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An integrated DNA and RNA variant detector identifies a highly conserved three 
base exon in the MAP4K5 kinase locus
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ABSTRACT
RNA variants that emerge from editing and alternative splicing form important regulatory stages in 
protein signalling. In this report, we apply an integrated DNA and RNA variant detection workbench to 
define the range of RNA variants that deviate from the reference genome in a human melanoma cell 
model. The RNA variants can be grouped into (i) classic ADAR-like or APOBEC-like RNA editing events 
and (ii) multiple-nucleotide variants (MNVs) including three and six base pair in-frame non-canonical 
unmapped exons. We focus on validating representative genes of these classes. First, clustered non- 
synonymous RNA edits (A-I) in the CDK13 gene were validated by Sanger sequencing to confirm the 
integrity of the RNA variant detection workbench. Second, a highly conserved RNA variant in the 
MAP4K5 gene was detected that results most likely from the splicing of a non-canonical three-base 
exon. The two RNA variants produced from the MAP4K5 locus deviate from the genomic reference 
sequence and produce V569E or V569del isoform variants. Low doses of splicing inhibitors demon-
strated that the MAP4K5-V569E variant emerges from an SF3B1-dependent splicing event. Mass spectro-
metry of the recombinant SBP-tagged MAP4K5V569E and MAP4K5V569del proteins pull-downs in 
transfected cell systems was used to identify the protein-protein interactions of these two MAP4K5 
isoforms and propose possible functions. Together these data highlight the utility of this integrated DNA 
and RNA variant detection platform to detect RNA variants in cancer cells and support future analysis of 
RNA variant detection in cancer tissue.
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Introduction

Proteogenomics platforms aim to define the expressed and 
mutated genome in a diseased state to better determine 
the mechanisms whereby signal transduction is re-wired 
through mutant protein signalling [1]. These approaches 
have been implemented in many cancer types including 
ovarian, colorectal, endometrial, lung, prostate and renal 
tissues [2–6]. Although disease-specific signalling maps 
can be constructed, whole-genome cancer sequencing has 
revealed a patient-specific cancer barcode [7,8] that com-
plicates stratification of patients based on gene mutation 
status. In addition, although the vast majority of anti- 
cancer medicines target wild-type proteins, there are ever 
emerging successes in targeting mutated enzymes (kinases) 
with effective drug leads [9,10]. This provides the proof of 

concept that drugging mutated signalling networks has 
therapeutic value and presents an opportunity to develop 
precision, personalized therapeutics based on expressed, 
mutant proteins.

Understanding the expression of mutant proteins in a diseased 
state could form a platform for the development of a range of 
mutation-dependent therapeutics [11]. For example, mutant 
neoantigen vaccines could be developed using scaffolds such as 
synthetic mutant proteins [12], activated dendritic cells [13], 
nucleic acids including RNA [14] or synthetic viral vectors [15]. 
Common sets of mutated neoantigens can be identified in patients 
with microsatellite instability cancers emerging from mutations 
within microsatellite regions [16]. Nevertheless, the study of 
mutant proteome landscapes is only in its infancy. This task is 
complicated because building mutant proteomes involves the 
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integration of methodologies that link the fields of informatics 
and mass spectrometry with cancer biology. There are major 
challenges with integrating DNA sequencing, RNA sequencing, 
and mass spectrometric datasets [17]. Although packages/plat-
forms for identification of mutations/variants in DNA sequences 
are perhaps more evolved [18], the algorithms for defining muta-
tions with RNA sequencing datasets are very complex because the 
RNA mutation landscape is more pleiotropic than DNA. RNA 
mutations can be encoded by exons and by introns from pre- 
spliced RNA [19,20]. In addition, defining cancer-specific RNA 
edits [21], tumour-specific spliced mRNAs generating tumour- 
specific proteins [22–24], or even translation of UTRs provide 
novel mutant protein signalling landscapes [25]. As the diversity 
in software and computational tools tend not to be benchmarked 
against each other, there is as of yet no unified and validated 
roadmap.

In a previous report, we have benchmarked an integrated DNA 
and RNA variant identification software platform (CLC) to define 
expressed, p53-dependent single nucleotide variants (SNVs) in 
a human melanoma cell model [26]. The expressed SNVs detected 
in mRNA from the cell lines were validated using mass spectro-
metry in order to define the integrity of the variant identification 
software. This approach yielded mutant protein signal transduc-
tion maps that are enriched in either the wt-p53 or the p53-null 
isogenic cell model. In addition to RNA mutations that are geneti-
cally encoded, it is of interest to expand on the type of RNA 
variants, including RNA edits, that deviate from the genomic 
DNA sequence in tumour cell models. Emerging software tools 
are improving the detection of A-to-I RNA editing events [27,28] 
including developing a library of edited targets [29–32].

Here we expand on the use of the CLC integrated DNA 
and RNA variant detection software to define both the 
classic RNA edits and also multiple-nucleotide variants 
(MNVs) that reflect small exons not previously annotated 
to a reference genome. Prior to our current study, the CLC 
integrated DNA and RNA variant detection software has 
been used to identify RNA editing events in 34 protein- 
coding mitochondrial transcripts of four Populus species, 
a genus with a relatively small number of RNA editing 
sites relative to other angiosperms [33]. We were able to 
define sets of classical RNA edits as well as MNVs in the 
tumour models. We focus on validating one of these 
MNVs; the differential splicing of a previously non- 
annotated three base pair, highly conserved exon in the 
MAP4K5 gene that results in the insertion of one amino 
acid in the protein. These data together establish the 
utility of this integrated DNA and RNA variant identifica-
tion software to discover novel RNA variant landscapes in 
cell models and further highlights that understanding pro-
teome regulation requires more accurate tools to define 
the RNA reference set.

Results

Defining the global RNA variant landscape in A375 
melanoma cells

In a prior report [26], the CLC variant detection platform was 
benchmarked against Varscan2 to identify DNA encoded 

expressed RNA variants in an isogenic wt-p53 A375 and p53- 
null A375 melanoma cell model. A total of 1468 mutated mRNA 
species encoded by 989 mutated genes were defined [26]. These 
data were then used as a reference database to define the baseline 
p53-dependent and p53-independent mutant proteome net-
works using mass spectrometry which includes over 300 mutant 
proteins [26]. Here we aim to expand on the RNA variant land-
scape from wt-p53 and p53-null A375 melanoma cells, without 
and with interferon treatment, that deviate from the reference 
genomic DNA sequence. The reason for using four biological 
states from highly similar genomes was to focus on common 
variant pathways that reflect robustness of the RNA variant type. 
Such RNA variants might be derived from; (i) classical A-I RNA 
editing events; (ii) non-canonical splicing events generating 
novel MNVs (exons) that have not been annotated by the refer-
ence transcriptome; or (iii) possible pseudogene expression 
incorrectly mapped to a reference gene but not reflecting true 
RNA edits (Fig. 1(a)). The RNA variants were filtered using the 
Fisher’s exact test which was used previously to define the like-
lihood of true variance in RNA edits (Fig. 1(b)) [34,35].

Using the Fisher’s exact test, the number of variants 
detected that are nonsynonymous, synonymous or non- 
coding are presented in Supplementary Tables 1A-G. In the 
four biological states used, the range of non-synonymous 
variants with 2 RNA variant reads or higher ranges from 
3392 to 6377 (Table 1(a), i). The range of total non- 
synonymous variants with 10 RNA variant reads or higher 
ranges from 102–559 (Table 1(a), iii). The range of non- 
synonymous SNV variants with 10 RNA variant reads or 
higher ranges from 29 to 197 (Table 1(a), iii sublevel). 
Specific RNA variants (i.e. A-G and C-T) detected from 2– 
10 reads or higher identified in these four biological states are 
highlighted in Table 1(b) (i, ii, iii). For example, with 
a minimum of 10 variant RNA reads, the number of ADAR- 
like A-I variants (defined as A/G sequencing reads) that 
passes the Fisher’s exact test filtering was 154 and the number 
of APOBEC-like C-U variants (defined as C/T sequencing 
reads) was 163 (Table 1(b), iii). G to A variants (Table 1(b)) 
might arise from APOBEC3A-dependent processes [36], 
whilst U-C variants (Table 1(b)) might arise from transami-
nation and transglycosylation [37]. A calculation of the extent 
of classic non-synonymous RNA editing events (A-I + C-U; 
720) over the total non-synonymous RNA variants from 
Supplementary Table 1A (3,123) is 23.05%.

Examples of specific SNV variants of interest are summar-
ized in Table 2. One non-coding RNA variant we include 
(from Supplementary Table 1 F) is the miRNA, 
MIR663AHG, which has two A-G variants represented by 
over 1,000 reads each (Table 2; Supplementary Table 1 F). 
MIR663AHG has not been previously shown to be a target of 
the RNA editing machinery; however, other miRNAs have 
been shown to be edited by the ADAR-dependent mechan-
isms [38,39]. Several protein kinases are highlighted including 
CDK13, CDK10, CDK11, and CDK12, which exhibit 
A-G variants in the sequencing reads (Table 2). For example, 
CDK13 exhibits 17 out of 22 variant A-G RNA reads, with 
a total of 43 wt-DNA reads yielding a Fisher’s exact test 
p-value of 1.4 e-11. CDK10 exhibits 12 out of 20 variant 
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A-G RNA reads, with a total of 45 wt-DNA reads yielding 
a Fisher’s exact p-value of 3.1 e-08. These A-G variants are 
most likely ADAR-dependent A-I RNA editing events. 
A representative nucleotide insertion event (C) in the RNA 
encoding SEPT7 produces a theoretical frame shift; SEPT7 
exhibits 103 out of 146 variant C insertion RNA reads, with 
a total of 19 wt-DNA reads yielding a Fisher’s exact p-value of 
1.1 e-09. A gene with a representative MNV (YTHDF3) exhi-
bits 13 out of 15 RNA variant reads, with a total of 66 wt- 
DNA reads yielding a Fisher’s exact p-value of 2.7e-13. This 
representative MNV is most likely an alternate or non- 
canonical short exon, similar to MAP4K5 (See below).

Summarized next are groups of genes with high-confidence, 
canonical A-I (shown as A-G change in the sequencing results) 
ADAR-like editing events (Table 3). Several genes of interest 
from the stress-activated signalling and cancer field emerge and 
we generally focus on protein kinases which form drugabble 
targets in oncology. We first focus on the previously identified 
edits in the cell cycle-dependent kinase superfamily member, 
CDK13 [40]. The latter study linked this editing event to poor 
prognosis in hepatocellular cancer patients, but biochemical 

characterization to provide a potential mechanism was not per-
formed. The identification of this CDK13 mRNA editing event 
in the A375 cell line using the CLC software (predicted amino 
acid change of Gln103Arg) forms a type of internal validation 
that suggests this informatics tool has value for identifying RNA 
variants from a reference set. In addition, to the ADAR-like 
editing events, we also present a list of the top genes with 
canonical C-U (presented as C-T changes in sequencing data) 
APOBEC-like editing events (Table 4). For example, HSPD1 
mRNA exhibited a variant rate of 70.31% (45 out of 64 RNA 
sequencing reads are C to T). In general, it is thought that 
APOBEC RNA editing forms a smaller landscape than ADAR, 
but in our analysis, C-U variants were as wide-spread as 
A-I variants (Table 1(b)). Future research will determine 
whether these C-U variants are APOBEC-dependent. We also 
include non-canonical RNA variants (A-T) of unknown origin 
that emerge from this software. A-T variants only represent 
a small proportion of the total, classical RNA editing events if 
variants are included that are only above 10% of the total RNA 
reads (Table 5). If the total A-T RNA variants are included from 
this analysis, then there are hundreds that fall below the 10% 

Figure 1. RNA variant detection processes.
(a) RNA variants that do not match the reference DNA can be a result of (i) classic RNA editing events such as those derived from ADAR and APOBEC activity; (ii) 
novel, non-canonical exons whose transcripts are not yet annotated to the reference human genome (hg19 and hg38); and (iii) potentially false RNA editing events 
that might arise through the expression of pseudogenes. (b) Process for annotating RNA variants that deviate from the reference genome. Left panel: Shotgun RNA 
sequencing reads and genomic exon-sequencing reads were imported into the CLC workbench. RNA reads that match somatic DNA mutations were removed leaving 
a file of RNA variants that do not match the reference genome or the derived transcriptome. Middle panel: The Fisher exact statistical test [34,35] was used to stratify 
the relative probability that the RNA variant was a true deviation from the reference genomic DNA. In the filtering steps of high probability edited RNAs, a subset was 
chosen that includes genes that would produce a non-synonymous mutation or variant including SNVs, MNVs, indels, and replacements (Supplementary Table 1A-E). 
Right panel: We chose to validate using RT-PCR and Sanger sequencing two protein kinases transcripts that represent either a classic A-I RNA edit (in CDK13) or 
a small 3 base exon (in MAP4K5) that was not previously annotated.
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threshold (Supplementary Table 1 G). These low-frequency 
A-T RNA variants might be either hotspots of RNA polymerase 
errors [41] or hotspot sequencing errors arising from the next- 
generation shotgun sequencing methodology [42]. Although the 
origin of such A-T variants are not known, in this manuscript we 
validate one of the high-frequency variants as being attributed to 
a non-annotated small exon in MAP4K5 (Table 5).

Using the totality of these RNA variants, we evaluated the 
dominating gene family groups that exhibit overlapping or 
diverse RNA variant expression in the four biological states 
(Supplementary Figure 1A). In general, for transcription gene 
products (‘Transcription, DNA-templated’ and ‘Regulation of 
Transcription’; Supplementary Figure 1A), the wt-p53 cells 
(untreated) exhibited similar extents of RNA variants as p53- 
null cells (treated with interferon). We focus here on sum-
marized the ‘DNA repair’ gene family of proteins which are 
highest in the p53-null cells (not treated with interferon) 
(Supplementary Figure 1A). When these were dissected gene- 
by-gene, then the gene products that exhibit the elevated 
variant mRNA production are listed in Supplementary 
Figure 1B. Together, these data highlight the feasibility of 
using the CLC software to study changes in the RNA variant 
landscape. Below, we focus on validating two key RNA var-
iants that represent different types of variants that can be 
measured; an RNA editing event in CDK13 and a non- 
canonical splicing event in MAP4K5.

Sanger-sequencing validation of the dominant RNA 
editing events in the CDK13 mRNA

The genome browser view of the region in CDK13 which is 
edited at the RNA level is shown in Fig. 2(a). CDK13 shows 
A-to-I editing within exon 1 in A375 melanoma cells as well 
as SiHa cervical carcinoma cells. These data, along with prior 
reports of CDK13 RNA editing [40,43], suggests that editing 
at this position is widespread. The dominant edit would 

change a glutamine to an arginine (Q to R) in codon 103 if 
the mRNA were translated. This high-level editing in CDK13 
transcript suggests a functional role for the predominant 
edited variant of the gene product [44]. In addition, we also 
detect the A-G variant nearby codon 103, the K96R variant, 
although the reads are substantially reduced and they both 
exist on the same transcript (i.e. these two RNA editing events 
are not apparently mutually exclusive on the same transcript 
[40] (Fig. 2(a)).

Despite the fact that CDK13 has been previously shown to 
be edited at codon 103 [40], we validated this target further 
using Sanger sequencing since it is the most abundant editing 
event. Due to the GC-rich nature of CDK13, nested PCR 
primers were first used to amplify the CDK13 fragment 
from cDNA libraries (Fig. 2(b)). Using these optimized pri-
mers, we could detect edited (I, recognized as G) and non- 
edited (A) species in a range of conditions as defined by the 
ratio of G and A sequencing reads (Fig. 2(c)), We were unable 
to detect changes in the G/A ratio in this cell model in 
response to UV irradiation (Fig. 2(c) i), splicing inhibitor 
treatment (Fig. 2(c) ii), or the replacement of cells in serum- 
free media (Fig. 2(c) iii). However, the long-term incubation 
of cells with an siRNA control reduced the G-A ratio so that 
the non-edited sequence predominated after 4 days of incuba-
tion (Fig. 2(d)ii vs Fig. 2(d))i. These latter data suggest that 
editing of CDK13 can be regulated by signalling changes. 
Future work will define the function of the edited version of 
CDK13 gene product and how this editing event can be 
regulated.

Sanger validation of the minor RNA editing event in rela-
tion to the major RNA editing event was also shown in Fig. 2 
(e-g); the K96R variant exhibits less editing that the Q103R 
variant based on peak intensities of the G or A sequencing 
reads (Fig. 2(e) vs 2(f)), which is consistent with the number 
of reads in the CLC browser (Fig. 2(a) and Supplementary 
Table 1A). There are seven other non-synonymous RNA 

Table 1. Different types of RNA variants that pass the Fisher’s exact test. (A) Number of variant types in isogenic A375 cell lines (p53 WT and null, treated and not 
treated with interferon (IFN)). (B) Number of A-G and C-T variants in A375 p53-WT.
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Figure 2. RNA variants that represent potential A-to-I editing events.
(a) The CLC browser view highlights an A-to-I edit in CDK13 gene, present in two different cell lines (A375 and SiHa). Only RNA-seq reads are available in the SiHa cell 
line, thus the possibility of DNA encoded G variant in the sequence cannot be completely excluded. The dominant CDK13 variant is located on chr7: 39,950,949, p. 
Q103R, c.308A>G based on Ensembl_v91 and GRCh38. The other A-to-I edit in CDK13 is indicated by blue lines at on chr7: 39,950,928 and is present only in A375 
cells. (b) A schematic of the PCR reaction used to amplify the fragment of CDK13 cDNA with the edited A (marked in red). To overcome problems with GC-reach 
sequence amplification, nested PCR reaction was optimized first with the use of the outer set of primers (marked in green, forward primer located in 5ʹUTR). The 
inner set of primers (marked in yellow) was used to amplify the desired fragment from the CDK13 cDNA. The 5ʹUTR is indicated by grey background colour and the 
A-to-G variant location is marked in red. (c) Sequencing results of nested PCR products from the CDK13 gene using RNA derived from wt-p53 A375 or p53-null A375 
cell lines under different cell stress conditions: UV treatment (UV), splicing inhibitor treatment with Isoginkgetin (G-Inh.), and serum starvation (SFM), harvested after 
24 hours of treatment or control conditions. All chromatograms show a mixture of edited (G) and non-edited (A) versions of CDK13 and the ratio between edited and 
non-edited variants shows no visible quantifiable difference in all samples. The A-to-I edit location is marked by an arrow in the Sanger sequencing reads where the 
ratio of A (green) to G (black) is visible. (d) Sequencing results of nested PCR products from the CDK13 gene using RNA derived from wt-p53 A375 cells after 
treatment of cells with an siRNA vs control untreated. siRNA was tested as a ‘stress’ agent because it is known to induce an interferon response that can impact on 
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editing events localized in this small exonic region and the 
editing is variable (Fig. 2(g)). The translation of these mRNAs 
with multiple editing events would, in principle, lead to single, 
double, triple, and quadruple, etc. mutant CDK13 proteins. As 
such, functional characterization of these multi-mutant pro-
teins was not evaluated in this study because of the potential 
variable number of mutant protein products. Nevertheless, 
our data validate the utility of the software to identify RNA 
editing events. CDK13 forms an interesting target in the 
future to validate because the kinase can play a role in splicing 

regulation by controlling the phosphorylation status and the 
activity of splicing factors [45]. Furthermore, CDK13 is loca-
lized in the nucleus, particularly in speckles which are the 
storage site for splicing factors [46]. More recently, CDK13 
depletion was shown to lead to defects in RNA processing 
[47]. In recent years, CDK13 has been recognized as a novel 
oncogene with potent oncogenic activity in various cancer 
types as it affects cell cycle regulation, proliferation, and 
chromosome stability functions [48]. Furthermore, pancreatic 

RNA editing. Two days after transfection with siRNA, there is no difference in the ratio between edited and non-edited CDK13 versions. However, after four days the 
siRNA treated sample shows non-edited (Adenine, in green) as a predominant variant of the CDK13 gene. KD, knock-down; A-to-I edit location is marked by an arrow. 
Sanger sequencing of DNA (e) and RNA (f) as a validation of NGS data from part A. Red arrows in F indicate the same positions observed in panel E. Noteworthy, the 
frequency of edit in the first location (chr7: 39,950,928) is lower than the edit in the second location (chr7: 39,950,949), which corresponds to edited reads observed 
in NGS from (a). (g) Table presents information of RNA edits deposited in REDIportal within a 290 nt region surrounding analysed RNA edits in CDK13 gene. Position 
of edits presented in a and f panels are in bold. Ref, reference nucleotide; Ed, edited nucleotide; In dbSNP, information if the edit is deposited in dbSNP.

Figure 3. RNA variants in the MAP4K5 gene.
In the COSMIC database (a) the MAP4K5 codon, marked in yellow, is annotated as a genomic mutation. (b) The table presents mRNA sequence number and 
corresponding amino acid substitution for MAP4K5 in human, chimpanzee, mouse, and zebrafish. Numbers of sequences deposed in NCBI that are confirmed are 
indicated in bold. *predicted by automated computational analysis. (c and d) Two different versions of a reference genome were used to map the variants, (c) 
Ensembl_v74 maps the change to an A-to-T mutation in the RNA or (d) Ensembl_v91 maps the RNAseq to a non-canonical 3-nucleotide exon. In (d), the TAC-(CTT)- 
CTA sequencing reads that result in the 3 base exon insertion convert to 5ʹ TAG-(3 base codon)-GTA 3ʹ sequence where the ‘AG’ forms a classic 3ʹ intron splice 
acceptor site and the ‘GT(U)’ forms the classic spice donor site for the subsequent splice to the larger exon in MAP4K5. This sequence is the only exact match within 
this intron, which suggests this is the true exon-intron boundary for this three-base exon. Blue brackets indicate tumour DNA, green brackets indicate tumour RNA. 
This mRNA sequence deviates from the ensembl reference sequence which encodes a Valine-569 (Fig.4)
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disease link associations could be made for upregulated 
CDK13 by pathway network linkages to p53 [49].

Validation of the non-canonical RNA variant in MAP4K5 
mRNA

The CLC RNA variant detection software identifies RNA 
species that deviate from the reference sequence. This can 
include not just single nucleotide variants typical of classic 
RNA editing (A-I or C-U) (Table 1(b)), but also MNVs and 
indels (Fig. 1(a); Supplementary Tables 1 C-E). Focusing 
again on protein kinases, using Ensembl RefSeq v74 as 
a reference sequence, the A-T RNA variant in MAP4K5 
mRNA can be mapped to an exon-intron boundary (Fig. 3 
(c)) that is spliced at the downstream intron-exon boundary 
to create an in frame single amino acid insertion. However an 
updated version of the RefSeq (Ensembl v91) maps the change 
to a non-canonical three base exon (Fig. 3(d)). These data 

highlight the relative difficulty in mapping very small non- 
canonical RNA variants to a reference dataset. We think it is 
more likely that the ‘A-T variant’ is not mapped correctly to 
the reference genome and it is more likely that these RNA 
reads derive from a non-canonical three base exon that devi-
ates from the genomically predicted valine codon at 569 
position (Fig. 3(a,b)). In addition, it is unlikely that this three- 
base non-canonical exon is mapped to the correct intronic 
position (as reported in Fig. 3(d)) as we can identify several 
GAA (CTT) motifs across the 2,001 bp intron 23–24.

Regardless of the mechanisms generating the RNA variant 
in MAP4K5 mRNA, the genomic annotation of MAP4K5 at 
this position is not resolved based on public data in different 
vertebrate species (Fig. 3(b)). The human MAP4K5 protein 
found in Ensembl and in NCBI displays three different tran-
scripts with regard to the codon that has the RNA variant 
(Fig. 3(b) Human). One variant has a reference sequence that 
codes for the Valine amino acid (GTA). The second transcript 
has the variant (GAA) which codes for the amino acid 

Figure 4. Developing Sanger sequencing of two MAP4K5 isoforms.
(a) the sequence highlights the MAP4K5 cDNA fragment consisting of standard exons 23–26 from Uniprot Q9YK4.2 and XP_011534679.1 containing the exon 23 
reference ENSE00003552321 and the exon 24 reference ENSE00003543613. Primers used for amplification are marked in green and underlined. Each new exon starts 
from the G (in bold). (b) The fragment region shown on chromatograms in d and e with its amino acid translation. (c) The scheme below the sequence demonstrates 
possible splicing variant occurrence. (d) The WT-full length MAP4K5 expression plasmid chromatogram presents the two-exon variant. (e) A chromatogram of the 
RNA variant plasmid expressing the V569E insertion isoform of MAP4K5 highlights the 3 bp mRNA variant that deviates from the Ensembl reference sequence(as in 
Fig.3(c and d)). The chromatograms form a reference for the quantitation of mixed mRNA variants derived from biological material in Supplementary Figures 2–4.

2568 M. KURKOWIAK ET AL.



Glutamic acid. The third transcript has this codon deleted. 
Pan species has the same three transcripts to humans (Fig. 3 
(b) Chimpanzee). Murine species has the codon GCA, instead 
of GTA, in one transcript which codes for Alanine (Fig. 3(b) 
Mouse). The other two transcripts are similar to the second 
and third transcripts to humans with the variant codon GAA 
and with the deleted codon, respectively. Danio species have 
two transcripts only; one with the variant codon GAA, and 
one with the deleted codon (Fig. 3(b) Zebrafish). Thus, this 
RNA variant is conserved in many species suggesting selection 
pressures exist for this specific variant in vertebrates.

We next validated the RNA variant in MAP4K5 mRNA 
and whether we could find evidence that it is regulated by 
splicing mechanisms. First, the reference cDNA sequence 
predicts a Valine at position 569 based on the Ensembl 
genomic reference sequence that is encoded by a GTA at 
the exon23-intron23-24 boundary (Fig. 4(a,b)). If the V569 
or E569 allele is derived from the alternative splicing of an 
exon encoding a Glutamate (E) or Valine (V), then the 
splicing pattern would be as predicted in Fig. 4(c). We 
next developed a plasmid expressing MAP4K5 protein 
including the variant V569E and the 569del allele. Sanger 
sequencing of the expression plasmid DNAs using primers 
depicted in Fig. 4(a), gave rise to the SLSGKT amino acid 
stretch that derives the 569del allele (Fig. 4(d)) or the 
SLSEGKT that derived the V569E allele (Fig. 4(e)). 
Having optimized primers for quantifying the RNA variant 
region, we purified RNA from a range of cells and tissues 
to determine whether these variants can be detected and 
quantified. Supplementary Figure 2A reveals that the V569E 
allele dominates in RNA derived from muscle, adipose, 
normal human fibroblasts (NHF), or A549 lung cancer 
cells. In addition, the treatment of A549 lung cancer cells 
by starvation or over confluence does not alter the expres-
sion of the V569E allele (Supplementary Figure 2B). Thus, 
we see no evidence of the annotated Valine amino acid, 
although it remains possible that other conditions or cell 
models might incorporate a different 3 bp exon encoding 
Valine in place of Glutamate.

We next wanted to determine whether we could drive 
production of the 569del mRNA species through inhibition 
of RNA splicing. We used the SF3B1-specific inhibitor 
Pladienolide B (Fig. 5 and Supplementary Figure 3) [50]. At 
the 24-h time point, the lower dose of Pladienolide 
B marginally increased the amount of the 569del allele 
(Supplementary Figure 3C vs 3B and 3A). However, by 
48 hours there was a substantial increase in the 569del allele 
and reduction in the V569E allele at the lower dose of inhi-
bitor (10 nM; Supplementary Figure 3F vs 3E and 3D). The 
higher dose of the Pladienolide B inhibitor (100 nM) did not 
reduce the splicing as affective as the lower dose. 
Quantification of the Sanger sequencing demonstrated that 
the ratio of non-spliced:V569E spliced mRNA was 0.32 in 
non-treated conditions but 4.06 in the presence of 
Pladienolide B (10 nM; Fig. 5(a)). A different splicing inhibi-
tor (Herboxidiene [50]) that also inhibits SF3B1 was titrated 
to determine effects on the splicing ratio. This inhibitor also 
increased the level of the 569del allele which removes the 3 bp 
Glutamate encoding exon (Supplementary Figure 4(C,F) vs 
4A and 4D). Quantification of the Sanger sequencing bases 
demonstrated that the ratio of non-spliced:V569E spliced 
mRNA was 0.33 in non-treated conditions but 0.67 in the 
presence of Herboxidiene B (10 nM; Fig. 5(b)). These data 
confirm that the RNA variant has emerged due to splicing of 
the 3 bp exon encoding Glutamate, although further research 
will be required to map the location of this exon and to 
determine whether the cell might use the valine encoding 3 
bp exon under different physiological conditions.

Having establish that the 569del allele and the V569E allele 
as the two dominating isoforms detected at the RNA level, we 
asked whether either of these two variants exhibited any 
differences in clonogenic activity and/or interaction partners. 
We would expect some equilibrium shift in the interactome of 
these two proteins considering the small exon variant is highly 
conserved within vertebrates. First, the 569del allele and the 
V569E allele were subcloned into pEXPR-IBA105 containing 
an SBP tag for affinity purification (Fig. 6(a)). When these two 
plasmids were transfected into wt-p53 and p53 null melanoma 

Figure 5. MAP4K5 Sanger sequencing results quantitation after Pladienolide B and Herboxidiene treatment.
Quantitation of the G-A and T-C sequencing pair at the indicated codon position (* * in Supplementary Figure 3 and Supplementary Figure 4) is quantified in a for 
Pladienolide B treatment and in b for Herboxidiene treatment.
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cell lines, the expression of both could be quantified (Fig. 6 
(b)), and the levels of both were equivalently expressed in 
p53-null cells. These data suggest the variations in the pro-
teins do not dramatically alter their steady state levels. Upon 
transfection and dilution for limited cell number to measure 
clonogenicity, there were two notable observations. First, both 
alleles induced a growth suppression, rather than growth 
stimulation, suggesting that they function more like tumour 
suppressors than oncogenes. Second the V569E allele was 
marginally more active as a growth suppressor, with the 
V569E suppressing growth by 19% and the 569del suppres-
sing growth by 33% relative to the control vector (Fig. 6(c)). 
Finally, interactomic immunoprecipitation (IP) identified 
shared protein–protein interaction sites, but also differences 
in the quantitative capture of certain protein targets (Fig. 6 
(d)). The aggregate of all the significant interacting proteins 
(above log0.5) that form a network using STRING is shown in 
Fig. 6(e). Based on these data, the core function of both 
MAP4K5 isoforms could to be interactions with the protein 
disulphide isomerase family members including peroxire-
doxin (Fig. 6(d), green upper right quadrant). Peroxiredoxin 
can regulate oxidative stress responses including protein fold-
ing [51]. Related to this, the protein RAD23 is also detected in 
the pull-down experiments and this protein has also been 
shown to play a role in protein degradation in response to 
ERAD (endoplasmic reticulum-associated degradation) qual-
ity control [52] through interactions with ubiquitin. Based on 
this core function, and the differential quantitative detection 
of common interacting proteins, we could speculate that the 
569del form of MAP4K5 interacts stronger to the ubiquitin 
regulator UBA1 and the protein disulphide isomerases – PDIs 
(PDIA6 and PRDX3) (Fig. 6(d), blue quadrant). By contrast, 
the V569E isoform shows stronger interactions with secretory 
or barrier function proteins, such as Fillagrin, XP32, and 
PRB2 (Fig. 6(d), red quadrants). Together, these data suggest 
that the 3 bp exon inclusion changes the equilibrium of the 
kinase towards distinct protein networks and its conservation 
from fish to mammals suggests this small non-canonical exon 
plays an important role in MAP4K5 protein function.

Discussion

Cancer genome sequencing has revolutionized our under-
standing of the genetic basis of cancer, the classes of mutagenic 
events that drive cancer development, and the identification of 
genetic drivers [53,54]. However, we do not yet know how this 
mutated code is translated into an expressed phenotype. 
Identifying the expressed cancer genome, using RNAseq and 
protein quantitation methods such as mass spectrometry, pro-
vides a more accurate view of the state of the cancer tissue at the 
time of presentation in the clinic. Although mass spectrometric 
software including Proteome Discoverer or Maxquant [55,56] 
provides a coding-independent user interface that raises the 
impact of mass spectrometry, the vast majority of next- 
generation data analysis using DNA variant detectors derived 
from Varscan or Mutect requires computational coding 
[57,58]. An integrated DNA and RNA variant detection soft-
ware tool (CLC) was utilized that is similar in scope to the 

Proteome Discoverer software tool used by mass spectrometrists 
that does not require computational coding [59]. This demo-
cratizes DNA and RNA variant detection to the life-science 
community, from the plant sciences community through to the 
field of human disease [60–65].

In our prior study, we benchmarked both CLC and Varscan2 
as two independent variant detection platforms to define the 
overlap in their mutation detection and define their dual utility 
in creating a mutant genomic reference database for optimizing 
mutant peptide detection using mass spectrometry [66]. Mass 
spectrometry has also been used previously to identify peptides 
derived from RNA editing events [21]. We have compared 
Varscan to CLC variant detection and have confirmed their 
similarity at DNA variant identification in a cancer cell model 
and also confirmed mRNA SNVs at the proteome level through 
the use of mass spectrometry to identify mutated peptides [66]. 
Based on the data obtained from the plant science community on 
RNA-editing using the CLC tools, we now have applied this RNA 
variant detection platform to our human melanoma cell model to 
determine whether the RNA variant landscape can be defined.

The data output can be exported as the number of synon-
ymous or non-synonymous RNA reads that deviate from or 
match a reference DNA read set (Supplementary Table 1A and 
Tables 3 and 4). The RNA sequence deviations from the refer-
ence genome can be further annotated into SNVs, MNVs, indels, 
and replacements (Supplementary Tables 1B-E). In 
addition, the overall landscape of SNV type can be stratified 
into A-G/G-A or C-T/T-C mutations (Table 1(b)). In general, 
the data demonstrate that the ratio of A-G or C-T mutations in 
RNA is within an order of magnitude of each other. As most 
RNA editing software focus on a type of RNA editing (such as 
A-I), it is not clear whether the C-U or A-I RNA editing land-
scape defined by CLC is representative of other platforms or 
other cell models. For example, even in studies where APOBEC 
dependent RNA editing is amplified [67,68], such studies do not 
usually compare the ratio of ADAR to APOBEC events.

In our current study, we first focused on validating one of 
the A-I RNA-editing events we detected, that has been 
reported previously. CDK13 mRNA over-editing has been 
reported in liver cancer [40] using RNAEditor [69]. This 
latter study identified two RNA editing events that could 
give rise to Q103R and K96R mutation in CDK13. We also 
can observe both RNA A-I editing events, with the 
G sequencing reads detected at codon 103 and 96 positions 
(in blue and red lines, Fig. 2(a i)) although the Q103R 
variant predominates (Fig. 2(a)). The SiHa cell model only 
identified RNA editing changes at the 103 codon position 
(Fig. 2(a)). It is noteworthy that the other CDK orthologues- 
CDK10, CDK11, and CDK12 which share similar G-C rich 
regions as CDK13 also display a degree of A-I editing in 
their transcripts (Table 2, CDK10 (Gln46Arg); CDK11 
(Cys23Arg); and CDK12 (Gly1425Arg)). It will be interesting 
in the future to expand on the editing regulation of these 
CDK orthologues, determine whether mutant proteins are 
produced as a result of the edit, and what might be the 
change in function of the edited genes.

In addition to classic A-I or C-U RNA edits, the CLC 
software also defines RNA variations in a cDNA sequence 
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that does not match a reference genome. Genes like MAP4K5 
or DIAPH2 (Supplementary Table 1C) have in frame small 
exons (3–6 bp) that represent ‘unmapped’ or non-canonical 
exons that are difficult to annotate with large intronic regions. 
We focus here on validating one representative class with 
a small in-frame exon, MAP4K5. The genomic sequence of 
MAP4K5 predicts a GTA sequence at exon23-intron23-24 
boundary that encodes a Valine at codon 569 (Figs. 3 and 
4). However, the RNA sequencing produces data that is 
defined as a variant by the CLC software (Fig. 3) that replaces 
a GTA with GAA leading to an Glutamate at codon 569. 
However, the genome sequence cannot accommodate this 
unless an A-T edit is annotated (Fig. 3(c)) or a downstream 
GAA exon (CTT reverse strand) is annotated into the intron 
(Fig. 3(d)). The A-T deviation can be altered using splicing 
inhibitors that reduces the GAA sequence (Fig. 5 and 
Supplementary Figures 3 and 4) suggesting that the deviation 
comes from a 3 bp exon in the intron. However, as a 1 bp 
exon has been reported previously [70], we cannot be con-
fident whether the GAA exon arises from a 3 bp exon within 
intron 23–24, or a 1 bp exon that fuses to the terminal end of 
exon 23 and deletion of T nucleotide on the beginning of exon 

24. Nevertheless, so-called microexons have been observed 
previously with as little as 3 bp exons being detected [71]. In 
conclusion, the integrated DNA and RNA variant detection 
software described in our study can open the door to more 
routine analysis of these splicing phenomenon by the life- 
science community and support future analysis of RNA var-
iant detection in cancer tissue.

Methods

Cells and reagents

All chemicals were obtained from Sigma Aldrich unless other-
wise indicated. A375 cells were reported previously [72]. The 
p53-specific gRNA sequence was 5ʹ- 
CTGAGCAGCGCTCATGGTGGNGG-3ʹ, and was used to 
develop the isogenic p53-null cell line as reported previously 
[73]. A549 cells were described previously [74]. The cell line 
from ATCC was cultured in DMEM (Gibco) + 10% FBS 
(Gibco) medium. Cells were split every 2 days, 0.05% Trypsin- 
EDTA (Gibco) was used to detach cells. The GI50 for cell 
growth inhibition for the splicing inhibitor Herboxidiene 

Figure 6. Biochemical evaluation of MAP4K5 variants.
(a) A description and a map of the expression vector pEXPR-IBA105 containing both wild-type (V569del) or the V569E insertion variant of MAP4K5. (b) A blot 
presenting SBP-tagged MAP4K5569del and MAP4K5V569E in wt-p53 A375 or p53-null A375 cells. After transfection, the material was then immunoblotted with anti-SBP 
antibody and in parallel the loading was analysed using silver staining of the transfected lysates. (c) Clonogenic assay with the use of the empty IBA-CON vector 
(control), SBP-tagged MAP4K5569del, and MAP4K5V569E. (d) Immunoprecipitation results of A375 p53 WT transfected with MAP4K5V569E (V569E, presented on x-axis) 
and MAP4K5569del (569del, shown on y-axis) vectors, presented as fold change in log scale (Log(FC)). Proteins that show similar high co-immunoprecipitation in both 
MAP4K5 versions are indicated in green quadrant, proteins commonly co-immunoprecipitated but enriched with MAP4K5V569E but not as high with MAP4K5569del are 
marked in red quadrant, and proteins commonly co-immunoprecipitated but higher with MAP4K5569del relative to MAP4K5V569E are marked in blue quadrant. (e) 
STING pathway showing a network of common proteins interacting with MAP4K5V569E and MAP4K5569del variants.
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(Focus Biomolecules) [50,75,76]. The anti-SBP tagged anti-
body was form IBA (Mouse, Monoclonal). The HRP- 
conjugated Anti-mouse (was PO260 from Dako) and the 
HRP-conjugated Anti-rabbit (was PO217 from Dako).

DNA and RNA sequencing

Exome Sequencing of DNA derived from A375 cells was 
performed using Agilent V5+ UTR Exome Capture Kit 
(75Mb) and 100 bp paired-end reads were acquired using 
a coverage of 100x (performed by Otogenetics, USA). The 
paired fastq files from the A375 cell line (available upon 
request) from exome sequencing were imported into the 
CLC Biomedical Genomics Workbench. Adaptor sequences 
and bases with low quality were trimmed, DNA sequen-
cing reads were mapped to the human reference genome 
hg19. Adaptor sequences and bases with low quality were 
trimmed and reads were mapped to human genome 19 
(hg19). Variants were detected in the exome data with the 
CLC Probabilistic Variant Caller using the following para-
meters: Minimum coverage (number of reads) = 5; 
Minimum frequency = 5%; Minimum number of var-
iants = 2; Variants in normal germline DNA = 0, and 
the coverage in the germline DNA should be at least 5 
reads at the variant site. Sequencing of RNA derived from 
both wt-p53 and p53-null A375 cell panel, untreated and 
treated with IFNγ (1 ng/ml for 24 hours), to generate 
biological replicates based on the common genomic DNA 
reference file from the parental A375 cell line, was per-
formed using total RNA, depleted of ribosomal RNA, 
followed by random priming to generate cDNA. From 
this template paired-end Illumina HiSeq2500 was used to 
generate approximately 20 million reads. Paired fastq files 
(available upon request) from RNAseq reads were 
imported into the CLC Biomedical Genomics Workbench. 
The RNA sequencing reads were mapped to the human 
reference genome hg19. Paired de-multiplexed fastq files 
from RNAseq libraries were trimmed for stretches of 
adapter sequences, joined into a single read followed by 
quality trimming using commands from the CLC 
Assembly Cell. The fastq files were then imported into 
the CLC Biomedical Genomics Workbench (version 2.5). 
Sequences were mapped to the A375 cancer genome 
sequence where at least 2 mutant RNA reads were identi-
fied that do not match the reference genomic DNA.

MAP4K5 immunoprecipitation and SWATH-MS
A plasmid containing the MAP4KV569E gene was acquired from 
Addgene (Addgene plasmid # 23,611) and the gene was cloned in 
pEXPR-IBA105 vector containing Streptavidin Binding Peptide 
(SBP). The MAP4KV569E expression plasmid was subsequently 
mutagenized using the DpnI method [77] to create a deletion of 
3 base pairs (at codon 569) to obtain the MAP4K569del form (Fig.6 
(a)). The primers included; MAP4K5 cloning (F, with EcoRI 
restriction site): 5ʹ-GTCCCGAATTCGATGGAGGCCCCGCTG 
-3ʹ; MAP4K5 cloning (R, with BamHI restriction site): 5ʹ- 
CCCGGGGATCCCTTAGTAACTATTTTCATGTCCAGCCA-
AGAT3ʹ; MAP4K5 mutagenesis (F): 5ʹ- 
ATTATCAGGAAAAACCTTTCAGC-3ʹ; and MAP4K5 

mutagenesis (R): 5ʹ-AGCTGAAAGGTTTTTCCTGATAAT-3ʹ. 
The MAP4K5 isoforms (Fig.6(a-b)) were transfected into A375 
cells (as in Fig.6(b)) and immunoprecipitation (IP) was carried 
out with the MAP4K5-expression vectors and the SBP empty 
vector (pEXPR-IBA105). Cells were transfected at about 70–80% 
of confluency using Attractene, harvested the next day, and lysed 
with Triton lysis buffer (100 mM KCl, 20 mM HEPES pH7.5, 
1 mM EDTA, 1 mM EGTA, 0.5 mM Na3VO4, 10% glycerol, 0.5X 
Protease Inhibitor Mix, 10 mM NaF, 0.1% Triton x-100). 30 μl of 
streptavidin agarose conjugate beads (Millipore) was washed three 
times with 500 μl of PBS and lysate was added to the beads and 
incubated on a rotor wheel for 2 hours at room temperature. After 
the incubation, the sample was washed one time with 500 μl of 
Triton lysis buffer (without Triton x-100) and two times with 
500 μl of PBS. Finally, the sample was eluted in 120 μl of elution 
buffer (8 M urea, 2 mM DTT and 20 mM HEPES pH 8) incubat-
ing at 85◦C for 5 min.

The lysates was processed by the method of FASP [78] to 
obtain tryptic peptides. FASP-processed tryptic peptides from 
the streptavidin bead pull-down were separated on an 
Eksigent Ekspert nanoLC 400 (SCIEX, California, USA) 
online connected to a TripleTOF 5600+ (SCIEX, Toronto, 
Canada) mass spectrometer. Data acquisition was performed 
in technical triplicates. A cartridge trap column (300 μm i.d. × 
5 mm) packed with a C18 PepMap100 sorbent with a 5 μm 
particle size (Thermo Fisher Scientific, Waltham, MA, USA) 
was used to concentrate and wash peptides. Peptides were 
washed in 0.05% trifluoroacetic acid in 5% acetonitrile and 
95% water for 10 minutes. Following, peptides were separated 
using a gradient of acetonitrile/water (300nL/minute) on an 
analytical capillary emitter column PicoFrit® (75 μm × 
210 mm (New Objective, Massachusetts, USA)) self-packed 
with ProntoSIL 120-3-C18 AQ sorbent with 3 µm particles 
(Bischoff, Leonberg, Germany). Analytical gradient was mixed 
from Mobile phase A composed from 0.1% (v/v) formic acid 
in water, and mobile phase B composed of 0.1% (v/v) formic 
acid in acetonitrile. Gradient elution started at 5% mobile 
phase B for the first 30 minutes and then the proportion of 
mobile phase B increased linearly up to 40%B for the follow-
ing 120 minutes. Output from the separation column was 
directly coupled to an ion source (nano-electrospray).

The spectral library sample was prepared by pooling 
equal volume (10 µl) of all samples followed by data- 
dependent shotgun measurement in positive mode (IDA). 
Precursor range in MS was set from m/z 400 up to m/z 
1250 while MS/MS spectra were acquired from m/z 200 up 
to m/z 1600. DIA method acquired and fragmented 20 the 
most intensive precursor ions in each cycle. Cycle time was 
2.3 seconds. Once measured precursors were excluded for 
12 seconds. Protein identification was performed using 
Protein Pilot 4.5 (SCIEX, Toronto, Canada) search engine. 
Acquired MS and MS/MS spectra were searched against 
Uniprot+Swissprot database (02. 2016, 69,987 entries) 
restricted to Homo sapiens taxonomy. Alkylation on 
cysteine using iodoacetamide as a fixed modification and 
digestion using trypsin was specified in the search engine. 
A decoy database was generated to perform FDR analysis. 
A spectral library was generated in Peakview 1.2.0.3 
(SCIEX, Toronto, Canada) from DIA search files where 
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only proteins with FDR below 1% were imported into the 
spectral library. SWATH measurements were operated in 
positive high sensitivity mode. Precursor ions spanning 
from m/z 400 up to m/z 1200 were measured in windowed 
manner. Precursor mass range was divided into 67 precur-
sor windows with 12 Da width and 1 Da overlap. 
Accumulation time of 50 ms was set per each SWATH 
precursor window resulting in 3.0 seconds cycle time. 
Product ions mass range was set from m/z 400 up to m/z 
1600. SWATH data extraction was performed in Peakview 
1.2.0.3 (SCIEX, Toronto, Canada) with the spectral library. 
The retention time window for extraction was manually set 
to 10 minutes. Up to 4 peptides and 6 product ions per 
each peptide were used to quantitate each protein. Only 
non-modified high confidence peptides (peptide confi-
dence>99%) were used for quantitation. Protein summed 
peak areas were determined from the sum of corresponding 
transition peak areas. Normalization was performed using 
the total area sums option in MarkerView 1.2.1.1 (SCIEX, 
Toronto, Canada). Extracted quantitative data from three 
technical replicates were statistically evaluated in 
MarkerView 1.2.1.1 (AB-SCIEX, Canada). Pairwise T-test 
was performed to determine protein fold changes and 
P values of fold change for all proteins listed in the spectral 
library.

Pladienolide B and Herboxidiene treatment

A549 cells were treated with Pladienolide B (10 or 100 nM) or 
Herboxidiene (5 or 10 nM) dissolved in full-medium for 24 and 
48 hours (Pladienolide B) or for 48 and 72 hours 
(Herboxidiene). Control samples contained DMSO alone. 
After treatment, cells were harvested and total RNA was 
extracted. RNA was isolated from cells using Universal RNA 
Purification kit (EURex, cat no. E3598), according to the man-
ufacturer’s protocol. The RNA concentration was measured 
with the use of NanoReady (Life Real) device. Reverse transcrip-
tion was performed in 20 µl reaction volume, with the use of 
High Capacity cDNA Reverse Transcription Kit (REF: 
4,368,814, Thermo Fisher Scientific), according to the manufac-
turer’s protocol. 500ng of RNA was used for this reaction.

PCR amplification and purification

Amplification of MAP4K5 fragment was performed using Phusion 
High-Fidelity DNA Polymerase kit (Thermo Fisher Scientific) 
using 100 ng cDNA as a template and subsequent primer 
sequences: M4K5e23F: TCCACGGAAGTGTACTTGGC; 
M4K5e26R: TCCAGACTGTAAAGCTCCACA. The thermal 
cycler program for MAP4K5 gene amplification was as follows: 
1. Denaturation: 95°C, 3 min; 2. Denaturation: 98°C, 20 sec; 3. 
Annealing: 60°C, 15 sec; 4. Elongation: 72°C, 20 sec; Steps 2–4 were 
repeated 29 times.; 5. Elongation: 72°C, 2 min; and 6. Hold: 4° 
C, Inf.

Amplification of CDK13 fragment was performed using 
Phusion MM in HF buffer kit (Thermo Fisher Scientific) using 
100 ng cDNA as a template and primer sequences for the 1st PCR 
reaction: CDK13 F3.3: GAGATGGCCAGGATCTGAC; CDK13 
R1: GTGGAATACGAGGATGTGAGC. As a template for the 2nd 

PCR reaction 100 ng of purified (with the use of QIAquick PCR 
Purification Kit (QIAGEN)) product from the 1st PCR was used 
and the primer sequences were as follows: CDK13 F1: 
CTGCTCTTCCTGGCTGCTC and CDK13 R2: 
CAGGAGGCGGAGAAGCGTC. The thermal cycler program 
for both PCR reactions was as follows: for the 1st PCR: 1. 
Denaturation: 98°C, 2 min; 2. Denaturation: 98°C, 45 sec; 3. 
Annealing: 63°C, 30 sec; 4. Elongation: 72°C, 30 sec; Steps 2–4 
were repeated 10 times.; 5. Elongation: 72°C, 10 min; and 6. Hold: 
4°C, Inf.; for 2nd PCR: 1. Denaturation: 98°C, 2 min; 2. 
Denaturation: 98°C, 45 sec; 3. Annealing: 61°C, 30 sec; 4. 
Elongation: 72°C, 30 sec; Steps 2–4 were repeated 25 times.; 5. 
Elongation: 72°C, 10 min; and 6. Hold: 4°C, Inf.

The PCR products were visualized on 1.5% agarose gel 
with the use of 1kb Gene Ruler (Thermo Fisher Scientific). 
The purification of PCR products was performed using 
NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel) 
and the concentration of purified PCR products was mea-
sured on Nanodrop or NanoReady device. Purified PCR pro-
ducts were sequenced to the Eurofins company. The results 
(chromatograms) were visualized in Chromas v2.6.6.
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