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Abstract

Gene fusions have been observed in somatic alterations in cancer and in schizophrenia. However,
the underlying mechanism(s) for their formation are poorly understood. We experimentally
demonstrated the expression of splicing variants of in silico predicted chimeric genes F8/CSAG1
and BCAP31/TEX28in two individuals with de novo complex genomic rearrangements of Xq28;
F8/CSAG1 includes exonization of an ERVL-MaLR intronic repetitive element. We provide
evidence that replicative repair may contribute to exon shuffling processes and diversify the
repertoire of expressed transcripts.

The spawning of new genes constitutes an important substrate for evolutionary diversity
between organisms. Gene fusions and exon shuffling are processes in which independent
genes or exons can fuse in a single transcriptional unit, resulting in a chimeric protein
available to potentially explore new functions and increase phenotypic variation (Long et al.
2003).

The origin of new combinations of genes can be a consequence of the disturbance of the
genomic integrity. The DNA replication-based mechanism fork stalling and template
switching or microhomology-mediated break-induced replication (FoOSTeS/IMMBIR) has
been proposed as potentially contributing to exon shuffling events (Zhang et al. 2009).
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Nevertheless, the assessment of transcriptional consequences of complex genomic
rearrangements (CGRs) has been rarely reported, and its role in evolutionary studies of gene
diversity remains rudimentary (Inoue et al. 2001). We hypothesize that CGRs play a role in
the rapid increase in the diversity of transcripts and proteins, as novel breakpoint junctions
and inverted DNA segments can occur in a single rearrangement event.

We now show the presence of novel chimeric genes BCAP31 TEXZ28and F8/CSAG1
expressed in lymphoblastoid cell lines (LCLs) in two individuals with CGRs in Xg28, likely
generated via the replicative repair mechanisms FoSTeS/MMBIR (Fig. 1). From a cohort of
38 unrelated males with MECPZ duplication syndrome (Carvalho et al. 2009, 2011, 2013),
10 individuals were investigated further based on characteristics of the CGR and breakpoint
regions predicted by in silico analyses to result in potential chimeric genes (Table 1). The
expression of the chimeric cDNAs was experimentally confirmed in two of seven subjects
for whom LCLs were available (Supplementary Methods, Supplementary Fig. 1). The lack
of fusion gene transcripts from the other five individuals may be a result of disturbance of
the 5" and 3’ regulatory elements in the chimeric genes, absence of specific transcripts in
LCLs, or RNA expression levels not detected by our assay design.

Analysis of the BCAP31/TEX28fusion transcript predicted the formation of a 277-amino
acid protein, in which 113 amino acids correspond to the four exons of BCAP31, followed
by one new amino acid in-frame with 163 amino acids from exons 4 and 5 of 7EX28 (Fig.
la—d). The newly expressed F8/CSAGI transcripts include 239 bp of a partial sequence from
an LTR (Long terminal repeat) ERVL-MaLR (Mammalian apparent LTR-retrotransposons)
intronic repetitive element, located upstream exon 3 of CSAGI in the chimeric gene. Also,
20 bp from an intronic sequence is added between exons 4 and 5 of CSAG (Fig. 1e-h).
These data indicate an “exonization” event not previously observed for these genes.

The F8/CSAGI chimeric transcripts are predicted by conceptual translation to generate
novel proteins composed of eight and 2143 amino acids of the short and long F8transcripts,
respectively, followed by the insertion of 62 amino acids encoded from the ‘exonized’
ERVL-MaLR intronic repetitive element. Noteworthy, although the exonization of the LTR
created a premature stop codon, the chimeric transcripts likely escape the nonsense-
mediated decay mechanism surveillance, a quality control of eukaryotic mMRNA responsible
for inhibiting the production of truncated proteins with deleterious effects (Khajavi et al.
2006).

The fusion genes are predicted to retain important protein domains, including the copper ion
binding and oxidoreductase activities in F8/CSAGI long transcript, and the B cell receptor-
associated protein 31 domain in BCAP31/TEX28. No putative known conserved domains or
robust protein similarities were detected in the inserted LTR sequence. Additional
experiments will be needed to evaluate the impact of these transcripts at the translational
level.

Our findings suggest that CGR formed by FoSTeS/MMBIR may contribute significantly to
the formation of new genes and proteins during gene and genome evolution (Carvalho et al.
2011; Zhang et al. 2009).
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Formation of fusion genes in patients BAB3204 and BAB3161. 70p Sanger sequencing of

RT-PCR product using individual-specific primers targeting exons that flank genomic break-
point junction. The cDNA sequences are aligned to the genomic sequences of BCAP31 and
TEXZ28in patient BAB3204 (&), and with the genomic sequences of F8and CSAG1 in
BAB3161 (e). For the genomic sequences, the uppercase letters represent the exons and the
lowercase letters, introns. Genomic wild-type structure (b, #), post-duplication and
breakpoint junction structure resulting in novel transcripts (¢, g) and cDNA structures (d, /).
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The latter cDNA structures were obtained by RT-PCR and sequencing of the entire
transcripts. In BAB3204, a duplication of ~ 462 Kb encompassing Xg28 region led to the
formation of a transcribed fusion gene containing exons 1-4 from the BCAP31, plus exons 4
and 5 from TEX28 (NM_001205201.1) (¢). The 1*symbol refers to the four splicing
variants deposited in the RefSeq database for BCAP31 (NM_001139457.2, NM_005745.7,
NM_001139441.1 and NM_001256447.1). The duplication breakpoint contains part of exon
3 of TEXZ28, although it is not transcribed in the cDNA. In BAB3161, a complex
rearrangement constituted by two interspersed duplications of 1.45 Mb and 1.1 Mb
(centromeric and telomeric, respectively) or a DUP-NML-DUP (duplication-normal-
duplication) led to the formation of chimeric genes in both of the two known alternative
splicing transcripts of 8, transcripts | (NM_000132.3, 26 exons) and 11 (NM_019863.2, five
exons), fused to exons 3-5 of CSAGZ (NM_001102576.2) (g). Importantly, the genomic
rearrangement generated an inversion of the £8, leading to a transcript with the same
transcriptional orientation as CSAGI. Sequencing of the RT-PCR products revealed that a
segment of an ERVL-MaLR repetitive element is incorporated in both transcripts. In
addition, both chimeric transcripts have 20 bp from an intronic sequence between exons 4
and 5 of CSAGI (g). The greenand red flags represent computationally predicted start and
termination codons in the cDNA sequences (d, /)

Hum Genet. Author manuscript; available in PMC 2017 June 27.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Zuccherato et al.

Table 1

Individuals with potential candidate chimeric events

Sample Chimeric gene Detection of fusion genetranscript  References

BAB2623 (TEX28/U52111.14 No Carvalho et al. (2009, 2013)
BAB2624 (LICAM/ZNF185) No cell line Carvalho et al. (2009, 2013)
BAB2769 (BGN/PDZD4) No Carvalho et al. (2009, 2011)
BAB2772  (TEX28/AVPR2) No Carvalho et al. (2009, 2011)
BAB2799 (Opsin/ABCDI) No cell line Carvalho et al. (2009)
BAB2801 (RENBP/SLCEAS) No Carvalho et al. (2009, 2011)
BAB3027 (Opsin/BGN) No Carvalho et al. (2013)
BAB3161 (F8/CSAGI) Yes (2 transcripts) Carvalho et al. (2013)
BAB3172 (TEX28/PDZD4) No cell line Carvalho et al. (2013)
BAB3204 (BCAP31/TEXZ2S8) Yes (4 transcripts) Carvalho et al. (2013)
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