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Gene fusion events result in chimeric proteins that are frequently found in
human cancers. Specific targeted therapies are available for several types
of cancer fusions including receptor tyrosine kinase gene moieties. RNA
sequencing (RNAseq) can directly be used for detection of gene rearrangements
in a single test, along with multiple additional biomarkers. However, tumor
biosamples are usually formalin-fixed paraffin-embedded (FFPE) tissue blocks
where RNA is heavily degraded, which in theory may result in decreased
efficiency of fusion detection. Here, for the first time, we compared the
efficacy of gene fusion detection by RNAseq for matched pairs of freshly
frozen in RNA stabilizing solution (FF) and FFPE tumor tissue samples obtained
from 29 human colorectal cancer patients. We detected no statistically
significant difference in the number of chimeric transcripts in FFPE and
FF RNAseq profiles. The known fusion KANSLI-ARL17A/B occurred with a
high frequency in 69% of the patients. We also detected 93 new fusion
genes not mentioned in the literature or listed in the ChimerSeq database.
Among them, 11 were found in two or more patients, suggesting their
potential role in carcinogenesis. Most of the fusions detected most probably
represented read-through, microdeletion or local duplication events. Finally,
in one patient, we detected a potentially clinically actionable in-frame fusion
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of LRRFIP2 and ALK genes not previously described in colorectal cancer with an
intact tyrosine kinase domain that can be potentially targeted by ALK inhibitors.
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colorectal cancer, formalin-fixed paraffin-embedded tumor tissue samples, FFPE, RNA
sequencing, RNAseq, new cancer fusion genes, chimeric transcripts, detection of gene

rearrangements

Introduction
Clinical relevance of fusion genes

Fusion genes are frequently found in cancer cell genomes
(Li et al, 2023; Sorokin et al,, 2022). Some types of oncogenic
fusions, especially those involving receptor tyrosine kinase (RTK)
genes, are considered clinically applicable because they can
be targeted by specific, clinically approved therapeutic agents
(Sorokin et al., 2022). In most cases, the role of RTK fusion partner
genes is to drive RTK moiety expression at abnormally high levels
(Sorokin et al,, 2022). This leads to a significant enhancement
of proliferation and survival signaling, which promotes tumor
development (Schubert et al, 2023; Shreenivas et al, 2023).
In turn, relevant RTK activities can be detected, targeted and
inhibited by specific drugs. For example, the first-generation
ALK inhibitor crizotinib, as well as second- and third-generation
drugs such as brigatinib, lorlatinib, alectinib, and ceritinib, have
been included in guidelines for the treatment of lung cancer
patients with ALK gene fusions (Wu et al, 2016). In addition,
crizotinib is also approved for the treatment of ROSI fusion-
positive cancers (Shaw et al., 2014). Entrectinib and larotrectinib
are used to treat NTRK family fusion-positive solid tumors,
marking the first indication for use in cancer based on the
detection of a specific type of gene fusion (Doebele et al., 2020;
Drilon et al., 2018). The presence of FGFR2 gene fusion in
cholangiocarcinoma is an indication for the administration of
infigratinib (Javle et al, 2021) or pemigatinib (Walden et al,
2022). Erdafitinib has been approved for the treatment of urothelial
carcinomas with FGFR2 or FGFR3 fusion (Loriot et al, 2019).
Finally, selpercatinib and pralcetinib are effective in the treatment of
solid tumors with RET gene rearrangement (Subbiah et al., 2022a;
Subbiah et al., 2022b). In addition, many oncogenic fusions are
associated with prognosis or may serve as diagnostic biomarkers
(Haley et al., 2021; Huang et al.,, 2023; Zhu et al,, 2019). Thus,
reliable detection of gene fusions is a high priority in modern
cancer treatment.

Detection of fusion genes

Oncogenic fusion events can be detected with varying degrees
of efficiency by whole genome or target DNA sequencing, reverse
transcription PCR, immunohistochemistry, or fluorescence in situ
hybridization (FISH) (Sorokin et al., 2022). Alternatively, these
events can be directly detected by analyzing RNA sequencing data
by identifying fragments of the corresponding chimeric transcripts
(Dorney et al., 2023). RNA analysis offers the advantage of detecting
multiple cancer biomarkers in a single test. Indeed, RNA sequencing
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results can be used to determine tumor mutational burden
(Sorokin etal.,, 2021), assess the status of key immunohistochemistry
biomarkers (Sorokin et al., 2020a), evaluate microsatellite instability,
measure the expression of molecular targets of anticancer drugs
(Buzdin et al., 2020), and interrogate various clinically relevant gene
signatures (Lazar et al., 2023; Sorokin et al., 2020b).

Several bioinformatic tools have been developed to detect
fused transcripts in RNA sequencing data (Haas et al, 2019).
However, there is a certain degree of discrepancy between
different such tools (Hafstad et al., 2023). Most of these tools
have been tested on fresh tissue samples, which allows the
isolation and sequencing of long, high-quality RNA molecules.
Although fresh tumor tissue is undoubtedly favorable for nucleic
acid molecular analysis, cancer biomaterials are mostly stored as
formalin-fixed, paraffin-embedded (FFPE) tissue blocks where RNA
undergoes severe degradation, resulting in shorter RNA sequencing
reads (Suntsova et al., 2019).

Despite these theoretical considerations, to the best of
our knowledge, no study has yet been published that directly
compares the efficiency of fusion gene detection in fresh tissue
samples compared to FFPE samples. Here, we performed such
an analysis for the first time using RNA sequencing of libraries
created from matched FFPE biosamples and RNA-stabilized fresh-
frozen (FF) colorectal cancer tissues obtained from the same 29
human patients.

Materials and methods
Patient enrollment and sample collection

Primary colorectal cancer patients were enrolled in this
study. All patients underwent surgical removal of their tumor
tissue. For each patient, the tumor tissue was either immediately
placed into RNAlater stabilizing solution (Ambion) and stored
at =70°C, or fixed in formalin and subsequently embedded into
a paraffin (FFPE) block. Since the duration of fixation can be
a defining feature for identifying the fusion genes, formalin
fixation time for all FFPE samples was 16 h according to the
previous protocol (Cappello et al., 2022). Patient inclusion criteria
included an age range of 18-75 years and histologically confirmed
colorectal cancer.

RNAseq library preparation and sequencing
RNA was extracted from FFPE slices or RNA-stabilized solutions

using the QIAGEN RNeasy Kit, adhering to the manufacturer’s
protocol. Library construction and ribosomal RNA depletion were
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performed using the KAPA RNA Hyper with rRNA Erase (HMR
only) kit. To multiplex samples in one sequencing run, different
adaptors were utilized. Library concentrations were measured using
the Qubit dsDNA HS Assay kit (Life Technologies), and quality was
assessed with the Agilent Tapestation (Agilent). RNA sequencing
was conducted on the Genolab M engine for paired-end sequencing
with a read length of 75 bp.

RNAseq data processing

RNAseq FASTQ files were processed using the STAR aligner
(Dobin et al., 2013) in “GeneCounts” mode, with the Ensembl
human transcriptome annotation (Build version GRCh38, transcript
annotation GRCh38.89) as a reference. Quantile normalization
(Bolstad, 2017) was applied for gene expression clustering and
PCA analyses. Cancer fusion transcripts were detected using the
STAR-Fusion software (Haas et al., 2019). Identified putative fusion
candidates were included in downstream analysis only if they passed
specific thresholds, with either a JunctionReadCount greater than 1
or a SpanningFragCount greater than 1.

Statistics and data visualization

The results were visualized using the R packages ggplot2 and
ggpubr. Principal component analysis (PCA) was performed using
the prcomp function in R. The Student’s T-test was employed to
compare differences between the means, and Spearman’s Rho was
calculated for pairwise correlation analysis.

Results
Patient enrollment and tumor profiling

In this prospective study, we enrolled 29 patients with
histologically confirmed primary colorectal cancer, comprising 17
male (age range 59-84 years, mean age 70 years) and 12 female (age
range 62-85years, mean age 72.5 years) patients. Post-operative
tumor tissue specimens were either freshly frozen in RNAlater (FF)
or available as formalin-fixed paraffin-embedded (FFPE) blocks.
Both types of materials underwent paired-end RNA sequencing with
a 75 bp read length. On average, each sample yielded 15 million
raw sequencing reads. We employed the STAR-Fusion software to
detect chimeric transcripts in the RNAseq profiles and used the
ChimerDB database (Jang et al., 2020), the Mitelman Database
(https://mitelmandatabase.isb-cgc.org), and PubMed searches with
fusion-forming gene IDs to classify fusions as new or previously
published. According to the criteria previously deduced for finding
cancer gene fusions in FFPE reads (Rabushko et al., 2022), only
chimeric transcripts supported by at least two non-duplicated
paired reads were considered for further analysis. This data filtering
setting, adapted from our previous research, allowed for the
identification of novel and known chimeric transcripts in FFPE
RNAseq data with nearly 100% specificity, as confirmed by reverse
transcription PCR followed by Sanger sequencing of the resulting
products (Rabushko et al., 2022).
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Fusion transcript detection and analysis

In this study, only one patient’s tumor exhibited the same
fusion transcripts in both fresh frozen (FF) and formalin-fixed
paraffin-embedded (FFPE) tissue samples; in the remaining
cases, the outputs from FF and FFPE paired samples differed
(Supplementary Table S1). In total, we identified 113 fusion
of which 69
coding genes and 44 involved fusions of non-coding RNAs

transcripts, included fragments of protein-
(Supplementary Table S1). We detected at least one common fusion
transcript in 17 out of 29 cases (59%) in the paired FF/FFPE samples.
In 13 cases (45%), the number of detected fusions in FF samples
was higher than in the FFPE tumor tissue blocks, while in 10
cases (34%), the number of FFPE fusions was higher. Overall,
there was no statistically significant difference in the number of
fusions between FFPE and paired FF materials (paired analysis
p-value = 0.2, Figure 1A).

We also compared the number of uniquely mapped reads among
the paired FF and FFPE sequenced libraries, a measure referred to as
effective coverage for an RNA sequencing profile. On average, FFPE
samples exhibited approximately twice the coverage of FF samples
(p-value = 5.4 x 10"-8, Figure 1B). We did not observe a correlation
between the number of fusion transcripts detected and the number
of reads per library neither for FE, nor for FFPE samples (Figure 1C).
Only fusions detected in at least two samples were included in
this analysis.

Details the
per sample and other mapping statistics are provided in

on numbers of uniquely mapped reads
Supplementary Table S2. Thus, the efficient detection of fusion
transcripts in FFPE blocks, comparable to that in FF samples,
may be at least partly due to the higher coverage by RNAseq
reads. Interestingly, the median insert size was 20 bases
shorter in FFPE than in FF samples, 186 vs. 206 bases,
respectively (Supplementary Table S2, p-value = 3.9 x 10"-7), which
could influence the fusion detection process due to the STAR-Fusion
aligner properties.

Interestingly, perhaps due to the drastically different coverage,
principal component analysis (PCA) revealed clearly separate
clustering of the FF and FFPE gene expression profiles (Figure 1D).
However, dendrogram analysis of pairwise distances primarily
showed clustering that was specific to the sample IDs, rather
than to the type of biomaterial, among the FF and FFPE
biosamples (Supplementary Figure S1).

The most commonly identified fusion transcripts in this study
were KANSLI-ARLI7A/B read-through transcripts, found in 20
patients (69%), followed by the fusions MACCI-AC005062.1,
LEPROT-LEPR, SMGI-NPIPBI3, and AL353138.1-PTCHD4,
found in 7 (24%), 5 (17%), 3 (10%), and 3 (10%) patients,
respectively (Figure 2; Supplementary Table S1). Of these, only
the KANSLI-ARL17A/B fusion was previously reported in the
literature (Zhou et al., 2017) while the others are newly identified
or newly reported. Interestingly, KANSLI-ARL17A/B fusions
have been detected not only in various solid and hematological
cancers but also in patient-matched normal control tissues.
Specifically, the KANSLI-ARLI7A fusion has been associated
with unfavorable outcomes in high-grade serous ovarian cancer
(Newtson et al., 2021). Both the KANSLI and ARLI7A genes are
located on the reverse strand of chromosome 17 at the q21.31

frontiersin.org


https://doi.org/10.3389/fmolb.2024.1448792
https://mitelmandatabase.isb-cgc.org
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org

Sorokin et al. 10.3389/fmolb.2024.1448792
A B
201 O 2
S p = 5.4e-08
n
154 5 e
o El0 5}
o 74
510 L
@ 9 @ .
£ & & ‘
2 ® Es '
>
51 e 2
4 s
:7 5 v
s ? | ®
o S
0-
& < ; ,
& FF FFPE
Sample type Sample type
C D
® i °
R=0.22, p=0.24 N .
R=0.24,p=0.22 e Q9o
L P
[ N
. ° *° %
5 — L ] ..
K7 * @ ® ®
= 54 @ 5 .. Sample type
2 e o ‘~ ) o FF
é ® o 8 ® . @ FrPE
"
Zle ° o® © , “u. g “
1
SoiD) e wes ° 00 % _°
ane @ o® . i
&
of ese eWese )
3 5 -40 20 0 20
Uniquely mapped reads (millions) PC1 (11.6%)
FIGURE 1
Comparison of experimental FF and FFPE paired gene expression profiles. (A) Box-plot for number of fusion transcripts detected in FF versus matched
FFPE samples. (B) Box-plot for number of uniquely mapped reads in sequenced FF and FFPE libraries. (C) Scatterplot for relationship between the
number of fusion transcripts detected and the number of uniquely mapped reads in the respective libraries. (D) Principal component analysis (PCA) of
log-transformed gene expression levels (TPM) in FF and FFPE libraries.

locus. The frequent occurrence of KANSLI-ARLI7A/B fusions
may be attributed to two partial duplications of the KANSLI gene,
which are prevalent at frequencies of 26% and 19%, respectively,
in the European ancestry population (Boettger et al., 2012). This
suggests that the mechanism of fusion generation could involve
aberrant or alternative splicing of the two genes, rather than
ongoing DNA rearrangement events (Lopez-Nieva et al., 2019;
Zhou et al., 2017).

The fusions that could be found in two patients were one
known fusion TFG-ADGRG7 and six new fusions ACI08865.1-
ACI110772.2, CCDC32-CBX3, CAST-AC104123.1, AC090517.5-
ZNF280D, BOLA2B-SMGIP6, and UMADI-GLCCII (Figure 2;
Supplementary Table S1). Among these, the previously reported
TFG-ADGRG? fusion could be also detected simultaneously in the
normal and tumor samples (Lopez-Nieva et al., 2019). Both fusion
partners here are located on 3q12.2 genome locus.

Furthermore, except CCDC32-CBX3 that most probably
represented 15q15.1 — 7p15.2 translocation, all detected fusions
occurring in at least two patient biosamples had fusion partners
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located in the same genomic region (Supplementary File S1).

This strongly suggests read-through, duplication, or local
deletion mechanisms for their generation. Many of them were
presented by two or more alternative variants with different
fusion sites (Supplementary File S1).

In total, of the 112 fusion transcripts detected in this study, 19
(17%) were previously documented in the ChimerSeq database of
known fusions (Jang et al., 2020) or the Mitelman Database, while 93
(83%) were not previously reported in the literature or in the above

repositories.

Detection of the novel ALK fusion

In the FF sample from patient P23, we detected an in-frame
fusion transcript involving the ALK gene and LRRFIP2, which
encodes the LRR-binding FLII-interacting protein 2. This fusion
retains the entire tyrosine kinase domain spanning exons 20-29 of
the ALK gene (Figure 3A, Supplementary File S1), suggesting the

04 frontiersin.org


https://doi.org/10.3389/fmolb.2024.1448792
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org

Sorokin et al. 10.3389/fmolb.2024.1448792

Fusion Gene

SHLD2P1/3--AL136982.4

SLC6A7--DSG4
AC108865.1--AC110772.2

LINC01169--SMAD6

AC090517.5--ZNF280D
TVP23C--CDRT4
C2CD5--LDHB
AL353138.1--PTCHD4
TFG--ADGRG7
SAMD5--SASH1

MACC1--AC005062.1
CTSC--RAB38

KANSL1--ARL17A/B
LEPROT--LEPR
CCDC32--CBX3
ETV6--PDE3A
KDM5A--DCP1B
KDM5A--IQSEC3
SMG1--NPIPB13
WNK1--KDM5A
HROB--CDR2L
KPNA2--AC243585.1
LYPLA1--ALKAL1
PTPN4--EPB41L5
SHLD2--AL136982.4
RPS10--NUDT3
CAST--MIR583HG
MAL2--CERS6
PDZD8--MYOF
BOLA2B--SMG1P6
UMAD1--GLCCI1

P29-FFPE
P29-FF ° ° °
P28-FFPE
P28-FF  ® °
P27-FFPE ° °
P27-FF
P26-FFPE
P26-FF
P25-FFPE °
P25-FF
P24-FFPE
P24-FF
P23-FFPE
P23-FF
P22-FFPE °
P22-FF ° °
P21-FFPE
P21-FF
P20-FFPE
P20-FF
P19-FFPE
P19-FF
P18-FFPE
P18-FF °
P17-FFPE
P17-FF °
P16-FFPE
P16-FF °
P15-FFPE
P15-FF
P14-FFPE
P14-FF
P13-FFPE
P13-FF
P12-FFPE
P12-FF
P11-FFPE
P11-FF
P10-FFPE
P10-FF
P9-FFPE °
P9-FF ° °
P8-FFPE
P8-FF
P7-FFPE °
P7-FF o ©
P6-FFPE ° °
P6-FF  ®© °
P5-FFPE o ° ° 0
P5-FF )
P4-FFPE e o @ o
P4-FF @ ®@° @000
P2-FFPE °
P2-FF °o o
P1-FFPE ° o
P1-FF °

Sample ID
® ole@ec o0@@ @o@eoe ®
(o]
o
o
o (]
o

@ol0oo

o @0 0O -e°
0000

Junction Read Count Spanning Frag Count -1 ® 10 ® 20

FIGURE 2
Fusion transcripts experimentally detected in FF or FFPE materials in more than one patient. Fusion statistics is ordered by patient ID, grey label showing
FF and red label-FFPE biosamples.

potential clinical efficacy of ALK inhibitors in this case. However,  overall asymmetry in exon coverage by RNAseq reads of the
no supporting chimeric reads for this fusion were found in the  5'- and 3’-parts of a gene may indicate a gene fusion event
FFPE sample of P23. We have previously demonstrated that an  (Rabushko et al., 2022). For patient P23, we observed a significant
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increase in ALK gene exon coverage beginning with exon 20
in both matched FF and FFPE RNAseq profiles (Figure 3B). We
validated the presence of LRRFIP2-ALK fusion in both FF and
FFPE samples using reverse transcription PCR followed by Sanger
sequencing.

Discussion

Detecting fusion events can be particularly challenging in FFPE
tumor tissue samples. Fluorescent in situ hybridization (FISH)
is commonly used to detect fusions in FFPE tissues, but this
method is typically restricted to identifying known fusion pairs
(Wagener-Ryczek and Pappesch, 2021). Alternative approaches,
such as targeted RNA sequencing and various reverse transcription
PCR-based methods, also face similar limitations in that they
can only detect previously identified fusions (Wagener-Ryczek
and Pappesch, 2021). Therefore, total RNA sequencing and/or
whole-genome sequencing remain the only viable options for
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discovering novel gene fusions in both FFPE and FF tumor tissue
materials (Yang et al., 2023).

We previously demonstrated that RNA sequencing of FFPE
human tumor samples provides accurate gene expression profiling,
establishing reproducible transcriptional patterns (Samii et al., 2021)
and reliable quantification of cancer biomarkers (Sorokin et al.,
2020a). However, to our knowledge, no published studies have
directly compared the efficiency of fusion detection between
FFPE and FF biomaterials. In our current study, we found
that using FFPE materials resulted in a comparable number
of fusion transcripts detected from total RNAseq data as with
FF materials, although approximately twice as many reads were
required for the FFPE libraries compared to the FF samples.
Notably, the number of fusion transcripts identified in both
FF and FFPE samples did not significantly differ. Interestingly,
fusions identified in FF and FFPE samples from the same
patient showed little overlap, suggesting that the STAR-Fusion
software might not detect all existing fusions in the biosamples.
The non-overlapping sets of chimeric transcripts could also be
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attributed to low expression levels of the transcripts and/or tumor
heterogeneity.

Alternative RNA sequencing approaches that focus not only on
detecting reads directly supporting a fusion event may significantly
enhance the detection efficiency of chimeric cancer genes in FFPE
samples. We have previously demonstrated that the pattern of exon
coverage by RNAseq reads can be useful for identifying fusion genes,
particularly when the major oncogenic partner (e.g., the gene moiety
encoding the tyrosine kinase domain) is located on the 3'part of
the chimera (Rabushko et al., 2022). In this study, we tested this
approach and successfully identified a new, potentially clinically
relevant ALK gene fusion in a matched FFPE sample as well.

ALK, a member of the insulin receptor superfamily of receptor
tyrosine kinases, is composed of 29 exons, with exons 20-29 encoding
the tyrosine kinase domain (Della Corte et al., 2018) ALK fusions are
primarily found in lung cancer, where they occur with a prevalence
of approximately 5% (Jazieh et al., 2021). The most frequent 5’ fusion
partner of ALK is EML4, which encodes the echinoderm microtubule-
associated protein-like 4. Other common partners include SQSTMI
(sequestosome), DCTNI (dynactin), HIP1 (Huntington interacting
protein 1), and KIF5B (kinesin family member 5B) (Shreenivas et al,
2023). Research indicates that the specific fusion partner may
influence tumor sensitivity to ALK inhibitors (Childress et al., 2018).
Although ALK fusions are less common in other tumor types, they
have been occasionally detected in sarcomas, neuroblastoma, and
esophageal, renal, breast, ovarian, thyroid, and colorectal cancers
(Ross et al, 2017). In such cases, treatment with ALK-targeting
drugs, such as crizotinib and alectinib, can lead to durable tumor
responses (Childress et al., 2018).

In this study, we detected an ALK fusion with LRRFIP2 as
the 5'partner in a case of colorectal cancer. This same fusion
was previously identified in one clinical case of epithelioid fibrous
histiocytoma (Mansour et al., 2022). LRRFIP2, leucine-rich binding
FLII interacting protein 2, is known to negatively regulate NLRP3
inflammasome activation in macrophages (Jin et al., 2013) and
activate nuclear factor kappa B signaling by binding to the cytosolic
tail of toll-like receptor 4 (Gunawardena et al, 2011). Notably,
LRRFIP2 has also been involved in fusions with RAFI in acral
melanoma (LeBlanc et al, 2020) and with MLHI in hereditary
non-polyposis colorectal cancer (Morak et al., 2011).

Using the bioinformatic tool STAR-Fusion (Haas etal.,, 2019), we
identified the LRRFIP2-ALK fusion transcript in the FF sample but
not in the FFPE sample of a patient. This discrepancy could be due
to insufficient coverage, lower RNA integrity, tumor heterogeneity,
or other factors. However, we detected a pattern of exon coverage
by RNAseq reads that indicates the presence of this fusion in both
FF and FFPE samples of this patient. Therefore, we conclude that
inspecting exon coverage patterns for clinically relevant oncogenes
can be valuable for characterizing FFPE-derived materials. This
method can complement widely used software tools for detecting
chimeric transcripts.

Since targeted therapies are available for less than a dozen
oncogenic fusion types, such an inspection can even be performed
manually when exon coverage is visualized. Additionally, an
automated method for high-throughput exon coverage asymmetry
analysis may be beneficial for batch detection of fusion gene
candidates in FFPE RNAseq data. While this approach has
limitations—it cannot identify the fusion partner or determine
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whether the open reading frame of a chimeric transcript is
preserved—it can roughly identify the fusion breakpoint position
and narrow the analysis to candidate cases requiring further in-
depth investigation and molecular profiling.
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