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In silico RNA-seq and experimental analyses reveal the
differential expression and splicing of EPDRI and ZNF518B
genes in relation to KRAS mutations in colorectal cancer cells
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Abstract. Several drugs used for the treatment of colorectal
cancer (CRC) are targeted at the epidermal growth factor
receptor, but mutations in genes of the RAS family cause resis-
tance to these drugs. Thus, extensive research is being carried
out to counterbalance this resistance. The G13D mutation of
KRAS is common in humans, and we previously reported that
this mutation results in the epigenetic modification of hnRNP
proteins, involved in RNA splicing. As aberrant splicing often
results in oncogenicity, the present study aimed to identify the
genes which show altered splicing patterns in connection with
the G13D KRAS mutation. To accomplish this, we first carried
out an in silico analysis of RNA-seq databases and found
that the distribution of alternative splicing isoforms of genes
RPLI3, HSP90BI, ENOI, EPDRI and ZNF518B was altered
in human CRC cell lines carrying the G13D KRAS mutation
when compared to cell lines carrying wild-type KRAS. The
in silico results were experimentally validated by quantitative
real-time PCR. Expression of the genes EPDRI and ZNF518B
was negligible in the Caco2, RKO and SW48 cell lines, which
possess wild-type KRAS, while the HCT116, DLDI1 and
D-Mutl cell lines, harbouring the G13D mutation, expressed
these genes. Moreover, in both genes, the ratio of isoforms
was significantly different between the parental DLDI1 (*/
G13D) and D-Mutl cells, in which the wild-type allele had
been knocked out. DWT7m cells also expressed both genes.
These cells, derived from DLDI, have spontaneously acquired
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a G12D mutation in their single KRAS allele in 20% of the
population. The present data suggest a relationship between
KRAS mutations, particularly G13D, and the expression of the
EPDRI and ZNF518B genes and expression of their isoforms and
provide enhanced understanding of the molecular mechanisms
involved in the resistance of CRC cells to anti-EGF receptor
therapies.

Introduction

Colorectal cancer (CRC) is the third most common cancer
worldwide, with more than 1.36 million new cases diagnosed
annually (1) and, in spite of the existence of targeted therapies,
such as those using monoclonal antibodies against the receptor
of the epidermal growth factor (2), the long-term survival of
patients with advanced metastatic disease remains poor (3).
Overexpression of the epidermal growth factor receptor
(EGFR) is an aetiological factor in CRC and thus, many efforts
have been carried out to counterbalance the effects of EGFR
activation. EGFR signalling mainly includes the RAS/MEK/
ERK, PI3K/AKT and PLCy/PKC cascades, but the SRC
tyrosine kinases and STAT pathways also participate (4).
Members of the RAS family are encoded by three genes,
KRAS, NRAS and HRAS. These genes, particularly KRAS, are
mutated in many cases of cancer (5) and mutations render the
proteins constitutively active (6). Therefore, patients carrying
these mutations are not responsive to anti-EGFR drugs. The
most frequent KRAS mutations in CRC patients occur in
codons 12 and 13 (7), but other mutations also confer sustained
activity to the KRAS protein (8).

Clinical data have revealed that many KRAS mutations are
heterozygous and that the mutant allele may become dominant
when a mutant allele-specific imbalance (MASI) occurs (9).
In CRC, MASI is most frequently associated with the G13D
mutation (10,11). Altogether, KRAS mutations and MASI
contribute to the poor prognosis of metastatic CRC; therefore,
it is important to identify a strategy by which to surmount the
resistance due to KRAS mutations.
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To accomplish this, it is vital to identify novel potential
target genes whose expression depends on KRAS mutations.
The availability of human genome sequence data has facilitated
the identification of the causes of many monogenic disorders,
but the approaches to study complex diseases, such as cancer,
often rely on the analysis of transcriptome data, which can
be properly carried out by means of RNA-seq analysis (12).
This method, which has often been used to analyse the genetic
profile of human tumours (see for instance, refs. 13,14), offers
the additional advantage of allowing the detection of mRNA
isoforms resulting from alternative splicing (15), an event that
affects most of the human genes (16).

In a recent study, we showed that the global acetylome
of CRC cells depends on KRAS mutational status, several
members of the hnRNP family being differentially acetylated
in a mutation-dependent manner (8). These ribonucleopro-
teins are involved in pre-mRNA splicing and export to the
cytoplasm (17). Taking into account that aberrant alternative
splicing often causes several pathologies, cancer included (18),
it is vital to identify the genes whose splicing is altered in
connection with KRAS mutation. In this way, various novel
therapeutic targets may be found.

We first addressed this question by means of an in silico
analysis of RNA-seq databases, and then the presence of
mutated KRAS-dependent splicing isoforms in the candidate
genes was experimentally validated. We report in the present
study that two genes, namely ZNF518B and EPDRI, not only
exhibit a pattern of isoform abundance dependent on KRAS
G13D and G12D mutations, but also that the whole gene
expression largely relies on oncogenic KRAS.

Materials and methods

In silico analysis of RNA-seq data. RNA-seq data were
downloaded from the database of Sequence Read Archive
(SRA). They corresponded to the human CRC cell lines
HCT116 (replicate PJ, SRX378081; replicate PF, SRX378080;
replicate, SRX841184), DLD1 (SRX388825), Caco2
(replicate a, SRX209063; replicate b, SRX209064), RKO
(ERX183571) and SW48 (ERX183572).

The RNA-seq files were filtered for quality using
FASTX-Toolkit (http://hannonlab.cshl.edu/fastx toolkit/).
Then, the human genome (version hgl9, ftp://ftp.
ensembl.org/pub/release-62/) was indexed using Bowtie2
(http://bowtie-bio.sourceforge.net/index.shtml) and the
filtered reads were mapped using TopHat v2.0.9 (http://ccb.
jhu.edu/software/tophat/index.shtml). The resulting BAM file
was converted to SAM format using Samtools v0.1.19 (19)
and the Integrative Genomics Viewer (http://www.broadin-
stitute.org/igv) was used to visualize the variations in the
sequences. Once the respective mutations in the oncogenes
were validated, the BAM file was processed with the Cufflinks
program v2.1.1 (20). The statistical analysis was performed
with the CummeRbund package (http://compbio.mit.edu/
cummeRbund/), and for the alternative splicing analysis the
spliceR package (21) was used. The resulting lists of genes and
isoforms were filtered in function of the KRAS G13D mutation.

Cell culture. The human CRC cell line HCT116 (ATCC
CCL-247), DLDI (ATCC CCL-221) and its isogenic deriva-
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tive D-Mutl (a gift from Dr B. Vogelstein) were grown in
McCoy's SA medium (Sigma, St. Louis, MO, USA). The cell
lines RKO (Horizon Discovery, Cambridge, UK) and Caco-2
(ATCC HTB-37) were grown in Dulbecco's modified Eagle's
medium (DMEM) and the cell line SW48 (Horizon), was
grown in RPMI-1640 medium (Sigma). Cells further referred
to as DWT7m were derived from the DLDI cell line. Following
knockout of the G13D KRAS allele, the cells acquired a spon-
taneous KRAS G12D mutation in 20% of the cell population,
as validated by sequencing in our laboratory (see below); they
were grown in the same medium as that used for the parental
DLDI cells. All media were supplemented with 10% heat inac-
tivated foetal bovine serum, 1% penicillin-streptomycin and
1% L-glutamine (Sigma), and the cultures were carried out at
37°C in a humidified atmosphere containing 5% CO,. Table I
shows the relevant genotypes and sources of the cell lines.

RNA isolation and RT-gPCR analysis. Total RNA was
isolated using the TRIzol method (22). RNA (1 ug) was treated
with DNase I [amplification grade (Invitrogen, Carlsbad, CA,
USA)] for 20 min at 37°C in a final volume of 10 ul. The reac-
tion was stopped with 1 ul of 25 mM EDTA and incubation
was carried out for 10 min at 65°C and 1 min at 90°C. RNA
was then retrotranscribed with M-MLV reverse transcriptase
(Invitrogen) following the manufacturer's instructions.

The cDNA was amplified in a 7900HT Fast Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA)
using SYBR-Green (Bio-Rad, Hercules, CA, USA) following
the manufacturer's instructions. Specific primers for each gene
and isoform were used (Table II). Results were analysed by
CFX Manager 2.1 software (Bio-Rad) and the relative gene
expression was calculated according to the AACq comparative
method (23).

Quantitative values are expressed as mean + SD. Data
in the different QRT-PCR determinations were compared by
two-tailed t-test.

Results

In silico search for genes and isoforms differentially expressed
depending on KRAS GI3D mutation. SW48 cells, which
harbour wild-type KRAS, BRAF, PIK3CA and TP53 (Table 1),
were used as the control in the RNA-seq comparisons with
the other cell lines. It was verified at this stage that the
cDNA sequences actually contained the mutations reported
in Table I. The reads showed a mutation coverage ranking
between 40-60% for the mutated allele. It was also validated
that neither the control SW48 cells nor the RKO and Caco2
cells harboured mutation in codon 13. The presence of the
other mutations reported in Table I for the different cell lines
was also verified.

The efficiency of overall mapping was 73.1% for the data
set of the SW48 cell line, 90.9% for RKO cells, 73.3% for
Caco2 (average of the two sets) and an average of 89% was
obtained for the three sets of the HCT116 cell line. The reads
from DLDI1 were poorly aligned, hovering around 70%. In
summary, >70% of the reads from the total series of data sets
were effectively aligned.

The RNA-seq analysis was carried out as described in
Materials and methods. To accomplish this, we first compared
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Table I. Commercial cell lines used in the present study.
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Relevant genotype

Cell line KRAS BRAF PIK3CA TP53 Source
DLD1 G13D wt E545K; D549N S241F ATCC CCL-221
HCT116 G13D wt H1047R wt ATCC CCL-247
RKO wt V600E H1047R wt Horizon Discovery
SW48 wt wt wt wt Horizon Discovery
Caco2 wt wt wt E204X ATCC HTB-37
wt, wild-type.
Table II. Primers used for PCR.
Primers
Gene/ Amplicon
isoform Forward Reverse size
ENOI
2 GACTTAGCCGGAGCAGGATG GAGAGCATTTCAGGGGCCAT 100
1+2 CTGTTGGCTACACAGACCCC GCGCTAACTAGCAGGGACC 90
HSP90B1
1 CGGGAAGTGGGGGTGAAAAG GGTTCGGATCCTCACACCTC 83
EPDRI
Whole TGAAACCTGGATTGGCATCTATAC TGTAGTTTATGGTAAAGGTTTCCTG 71
1 GAGAGGAAGGCGCTGATCC TGGCTTGGTCAATCTGAAACA 88
2a GAGGAGGGTCTCTTGGGGAT GCTGGGTGTTACTGAGTCCC 96
2b CGAGGCGGTGGCAGATTATT TGCTTGGTGGCTTGGTCAAT 80
3 GACATGTGGCCCATCTCTGTAG ACAATGTTGTCAGCTTCTGCCT 70
4 TCTCCTACGACGGGCTCA AGGTTTCATCTCTTGCAGGG 79
ZNF518B
1+4+5+6 GGGCCTGAGGTTGTGAAACT AAAACCGTGGCAAGTCCCAT 91
1 GCTACAGGCAGGAATGTTACC CGCAGTAGGTGCATGATCCC 75
2a CGGTGTAGACGCCCCTTC CAGGTAACACCGGCAGGC 60
2b CTGCCGGTGTTACCTGGAAT GCGCAGCTACTTCTTGGGT 118
4 AGTTTCGAGGTCATTATTCTCTACT CTGCAGGAGACAGCCTGATT 83
5+6 GCACAGCAGTGTCAAGTCAA TAGTCGGCAGGAAGTGAGGG 78
6 CTGGCGTCGTGGCAAGTG CGTGGACTGCCATGAGTTTC 116
ACTB GTGCTATCCCTGTACGCCTC GAGGGCATACCCCTCGTAGA 99

the RNA-seq data from the HCT116 and DLDI cell lines with
that of SW48 cells to find the list of isoforms differentially
present in the cell lines harbouring the KRAS G13D mutation.
Then, the analysis pipeline depicted in the scheme of Fig. 1
was followed. First, the isoform lists from the DLDI cells
and the three sets (rl, r2 and r3) for the HCT116 cells were
compared. With the isoforms coinciding in all of the compari-
sons, a list of isoforms common to the cells with mutated
KRAS and absent from SW48 was constructed. Comparisons
were then sequentially made with the lists from the other cell
lines that are not mutated in KRAS codon 13, namely RKO
and the two duplicates of Caco2 to build lists 1 and 2, and

finally, to generate a final list of isoforms, which contained
those whose expression was found to be related to the KRAS
G13D mutation. These isoforms (Table II) correspond to the
ENOI, RPLI3, ZNF518B, EPDRI and HSP90BI genes. The
in silico-determined changes in the expression level of these
isoforms are also provided in Table II in FPKM units. These
results indicate a KRAS mutation-related overexpression of the
ZNF518B, HSP90BI and EPDRI isoforms and a downregula-
tion of the isoforms of the remaining two genes.

Strategy for RT-qPCR analysis. To validate the results
obtained in the in silico analysis, we carried out an RT-qPCR
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Figure 1. In silico RNA-seq analysis pipeline. The RNA-seq data from the
HCT116 and DLDI cell lines were first compared with that of SW48 cells
to construct the list of isoforms differentially present in the cell lines har-
bouring the KRAS G13D mutation. The isoform lists from the DLDI cells
and the three sets (rl, r2 and r3) for HCT116 were then compared for coin-
cidences, as shown by the double-headed arrows, to yield a list of common
isoforms. Comparisons were then sequentially made with the lists from the
other cell lines that were not mutated in KRAS codon 13, namely RKO and
the two duplicates of Caco2 to build lists 1 and 2 and, finally, to generate a
final list of isoforms, which contains those whose expression depends on the
KRAS G13D mutation.

experiment with oligonucleotides amplifying every single
isoform of the five genes. First, their exon organization and
the composition of the coded transcripts were retrieved from
the Ensembl database information (release 84, March 2016,
http://www.ensembl.org/index.html) and checked with the
manual annotations of the Vega Genome Browser (release 64,
February 2016, http://vega.sanger.ac.uk/index.html). To aid the
interpretation of the following results, a scheme of the exon
organization of the five genes is provided in Fig. 2.

RPLI3 has a complex exon organization that gives rise to
15 different isoforms, resulting from multiple exon skipping,
intron retention, alternative initiation and termination events.
In view of the structure of the gene and of its isoforms (Fig. 2),
it was not possible to design primers to specifically amplify
isoform 5, differentially expressed in connection with KRAS
mutation (Table II). Moreover, this transcript is not translated
to protein, and in view of these circumstances, the experi-
mental analysis of RPLI3 was not carried out.

In the case of genes ENOI, ZNF518B and EPDRI, both
the global expression of the gene and the level of some of
their individual isoforms were experimentally analysed by
RT-gPCR. To do this, the following strategies were followed.
The ENOI isoform 1, reported by spliceR analysis (Table II),
cannot be directly amplified. It can be amplified along with
isoform 2, using primers from exon 14. Isoform 2 can be indi-
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vidually amplified with primers from the region of the intron
between exons 4 and 5, which is retained exclusively in this
isoform. The value for the level of isoform 1 was then obtained
by subtracting the experimentally obtained value for isoform 2
from the value obtained for both isoforms 1 and 2. Primers
from exon 3 can also be designed to amplify together all the
ENOI isoforms, with the exception of isoform 2, and therefore,
the expression level for whole ENOI was obtained by adding
the individual value of isoform 2 to that of the remaining
isoforms.

In the case of the EPDRI gene, it was possible to design
primers to separately analyse the four isoforms. Isoform 3 can
be amplified using a forward primer from exon 1 and a reverse
one from exon 2. To amplify isoform 4, the forward primer was
taken from exon 3, and the reverse primer overlapped exons 3
and 6. To selectively amplify isoform 2, two alternative sets of
primers were used. One of the pairs was taken from exon 4,
which is unique to this isoform, while in the second pair the
forward primer overlapped exons 4 and 5, and the reverse
primer came from exon 5. Both sets of primers gave similar
results. Isoform 1 was also able to be individually amplified
with primers from exons 3 and 5. Finally, to amplify the whole
set of transcripts a pair of primers from the 5' region of exon 6
was taken.

It was also possible to determine the expression of all
the isoforms of ZNF518B. The expression of isoform 1 was
individually analysed using a forward primer overlapping
the junction of exons 3 and 5 and a reverse primer from the
5' region of the latter exon. To analyse isoform 6, primers
from exons 2 and 3 were selected. Primers within the intron
between exons 3 and 4, which is retained in isoforms 5 and 6,
were used to experimentally determine both isoforms. Then,
by subtracting the value of the latter from that of the sum of
isoforms 5 and 6, the expression of isoform 5 was obtained.
The level of isoform 4 was determined using a forward primer
overlapping the junction of exons 3 and 4 and a reverse primer
from exon 4. The individual PCR analysis of isoform 2 was
also carried out with a forward primer within exon 1 and a
reverse primer overlapping the 3' end of this exon and the
5' end of exon 5. Alternatively, isoform 2 was measured with a
forward primer overlapping exons 1 and 5 and with a reverse
primer from exon 5. Both pairs of primers gave similar results
in the PCR experiments. Finally, using primers from the
5' region of exon 3, the sum of the expression of the isoforms 1,
4,5 and 6 was obtained, and thus the expression of the whole
gene was easily obtained by adding the value corresponding to
the isoform 2 to that of the other four isoforms.

Due to the organization of gene HSP90BI, it was not
possible to obtain a value for the expression of the whole
gene, neither was the analysis of every individual isoform.
Nevertheless, isoform 1, reported by spliceR analysis (Table 1),
was individually amplified using a forward primer overlapping
the junction of the 3' end of exon 12 and the 5' end of exon 13
and a reverse primer from the latter exon.

The primers designed as reported above, are listed in
Table III. Their quality was routinely assessed for the presence
of a single amplification product.

Experimental validation of the in silico data. Once the
appropriate primers were designed, we then proceeded to
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Figure 2. Exon structure of the genes identified by in silico analysis. Exons are represented as boxes and introns as horizontal lines. The structure of the dif-
ferent isoforms reported in the ENSEMBL database is shown below the structure of every gene. Translatable exons are represented as black boxes, while the
non-translated exons are depicted as open boxes. The splicing events are represented in the conventional manner. A box wider than the corresponding exon(s)
stands for events on intron retention. Putative exons not found in any reported isoform are not included in the scheme. The isoforms reported by the in silico
analysis as dependent on KRAS G13D mutation are marked by an asterisk. An apostrophized exon (as in HSP90BI gene) stands for a non-canonical exon and
yet included in some isoform. The bars over the genes mark the size scale of the drawing.

validate the in silico results given in Table II by RT-qPCR.
The experimental results for EPDRI and ZNF518B were in
good agreement with those of the in silico analysis (Fig. 3). A
significant experimental increase was observed in the expres-
sion of the isoforms reported by the spliceR analysis when
the cell lines carrying the KRAS G13D mutation, for instance
HCT116 and DLDI, were compared with lines harbouring
wild-type KRAS. However, the experimental determination did
not corroborate, in general, the results of the in silico analysis
in the case of genes ENOI and HSP90BI and only the increase
of the isoform 1 of the latter gene in HCT116 was in accor-
dance with the previous analysis (Table II). Therefore, only
the genes EPDRI and ZNF518B were further experimentally
analysed for their global expression and for the expression of
their individual isoforms.

To accomplish this, we used the HCT116, DLDI1 and
D-Mutl (/G13D) cell lines, the latter derived from DLDI.

DWT7m cells, which spontaneously acquired a G12D muta-
tion in 20% of their single KRAS allele, were also used. The
Caco2, RKO and SW48 cell lines, which harbour wild-type
KRAS, were used for comparative purposes. SW48 was the
control cell line used in the in silico analysis.

The results obtained with EPDRI showed obvious diver-
gences in the expression of the whole gene among the different
cell lines (Fig. 4A). It is noteworthy that the level of mRNA
was negligible in the lines harbouring wild-type KRAS, while
it was significant in HCT116, DLDI1 and the cell lines derived
from the latter. This result was not anticipated by the in silico
analysis. Isoform 2, whose expression was reported by the
in silico analysis as being dependent on KRAS G13D mutation,
actually was significantly more highly expressed in the two cell
lines harbouring that mutation, HCT116 and DLD1. Moreover,
its expression level was significantly higher in the D-Mutl cell
line, in which the wild-type KRAS allele was knocked out, than
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Table III. In silico detected isoforms showing differential expression depending on KRAS G13D mutation.

Transcript ENST id Diff.
Gene (TCONS) 00000- expr. Splicing type Protein FPKM
ENOI 00015435 234590 No 1 ESI, 1 MESI, 1 A3 434 res -160.8
RPLI3 00087260 491523 No 1 ISI, 1 ASSS, 1 ATSS, 1 ATTS No -818.7
ZNF518B 00173221 507515 Yes 1 MESI 75 res +6.8
EPDRI 00208723 425345 No 1 ATSS 163 res +9.7
HSPY90B1 00063866 299767 No - 803 res +1794

The gene and transcript name (TCONS) and their identification in Ensembl database (ENST) are indicated. The column labelled Diff. expr.
indicates whether according to the spliceR analysis, the whole gene was differentially expressed. ESI, single exon inclusion; MESI, multiple
exon skipping/inclusién; ISI, intron retention/inclusidn; AS5SS, alternative 5' splicing site; ATSS, alternative transcription start site; ATTS,

alternative transcription termination site.
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Figure 3. Experimental verification of the expression of the isoforms reported
by the in silico analysis. RT-qPCR analyses were carried out in the CRC
cell lines used for the in silico studies, with the appropriate primers listed in
Table III. (A) Isoform 1 of ENOI. (B) Isoform 2 of EPDRI. (C) Isoform 2 of
ZNF518B. (D) Isoform 1 of HSP90BI. The results shown are the average of
three determinations + SD.

that noted in the parental DLDI cell line. At this stage of the
research we were surprised by the fact that a cell line, initially
identified as DWT7, i.e., a DLDI1-derived line in which the
mutated allele had been knocked out, also expressed the gene
and its isoforms. In view of this apparent contradiction, we
sequenced the KRAS gene in that line, and found that 20% of
the cells had spontaneously acquired a G12D mutation. These
cells were renamed as DWT7m, and the images are lettered
accordingly. The expression of isoform 3 was not detected in
the cell lines under study.

The global expression of the ZNF518B gene also differed
from line to line, being undetectable in the cells with wild-
type KRAS (Fig. 5A). In contrast with the results obtained for
EPDRI (Fig. 4), HCT116 cells exhibited a higher expression
level than that found in the DLDI1 cells. Isoforms 1, 2 and 5
accounted for the majority of the transcripts, isoforms 4 and 6

el >
o
=
w

mRNA level

mRNA lev
[ 3]
=) =)
[

QO %- NN &

FEIFISIIFTL

FYSFLIFTSL
§ IS

1Do.1s

mRNA level

Figure 4. Expression of the EPDRI gene and expression of its isoforms in
the CRC cell lines. RT-qPCR determinations were carried out, with the
primers provided in Table III, in several CRC cell lines. (A) Whole gene.
(B) Isoform 1. (C) Isoform 2. (D) Isoform 4. The levels of mRNA are
expressed relative to f-actin and the average of three determinations + SD is
shown; ““p<0.001; “p<0.01; "p<0.05.

representing only a small minority (Fig. 5). The expression level
of the ZNF518B isoforms was also significantly dependent on
the presence of either of both KRAS alleles in the DLDI and
D-Mutl cells, except in the case of isoform 6, whose extremely
low expression did not allow us to draw clear conclusions. The
G12D KRAS mutation in the DWT7m cells also resulted in
expression of the whole gene and of all its isoforms. Although
further discussion on these points is provided later, we wish
to emphasize here that the global expression of both genes
ZNF518B and EPDRI depended on the mutational status of
KRAS in the DLDI1-based cells.

Discussion

Since the implementation of high throughput sequencing
methods, a plethora of data on transcriptomes virtually
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Figure 5. Expression of the ZNF518B gene and expression its isoforms in
the CRC cell lines. RT-qPCR determinations were carried out, with the
primers provided in Table III, in several CRC cell lines. (A) Whole gene.
(B) Isoform 1. (C) Isoform 2. (D) Isoform 4. (E) Isoform 5. (F) Isoform 6.
The levels of mRNA are expressed and represented as in Fig. 4; *"p<0.001;
“p<0.01; "p<0.05.

covering all of the commonly used cell lines is available.
In silico approaches offer the possibility of screening the
accessible databases in search of specific transcriptome
differences depending on any given variable, using current
bioinformatic tools (see for instance, ref. 13). We applied these
methods to verify whether the KRAS G13D mutation leads to
changes in expression of mRNA isoforms resulting from alter-
native splicing. The RT-qPCR experiments found that in two
out of the five genes reported by the in silico analysis, EPDR]
and ZNF518B, a differential isoform expression occurred
when four CRC cell lines carrying the KRAS mutations were
compared with three CRC cell lines with wild-type KRAS.
Notably, the global expression of both, EPDRI and
ZNF518B genes, and not only the expression of a single
isoform, was strongly related to the KRAS G13D mutation.
Changes in the expression of these two genes in CRC have
been recently reported in relation to the CpG island methylator
phenotype (24). Yet, to the best of our knowledge, this is the
first time in which the KRAS G13D mutation-related expression
of these genes is reported. Strictly speaking, the differences in
the expression of the whole genes and of its isoforms found
when comparing Caco2, RKO, SW48, DLD1 and HCT116 cell
lines would not allow drawing causal relationships between
the KRAS mutational state and the expression of these genes.
Nevertheless, in spite of the fact that the above cell lines are
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not isogenic, the comparison of the behaviour of D-Mutl and
the parental DLDI1 does allow us to conclude that the KRAS
G13D mutation has an effect on the expression of whole
EPDRI and ZNF518B as well as on the relative abundance of
their isoforms.

The global expression of both genes was significantly higher
in the D-Mutl than that in the parental DLDI1, which behaves
as DWT7m (Figs. 4A and 5A). These three cell lines only
differ in the mutational status of KRAS, since, as previously
mentioned, DLDI is heterozygous carrying a wild-type allele
and a G13D mutated one; the wild-type allele is knocked-out
in D-Mutl, while DWT7m partially carries allele G12D muta-
tion. The high expression of the genes in D-Mutl relative to the
parental DLDI cells may seem somewhat surprising, as both
cell lines share the same mutated allele. Nevertheless, allelic
imbalance in D-Mutl cells may account for the higher expres-
sion of the EPDRI and ZNF5I8B genes. It has been reported
by Soh et al that complete or relative MASI in cancer cells
carrying the KRAS mutation results in an enhanced GTPase
Ras activity when compared to cells harbouring balanced
KRAS mutation. HCT116 cells were included in that study
within the balanced group and its GTPase activity was much
lower than those of the cells with imbalanced mutations (9).
D-Mutl cells mimic MASI and, therefore, it is tempting to
speculate that an increased GTPase activity eventually causes
the higher expression of EPDRI and ZNF518B genes.

As mentioned above, not only was the global expres-
sion of these genes enhanced in the D-Mutl cells, but also
the expression of their isoforms. The only exceptions were
EPDRI isoform 1 and ZNF5I8B isoform 6, although the
latter result is less reliable due to the low values obtained in
the PCR analysis. Notably, the expression of the isoforms
reported by the in silico analysis as related to the G13D KRAS
mutation, namely EPDR] isoform 2 and ZNF518B isoform 2,
was significantly different between the DLD1 and D-Mutl
cells (Figs. 4 and 5). Moreover, the ratio of ZNF518B isoform 2
to isoform 1 was higher in D-Mutl (0.85) than that noted in
the DLDI1 cells (0.63). In addition, of note, the G12D mutation
appeared to result in the expression of EPDRI and ZNF518B,
as did G13D. In some way, the oncogenic KRAS is linked to
the expression of both genes.

In view of the above comments, it would be worth studying
the possible implication of both genes, EPDRI and ZNF518B,
in the oncogenic processes driven by KRAS mutation. EPDR]
codes for ependymin, a glycoprotein originally discovered in
teleost fishes (for an early review, see ref. 25). A human epen-
dymin homologue was first reported by Nimmrich ez al (26),
who found that EPDRI was highly expressed in CRC cell lines
HCT116 and SW480, the latter harbouring a G12V mutation
in KRAS. This constitutes an interesting result, since piscine
ependymins are extracellular matrix proteins involved in cell
adhesion (27,28) and a role in transcriptional control has also
been postulated for mammalian ependymin (29). Notably, the
sequence containing the topogenic signal for the extracellular
location is absent from isoform 2, and this may imply a func-
tional role for the encoded protein.

ZNF518B encodes a zinc-finger protein, which has not
yet been isolated. It has been reported that a polymorphism
of this gene is associated with gout (30,31). More significant
to our purpose is that ZNF518B physically interacts with the
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histone methyltransferase G9a and regulates its activity (32).
The deregulation of this enzyme is involved in cancer (33),
and therefore, the possible relationships between the KRAS
mutation-dependent changes in the expression of the different
ZNF518B isoforms and the onset of colorectal malignan-
cies warrant further research. Isoform 2 does not possess
the zinc fingers of ZNF518B, but, in view of the results of
Maier et al (32), it may be possible that this isoform is still able
to interact with G9a to play a role by competing with the whole
isoform 1. It is also worth noting that the aberrant alternative
splicing of other genes coding for a zinc-finger protein, namely
ZNF268, contributes to human malignancies (34). These
issues, as well as the possible implications of EPDRI in CRC,
are currently being studied in our laboratory.
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