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ABSTRACT

The molecular and functional diversity generated by chimeric transcripts (CTs) that are derived from two genes is
indicated to contribute to tumor cell survival. Several gaps yet exist. The present research is a systematic study of
the spectrum of CTs identified in RNA sequencing datasets of 160 ovarian cancer samples in the The Cancer
Genome Atlas (TCGA) (https://portal.gdc.cancer.gov). Structural annotation revealed complexities emerging
from chromosomal localization of partner genes, differential splicing and inclusion of regulatory, untranslated
regions. Identification of phenotype-specific associations further resolved a dynamically modulated mesen-
chymal signature during transformation. On an evolutionary background, protein-coding CTs were indicated to
be highly conserved, while non-coding CTs may have evolved more recently. We also realized that the current
premise postulating structural alterations or neighbouring gene readthrough generating CTs is not valid in in-
stances wherein the parental genes are genomically distanced. In addressing this lacuna, we identified the es-
sentiality of specific spatiotemporal arrangements mediated gene proximities in 3D space for the generation of
CTs. All these features together suggest non-random mechanisms towards increasing the molecular diversity in a
cell through chimera formation either in parallel or with cross-talks with the indigenous regulatory network.

1. Introduction

alternative / back splicing, RNA recombination, read-through mecha-
nisms, besides altering transcript and protein stability and protein

Spontaneous and inheritable genetic changes have a steadfast asso-
ciation with cancer. It is realized that these culminate in a plasticity of
regulatory mechanisms of transcription and translation to create diverse
landscapes of expression from a limited number of genes. Within this
scope, perturbed cellular functions through epigenetically altered
chromatin structure affects transcription - translation kinetics and
consequently generates non-canonical and non-coding RNA through

modifications [1,2]. Oncogenic effects of splice variants and isoforms
are reported [3,4], while molecular cross-talks between these mecha-
nisms are currently being defined [5] Taken together, de novo expression
may well challenge the dogma of genomic alterations being the sole,
all-encompassing feature of cancer.

Chimeric transcripts (CTs) have received considerable attention in
several normal tissues and in cancer wherein such they contribute to
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specific biological functions including migration, invasion and trans-
formation [6-9]. Canonically known to be generated through gross
chromosomal structural alterations (chromothripsis, translocations,
insertions/deletions etc.), non-canonical CTs generated by purported
cis-splicing of adjacent genes or readthrough (cis-SAGe or RT) produces
a longer transcript of the 5’ gene with additional C-terminal sequences
derived from its downstream 3’ gene, or through cross-strand /
trans-splicing mechanisms are also reported [10-15].

Epithelial to mesenchymal plasticity in ovarian cancer results in
tumour heterogeneity leading to difficulty in disease treatment. These
processes are carried out by several metabolic drivers. Earlier studies
conducted by Gao Q. et. al. 2018 [16] explained how chimeric RNAs
contribute to drug resistance in many tumours. Due to resistance to the
drugs caused by CTs, chimeric proteins can cause changes in cellular
mechanisms and functioning. These numerous alterations to the cells
result in phenotypic plasticity, which further improves the cells’ survival
rates. [17].

In the present study, we assembled chimeric sequences from the
TCGA RNA-seq data of 160 high-grade serous ovarian cancer (HGSC)
samples towards generation of a comprehensive profiling of de novo and
non-canonical transcripts in the disease. Closer examination revealed a
structural complexity arising either from differential splicing of partner
genes, inclusion of noncoding partners and/or untranslated sequences in
the transcript. Further annotation suggested tractability of gene
boundaries mediated by transcriptional plasticity to enhance transcript
diversity within a cell. Alternatively, the altered spatiotemporal chro-
matin structure may facilitate the transcription of distant genes brought
into proximity and which harbour short homologous sequences. Con-
stancy of structural features across tumor samples suggests non-
randomness in generation of CTs. Together, all these mechanisms
potentiate a wide molecular diversity within tumors, which almost is
likely to represent a parallel expression to the canonical gene - transcript
variants - protein isoforms cascade. In some of these may provide growth
and survival advantages as a path of least resistance in tumour evolu-
tion, while some others displayed a specific association with the
mesenchymal phenotype. The possibility of harnessing such mecha-
nisms and their directed targeting to yield clinical benefit could be a new
and attractive strategy in the future.

2. Materials and methods

2.1. Development of a computational pipeline on the seven bridges
genomics cloud

We developed and executed a computational workflow on the Seven
Bridges Cancer Genomics Cloud (https://www.sevenbridges.com/;
[18]), for the iterative processing of 160 OvCa RNA-Seq datasets from
The Cancer Genome Atlas (TCGA; https://portal.gdc.cancer.gov/; Sup-
plementary Table 1). After evaluating several algorithims for detection
and identification of fusion transcripts based on their outputs and
reproducibility in stand-alone runs vs. those in the cloud-based pipeline
(FusionHunter, Defuse, STAR, TopHat-fusion), ChimeraScan was
incorporated in this pipeline for processing RNA sequencing data via
alignment, indexing, extraction of breakpoint sequences and filtration
based on reference genome build (GRCh37/hgl9), transcriptome
reference (hgl9 reference assembly) and chimeras in normal tissues
(Genotype Expression Project, GTExportal; Supplementary Figs. 1a,1b;
[19]). Trimmed alignments were scanned for discordant read pairs and
an output list of putative 5'-3' transcript chimera pairs was identified
along with details of each chimera in each sample. We considered 3
nucleotides spanning the chimeric junctions on each side of the
fusionpoint as a cutoff. All the CT annotations were manually inspected
several times to remove possible pseudotranscripts and non-functional
transcripts.
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2.2. Chromosome-wise gene associations with cancer

Chromosome-wise association of genes with ovarian and other can-
cers were examined on Cancer GeneticsWeb (http://www.cancerindex.
org/geneweb/); Ensembl East database (http://useast.ensembl.org/
Homo sapiens/Location/Genome) provided the gene abundance data.
Coding and non-coding gene densities were calculated considering
genes along the entire chromosome length as follows,
>~ (Coding + Non_coding genes)

Gene densi
ene density Size of chromosome (Kb)

2.3. Analysis of CT-associated data from ChimeraScan outputs

Spanning reads and isoform fractions were derived from the Chi-
meraScan outputs. We consolidated all 75 bp spanning reads of each CT
to derive longest read sequences (LR; ranging between 71 and 148 bp),
which were used in further analyses. Isoform fractions of 5 and 3'
parental genes (ranging from 0 to 1) were used to generate heatmaps
using MeV (Multiple Experiment Viewer v4.9) tool-multiple array soft-
ware. Cis- and cross- strand CTs for intra- and inter- chromosomal chi-
meras were also computed and representative data plots/graphs
generated using Microsoft Excel 365 and GraphPad prism.

2.4. Cell culture, RNA isolation, cDNA synthesis and RNA sequencing of
HGSC cells

A2, A4EP, A4LP and G1M2 cell lines were earlier established in the
lab from patient ascites [20] and maintained in Minimal Essential
Medium/MEM (Gibco #11095080) supplemented with 5% fetal bovine
serum (MP Biomedicals #092910154) and 1% nonessential amino acids
(Gibco #11140050). OVCAR3, OV90, OVCA432, CAOV3, OVCA420,
PEO14, OVCA420, CAOV3, OVMZ6, I0SE364, CP70, OVCAR4, and
A2780 cell lines were sourced and maintained and RNA sequencing data
obtained as described in [21,22]. All cell lines were authenticated by
NCCS Repository. RNA extraction of cell lines was performed at 80%
confluency using TRIzol™ Reagent (Invitrogen #15596026), and
quantified using DeVOVIX DS11-spectrophotometer. Reverse tran-
scription reaction was set for synthesis of complementary DNA (cDNA)
using 2 ug RNA as a starting product with cDNA synthesis kit (Thermo
Scientific #AB1453A). Correlation plots, alluvial plots and quadrant
scatter plots were generated using https://www.bioinformatics.com.
cn/en, a free online platform for data analysis and visualization.

2.5. Validation and profiling of chimeric transcripts in OvCa cell lines

Forward and reverse primers were designed for amplification of the
sequences around the fusionpoint with reference to specific exon se-
quences of parental genes involved in chimera formation. Oligos were
designed using GeneRunner Version 5.1.01. Beta, or Primer Express
(ThermoFisher) and synthesized at 25 nM from Integrate DNA tech-
nology (IDT;details can be provided on request). DNA Polymerase
(TaKaRa #RO050B) was used in PCR reactions; products resolved on a
1.8% agarose gel (Sigma-Aldrich #A9539-100 G). Amplicons bands
were cut, DNA extracted using the QIAEX II Gel Extraction Kit (Qiagen
#20021, #20051), and sequenced at the National Centre for Microbial
Research (NCMR)-facility, Pune. Expression profiling of chimeras was
performed on StepOne™ Real-Time PCR System using 1pMol primer
mix, 1:10 diluted HGSC and 2x SyBr green pre-mix; HPRT1 was used as
the endogenous control. Relative mRNA expression was computed,
values normalized and data represented on a log2 scale.

2.6. Identification of CTs pre-annotated on public databases

Longest read of each CT was probed for uniqueness and similarities
through comparison with human transcripts in NCBI and Ensembl
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GRCh38 BLAST (https://blast.ncbi.nlm.nih.gov, http://www.ensembl.
org/Homosapiens/Tools/Blast). Sequences with a query cover as well as
identity > 90% were considered as pre-annotated and were grouped
based on their biotype. Ovarian histopathology data available for 24
pre-annotated CTs in the Human Protein Atlas (www.proteinatlas.org),
was accessed and represented using R, while the survival statistics
available for 31 CTs was used to plot survival graphs. GenTree (https://
gentree.org/) was used to screen vertebrate -specific evolutionary con-
servation of pre-annotated CTs.
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2.7. Analyses of spatiotemporal chromatin dynamics

Genomic distance between intra-chromosomal CTs (n = 3291) was
calculated using genomic co-ordinates of their parental genes. Candi-
dates involved with more than 7 partners in CT generation (hub genes)
were identified, and 3D Hi-C browser (YEU Lab,http://3dgenome.fsm.
northwestern.edu/) was used to visualize Hi-C interaction map of hub
genes and their intra-chromosomal partners, as Hi-C contact matrices
(heat-maps) coupled with TADs. Briefly, interaction of two genes was
initially scanned at 25 kb resolution in ovary tissue and then examined
deeper at 5 kb resolution. The 4D- Nucleome data portal (http://vis.
nucleome.org/entry/; [23,24]), was used to generate 3D chromatin
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Fig. 1. Diversity of molecular rearrangements in chimeric transcripts (CTs). a. Heatmap representing chromosome-wise, genome-wide distribution of gene density,
CT frequencies and spanning reads; b. Heatmap representing the distribution of, I. Number of cancer-linked genes, II. Number of ovarian cancer-linked genes, iii.
Number of CTs i each chromosome;; c. Heatmap representing isoform fractions (IF) indicating CT enrichment over 5’ and 3’ parental genes for (i) inter-chromosomal
and (ii) intra-chromosomal CTs; d. Distribution of cis (++/-) and trans (+-/-+) strands in i. intrachromosomal and ii. interchromosomal CTs; e. Pie-chart repre-
senting distribution of the major types of CTs; f. Distribution of spanning reads for 13 CT subtypes viz. Inter-chromosomal (1), Intrachromosomal (2), Intra-
chromosomal_Complex (3), Intrachromosomal_Converging (4), Intrachromsomal_Diverging (5), Read-through (6), Adjacent_Complex (7), Adjacent_Converging (8),
Adjacent_Diverging (9), Overlapping Complex (10), Overlapping Converging (11), Overlapping Diverging (12), Overlapping Same (13), grey and black circles

indicate CT distribution across these subtypes.
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maps within which candidate genes were highlighted. Splice site anal-
ysis of hub partner genes having homologous sequences in corre-
sponding exon and intron was performed using Spliceator (http://www.
Ibgi.fr/spliceator /;[25]).

2.8. Data analysis, statistics and graphical representation

Unless otherwise mention, all experiments and data generated were
from at least three replicates. One way ANOVA (with repeated mea-
sures) test was performed for profiling of CTs in HGSC cells using Sig-
maStat version 3.0, paired-students ‘t' test was performed wherever
required. Graphs were generated using SigmaPlot version 10.0; heatmap
plots were generated in MeV 4 9 0 tool (multiple array software) with
median values were given as mid-range for the heatmap. Statistical
significance values are p = *< 0.05, * *< 0.01, and * ** <0.001.

3. Results

3.1. Chimeric transcripts represent diverse structural and transcriptional
features that occur throughout the genome

We developed a computational workflow on the Seven Bridges
Cancer Genomics Cloud platform to enable identification of chimeric
transcripts (CTs) through iterative processing of OvCa RNA-Seq datasets
from the TCGA using ChimeraScan (Methods; [18]; http://tcga-data.nci.
nih.gov; [19]; Supplementary Figs. 1a,1b). 42-414 candidate CTs were
identified in each tumour sample, which presented with unique 5’ and 3'
parental sequence alignments. The chromosome-wide distribution of
CTs revealed the highest involvement of Chrl in CT events, while
maximum frequency of individual CT spanning reads involving Chr2
and Chr22 (Fig. 1a; Supplementary Table. 2). Higher CT-spanning read
frequencies were not necessarily associated with chromosomes har-
bouring higher gene densities, as exemplified by Chr22 which despite
being ‘gene-poor’ had a moderate to high number of CT-spanning reads,
while Chr17 and Chr19 display a relatively lower CT frequency despite
being ‘gene-rich’. Further exploring chromosome-wise frequencies of
pan-cancer and OvCa - associated genes highlighted the involvement of
Chrl, Chr2, Chr7 and Chr22 in OvCa as well as CT formation, while
Chr18 presented with very few OvCa-associated genes and least number
of CTs (www.cancer-genetics.org; Fig. 1b; Supplementary Table 3).
Further probing the association of cancer-linked genes, we identified
specific tumour suppressors (Chr 2-MSH2, Chr 5-RAD50, Chr 17-BRCA1,
Chr19-SMARCA4) and oncogenes (Chr 12-KRAS, Chrl7-ERBB2,
Chr19-AKT2) as partners in CT formation, suggesting loss/gain of
function(s) through these perturbations during transformation.

Strikingly, isoform fractions of most CTs were higher than both or at
least one parental transcript (Clusters 1, 2, 3 respectively; Fig. 1c; Sup-
plementary Fig. 1c). Primary sequence annotation to characterize the
involved parental genes indicated their localization either on same or
across different chromosomes for each CT (intra- chromosomal or inter-
chromosomal respectively; Supplementary Fig. 1d). Further exploring
specific DNA strand association in formation of CTs revealed an equal
probability of trans (+/- or -/+) or cis (+/+ or -/-) events in formation of
inter-chromosomal CTs, whereas a majority of intra-chromosomal CTs
events are generated in cis (Fig. 1d; Supplementary Fig. 1e). All these
features together suggest CT formation to not be a random cellular
event.

CTs were first classified as either interchromosomal or intra-
chromosomal; the latter presented with very diverse yet discrete fea-
tures (Fig. le, Supplementary Fig. 2) including,

(i) Parental genes often include neighboring genes (currently re-
ported as readthrough, RT), but also include overlapping genes
(Ov, generating novel intragenic splice variants), adjacent (Adj, 5'
parent is downstream of 3’ parent on the chromosome), or those
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separated by long distances as much as being across the centro-
mere on 2 arms of the chromosome (inD-CTs);

inferring direction of transcription of the parental genes further
revealed CTs to be generated either in the same orientation
(wherein the strand as well as direction of transcription was
same, for example in RT-CTs), complex (wherein the downstream
parent on the same strand of the chromosome presents as the 5'
partner), convergent (opposite direction of transcription of the 2
genes that converges at the fusionpoint) or divergent (direction of
transcription of the 2 genes diverges from the fusionpoint to-
wards opposite ends.

(i)

These structural and transcription-associated features led to the
resolution of 12 CT subtypes within the intrachromosomal type that
were either intrachromosomal, distant (In_D), overlapping (Ov), read-
through or adjacent; these were further subtyped as being either
convergent, divergent, and complex (Supplementary Fig. 2). Examina-
tion of their chromosomal abundance and spanning read frequency
revealed that while overall inD and RT-CTs were most frequently
expressed, enrichment of all subtypes of inD-, RT-, Adj- and Ov-CTs was
within in the first quartile (log range 1-10), while those of inD_same and
Adj_complex extended into a higher quartile (Fig. 1f).

3.2. Recurrent OvCa-associated CTs display distinct sequence
rearrangements of parental genes

Some CTs were expressed in at least 10% tumor samples within the
TCGA cohort. These included 3 inter-chromosomal, 3 intragenic vari-
ants, 96 RTs and 17 inD-CTs (n = 119; Supplementary Table 4), and
were termed as recurrent CTs. To study these at a deeper level, we
consolidated all spanning reads of each CT to derive longest read se-
quences (LR;ranging between 71 and 148 bp). A detailed structural
annotation of these LR sequences of each recurrent CT vis-a-vis its
comparison with its parental gene transcripts revealed discrete patterns
of CT formation-.

1. Coding region sequence (CDS) rearrangements - Cis-splicing
involving deletion of the last exon from the 5' gene (ALE) and first
exon from the 3' gene (AFE) as earlier reported is a dominant
structural feature; variations in the theme included deletion of
additional exons (mid-CDS) through splicing.

2. Inclusion of Untranslated regions (UTR) - 5' UTR and in rare
cases 3'UTR sequences of either one or both partners were involved
in generation of 43 CTs along with CDS-derived sequences. UTRs are
associated with regulatory roles and their inclusion in a chimera may
reflect on transcript expression and/or stability.

3. Inclusion of non-coding (NC) sequences - One or both the
parental transcripts are known as either anti-sense/non-coding RNA,
not reported to be translated (no existing protein variants) or iden-
tified as nonsense-mediated decay (NMD) variants.

Notably, our study did not reveal intronic fusions since the input data
used was of RNA sequencing. However, the above varied sequence ar-
rangements reveal a diversity of genomic attributes of parental genes
and transcriptomic complexities associated with CTs in OvCa that could
reflect on their emergence through distinct mechanisms.

3.3. CTs exhibit a phenotype-specific association which is likely to be
modulated dynamically during transformation

Validation of RNA-sequencing data across a panel of 10 HGSC cell
lines revealed expression of 549 CTs (Supplementary Fig. 3a; Supple-
mentary Table.5), 121 of which were shared at least between any two
cell lines, while others were individualised and occasionally expressed at
a high frequency in a single cell line, one such instance is UBE2Q1-
RRNAD1 for which 373 spanning reads were identified in OVCA432
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cells (Supplementary Table. 6). Interestingly, a phenotype-specific
enrichment of CTs was revealed in cell lines (epithelial vs mesen-
chymal; [26,21,22]; Fig. 2a); a few of these were consequently validated
through Sanger sequencing (Fig. 2b). Strikingly, mesenchymal CTs dis-
played a higher number of spanning reads as compared with epithelial
CTs.

To delve towards a deeper understanding of the association of CTs
with transformation in the mesenchymal subtype, we examined the CT
expression profiles in a progression model established earlier in the lab
[20]. Briefly, 19 single cell clones established from a spheroid isolated
from HGSC patient tumor ascites underwent spontaneous immortaliza-
tion of which the A2 clone was identified as the tumor-initiating clone
(TIC), while another A4 clone underwent transformation after ~ 20
passages in culture, providing a matched pair of untransformed and
transformed cell lines with distinct molecular profiles (A4-EP and A4-LP
respectively;[27]). RNA-sequencing revealed a higher number of com-
mon than exclusive CTs between the 2 stages of transformation (Sup-
plementary Table.6). Common CTs displayed a higher number of
spanning reads in A4-EP than in A4-LP, suggesting an association with
driver events of transformation, while their continuing expression could
signify maintenance of the transformed state under a steady, optimal in
vitro environment. Strikingly, 24 of these common CTs were also
expressed in the A2 TIC, and at comparable number of spanning reads as
in the A4EP state. This similarity possibly arises in lieu of A2 and A4EP
being single cell clones from the patient sample, while A4LP is an in vitro
derivative of A4EP (Fig. 2¢). A2 and A4EP represent the mesenchymal
subtype and a subset of their common CTs expressed a very strong
correlation with each other across other mesenchymal (PEO14,
OVMZ6), but not epithelial cell lines (Figs. 2d,2e). These could very well
define a ‘mesenchymal signature’ with CTSD-IFITM10 being addition-
ally expressed in OVCA420 which represents the hybrid / mixed
phenotype (Table 1).

3.4. Expression of CTs contributes to the process of transformation in
OvCa and may be associated with patient prognosis

To assess the non-randomness of suggested involvement of CTs in
transformation, we further examined the association of recurrent CTs
(Supplementary Table 4) with overall survival (OS). Thus, three groups
of patients were identified within the TCGA cohort based on the number
of tumor-associated CTs, viz. Groupl (0—25), Group2 (26—50), Group3
(>51), of which Groupl was associated with a significantly higher OS
than Group3 (Fig. 3a). As a corollary, we considered two patient groups
in the TCGA cohort (n = 160) with Cohortl (worst prognosis, OS<6
months) and Cohort2 (best prognosis, OS>60 months) and noted a
significant differential means of CT frequency between these cohorts
indicating that a higher number of CTs may correlate with lowered
survival in HGSC (Supplementary Figs. 3b-i, 3b-ii). Further, since the
functional contribution of individual CTs will actually be a determinant
of survival, we assessed the association of each recurrent CT on prog-
nosis. This effectively identified a significant association of 12 CTs with
OS (9 correlate negatively while 3 exhibit a positive correlation;
p < 0.05; Supplementary Fig. 3c).

Further profiling the expression of 21 recurrent OvCa-CTs in a
normal immortalized ovarian surface epithelium cell line (IOSE364)
revealed the positive association of HIC2-PI4KA, SLC39A1-CRTC2,
RPS10-NUDT3, PRIM1-NACA, CLCF1-POLD4 and ELAC1-SMAD4 along
with weak / lack of expression of the remaining (Fig. 3b;Supplementary
Fig. 4a). Comparing these profiles across the panel of transformed cell
lines identified a ~2-fold higher expression of SCNN1-TNFRSF1A,
ITGB8-ITGB8, ZNF485-ZNF320S2, HOXB6-HOXB3, SLC29A1-
HSP90AB1, HIC2-PI4KA and VAX2-ATP6V1B1, while CLCF1-POLD4
and PRIM1-NACA were downregulated in HGSC over normal cells
(Fig. 3c;Supplementary Fig. 4b). These may hence be considered as
tumor-associated changes in expression. Moreover, the association of
VAX2-ATP6V1B1 and SLC39A1-CRTC2 with poor and good prognosis
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respectively suggests a future role in prognostication. Besides these as-
sociations, expression of comparable levels of some CTs in normal as
well as transformed cells could indicate a role in cellular housekeeping
functions. All these CTs except PRIM1-NACA were upregulated in the
progression model affirming our previous premise that increased CT
expression is likely to be an early event in the process of transformation
(Fig. 3d).

3.5. Biotype-based classification of CTs correlates with their evolutionary
conservancy

While most of the CTs identified in our data were novel, we realized
that some were reported earlier and/or archived in databases (Chi-
merDB [28], COSMIC [29], FusionGDB [30], Mitelman database [31],
ChiTars 5.0 [32], Tumor fusion gene data portal [33], www.ensembl.
org, www.ncbi.nlm.nih.gov, www.genecards.org). Of the 107 CT se-
quences thus identified as being pre-annotated on the Ensembl and/or
NCBI databases (similarity based on >90% query cover and identity;
Supplementary Table 7), most are listed as readthrough (RT), assigned
distinct loci with unique transcript variant IDs and predicted biotypes
(either as protein-coding, PC-CTs or non-coding, NC-CTs; Fig. 4a).
Expression of some PC-CTs is also reported in Human Protein Atlas
(HPA, https://www.proteinatlas.org; Supplementary Fig. 5a, 5b). Sur-
prisingly, the pseudogenes identified as CTs in our study, were often
represented as single parental derivatives, for example, GTF2IP1 (GTF2I
pseudogene) aligned with our LR sequences of GATSL1-GTF2I as it
harbours 405 bp from GATSLI.

To predict functional relevance of 107 pre-annotated protein coding
and non-coding CTs, conservation study of sequences across 23 verte-
brate species was performed (GenTree, https://www.gentree.ioz.ac.cn)
[7,34]. Analyses of the CTs and the participating parents was done
separately. The majority of "readthrough protein coding" CTs were re-
ported in the database (n = 14) (Fig. 4b), while many "other protein
coding" CTs were not. However, many species had their parental genes
reported (low BSV, n = 71). Indicating that in vertebrates, both the
parental gene and the readthrough protein coding chimaera are
conserved. Similar analyses were done for non-coding CTs as well. A
small number of readthrough non-coding CTs revealed 0 BSV (n = 4).
However, GenTree did not find the remaining categories, such as pre-
dicted non-coding and long non-coding categories. In pseudogene cat-
egories, only reported pseudogenes were found on GenTree with a wide
range of BSV from 0 to 13 (maximum at 9-13) (Fig. 4b). An interesting
correlation was that most PC-CTs were present with low BSV (maximum
conservancy) suggesting an involvement in key cellular and/or house-
keeping functions, while pseudogenes had a higher BSV indicating
recent evolution emerging like paralogues. Functional annotation of
reported CTs suggest roles in mRNA surveillance, TGF-f, FoxO, PI3-Akt
signaling pathways, or divergent biological processes including nucleic
acid binding, ribosome, and carbohydrate binding, etc. thereby assign-
ing cellular relevance for expression of these chimeras (https://www.
genecards.org, Supplementary Figs. 5b,5¢,5d). The emergence of the
species at different timepoint is denoted by branch support value and
their timeline of emergence are given in Supplementary Table 8. Taken
together, besides revealing the non-random occurance of CTs, these
findings indicate one more situation in which cellular processes / mol-
ecules driving normal homeostasis are hijacked by cancer cells towards
their own survival or disease progression.

3.6. Spatiotemporal dynamics of chromatin organization may drive the
formation of CTs

While each known mechanism (chromosomal structural alterations /
cis-SAGE-RT / trans-splicing) can account for some of the CTs in our
study, the large majority of the inD-CTs presenting in cis with median
parental gene distances of 10*107 bp remained a mystery (Supple-
mentary Fig. 6a). Specifically, these cannot be accounted for by RT



A. Sridhar et al. Computational and Structural Biotechnology Journal 21 (2023) 5153-5164

o

M b | . "
HOXB6-HOXB3 i

-0.052538395

0.4737308 : : L . , i
T bbbt el

1.0
SMG1-PDXDC2P
KIT1A-SYT1E
HOOKZ-ACTN2 A .
SPINT1-NIT1A HACL1-COLQ [\ | R R ' f] , \
TBCID2ZA-GRAMDA / \ v A Al

TCTEXAD2-PCYT1A ’& YL

sirs AcLm LA 218 ; a s va aa1a a
AGTGL-COLAA2 640 6 676 $6AGCTGTTE6T666
COL7AL-UCH2

SCMLAP1-UBLZE3

UBL2G1-22LT1

SCRUZ-MPPL 10 SCNN1-TNFRSF1A
METTL21B-TSIM

WRB-SHIBGR

SLC2ISEZ=CDKL1A

RPARP-ASL1-TAMI1IA

PREAAL-TTC22

LINC002$3-1IDS

- |

MTIMT-RASL1Z ] K
CADMA4-ZNT420 SLC29A1- HSP9OAB1L ”v M !\ ) (\ A " N ‘V
PSKHL-CTCT v | e (WY \f/ A D
TAM104A-CPSTAL UnA._. .A‘./\ ! _1le VA N
C200x£154-NBR1 : X
IBX042-PI4K2B ‘ v e
NECAPZ-LRC2
PPTIBPL-SMCO2 . . , i
LRI2-LRI2-IT1 | [ \ f | |
L0C100122057-LImco0e22, Lincooses ELAC1-SMAD4 | ™ | I "
MIGLO-MAPL2 \ V| X VIV W
SLC2SAL-CRTC2 Ty VTN AN A NITHY
ADCK4-IAMBL o 6 TG §TTOAG 0446 466 6
ML 1-LLPX R
UBAZ-WT IP
TRIMSO-0R2W2
SLC7AE-PLAZGLS R
bl d s PRIM1-NACA 'y
BAGALT1-LOCL01§20471 Al
MTCK1-LOC10050£476 D

02-2m;

-0.18264687
0.40867656

—

NPLPPS-TBC1DIN,TBCLID2, TBCIDIC, TBC |
TMIM141-CCDC102 TPDS52L2-DNAJCS A "l (W A
GASS-SNORD7S | J\ A AWV WA I\
SLC2SC2B-CDKL1A VIV LA L .‘
Sucosmen e AV DAL LV EW T
IL10R1-ZNTEEQ
LINCOL2$€,DUXAPLO-NBEA
LOC100120092-3HAP4?
DUX AP&-IIB.
SHTB2-UPSAA
LLT1D-NAPRT 2 o g o § o
[:{ ANKPD2$ - AMKPD= 3 d I g 3 % €
WUTHMZA-AS 1~ AMMECRAL g 35 3 2 8 3 8 v %3 3
c ovears ..ms _aove] e | -0m0 | 006 | ] 500 |-a054] o080 0007 -aas7 sles .
oS- NEssA o
A aNeE oawaz .ouss. @4 | oot | 0211 0005 016 0046 0118 0092 0088 -007 M
S RCERRRGHS Mesenchymal
e CPT0 o6 4 .,mm oss arr7 @B 0095 -0z 012 -0te7 0091 Exelusive o0 Signa
Rl
g ) A
SEpoS Do OVCA432 0284 0.041 -0.074 -0.065 -0.022 0.012 -0.062 -0.036 -0.047 -0.051 -0.011
Gl o
XKD 1P RAL 3PS OVe0 008 0211 0285 @ oo 0116 -0
ot 00 oz | ozis -ooes (@) 02 @ 015 0009 0009 -o316 o078 .
e y
AT ATA o o CAOV3 | 0.006 -0.005 -0:117 -0.022 -0.02 . 0037 0106 0066 -0.075 -0.074 -0.081 wl ® /
ekl |
PR G ;
e ovonszn oer o1 @ 0oz @ oawr (@) oors e are 010 o0
RO | | 3o 5
SO sateo\
c PEO14 | -009 -0049 0.095 -0.062 0.015 -0.106 0075 . .
A2 -0.034 -0.118 -0.128 -0.036 -0.083 -0.066 -0.121 . .
Ra? o050 o052 -8 0w ooss sors o102 (@) . Exclusive to
A1 EP
o #aLp | -aosr o -osa7 o o1 oars a1 (@) .
-05 L]
S E——— Y Y Y 1 ) 4
s oo o i T
2 2 14
3 1.SCNN1-TFRSF1A
R 121 2.1TGBS8
[ 8 10 3.ZNF485-ZNF320S82
Tl 1
i Beida | A = 4. HOXB6-HOXB3
S ° M
HEe W | Y 5.SLC29A1-HSPOOAB1
PSENEN- LINS7 [} <
; ‘u‘t e 6.BLOC1S1-RDHS
\ s s
] -
£h . 2. 6 7 HACL1-COLQ
g .
é 8.KLF16-REXO1
41
¢ ‘ 3 ° 9.PRIM1-NACA
s =
. : g 2]
s s ;
PNTHER s 0 s ® 0
SR HER : &
possaliny A 0
iy | " ? =
oo \ 5 s 7 < -21
et \ It
TegEkese | b “ 1 o
USRS Pk N i s i i
8 s L 2 ) e « -4
e ke 2 b i
i A i ) 1 2 3 4 5 6 7 8 9

Fig. 2. Identification and expression analysis of CTs in HGSC cell lines. a. A heatmap and two-way hierarchical clustering of CTs identified in cells of epithelial and
mesenchymal phenotypes.; b. Electropherograms of the validated Chimeric transcripts in HGSC cell lines through Sanger Sequencing, the vertical line represents the
fusion point (fusion point is the junction in the sequence at which two transcript fuse/join); c. Alluvial plot of CTs present in A4 EP, LP and A2 cells. Vertical boxes
represent chimeras and the spanning read number while the links represents the expression changes in the cell lines, the black box in the lower right corner highlights
the CTs contributing to the mesenchymal signature; d. Correlation plot of CTs expression in 11 HGSC cell lines (scale: blue-Positively correlated, Red: Negatively
correlated); e. Quadrant scatter plot for 4 group screened (X and Y axis represents the normalized expression of RNA seq read values); f. Positive and negative fold
expression of CTs in A4 Ep and LP cells compared to IOSE364, Scale: Y axis represents the fold change value. X axis represents CTs screened.
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Table 1

Mesenchymal signature of chimeric transcripts in HGSC*.
CT A4EP A4LP A2 PEO14 OVMZ6 OVCA420 OAW42 CP70 OoV90 CAOV3 OVCA432
LRRFIP1-MLPH 147 65 180 70 198 0 0 0 0 0 0
PPFIBP1-SMCO2 60 27 96 25 31 0 0 0 0 0 0
UBE2G1-ZZEF1 48 17 64 40 59 0 0 0 0 0 0
FBX042-P14K2B 18 14 32 16 5 0 0 0 0 0 0
SLC7A6-PLA2G15 18 13 10 3 31 0 0 0 0 0 0
SPINT1-HIF1A 17 13 7 2 4 0 0 0 0 0 0
NECAP2-ERC2 15 9 19 2 5 0 0 0 0 0 0
CTSD-IFITM10 13 9 12 19 21 8 0 0 0 0 0
KANSL1-ARL17A 6 5 8 2 2 0 0 0 0 0 0
PSKH1-CTCF 15 9 19 2 0 0 0 0 0 0 0
HIF1A-SYT16 13 8 6 2 0 0 0 0 0 0 0
FAM104A-CPSF4L 11 8 23 3 0 0 0 0 0 0 0
ZNF782-ZNF510 0 2 3 2 5 0 0 0 0 0 0
COL7A1-UCN2 6 5 8 17 0 0 0 0 0 0 0
MTCH1-LOC100506476 56 26 0 23 31 0 0 0 0 0 0
B4GALT1-LOC101928471 24 17 0 23 24 0 0 0 0 0 0

* Numbers in columns represent number of spanning reads of CTs identified in HGSC cell lines; the signature considers at least 2 spanning reads per sample in at least

3 cell lines

between neighbouring genes that implies genomic proximity as an
essential feature in enabling continual transcription. We hence hy-
pothesized that partnering preferences across and within chromosomes
may be mediated by specific spatiotemporal base-pairing of gene pairs
through chromatin looping and topology-associated domain (TAD) -
facilitated proximities irrespective of genomic distances [15,35], and
their presentation to the transcriptional machinery as continuous en-
tities. In support of this premise, we examined the location and prox-
imity of active transcription gene hubs in 3D contact maps of Hi-C
chromatin data for ovarian tissue using Hi-C data browser (north-
western.edu) [37] and visualized these within 3D nuclear chromatin
architectures in multimodal datasets on the 4D Nucleome (http://vis.
nucleome.org/entry/) [38]. This facilitated visualization of data at
5-40 kb resolution, with ~4 Mb region of same chromosome being
covered at 40 kb resolution, which could support our hypothesis by
inspecting interactions between hub genes (that frequently gave rise to
CTs).

A prominent hub in our study UBE2D2, is involved in 12 CTs
including 5 inter-chromosomal, 1 RT and 6 inD-CTs, while several of its
partners interact with each other and/or other genes in their proximities
to generate satellite CT hubs. We indeed could establish proximities
between UBE2D2, MATR3, PAIP2, SIL.1, CXXC5, SNGH4 and PSD2 in Hi-
C data (genomic distance 2-3 *10° bases; Fig. 5a,5b; Supplementary
Fig. 6b; Supplementary Table 9). Multiple UBE2D2 contacts were also
revealed on 4D Nucleome browser suggesting proximity with its iden-
tified partners across the many available structures, of which MATR3
and PAIP2 are on same chromosome, while ITM2B and RHEX are on
other chromosomes (Fig. 5c). Moreover, the UBE2D2-MATR3 and
MATR3-UBE2D2 pair of CTs suggests bidirectional transcription be-
tween this and few other gene pairs (Supplementary Table 10). In other
cancers also, multiple partners of our hub genes are reported. For
example, UBE2D2 forms multiple chimeras in Lung Adenocarcinoma
(LUAD) [36]. NUDUFS4 (chr 5), EXTL3 (chr 8), SND1 (chr 5), JHDMID
(chr 7), ZFR (chr 5), AHCYL2 (chr 7), BRAF (chr 7) are the genes
involved in primary and secondary contacts of UBE2D2. Most of these
are on chromosome 5 and 7 indicating chromosome 5 and 7 might be in
proximity in lung tissue based on our hypothesis. We were able to find
contact maps of JHDMID, BRAF (these two genes form chimera with
common partner SND1) and SND1, AHCYL2 in A549 (lung cancer cell
line) (Supplementary Fig. 6¢). We could not show all interactions due to
limitation of 4 Mb window in Hi-C data. In the same publication we
found another fusion ITM2B-MATR3 (these genes are present in
UBE2D2 hub but do not form fusion in our database) in ovarian cancer
chimeric transcript data. This strongly supports our hypothesis. The
most striking observation of CTs involving UBE2D2 was that, its
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participation as a 3’ partner invariantly involved Exon3 at the fusion-
point, while that as a 5' partner was variable (Exon 1 / 6 / 7). On
examining sequences of both partners around the fusionpoint, a ho-
mologous (GAATTG / GAATTGAA) stretch present at the beginning of
Exon3 of UBE2D2 was identified in the last participating intron or the
3'UTR of several of the 5’ partner genes (Fig. 5d). Such sequence ho-
mology may facilitate preferential RNA polymerase slippage and tran-
scription across parental genes followed by generation of new splice
sites that facilitate alternative splicing. In exploring this possibility, we
specifically identified 4 GAATTGAA repeats in Intron 2 of GUSBP1. Only
the last repeat predictably can function as an acceptor in the alternative
intron/exon boundary and splice junction is generated (Fig. Se).

Surprisingly, these sequences are present in the middle of the intron
and not at end. RNA polymerase slippage can be facilitated due to such
sequence homology and hence leading to transfer of RNA polymerase
from 5' transcript to 3' transcript. Later splicing mechanism remains
unclear. Here, we cannot deny the possibility that the same stretch of
SHS can also be present in other introns of the same gene. For example,
in case of MATR3, GAATTGAA is also present in downstream introns
(intron 7 and 10). But we suspect the spatial proximity is also equally
important to drive this phenomenon. This is a hypothesis which might
not be applied to all intra-chromosomal distant CTs and needs further
experimental validation.

MECOM is another active hub that comprises of 9 unique CTs,
wherein although its partner genes do not interact with each other, they
generate satellite CT hubs with other genes including a pair of bidirec-
tional chimeras viz. RPL22-RP1-120G22.11 and RP1-120G22.11-RPL22
(Supplementary Fig. 7a; Supplementary Table 11). The satellite hubs of
HMGB1 (Chrl, Chr13) and RPL22 (Chrl, Chr5) also display cross-
linkages with the UBE2D2 secondary network. Examining ovarian tis-
sue contact maps on the Hi-C browser revealed multiple MECOM con-
tacts suggesting spatio-temporal proximity with its partners (LRRC34,
PHC3, SKIL; Supplementary Fig. 7b). Strikingly, the participation of
MECOM as a 5 partner invariantly involved a (GAATTG / GAATTGAA)
stretch present at the end of it Exonl, which is the fusionpoint; these
sequences were also present in the upstream introns of the 3' gene
partners involved and thereby may trigger RNA polymerase slippage,
new splice site generation and alternative splicing (Supplementary
Fig. 7¢). Conclusively, this assigns a silent role to intronic sequences that
possibly complement spatio-temporal orientation of chromosome terri-
tories, which could culminate in formation of specific CTs, otherwise
deemed impossible.
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Fig. 5. Higher-order chromatin organization in the nucleus and gene proximity could facilitate RNA polymerase slippage and CT formation. a. UBE2D2 hub with its
primary and secondary partner genes; b. Contact maps of UBE2D2 and its partner genes MATR3, PAIP2, CXXC5, SNHG, SIL1 and PSD2 in Hi-C data from ovarian
tissue (Hi-C genome browser); c. Global, chromosome and gene view of chromatin arrangement captured from 4D nucleome browser. In which, chr5 (purple):
UBE2D2, MATR3, PAIP2, Chr13 (green): ITM2B, Chr 1 (blue) RHEX have been highlighted; d. Schematic representing a homologous sequence (GAATTGAA/
GAATTG) at beginning of UBE2D2 Exon3, and in the middle of Intronl of MATR3/IFF44L/PAIP2 or Intron3 of GUSBP1 or 3'UTR of RP11-1379J22.5; e. Schematic
representing new splice site generation and alternative splicing at the 4th homologous repeat (GAATTGAA) in GUSBP1 Intron3 and UBE2D2 Exon 3 of (at start) that
may generate GUSBP1- UBE2D2 through RNA polymerase slippage. Red and blue text indicates the intron/exon boundary at the new splice site within

GUSBP1 Intron3.

4. Discussion

Our analyses of the RNA sequencing data for serous ovarian adeno-
carcinomas in the TCGA revealed an entire landscape of CTs that we
sought to characterize. Previously predicted gene fusions in ovarian
cancer transcriptomes have contributed to understanding of tumor
physiology [39]. Some of these include BCAM-AKT2 (constitutive acti-
vation of AKT2 [39], MUC1-TRIM46-KRTCAP2 and SPON1-TRIM29
(chemoresistance / therapy [40,41]), URB1-C210RF45 and
CTBS-GNGS5 (suppression of tumor growth, [42,43]), DPP9-PPP6R3 and
DPP9-PLIN3 (adverse effects on tumor suppressor functioning, [44]),
several fusions of ABCB1 and CCNL2 [45,46], while CDKN2D-WDFY2,
SPON1-TRIM29 and ESRRA-Cl1lorf20 have diagnostic potential [47,
48],

The current mechanisms of splicing defects and / or readthrough

transcription posits that higher gene densities may influence CT for-
mation. Contrarily, we identified that the frequency of CT synthesis is
not dependent on the number of genes present on a specific chromo-
some, but suggests that chromosomes with cancer-related genes are
likely to be involved in chimera generation. The regulation of tran-
scription (direction as well as dynamics), and splicing relies on RNA
secondary structures in enhancing sequence complexities. Structural
annotation of CTs identified in our study indicated the involvement of
coding as well as non-coding transcripts as well as UTRs of genes. The
latter are important determinants of transcript stability and gene
expression regulation since altered 5' / 3' UTRs may either be protective
or expose the transcript to degradation, while downstream exons of CTs
may co-opt promoters from upstream exons from a different locus. The
evolutionary conservation of protein-coding CTs may indicate a pro-
clivity of enrichment for longevity [49].
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Survival data of ovarian cancer patients in the Human Protein Atlas
correlates CT expression with overall patient survival, which was also
found reiterated in our study. Examining the specific CTs in malignant vs
normal cell lines revealed altered expression of some of these in trans-
formation, as earlier reported in association with cellular plasticity and
altered cellular functionality [17]. The association of a few CTs as a
mesenchymal signature could indicate a role for some of these CTs in
maintaining a specific phenotype, which further strengthens our hy-
pothesis that CTs play a crucial role in phenotypic plasticity and their
related functions. It has been demonstrated that CT-generated proteins
may compete with their parental proteins and perturb entire cascades
through altered protein-protein interactions [50]. However, this will
necessitate testing of the translational potential of the CTs, which is the
obvious next phase of our study.

We also explored the theme that short homologous sequences (SHS)
within genes separated by large genomic distances could be brought into
proximity through higher order spatiotemporal alterations of the chro-
mosome territories, chromatin looping and TAD formation that could
lead to aberrant RNA polymerase slippage events. Although Hi-C data
analysis posed a few restrictions including coverage within genomic
distances of 4 Mb at a single time (at 40 kb resolution) and unavail-
ability of inter-chromosomal Hi-C data for ovarian tissue, we did iden-
tify proximities within the UBE2D2 and MECOM hubs to generate CTs
that otherwise cannot be accounted for by cis-SAGE or trans-splicing.
Moreover, all CTs were detected in ovarian cancer RNA-seq data and
most were absent in GTEX, which suggests that despite spatial proxim-
ities, a vulnerability to be co-transcribed through RNA polymerase
slippage may occur only in cancer cells, and may be additionally influ-
enced by epigenetic processes such as histone modifications, DNA
methylation, etc. A recent report emphasizes the distinction of fusion
transcripts generated through cis-SAGe or chromosomal rearrangements
from those involving trans-splicing, by assigning a role to the poly-A tail
at the terminal end of the 3’ gene in facilitating CT generation [51]. It is
definite that the involvement of arduous transcription events and
chromatin-RNA structures in CT formation would involve more than a
single mechanism. These are exciting findings and hold potential for
future investigations in exploring the diverse mechanisms of generation
of CTs and their contribution to cellular physiology.
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