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ABSTRACT

Background: Cellular angiofibroma, a rare benign mesenchymal neoplasm, is classified within the 13q/RB1 family of tumors
due to morphological, immunohistochemical, and genetic similarities with spindle cell lipoma. Here, genetic data reveal patho-
genetic heterogeneity in cellular angiofibroma.

Methods: Three cellular angiofibromas were studied using G-banding/Karyotyping, array comparative genomic hybridization,
RNA sequencing, and direct cycling sequencing.

Results: The first tumor carried a del(13)(q12) together with heterozygous loss and minimal expression of the RBI gene. Tumors
two and three displayed chromosome 8 abnormalities associated with chimeras of the pleomorphic adenoma gene 1 (PLAGI).
In tumor 2, the cathepsin B (CTSB) fused to PLAGI (CTSB:PLAGI) while in tumor 3, the mir-99a-let-7c cluster host gene
(MIR99AHG) fused to PLAG1 (MIR99AHG::PLAG]I), both leading to elevated expression of PLAGI and insulin growth factor 2.
Conclusion: This study uncovers two genetic pathways contributing to the pathogenetic heterogeneity within cellular angiofi-
bromas. The first aligns with the 13q/RB1 family of tumors and the second involves PLAGI-chimeras. These findings highlight
the diverse genetic landscape of cellular angiofibromas, providing insights into potential diagnostic strategies.

1 | Introduction angiofibroma has been suggested to belong to the so-called 13q/
RB1 family of tumors [4, 12, 16-20].

Cellular angiofibroma is a rare benign mesenchymal neoplasm

typically located in the superficial soft tissues of the vulva, Here, we present the cytogenetic and molecular genetic findings

as well as the inguinoscrotal or paratesticular region [1-5]. of three cases of cellular angiofibroma, revealing pathogenetic
Its occurrence in other regions is even less common heterogeneity in these tumors.
[3, 6-10].

The cytogenetic information of cellular angiofibroma, limitedto =~ 2 | Materials and Methods

only three cases, revealed involvement of chromosome 13 with

loss of 13q [11-13]. Deletions of the RBI and FOXO1 loci, located 2.1 | Patients

on chromosome band 13q14, were also found with interphase

fluorescence in situ hybridization (FISH) [4, 8, 14, 15]. Because Table 1 provides information on the patients’ gender and age,
of morphological, immunohistochemical, and genetic similar- tumor locations and sizes, brief descriptions of the tumors,
ities with spindle cell lipoma and myofibroblastoma, cellular immunohistochemistry results, karyotype (G-banding), and
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FIGURE 1 | Microscopic examination of the tumor from Case 2.
(A) Hematoxylin and eosin-stained section at 100x magnification.
(B) Immunohistochemical staining showing expression of estrogen
receptor at 200x magnification. (C) Immunohistochemical staining
showing expression of desmin at 200X magnification.

molecular genetic data. Figures 1 and 2 illustrate the micro-
scopic examinations of Cases 2 and 3, respectively. The study
was approved by the Regional committees for medical and
health research ethics (REK) (https://www.forskningsetikk.no/
en/). All patient information has been de-identified.

FIGURE 2 | Microscopic examination of the tumor from Case 3.
(A) Hematoxylin and eosin-stained section at 100x magnification.
(B) Immunohistochemical staining showing expression of estrogen
receptor at 200X magnification. (C) Immunohistochemical staining
showing expression of RB1 at 200X magnification.

2.2 | Methods

The methods we used in the present study had been described
in details in many of our previous studies [12, 19-24]. A brief
description of each method is given here.
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TABLE 2 | Designation, sequence (5'=3’), and position in reference sequences of the forward (F1) and reverse (R1) primers used for direct

sequencing, that is, polymerase chain reaction amplification and Sanger sequencing analyses.

Designation: Sequence (5'—>3’)

Reference sequence: Position

CTSB-30F1: AACGCCAACCGCTCCGCT

PLAG1-458R1: TTGTTGGACACTTGGGAACTGCC
NR_136542-415F1: GCCCAACCAGTTCTTCATCTGGA
NR_136542-437F1: AGACAGTTCAACGTTCTGCAAACCA
NR_136545-420F1: TGTGGAAGGTAGCCTGTTACAGTGC
NR_136545-445F1: TGGATTCATAAAAGGGCCTTTATGG
PLAG1-352R1: TGATGGAAAAAGCCTCAGACTTTGA
PLAG1-405R1: GGCTTCTCAAGTTTCATGTGGTCG

NM_001908.5: 30-47
NM_002655.2: 480-458
NR_136542.1: 415-437
NR_136542.1: 437-461
NR_136545.1: 420-444
NR_136545.1: 445-469
NM_002655.2: 352-376
NM_002655.2: 428-405

Note: The forward primers had the M13 forward primer sequence TGTAAAACGACGGCCAGT at their 5’-end. The reverse primers had the M13 reverse primer

sequence CAGGAAACAGCTATGACC at their 5’-end.

Abbreviations: CTSB, cathepsin B; NR_136542.1, transcript variant 6 of the mir-99a-let-7c cluster host gene; NR_136545.1, transcript variant 9 of the mir-99a-let-7c

cluster host gene; PLAG1, pleomorphic adenoma gene 1 zinc finger.
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FIGURE3 | Cytogeneticanalysis of the three cellular angiofibromas.
Partial karyotypes showing the aberrant chromosomes together with the
corresponding normal chromosome homologs. For Case 1, del(2)(q33),
del(13)(q12), and ring chromosome (r) together with chromosomes 2 and
13 are shown. For Case 2, the two der(8)(8qter->8q21::?->cen->?::8q13-
>8qter) together with chromosome 8 are shown. For Case 3, der(3)t(3;8)
(q12; q13), dic(8;21)(q11-12;q21), and der(20)t(20;21)(p11;q21) together
with chromosomes 3, 8, and 20 are shown.

2.3 | G-Banding and Karyotyping

Fresh tissue from a representative area of the tumors was
minced with scalpels into 1-2mm fragments and then sub-
jected to enzymatic disaggregation using collagenase II
(Worthington, Freehold, NJ, USA). Subsequently, the result-
ing cells were cultured, harvested, and processed for cyto-
genetic examination using established techniques [25, 26].
Chromosome preparations were G-banded with Wright's
stain (Sigma-Aldrich; St Louis, MO, USA) and examined
[25, 26]. The karyotypes were described in accordance
with the International System for Human Cytogenomic
Nomenclature [27].

2.4 | DNA and RNA Isolation

Genomic DNA and total RNA were extracted from tumor tis-
sue adjacent to that used for cytogenetic analysis and histo-
logic examination. The tissue had been frozen and stored at
—80°C. Genomic DNA was extracted using the Maxwell 16
Instrument System and Maxwell 16 Cell DNA Purification
Kit (Promega, Madison, Wisconsin, USA) and the concentra-
tion was measured using a Quantus fluorometer (Promega).
Total RNA was extracted using the miRNeasy Mini Kit and
QiaCube automated purification system according to the man-
ufacturer's instructions (Qiagen, Hilden, Germany), and the
concentration was measured with the QIAxpert microfluidic
UV/VIS spectrophotometer (Qiagen). The Agilent 2100 bioan-
alyzer and the DV200 index, which evaluates the percentage of
RNA that is longer than 200 nucleotides, were used to assess
RNA integrity [28].

2.5 | Array Comparative Genomic Hybridization
Analysis

Array comparative genomic hybridization (aCGH) was con-
ducted utilizing the CytoSure array products (Oxford Gene
Technology, Begbroke, Oxfordshire, UK) following the protocols
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FIGURE 4 | Array comparative genomic hybridization (aCGH) examination of the tumor from Case 1. (A) Genetic profile of whole genome

showing losses from parts of chromosomes 2, 12, and 13. (B) aCGH showing the deleted parts of the q arm of chromosome 2. (C) aCGH showing the
deleted part of the p arm of chromosome 12. (D) aCGH showing the deleted part of the q arm of chromosome 13. The positions of the FOXO1I and RBI

genes are also shown.

provided by the company [21, 22]. Promega's human genomic
DNA served as the reference DNA (Promega). The slides
(CytoSure Cancer +SNP array 4x180k) were scanned in an
Agilent SureScan Dx microarray scanner using Agilent Feature
Extraction Software (version 12.1.1.1). Data were analyzed using
the CytoSure Interpret analysis software (version 4.11.36). The
software annotations are based on human genome build 19.

2.6 | RNA Sequencing

High-throughput paired-end RNA-sequencing was performed
at the Genomics Core Facility, Norwegian Radium Hospital,
Oslo University Hospital. The software FusionCatcher was
used to find chimeric transcripts [29, 30]. For quantification
and differential analysis of RNA sequencing data (expres-
sion analysis), the program Kallisto was used, respectively
[31]. Quantification was calculated as transcripts per million
(TPM) which is a measurement of the proportion of tran-
scripts in the pool of RNA [31]. Expression analysis was based
on Ensembl release 95 (January 2019). Transcripts from the
following genes were quantified: Collagen type I alpha 2 chain
(COL1A2 on 7q21.3), collagen type I alpha 1 chain (COLIAI
on 17g21.33), collagen type III alpha 1 chain (COL3A1 on
2q32.2), RB transcriptional corepressor 1 (RBI located on
chromosomal subband 13q14.2), pleiomorphic adenoma gene
1 (PLAGI on 8ql12.1), and insulin like growth factor 2 (IGF2
onllpls.5).

2.7 | Reverse Transcription-Polymerase Chain
Reaction and Sanger Sequencing Analyses

The primers used for polymerase chain reaction (PCR) am-
plifications are shown in Table 2. Reverse transcription (RT-
PCR) and Sanger sequencing analyses were performed using
the Direct Cycle Sequencing Kit according to the company's
recommendations (ThermoFisher Scientific, Waltham, MA,
USA). The methodologies for cDNA synthesis, RT-PCR am-
plification, and Sanger sequencing are described elsewhere
[21-24]. The following primer combinations were used: CTSB-
30F1/PLAG1-458R1 for Sample 2, NR_136542-415F1/PLAGI-
405R1, NR_136542-437F1/PLAG1-352R1, NR_136545-420F1/
PLAG1-405R1, and NR_136545-445F1/ PLAGI1-352R1 for
Sample 3. The forward primers (F1) had the M13 forward
primer sequence TGTAAAACGACGGCCAGT at their 5’-end.
The reverse primers (R1) had the M13 reverse primer sequence
CAGGAAACAGCTATGACC at their 5’-end.

The basic local alignment search tool (BLAST) [32] was used to
compare the sequences, which were obtained by Sanger sequenc-
ing, with the following NCBI reference sequences: for Sample 2,
NM_001908.5 corresponding to cathepsin B (CTSB), transcript
variant 1, and NM_002655.2 for transcript variant lof pleomor-
phic adenoma gene 1 (PLAGI). For Sample 3, NR_136545.1, corre-
sponding to transcript variant 9 of mir-99a-let-7c cluster host gene
(MIR99AHG), NR_136542.1, corresponding to transcript variant
6 of MIR99AHG, and NM_002655.2 of PLAGI. The sequences
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| Fusion transcripts detected in four cases of cellular angiofibroma after analysis of RNA sequencing data with FusionCatcher.

TABLE 3

Fusion sequence

Fusion transcript

Case

Not done

GCTGCGCGCAGGCTGGGCTGCAGGCTCTCGGCTGCAGCGCTGG::ATTGGCCAAAATGGGAAGGATTGGATTCCACTCTCTTCCACGA

CTSB::PLAGI1
(Exon 1-Exon 3)

MIR99AHG::PLAGI

GGAGGAAACTTTTTGATCTGCAGAAAAGCCAGAAGACATCTAG:ATTGGCCAAAATGGGAAGGATTGGATTCCACTCTCTTCCACGA

3

NR_136545.1::

PLAGI
(Exon 1-Exon 3)

MIR99AHG::PLAGI

AATGTCAAGATTTGAACAAGAAGAGAATGGAATACACAATATG::ATTGGCCAAAATGGGAAGGATTGGATTCCACTCTCTTCCACGA

NR_136542::PLAGI1

(Exon 5-Exon 3)

were also aligned on the Human GRCh37/hg19 assembly using
the BLAST-like alignment tool (BLAT) and the human genome
browser hosted by the University of California, Santa Cruz [33, 34].

3 | Results
3.1 | Karyotyping and aCGH Analyses

All tumors had cells carrying clonal chromosomal aberrations
(Table 1). The abnormal karyotypes were pseudo- or near-
diploid and involved either losses of material from chromosome
13 (Case 1) or structural aberrations encompassing chromosome
bands 8q11-q13 (Cases 2 and 3). Notably, no two tumors shared
identical karyotypes (Table 1; Figure 3).

Case 1 had abnormal karyotype containing heterozygous loss
of material from the chromosome 13 together with other chro-
mosome aberrations (Table 1). There was a deletion in chro-
mosome 13, described as del(13)(q12), together with a deletion
in chromosome, del(2)(q33), and a ring chromosome (Table 1;
Figure 3).

Cases 2 and 3 displayed abnormal karyotypes with aberrations
involving chromosome 8 (Table 1; Figure 3). In Case 2, a com-
posite karyotype containing clonally occurring aberrations, had
an extra chromosome 8, two copies of a derivative chromosome
8 generated by rearrangements within chromosome 8, and a
marker chromosome. In Case 3, the abnormal karyotype in-
cluded a structurally rearranged chromosome generated by chro-
mosome bands 3q12 and 8q13 described as der(3)t(3;8)(q12;q13),
a dicentric chromosome with breaks and reunion at bands 8
ql1-12 and 21q21, dic(8;21)(q11-12;q21), and a structurally rear-
ranged chromosome generated by chromosome bands 20p11 and
21q21 described as der(20)t(20;21)(p11;q21) (Table 1; Figure 3).

aCGH analysis was performed on Case 1. No material was avail-
able for the other two cases precluding aCGH examination. In
Case 1, aCGH revealed no loss of chromosome X, confirmed the
presence of del(2)(q33), revealed an interstitial deletion on chro-
mosome 2 from 2q14,3 to 2g23.3, and uncovered an interstitial
deletion on chromosome 13 from 13q13.3 to13q21.33, encompass-
ing the RBI and FOXOI genes. Additionally, a deletion on the p
arm of chromosome 12 from 12p13.33 to 12.p11.21 was detected
(Figure 4).

3.2 | Detection of Chimeras

Because the tumor in Case 1 had a cytogenetically profile typical
of cellular angiofibroma, characterized by the loss of material
from chromosome 13, including RBI (Table 1 and Figure 1), a
search for chimeric transcripts was not conducted on the raw
RNA sequencing data of this case.

In tumor 2, the analysis of raw RNA sequencing data with
FusionCatcher detected a chimeric transcript between the non-
coding exon 1 of CTSB from 8p23.1 and the noncoding exon
3 of PLAGI from 8ql2.1 (CTSB::PLAGI chimeric transcript
Table 3). Direct cycle sequencing using the primer combination
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A CTSB exon 1::PLAG1 exon 3

TGCAGGCT CTCGGCTGCAGCGTTGGATTGGCCAAAATGGGAAGGATTGGA

g O gy

B NR_136545.1 exon 1:
TGCAGAAAAGCCMGAAGACATCTAG

‘PLAG1 exon 3
ATTGGCCAAAATGGGAAGGATTGGA

NR_136542.1 exon 5:|:PLAG1 intron 2

PLAG1 exon 3

AATACACAATATGTCCATTTTCACTTTTTTTTC CATAGATTGGCCAAAATG

FIGURE 5 | Direct cycle sequencing results showing the PLAGI-chimeras found in cellular angiofibroma of Cases 3 and 4. (A) Partial sequence

chromatogram showing the junction between exon 1 of cathepsin B (CTSB) and exon 3 of pleomorphic adenoma 1 (PLAGI) genes, which was found

in Case 3. The exon numbers were based on the sequences with accession numbers NM_001908.5 and NM_002655.2 corresponding to transcript
variant 1 of CTSB and transcript variant 1 of PLAGI, respectively. (B) and (C) Partial sequence chromatograms showing the junctions between
mir-99a-let-7c cluster host gene (MIR99AHG) and PLAGI, which were found in Case 4. (B) The junction between exon 1 of the reference sequence
NR_136545.1, corresponding to transcript variant 9 of MIR99AHG, and exon 3 of PLAGI. (C) The junction between exon 5 of the reference sequence
NR_136542.1, corresponding to transcript variant 6 of MIR99AHG, and intron 2 of PLAGI, 24 nucleotides upstream of exon 3 of PLAGI.

CTSB-30F1/PLAG1-458R1 confirmed the presence of the
CTSB::PLAGI chimeric transcript (Table 3; Figure 5A).

In tumor 3, two chimeric MIR99AHG::PLAGI transcripts were
detected. In the first transcript, exon 1 of the reference se-
quence NR_136545.1 (corresponding to transcript variant 9 of
MIR99AHG) fused to exon 3 of PLAGI (NR_136545.1::PLAGI,
Table 3).In the second chimeric transcript, exon 5 of the reference
sequence NR_136542.1 (corresponding to transcript variant 6 of
MIR99AHG) fused to exon 3 of PLAGI (NR_136542.1::PLAG]I).

Direct cycle sequencing using the primer combination
NR_136545-420F1/PLAG1-405R1, and NR_136545-445F1/
PLAGI1-352R1 confirmed the NR_136545.1::PLAG1 chimeric
transcript detected by FusionCatcher (Figure 5B). Sequencing
with the primer combinations NR_136542-415F1/PLAG1-
405R1, NR_136542-437F1/PLAG1-352R1 detected a transcript

in which of exon 5 of NR_136542.1 fused with an intronic se-
quence of PLAGI, 26 nucleotides upstream of exon 3 of the PLAGI
gene (Figure 5C). No additional PCR/Sanger sequencing exper-
iments were performed to detected the fusion of exon 5 from
NR_136542.1 with exon 3 of PLAGI found by FusionCatcher.

3.3 | Expression Analysis

The results obtained with Kallisto program are shown in Table 4.
High expression of CO1A2, COL1A1,and COL3A1 were found in
all three tumors. The RBI gene was expressed in tumors 2 and
3 while its expression was negligible in tumor 1, which carried
the interstitial deletion on chromosome 13 encompassing RBI
(Tables 1 and 4; Figures 3 and 4). In tumors 2 and 3, character-
ized by aberrations of chromosome 8 and carried CTSB::PLAGI
(tumor 2) and MIR99AHG::PLAG]I (tumor 3), high expression of
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TABLE 4 | Expression analysis of the genes collagen type I alpha 2 chain (COL1A2), collagen type I alpha 1 chain (COL1A1I), collagen type III
alpha 1 chain (COL3A1), RB transcriptional corepressor 1 (RBI), pleiomorphic adenoma gene 1 (PLAGI), and insulin like growth factor 2 (IGF2).

Expression (TPM)
Gene Transcript Casel Case 2 Case 3
COL1A2 ENST00000620463.1 4871.95 4212.6 3717.3
COLI1A1 ENST00000225964.9 3111.26 3310.54 3413.3
COL3A1 ENST00000304636.7 3013.28 2904.18 3040.69
RBI ENST00000267163.5 0.18 32.02 17.47
ENST00000643064.1 0.59 5.56 12.12
ENST00000531171.5 0.38 3.70 4.53
ENST00000467505.5 2.67 0.28 1.97
ENST00000525036.1 0.40 0 0.36
ENST00000646097.1 0 5.75 7.57
ENST00000650461.1 0 2.14 2.91
ENST00000484879.1 0 8.51 1.83
PLAGI ENST00000423799.6 0.33 32.74 28.83
ENST00000429357.2 0.0 30.81 28.35
IGF2 ENST00000418738.2 5.60 318.73 4101.84
ENST00000381392.5 1.58 142.11 1018.23
ENST00000381406.8 0.09 11.81 61.21
ENST00000416167.7 0 15.81 141.49
ENST00000434045.6 0 6.45 3.07
ENST00000381389.5 0 2.24 5.38
ENST00000381395.5 0 0.12 1.40

Note: Quantification was calculated as transcripts per million (TPM). Only the transcripts coding for protein are reported. Expression was based on Ensembl 96: April

2019.

PLAGI was found. Expression of PLAGI was negligible in tumor
1 (Table 4). Additionally, the IGF2 gene showed elevated expres-
sion in tumors 2 and 3 compared with tumor 1 (Table 4).

4 | Discussion

The present study delineates two distinct genetic pathways in
cellular angiofibromas demonstrating pathogenetic heterogene-
ity within this tumor type. The first genetic pathway, observed
in Case 1, aligns with the pathway previously reported in the
13q/RB1 family of tumors, which includes spindle cell/pleo-
morphic lipoma, atypical spindle cell/pleomorphic lipomatous
tumor, myofibroblastoma, cellular angiofibroma, and acral fi-
bromyxoma [11-13]. A combination of G-banding and aCGH
techniques revealed an interstitial deletion on chromosome 13
from 13q13.3 to13q21.33 in the tumor of Case 1. This deletion re-
sulted in a heterozygous loss of numerous genes, including RBI
and FOXOI. Additionally, analysis with the Kallisto program
applied to the RNA sequencing data indicated a lack of RBI
(Table 4). Moreover, the loss of material of chromosomel3 was
found together with other acquired chromosome aberrations

(Table 1). This cytogenetic pattern is consistent with findings in
cellular angiofibromas and spindle cell lipomas [11, 12, 19, 35].

The second pathogenetic pathway found in cellular angiofi-
bromas was seen in Cases 2 and 3. It involves the generation of
PLAGI-chimeras, similar to those reported in many other tumor
types including pleomorphic adenomas [36], lipoblastomas [37],
8q11-13/PLAGI-rearranged lipomatous tumors [24], chondroid
syringoma [21], uterine myxoid leiomyosarcoma [38, 39], pedi-
atric fibromyxoid tumor [40, 41], carcinoma ex pleomorphic ad-
enoma [42], acute myeloid leukemia [43, 44], myoepithelioma/
myoepithelial carcinoma/mixed tumors [45, 46], angiofibroma
of soft tissue [47], and other soft tissue tumors [48, 49]. In all re-
ported PLAGI-chimeras the 5’-end non-coding region of PLAGI
is replaced by the 5’-end non-coding region of the 5’-end fusion
partner gene, and the expression of PLAGI is controlled by the
promoter of 5’-end fusion partner gene. The result is an overex-
pression or ectopic activation of PLAGI leading to deregulation of
PLAGI-target genes and tumor formation [50-56]. PLAGI codes
for a transcription factor that binds a core sequence, GRGGC,
and a G-cluster, RGGK, separated by seven random nucleotides
and activates transcription [50]. The PLAG1 protein was shown
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to bind promoter 3 of the insulin growth factor 2 (IGF2) resulting
in overexpression of IGF2 and upregulation of the IGF signal-
ing pathway [50, 55, 57]. Our results are in agreement with the
above-mentioned description. Indeed, in the tumor 3 carrying
CSTB::PLAGI and tumor 4 with MIR99AHG::PLAGI, (Tables 1
and 3) the expression of both PLAGI and IGF2 genes was much
higher than the expression found in tumor 1 which did not have
PLAGI-chimeras (Table 4).

In conclusion, our study reveals two distinct genetic pathways
contributing to the pathogenetic heterogeneity within cellular
angiofibromas. The first pathway aligns with the 13q/RB1 fam-
ily of tumors resulting in the loss of RB1 gene and its expression.
The second pathway involves the generation of PLAGI-chimeras,
a phenomenon reported in various tumor types. These chimeras
result in overexpression of PLAGI, deregulation of PLAGI-target
genes, and promotion of tumor formation. Our findings under-
score the diverse genetic landscape of cellular angiofibromas,
providing insights into potential diagnostic strategies.
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