36). The main
mechanism appears to be truncation of HMGA2, resulting in
physical separation of exons 1-3, that code for three AT-hook
domains, from the 3´-untranslated region of the gene which
regulates HMGA2 transcription (20-22, 26, 37-39). The 3´-
untranslated region contains seven Let-7 miRNA consensus
binding sites which suppress HMGA2 expression.
Substitution or deletion of them leads to upregulation of
HMGA expression (38, 39). 

In the present tumor, the fusion point in HMGA2 was
found in the last (fifth) exon, after the gene’s stop codon, or
52 nucleotides downstream from the first Let-7 miRNA
consensus binding site (38, 39). Fusion points downstream
from the first Let-7 binding site were previously reported in
two lipomas (40), an aggressive angiomyoxoma (41), uterine
leiomyomas (42, 43), a pleomorphic adenoma cell line with
t(1;12)(p22;q15) (43, 44), a polycythemia vera carrying a
balanced t(3;12)(q26;q14) which fused HMGA2 with a
sequence from intron 9 of TNIK (45), in paroxysmal
nocturnal hemoglobinuria (46), and in a myeloproliferative
neoplasm (47) (Table II). These data indicate that deletion of
the first Let-7 miRNA consensus binding site is not
important in transcriptional upregulation of HMGA2. 

Apart from leiomyomas, the translocation t(9;12)
(p22;q14~15), or variants thereof, have also been  reported
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Table I. Designation, sequence (5´->3´), and position in reference sequences of the forward (F) and reverse (R) primers of the high mobility group
AT-hook 2 (HMGA2) and the basonuclin 2 (BNC2) genes, used for polymerase chain reaction (PCR) amplification and Sanger sequencing analyses.

Designation                                                                                  Sequence                                                                            Reference sequence: Position

HMGA2-929F1                                                ACC GGT GAG CCC TCT CCT AAG AG                                                     NM_003483.4: 929-951
HMGA2-1012F1                                             AGC AGA AGC CAC TGG AGA AAA AC                                                  NM_003483.4: 1012-1034
BNC2-9409R1                                                 TTT GAT GGC CAA GTG CTG AAC TG                                                   NM_017637.6: 9431-9409
BNC2-9443R1                                                AAG GGG ATA AAC AGG CAA TTA CGC                                                 NM_017637.6: 9466-9443



in lipomas (48-50), pleomorphic adenomas (51, 52),
chondroid hamartomas (53) and a myolipoma (20). In
lipomas and pleomorphic adenomas, t(9;12)(p22;q14~15)
fuses HMGA2 with the nuclear factor I B (NFIB) gene (48-
51) (Figure 2E and F). In the reported fusion transcripts,

exon 3 or 4 of HMGA2 recombined with the last exon of
NFIB (exon 9 in reference sequence NM_005596.3) giving
rise to a stop codon shortly after the fusion point (48-51).
In chondroid hamartomas, the t(9;12)(p22;q14~15) resulted
in intragenic rearrangement of HMGA2 (53). In myolipoma

in vivo 36: 2654-2661 (2022)

2657

Figure 2. Genetic examination of the uterine leiomyoma. (A) Partial G-banded karyotype showing the der(9)t(9;12)(p22;q14) and
der(12)t(9;12)(p22;q14) together with the corresponding normal chromosome homologs. (B) FISH on a metaphase spread with the high-mobility
group AT-hook 2 (HMGA2) break-apart probe showing a yellow normal signal on chromosome 12, a red signal on der(12), and a green signal on
der(9), suggesting rearrangement of the HMGA2 gene. (C) Gel electrophoresis showing the amplified 358 bp cDNA fragment (UL) using the primer
combination HMGA2-1012F1 and BNC2-9409R1.  M: GeneRuler 1 kb Plus DNA ladder (ThermoFisher Scientific). (D) Partial Sanger sequencing
chromatogram of the amplified fragment showing the junction between exon 5 of HMGA2 and exon 7 of BNC2. (E) Chromosome 9 ideogram showing
the 9p22 region where the breakpoints were found in lipomas, pleomorphic adenomas, myolipoma, and the present uterine leiomyoma carrying
t(9;12)(p22;q14~15). (F) Diagram showing the fusion points of HMGA2 with NFIB in lipomas and pleomorphic adenomas, C9orf92 in myolipoma,
and BNC2 in uterine leiomyoma.



with t(9;12), finally, exon 4 of HMGA2 fused to exon 4 of
C9orf92 (fusion between nucleotide 1093 of the HMGA2
reference sequence NM_003483.4 with nucleotide 276 from
the C9orf92 reference sequence NR_171034.1) as a result
of the translocation. A truncated form of HMGA2 protein
was generated containing amino acid residues 1-94 from
HMGA2 and 6 amino acid residues from C9orf92 (20)
(Figure 2E and F).  

Thus, cytogenetically identical translocations t(9;12)
(p22;q14~15) can be remarkably heterogeneous at the
molecular level fusing HMGA2 with either BNC2, C9orf92
or NFIB, which all map within 3 Mbp in chromosome band
9p22. Regardless of the exact mechanism, transcriptional
upregulation of HMGA2 seems to be the important result
achieved by the removal of the gene’s 3´-untranslated region
which contains Let-7 binding sites and other sequences
which normally regulate HMGA2 transcription (37, 54). Our
results demonstrate that deletion of the first Let-7 miRNA

binding site is not important for the transcriptional
upregulation of HMGA2.
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Table II. Reported tumors in which HMGA2-chimeras had fusion points downstream of the first Let-7 binding site of HMGA2. In the reference
sequence of HMGA2 with accession number NM_003483.4, the first Let-7 binding site (CGCCAACGTTCGATTTCTACCTCA) is found between
nucleotides 1146 and 1169. The second Let-7 binding site (AGACCTGAATACCACTTACCTCA) is found between nucleotides 2232 and 2254. In
fusion sequences, HMGA2 sequences are written with upper case and fusion partner genes with lower case letters.

Tumor                           Cytogenetic         Fusion point     3´- fusion                                      Fusion sequence                                           Sequence 
                                       aberration            on sequence        partner                                                                                                       accession number/
                                                                  NM_003483.4                                                                                                                                References

Uterine                      t(9;12)(p22;q14)             1221               BNC2           CTGCAGTGACCACTTATTCT::taatgtgaacgctgctgaca    ON989351/Present
leiomyoma

Lipoma                       add(12)(q24.1)              1247            Intergenic      CCATGGTCTTTCCACTTTCA::gtgctggggttacaggcatg       FJ469145/(36)
                                                                                              sequence 
                                                                                                 12q15
Lipoma                      inv(12)(q13q15)             1238            Intergenic         TCTGTATTGCCATGGTCTTT::gagtactctatttatttcct          FJ469146/(36)
                                                                                              sequence 
                                                                                              12q21.33
Aggressive               t(1;12)(p32;q15)             1221            Intergenic       CTGCAGTGACCACTTATTCT::ctgtccttgtcagtgaagct         EU004591 &
angiomyxoma                                                                       sequence      CTGCAGTGACCACTTATTCT::gtgaagaaaccaaggcaaca     EU004592/(37)
                                                                                                1p32.2
Uterine                     t(12;14)(q15;q24)            1913             RAD51B       TTGTTTTCAGGACAACACTT::agcaacaggattgtcacaaa      AF533653/(38)
leiomyoma

Uterine                     t(12;14)(q15;q24)            1221             RAD51B         CTGCAGTGACCACTTATTCT::gttatcttgacgaatcagat        AY138860/(38)
leiomyoma

Pleomorphic             t(1;12)(p22;q15)             1234             CDC14A         TTATTCTGTATTGCCATGGT::aatctgaaatccaaaatatc       U29111/(39, 40)
adenoma

Uterine                      t(8;12)(q23;q14)             1765           LINC00536     AATGCTGATGTATCCTTTCA::aagtcaagagacagaacaga        U29110/(39)
leiomyoma

Polycythemia           t(3;12)(q26;q14)             1866                TNIK              TGGATATCACACATATCAG::ggctttgtagtgtcactgt               None/(41)
vera

Paroxysmal              t(12;12)(q13;q15)            2360            Intergenic       TCTTCATTCAAACTGCACTT::gaatttgaatgttggcctgt            None/(42)
nocturnal                                                                              sequence 
hemoglobinuria                                                                       12q15

Paroxysmal         ins(12)(p12~13q13q12)       1729            Intergenic        TGATGATTTTTAACTTTTTA::tcatcaatcctaatgataaa             None/(42)
nocturnal                                                                              sequence 
hemoglobinuria                                                                     12q14.3

Myeloproliferative   t(12;22)(q14;q13)            2114             EFCAB6         ATCTAAATTTCTTTTGCTAT::tggccaacatggtgaaacct            None/(43)
neoplasm
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