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Splice variants of RAS—translational significance
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Abstract
One of the mechanisms potentially explaining the discrepancy between the number of human genes and the functional com-
plexity of organisms is generating alternative splice variants, an attribute of the vast majority of multi-exon genes. Members of
the RAS family, such as NRAS, KRAS and HRAS, all of which are of significant importance in cancer biology, are no exception.
The structural and functional differences of these splice variants, particularly if they contain the canonical (and therefore routinely
targeted for diagnostic purposes) hot spot mutations, pose a significant challenge for targeted therapies. We must therefore
consider whether these alternative splice variants constitute a minor component as originally thought and how therapies targeting
the canonical isoforms affect these alternative splice variants and their overall functions.
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1 Alternative splicing—it is the rule, not
the exception

Alternative splicing (AS) allows for two or more mRNAvar-
iants to be transcribed from a single gene, potentially coding
structurally and functionally different proteins, sometimes
with opposing biological functions [1]. Almost all human
multi-exon genes have alternative splice variants [2, 3]
allowing for an average of 6.3 alternatively spliced transcripts
per each of the 20,687 protein-coding genes according to the
data from the Encyclopedia of DNA Elements (ENCODE)
Consortium. The alternative splice pattern of any given gene
is time and space dependent, i.e. differs depending on tissue
type and developmental stage even under physiological con-
ditions [4]. The TISA (tissue-specific alternative splicing) pro-
ject predicted 12,711 genes, 16,016 transcripts and 1035 AS
events to be tissue-specific [5] using the Cancer Genome
Anatomy Project (CGAP). In case of cancers, an alternative
splice pattern can be different from that of the tissue of origin
and can be the ‘natural’ result of the altered tumoural micro-
environment initiating the change in AS pattern (ASP).
Another causative mechanism might be the mutation or
post-translational modification of one of the elements of the
otherwise finely regulated alternative splicing machinery. The

basic mechanism of alternative splicing is that the aforemen-
tioned alternative splicing machinery (i.e. the spliceosome,
which consists snRNP and snRNA) identifies intronic and
exonic sequences based on the presence of consensus splice
sites (donor splice site, the last three nucleotides of the exon
and the first six of the intron; acceptor splice site, last twenty
nucleotides of an intron and the two first of the next; branch
sequence). Unlike the single mRNA generated during consti-
tutive splicing, alternative splice variants can be generated via
five different alterations during mRNA editing: cassette exon
(CE) or exon skipping, alternative 5′ splice site (A5SS), alter-
native 3′ splice site (A3SS), mutually exclusive exons (MXE)
and retained intron (RI). In tumoural tissue, almost all ele-
ments of this complex system can carry a mutation changing
the ASP of the tissue of origin, often generating tumour-
specific splice variants. If mutation occurs in a gene not par-
ticipating in the regulation of alternative splicing (e.g. splice
site mutation), the change will most likely affect the ASP of
the gene itself [6–10]. However, mutations within a splice
factor (SF) gene might have an effect on the ASP of several
of its target genes. Recurrent somatic mutations in one of the
core subunit genes of spliceosomes have been described in the
majority of tumour types, although most of these occur in
haematological malignancies such as MDS, acute myeloid
leukaemia and chronic lymphocytic leukaemia [11]. Over half
of MDS and 5–10% of AML patients have underlying muta-
tion of one of the splicing factors, such as SF3B1, SRSF2,
U2AF, ZRSR2, LUC7L2, PRPF8 or SF3B1 [12, 13], although
it is not uncommon in other tumour types either. Seiler M et al.
[14] performed systematic analysis of the whole genomes of

* Erzsébet Rásó
rasoerzs@gmail.com

1 2nd Department of Pathology, Semmelweis University,
Budapest, Hungary

https://doi.org/10.1007/s10555-020-09920-8

Published online: 8 August 2020/

http://crossmark.crossref.org/dialog/?doi=10.1007/s10555-020-09920-8&domain=pdf
mailto:rasoerzs@gmail.com


Cancer Metastasis Rev (2020) 39:1039–1049

33 tumour types from The Cancer Genome Atlas (TCGA)
database and identified function altering (oncogene-like, tu-
mour suppressor-like) mutation in 119 splicing factor genes.
Despite the fact that only 1.5% of the 3 billion base pairs of the
human genome form protein-coding genes and within these
the footprint of the few base pairs of splice sites is not strictly
defined as consensus splice site, the proportion can even be
smaller, but the frequency of mutation in these areas is dispro-
portionately high [15]. The databases generated from the re-
sults of high-throughput transcriptome sequencing (RNA-seq)
studies also seem to confirm this [16, 17]. For example,
searching for splice-site-creating mutations within the
86,565 tumour sequences recorded in The Cancer Genome
Atlas (TCGA) database, Jayasinghe et al. [18] identified
1964 originally mis-annotated mutations clearly resulting in
new splice junctions. New tumour-specific isoforms generat-
ed this way can and already have become key players in the
targeted therapy of tumours [19–22]. Recent splicing array
data comparing normal and tumour cells is suggestive of the
importance of tumour-specific isoform signature over gene
signature [23]. The presence of tumour-specific splice pattern
has been described in several tumour types such as hepatocel-
lular carcinoma [24], breast carcinoma [25], lung carcinoma
[26], AML [27], neuroblastoma [28] and carcinoma of the
digestive tract [29]. It is also important to point out that the
appearance of a number of these newly identified alternative
splice variants (BCR-Abl35INS, BIM-γ, IK6, p61 BRAF
V600E, CD19-Δ2, AR-V7 and PIK3CD-S) seems to confer
resistance to targeted and/or immunotherapy [30]. Therefore,
regardless of which component of the complex alternative
splicing system is affected by mutation, new or ectopically
appearing ‘old’ variants of a gene might be of diagnostic im-
portance. The neoantigenes generated this way appear to be
more immunogenic than the canonical protein coded by the
same gene and harbouring a missense point mutation. They
might even be developed to novel targets of therapy [31–33].

2 KRAS, NRAS, HRAS—canonical
isoforms—the ‘p21’ proteins and their
mutations

Members of the RAS superfamily are classed into five major
branches (RAS, RHO, RAB, RAN and ARF) based on the sim-
ilarity within their sequences and functions [34]. Most studied are
KRAS, NRAS and HRAS, oncogene members of the RAS su-
perfamily. These are plasma membrane-bound low molecular
weight GTPases (∼ 21 kD, the source of their original name of
‘p21’ proteins), which cycle between the GDP-bound (inactive)
and the GTP-bound (active) state and bind and activate a number
of downstream effector proteins, such as Raf kinases, phos-
phatidylinositol 3-kinases (PI3-K) and RalGDS family members.
All three are ubiquitously expressed from yeast through insects to

every single cell of mammals highlighting their fundamental bio-
logical importance. Their structural and functional conservation is
such that they are functional even in a heterologous system [35,
36]. For example, spore formation in Saccharomyces cerevisiae
KO for both of its RAS genes (ras1−, ras2−) can be restored by
humanHRASgene under the control of humanGAL10 promoter.
Despite the above, the three isoforms fulfil different functions from
ontogenetic, tissue function and tumour biology point of view as
well. Early studies showed that KRAS was essential for the em-
bryonic development of mice [37]. The physiological functions,
frequency of tumours and lifespan of KRAS± knockout micewere
identical to those of wild-type (KRAS+/+) animals. In contrast,
KRAS−/− animals (resulting from crossing heterozygous animals)
were not viable as the ventricular myocardium showed significant
thinning in a 15.5-day-old embryo due to the inadequate prolifer-
ation of myocytes. Additionally, neurological, haematological and
liver defects also appeared in these animals. In contrast to K-ras,
neither H-ras−/− nor N-ras−/−, in fact not even the double KO (i.e.
H-ras−/− and N-ras−/−) genotype has an effect on the embryonic
development, growth, fertility or neuronal differentiation of ro-
dents [38]. KRAS expression is not increased in HRAS−/−

NRAS−/− animals [39], and inversely, HRAS and NRAS expres-
sion are not increased in KRAS−/− animals [38]. At the same time,
when the KRAS gene was modified to express HRAS protein,
HRAS fulfilled the role KRASwould play during embryogenesis,
i.e. the offsprings were born, but not its role in cardiovascular
homeostasis as the adult animals show dilatative cardiomyopathy
associated with arterial hypertension [40].

Comparing the structure of the tree isoforms, the effector
lobe (1–86aa) situated at the N-terminal region and includ-
ing the switch I (30–38aa) and switch II (60–76aa) respon-
sible for the molecule’s functional activity shows 100% ho-
mology at amino acid level. Similarly, high level, almost
100% homology can be observed in the entire catalytic or
G-domain (1–166 aa) itself. The functional differences arise
from compartmentalisation and membrane localisation,
which are regulated by the hypervariable region (HVR,
167–188/189aa) on the C-terminal. The prerequisite of
membrane binding is post-translational modification of the
HVR region, and differences in this process will result in
differences in membrane localisation. The first step, which
is identical in all three isoforms, is farnesylation of the C-
terminal cystein by the farnesyl transferase in the endoplas-
mic reticulum. HRAS and NRAS as well as the KRAS4A
alternative splice variant (see detailed description below)
proteins are also palmitoylated on additional cysteine resi-
dues in the C terminus by RAS palmitoyltransferase.
KRAS4B is not palmitoylated; however, for membrane as-
sociation, it requires a polybasic sequence along with the
farnesyl group [41]. It is important to point out that even
though the N-terminal regions of KRAS, NRAS and HRAS
show 100% homology in amino acid sequence, their coding
regions display only 79–82% homology at base sequence
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level, thoroughly making advantage of the degeneracy of
codons. For example, in the case of exon 2, this means that
57% of the codons are encoded by different triplets (Fig. 1).

Therefore, all base variations are permitted from amutation
point of view, as long as they do not affect the conserved
amino acid sequence. However, three particular codons are
exceptional from this point of view. Codons 12, 13 and 61
are considered to be hotspots; mutation is permitted for all
base changes without exception. Activating mutations result
in the cessation of the protein’s catalytic activity freezing the
oncoprotein into its signal propagating structural conforma-
tion and ensuring the survival of tumour cells with unbalanced
equilibrium. Essentially it acts as a built in alternative option
which the cell can utilise when it ‘gets into trouble’. A number
of animal experiments have shown that mutations induced via
chemical carcinogenesis within these hotspot codons of the
RAS genes will lead to the development of certain tumour
types. For example, N-nitroso-N-methylurea (NMU) induces
G >A transition in codon 12 of the rat HRAS gene resulting in
the development of mammary tumours (NMU-induced rat
mammary tumours) [42, 43] and dimethylbenzanthracene
(DMBA)-induced A > T transition in codon 61 of mouse
HRAS will result in the development of various skin tumours
[44]. However, Cha et al. have suggested that chemical car-
cinogens do not in fact cause direct mutations rather they
facilitate the enrichment of the population harbouring the mu-
tation and already present in the normal tissue [45, 46]. They
later proved, using a variety of methodologies on a large num-
ber of samples, that in self-renewing tissues, over 50% of
somatic mutations, including those of the RAS genes, are
already present before tumour initiation [47]. The difference
between the three isoforms is in the frequency of these hotspot
mutations. According to the COSMIC database, of all the
coding missense mutations in KRAS, 80% affects codon 12,

14% codon 13 and only 2% codon 61. In NRAS 62% of the
missense mutation are in codon 61, 23% in codon 12 and 11%
in codon 13. In HRAS this figure is 24% in codon 12, 23% in
codon 13 and 40% in codon 61. Mutations affecting other
codons can also occur germ line and have been shown to be
associated with various developmental disorders, such as
Noonan, Costello and cardio-faciocutaneous syndromes [48,
49]. However, comprehensive review of available data
(COSMIC database) shows that 86–96% of all missense
RAS mutations affect codons 12, 13 and 61. This is a remark-
able ‘hit rate’ considering that the three genes are in complete-
ly different genomic localisation [KRAS on chromosome 12
(12p12.1), NRAS on chromosome 1 (1p13.2) and HRAS on
chromosome 11-es (11p15.5)] and the dramatic difference in
the number and proportion of bases within the introns (KRAS
50 kbp, NRAS 15 kpb and HRAS 4.5 kbp). Even though they
are constitutively expressed proteins, the level of expression
can be different across cell types. This propensity is often used
to explain the tumour-specific distribution of their mutations
[50, 51]. According to the data in The Cancer Genome Atlas
(TCGA), KRAS mutations most often occur in endoderm-
derived tumours such as pancreatic carcinoma, genomically
stable colorectal cancer and lung adenocarcinoma. HRASmu-
tations most often encountered in thyroid, bladder and kidney
carcinomas while NRAS mutations in hepatocellular carcino-
ma, melanoma and haematological malignancies [52]. KRAS
appears to be mutated in 22% of the overall tumour popula-
tion, while the frequency of HRASmutation is 2% and NRAS
mutation is 8% according to cumulative data [53].

Even though the structure of the isoforms is similar, they
are likely to participate in different signal pathways, and the
various mutations result in different biological outcomes.
Guanine nucleotide exchange factors (GEFs) and GTPase-
activating proteins (GAPs) regulate the GTP and GDP

Exon2

Query  1    ATGACTGAATATAAACTTGTGGTAGTTGGAGCTGGTGGCGTAGGCAAGAGTGCCTTGACG  60 KRAS201
|||||||| || ||||| ||||| |||||||| ||||| || || || || ||  |||| 

Sbjct  1    ATGACTGAGTACAAACTGGTGGTGGTTGGAGCAGGTGGTGTTGGGAAAAGCGCACTGACA  60 NRAS201
|||||||| || || ||||||||||| || || || ||||| || || || || |||||

Sbjct  1    ATGACGGAATATAAGCTGGTGGTGGTGGGCGCCGGCGGTGTGGGCAAGAGTGCGCTGACC  60 HRAS201
-M--T--E--Y--K--L--V--V--V--G--A--G--G--V--G--K--S--A--L--T-

Query  61   ATACAGCTAATTCAGAATCATTTTGTGGACGAATATGATCCAACAATAGAG  111 KRAS201
|| |||||||| ||||| || ||||| || ||||||||||| || ||||||

Sbjct  61   ATCCAGCTAATCCAGAACCACTTTGTAGATGAATATGATCCCACCATAGAG  111 NRAS201
|||||||| ||||||||||| ||||| || ||||| || ||||| ||||||

Sbjct  61   ATCCAGCTGATCCAGAACCATTTTGTGGACGAATACGACCCCACTATAGAG 111 HRAS201
-I--Q--L--I--Q--N--H--F--V--D--E--Y--D--P--T--I—E

81%

Query  1    MTEYKLVVVGAGGVGKSALTIQLIQNHFVDEYDPTIE KRAS201
MTEYKLVVVGAGGVGKSALTIQLIQNHFVDEYDPTIE NRAS201

Sbjct  1    MTEYKLVVVGAGGVGKSALTIQLIQNHFVDEYDPTIE HRAS201

Fig. 1 Comparison of the coding
nucleotide sequences of exon 2 of
the three RAS molecules reveals
that even though 57% of the
codons are coded by different
triplets, protein level homology is
100%
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exchange on RAS proteins [54]. The effect of extracellular
ligand activated cell surface receptors is mediated by guanine
nucleotide exchange factors (GEFs, such as Sos 1, Sos 2, Ras-
GRF/CDC25Mm, Ras-GRF 2 and Ras GRP), which transform
the inactive GDP-bound RAS molecule into active GTP-
bound form. The reason behind the different behaviour of
various RAS isoforms is their variable level of activation by
GEFs. For example, Ras-GRF/CDC25Mm activates HRAS
but not NRAS or KRAS4B [55]. The picture is further com-
plicated by the fact that certain GEFs are only expressed in
very specific tissue manner [56]. GTPase-activating proteins
(GAPs) act to return the GTPases to their GDP-bound state.
Hence, Ras can in principle be activated by activation or in-
hibition of relevant GEFs and/or GAPs. Voice JK et al. [57]
examined the in vivo Raf-1 activating ability of four different
RAS isoforms, which are constitutively active due to G12V
mutation in Cos-1 cells. The mutant isoforms were transfected
into the cells; the measured increase in activity could therefore
not have been the result of a change in expression level.
According to their results, KRAS4B was 8.4 times more effi-
cient than HRAS, 4.4 than NRAS and 2.3 more efficient than
KRAS4A in activating Raf-1. They also assessed the in vivo
biological effects of these active isoforms by transfecting the
G12V-mutated isoforms into three different cell lineages (NIH
3T3 mouse fibroblast, Rat-1 fibroblast and RIE-1 rat intestinal
epithelial cell). Examining their focus forming abilities in par-
allel, they found that HRAS- and KRAS4A-transfected NIH
3T3 and Rat-1 cells showed ∼ 2–2.5-fold, while RIE-1 cells
showed ∼ 8.3- and 6.3-fold increase when compared with
their KRAS4B- and HRAS-transfected counterparts. The mi-
gration propensity of COS-7 cells was significantly increased
by KRAS4B, minimally induced by HRAS and was unaffect-
ed by KRAS4A and NRAS. Their effect on anchorage-
independent growth, which is of significant importance in
tumour biology, was summarised as follows: KRAS4A >/=
NRAS >>> KRAS4B = HRAS = no growth. We must there-
fore question whether we can disregard the alternative splice
variants of the three RAS genes, as they are significantly dif-
ferent both structurally and functionally (if the function of a
given isoform was characterised at all) from the canonical
isoform yet still may or may not harbour the oncogenic
hotspot mutation.

3 Alternative splicing pattern of NRAS

Bo th t h e NCBI (NM_002524 . 5 ) a nd Ens emb l
(ENST00000369535.5) databases list only the canonical iso-
form (isoform 1) of NRAS in a searchable format. However,
since Eisfeld et al. [58] have published their work in 2014, a
number of articles have been published describing the struc-
ture, function and tissue/tumour-specific expression of four
new NRAS isoforms in detail. Taking the canonical isoform

1 with its 189 amino acids and 7 expressed exons (exons 2, 3,
4 and 5 being coding) as a base, isoform 2 also contains exon
3b via in frame retention resulting in a 208 amino acid long
protein. Δ3 exon skipping results in isoform 3. As a STOP
codon is generated this way within the reading frame of exon
4, the final protein is only 40 amino acid long. Isoform 4
encodes 76 amino acids as a result of Δ3, 4 exon skipping.
The coding sequence of the shortest, 20 amino acid long iso-
form 5 consists the first 17 codons of exon 2 and last 3 codons
of exon 5 (Fig. 2). Functional studies under experimental con-
ditions examining the effect of overexpression of isoforms 3
and 4 on the downstream targets MEK, ERK and AKT phos-
phorylated by isoform 1 showed lower activity of MEK and
ERK and a level of activity comparable with isoform 1 of
AKT (NRAS G12D was used as control). Unexpectedly, iso-
form 5 increased the activity of all downstream targets.
Isoform 2 caused less activity along the MEK/ERK axis and
increased activity of AKT. Stable transfection of the isoforms
into fibroblasts showed the ectopic expression of isoform 5 to
significantly increase while isoform 3 to decrease the prolifer-
ative activity of the cells. They also showed that all isoforms
were present in the examined four different normal tissue
types (lung, colon, skin, thyroid) as well as the tumours arising
from these tissues (NSCLC, CRC,MM, PTC) within the same
subject. The level of expression was different between the
normal and matched tumoural tissue with the exception of
lung tissue. All isoforms were identified within the cytoplasm,
and isoforms 3 and 5 were also present in the nucleus.
Markowitz et al. [59] showed that regardless of their BRAF
mutational status, the expression level of NRAS isoform 5 is
increased in human melanoma compared with normal mela-
nocytes, which they suggested would result in an aggressive
phenotype. This 20 amino acid long molecule does not con-
tain a GTP-binding region, therefore, cannot and did not show
GTPase activity similar to isoform 1. They were therefore
examining the structural properties to explain the increased
downstream phosphorylation of its targets (MEK, AKT,
ERK) and the resulting increased proliferative activity. NMR
and CD spectroscopy examinations proved that in aqueous
solutions, the protein is highly flexible with no stable second-
ary of tertiary structure. However, in the presence of
trifluoroethanol (a molecule imitating target when the actual
target is unknown), it forms a helix-turn-coil structure, which
might lead to better understanding of its mechanism of action
via biological analogues. Duggan et al. [60] have proved in
their experimental setup that the overexpression of NRAS
isoform 2 increases the proliferative activity of BRAF
V600E mutant human melanoma and confers resistance to
BRAF inhibitor therapy. According to their results, the in-
creased PI3K activity within the isoform 2 expressing cells
is the underlying mechanism for the resistance. Follow-up
RNAseq data from 423 human cutaneous melanoma by
Duggan et al. [61] showed expression of all five NRAS
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isoforms in both the primary tumour and their metastases.
Within the 23 primary and metastatic tumoural samples from
a single patient with malignant melanoma, they found a pos-
itive correlation with the expression of isoform 5 across brain,
liver and lung metastases as well. Their experiments using the
A375 cell line showed that the overexpression of isoforms 2
and 5 correlated with in vitro vemurafenib resistance. Yan J
et al. [62] demonstrated the high level of NRAS isoforms 3
and 5 expression to be an adverse prognostic indicator in their
cohort of 140 melanoma patients.

4 Alternative splicing of HRAS

There are four alternative splice variants of HRAS listed in
both the NCBI and Ensembl databases. Variants 1 (Ensembl
HRAS-203, NCBI refseq NM_005343.4, NP_005334) and 3
(Ensembl HRAS-205, NCBI refseq NM_001130442,
NP_001123914) are coding the same 189AA long protein
isoform (isoform 1). Their mRNA differs in the length of the
5’ and 3’ non-coding regions. Isoform 1 is considered to be the
canonical, p21 protein with resulting classical HRAS func-
tions. Compared with variant 1, transcript variant 2 of
HRAS (Ensembl HRAS-204, NCBI refseq NM_176795,
NP_ 789,765) carries a retained intron between exons 4 and

5. This variant with the additional alternative exon was first
identified in 1989 by Cohen JB et al. [63], and they suspected
its function to be the inhibition of p21 expression. A point
mutation within introns 4–5 prevented the expression of the
alternative splice variant coding the unknown p19 protein,
which resulted in increased expression and in parallel
transforming activity of p21. They found the molecule to be
evolutionally conserved with only a single amino acid differ-
ence between the human and rat variants. Guil et al. [64]
named the unknown alternative exon IDX in 2003.
Following the nomenclature of the canonical p21H-Ras4A,
they named the new molecule p19H-RasIDX (Fig. 3). The
inclusion of the alternative exon is regulated by a complex
process. It is negatively regulated by an intronic silencer se-
quence (rasISS1) positioned downstream. The inhibition is in
part mediated by hnRNPA1, while inclusion is subserved by
SC35 and SRp40 SR [65]. The p68 RNA helicase (DDX5)
also plays a significant role in the complex process resulting in
the appearance of the alternative exon. It prevents IDX inclu-
sion by inhibiting hnRNP H binding to IDX-rasISS1. The
protein coded by the alternative variant differs from the ca-
nonical p21 variant in both its biochemical and functional
properties. The shorter sequence is the result of an in frame
STOP codon within the IDX alternative exon. They also
showed that the p19 protein localised in both the cytoplasm

Fig. 2 Alternative splice variants of NRAS [58]. These are the isoforms described in the literature. Ensembl only records isoform 1

var4; isoform3

HRAS204 (var2; isoform2)

1.                          2.                  3.                   4.                         5.                     6.    7.      

HRAS203 (var1; isoform1)

HRAS205 (var3; isoform1)

ORFFig. 3 Alternative splice variants
of HRAS [64]. Even today,
HRAS204 is mostly referred to as
p19H-RasIDX
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and the nucleus. It is present in a number of cell lines and
human tissues in similar quantity to p21. Unlike p21, it does
not bind GTP, but it binds PKCβII and SRC activating
RACK1 scaffolding proteins. Jeong et al. [66] proved that it
increases the expression of p73β via binding to MDM2,
which would repress p73 transcription. It appears that the
focus of almost all relevant publications is to stress the func-
tional difference between the p21 and p19 proteins, including
the perinuclear localisation of p19 and the fact that it does not
bind the characteristic effectors (Raf1, MAXP1, AF6, and
Ral-GDS) nor activators (SOS, CDC25 and p120GAP) of
p21 [67]. p19 does however activate ERK1, therefore, regu-
lating the G1/S delay by increasing the length of G1 phase.
Additionally, it also induces FOXO1, hyperphosphorylates
p70SK6 and Akt, therefore, preventing programmed cell
death (apoptosis).

5 Alternative splicing of KRAS

The Ensembl database lists four splice variants of human
KRAS. According to data from the The Human Protein
Atlas, KRAS-201 (traditionally called KRAS4A) codes a
189aa long (21.7 kDa), KRAS-202 or KRAS4B a 188aa long
(21.4 kDa), KRAS-203 a 43aa long (4.7 kDa) and KRAS-204
a 75aa long (8.5 kDa) protein. Their phylogenetic

conservativism is well demonstrated by the fact that the mouse
equivalent of KRAS-201 (Kras-202) only differs in one amino
acid from its human counterpart, while mouse equivalents of
KRAS-202 (vs Kras-201) andKRAS-204 (vs Kras-207) differ
in 4-4 amino acids, respectively (Fig. 4). KRAS4A and
KRAS4B demonstrate well how the structural changes of al-
ternative splice variants result in significantly different protein
functions, insomuch as some publications even list KRAS4A
and KRAS4B as separate standalone RAS isoforms alongside
NRAS and HRAS. The number of amino acids and molecular
weight of KRAS4A and KRAS4B are almost identical.
However, the last 24 and 25 amino acids on their C-terminal
regions are coded by different exons and are therefore signif-
icantly different, while the first 164 amino acids are identical.
The different C-terminal results in the aforementioned differ-
ence in post-translational modification, namely, the
palmitoylation of KRAS4a but not KRAS4B. KRAS4B is
considered to be the predominant isoform even though
KRAS4A is more similar to the original retroviral
KRAS. There is experimental proof that similar to
NRAS and HRAS, the expression of KRAS4A is essen-
tial for successful ontogenesis. The development, quality
of life and lifespan of KRAS4A knockout animals are
identical to those of their wild-type counterparts [68].
On the contrary, KRAS knockout mice die between
days 12–14 of embryogenesis [37, 39].

1.             2a                    2b                       3.                     4a                    4.b               5.                                        

ORF

KRAS-202 (var1; isoform B)

NM_004985 188aa

KRAS203

KRAS204

KRAS-201 (var4; isoform A)

NM_033360    189aa

ORF

Human

1.             2                                              3.                     4a                    4.b               5.                                        

Kras-201

Kras-205

Kras-207

Kras-202

1.             2a                    2b                       3.                     4a                    4.b               5.                                        

ORF

KRAS-202 (var1; isoform B)

NM_004985 188aa

KRAS203

KRAS204

KRAS-201 (var4; isoform A)

NM_033360    189aa

ORF

Human

1.             2                                              3.                     4a                    4.b               5.                                        

Kras-201

Kras-205

Kras-207

Kras-202

MouseMouse

Fig. 4 Alterative splice variants of KRAS in human (KRAS) and mouse (Kras) hosts according to the Ensembl database. Phylogenetic conservatism is
evident. Interestingly, even though the introns are dramatically different between the two species, the splice sites are clearly marking identical exons
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Although a significant proportion of KRAS expression (60–
99%) during ontogenesis is contributed by KRAS4B, its consti-
tutive expression is in stark contrast to the organ (liver, kidney,
lung, intestine) and time-specific dynamics of KRAS4A [69, 70].
The expression of KRAS4A in the last stages of mouse ontogen-
esis (E11.5) increases by 10–25-fold in stomach and intestine,
approaching the level of KRAS4B expression. Interestingly the
tissue pattern observed in embryonal tissues is mostly preserved
in the fully developed animals as well [69].

According the work of Nussinov R et al. [71], functional
NRAS is Janus-faced. In its palmitoylated state, it functions
analogously to NRAS, while in depalmitoylated state, it be-
haves KRAS4B-like. Due to the reversibi l i ty of
palmitoylation, KRAS4A and NRAS exist in bimodal signal-
ling states which may take place under different oncogenic
cell/tissue conditions. The structural differences of the two
variants lead to different subcellular localisation and biologi-
cal functions. Zhang X et al. [72] examined the nucleotide-
dependent interactom network of KRAS4A and KRAS4B,
constitutively active due to underlying G12D mutation in
HEK293T cultures using mass spectrometry (MS)-based
quantitative proteomics based on stable isotope labelling by
amino acids (SILAC). Wild-type KRAS can be found pre-
dominantly (about 93%) in GDP-binding form in cells, while
most base combinations of G12mutants, with the exception of
prolin, are in GTP-binding form. Despite this, all isoforms
were sharing over 50% of the interacting proteins, which sug-
gests that these are independent of the molecules' GDP/GTP
status. However, when comparing the various isoforms
(KRAS4A vs KRAS4B or KRAS4A G12D vs KRas4B
G12D), the other 50% of interacting proteins were found to
be isoform-specific. There were numerous shared biological
processes, such as DNA repair, nucleotide-binding and alter-
native splicing. KRAS4A-specific interacting proteins are in-
volved in mitosis, DNA damage and ion transport. KRAS4B-
specific interacting proteins are involved in neurodegenera-
tion, mRNA transport, lipid metabolism and protein biosyn-
thesis. There were proteins interacting with only one KRAS
isoform, such as v-ATPase a2 and eIF2B only interacting with
KRAS4B. The localisation of v-ATPase is known to be lyso-
somal surface membrane bound; therefore, lysosomal
localisation of KRAS4B is different to that of KRAS4A.
KRAS4B may regulate protein translation initiation by
interacting with eIF2B.

In contrast to the results of the Voice research group, Zhang
et al. found higher affinity of Raf1 to KRAS4A as compared
with KRAS4B, and as a consequence, at similar level of ex-
pression, KRAS4AG12D cells showed a higher level of ERK
phosphorylation, a sign of RAF-MEK-ERK signalling acti-
vated by KRAS4A-RAF1 binding. This may explain that
KRAS4A- and KRAS4B-transformed NIH 3T3 cells showed
a similar proliferation in 2D, while KRAS4A-transformed
cells formed a significantly higher number of colonies in soft

agar assay. The biological effect was therefore found to be
similar by both groups [57, 72]. As both the RAF-MEK-
ERK and the PI3K-Akt-mTOR pathways play a significant
role in the regulation of anchorage-independent cell growth
and the latter is of similar activity in the case of both variants,
they suggested that the cause of the phenomenon is increased
KRas4a-RAF1 interaction and activation of the RAF1-MEK-
ERK signalling cascade.

Active KRAS signalling occurs at the plasma membrane.
However, the two KRAS variants can also show alternative
localisation, different from each other. Interaction with the
lysosome membrane-bound v-ATPase a2 links KRAS4B to
the lysosome membrane, while the depalmitoylated
KRAS4A is co-localised with hexokinase 1(HK1) at the outer
mitochondrial membrane (OMM) with a direct GTP-
dependent interaction [73]. Most of our knowledge about a
number of biological functions of the two variants come from
the examination of exon 4 deleted K-ras(tmDelta4A/
tmDel ta4A) mice , i t s he te rozygous var ian t (K-
ras(tmDelta4A/+) and the in vitro cell cultures created from
them. Examining the biological effects of the two variants in
the embryonic stem cells (ES) originating from these animals,
authors found that the wild-type KRAS4B showed anti-
apoptotic while KRAS4A showed pro-apoptotic activity
[74]. It was proven in experimental carcinogenesis model
(1,2-dimethylhydrazine-indukált colonic adenomas) that both
homozygous and heterozygous KRAS4A knockout animals
produced larger colonic adenocarcinomas with shorter survi-
vor, i.e. wild-type KRAS4A has a tumour suppressive effect.
Adenomas not expressing KRAS4A had significantly in-
creased cell proliferation and significantly decreased apoptotic
activity with evidence of activation of MAPK and Akt path-
ways as compared with heterozygous KO and wild-type
KRAS harbouring-induced tumours [75]. Similar results were
found in clinical setting, when ‘matched’ tumour and tumour-
free colon tissues from the same patient showed significantly
decreased KRAS4A/4B ratio in tumours harbouring both mu-
tant and wild-type KRAS [76, 77]. Although it is considered
to be a minor splice variant [76], its expression in colorectal
tumours approaches and often exceeds that of KRAS4B. The
alternative splicing of KRAS was found to have prognostic
significance when examining mismatch stabile (MSS) colo-
rectal cancer cases [77]. In cases of KRAS wild-type MSS
colorectal cancer (stage I–III), low-level KRAS4A expression
resulted in significant increase in overall survival. Such in-
crease was not observed in cases with mutant KRAS.
Accordingly, KRAS4A appeared to be an independent prog-
nostic indicator in the wild type KRAS expressing MSS co-
lorectal cancer.

It is less clear which factors regulate the spatial and tempo-
ral expression pattern of KRAS alternative splice variants.
According to Riffo-Campos ÁL et al. [78], the change in
4A/4B ratio is most likely to be regulated by epigenetically
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modified histones (H3K4me3, H3K27me3, H3K36me3,
H3K9ac, H3K27ac and H4K20me1). Different splice mecha-
nisms for KRAS4A and KRAS4B seem to be operational
based on the experimental results according to which inhibi-
tion of the RBM39 complex (indisulam, CRISPR/Cas) in-
hibits the splicing of KRAS4A exclusively with no effect on
KRAS4B [79].

6 Summary

The expectation that alternative splice variants of RAS, which
are structurally different to the major isoform, would fulfil
different functions in the life of the cell/tissue/organism has
now been underpinned by published literature. As all variants
described above include codons 12 and 13, therapies targeting
these codons will affect not only the predominant isoform but
also the alternative variants as well. Therefore, this fact can
only be disregarded after careful examination and consider-
ation of its consequences.

Funding information Open access funding provided by Semmelweis
University. This work was supported by grants NVKP-16-1-2016-0004,
NVKP-16-1-2016-0020 and K116151.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Stevens, M., & Oltean, S. (2019). Modulation of the apoptosis gene
Bcl-x function through alternative splicing. Frontiers in Genetics,
10, 804. https://doi.org/10.3389/fgene.2019.00804 eCollection
2019. Review.

2. Wang, E. T., Sandberg, R., Luo, S., Khrebtukova, I., Zhang, L.,
Mayr, C., Kingsmore, S. F., Schroth, G. P., & Burge, C. B.
(2008). Alternative isoform regulation in human tissue
transcriptomes. Nature., 456(7221), 470–476. https://doi.org/10.
1038/nature07509.

3. Pan, Q., Shai, O., Lee, L. J., Frey, B. J., & Blencowe, B. J. (2008).
Deep surveying of alternative splicing complexity in the human
transcriptome by high-throughput sequencing. Nature Genetics,
40(12), 1413–1415. https://doi.org/10.1038/ng.259.

4. Baralle, F. E., & Giudice, J. (2017). Alternative splicing as a regu-
lator of development and tissue identity.Nature Reviews. Molecular
Cell Biology, 18(7), 437–451. https://doi.org/10.1038/nrm.2017.27
Review.

5. Noh, S. J., Lee, K., Paik, H., & Hur, C. G. (2006). TISA: Tissue-
specific alternative splicing in human and mouse genes. DNA
Research, 13(5), 229–243. https://doi.org/10.1093/dnares/dsl011.

6. Chen, L. L., Sabripour, M., Wu, E. F., Prieto, V. G., Fuller, G. N., &
Frazier, M. L. (2005). A mutation-created novel intra-exonic pre-
mRNA splice site causes constitutive activation of KIT in human
gastrointestinal stromal tumors. Oncogene., 24(26), 4271–4280.
https://doi.org/10.1038/sj.onc.1208587.

7. Aretz, S., Uhlhaas, S., Sun, Y., Pagenstecher, C., Mangold, E.,
Caspari, R., Möslein, G., Schulmann, K., Propping, P., & Friedl,
W. (2004). Familial adenomatous polyposis: Aberrant splicing due
to missense or silent mutations in the APC gene. Human Mutation,
24(5), 370–380. https://doi.org/10.1002/humu.20087.

8. Yang, Y., Swaminathan, S., Martin, B. K., & Sharan, S. K. (2003).
Aberrant splicing induced bymissense mutations in BRCA1: Clues
from a humanized mouse model. Human Molecular Genetics,
12(17), 2121–2131. https://doi.org/10.1093/hmg/ddg222.

9. Tournier, I., Vezain, M., Martins, A., Charbonnier, F., Baert-
Desurmont, S., Olschwang, S., Wang, Q., Buisine, M. P., Soret,
J., Tazi, J., Frébourg, T., & Tosi, M. (2008). A large fraction of
unclassified variants of the mismatch repair genes MLH1 and
MSH2 is associated with splicing defects. Human Mutation,
29(12), 1412–1424. https://doi.org/10.1002/humu.20796.

10. Spinelli, R., Pirola, A., Redaelli, S., Sharma, N., Raman, H.,
Valletta, S., Magistroni, V., Piazza, R., & Gambacorti-Passerini,
C. (2013). Identification of novel point mutations in splicing sites
integrating whole-exome and RNA-seq data in myeloproliferative
diseases.Molecular Genetics &GenomicMedicine, 1(4), 246–259.
https://doi.org/10.1002/mgg3.23.

11. Bejar, R. (2016). Splicing factor mutations in Cancer. Advances in
Experimental Medicine and Biology, 907, 215–228. https://doi.org/
10.1007/978-3-319-29073-7_9.

12. Visconte, V., Nakashima, O. M., & Rogers, J. H. (2019). Mutations
in splicing factor genes in myeloid malignancies: Significance and
impact on clinical features.Cancers (Basel)., 11(12). https://doi.org/
10.3390/cancers11121844 Review.

13. Pellagatti, A., & Boultwood, J. (2020). Splicing factor mutant
myelodysplastic syndromes: Recent advances. Adv Biol Regul.,
75, 100655. https://doi.org/10.1016/j.jbior.2019.100655 Review.

14. Seiler, M., Peng, S., Agrawal, A. A., Palacino, J., Teng, T., Zhu, P.,
Smith, P. G., Buonamici, S., & Yu, L. (2018). Somatic mutational
landscape of splicing factor genes and their functional conse-
quences across 33 cancer types. Cell Reports, 23(1), 282–296.e4.
https://doi.org/10.1016/j.celrep.2018.01.088.

15. Lim, K. H., Ferraris, L., Filloux, M. E., Raphael, B. J., &
Fairbrother, W. G. (2011). Using positional distribution to identify
splicing elements and predict pre-mRNA processing defects in hu-
man genes. Proceedings of the National Academy of Sciences of the
United States of America, 108(27), 11093–11098. https://doi.org/
10.1073/pnas.1101135108.

16. Jian, X., Boerwinkle, E., & Liu, X. (2014). In silico prediction of
splice-altering single nucleotide variants in the human genome.
Nucleic Acids Research, 42(22), 13534–13544. https://doi.org/10.
1093/nar/gku1206.

17. Dufner-Almeida, L. G., do Carmo, R. T., Masotti, C., & Haddad, L.
A. (2019). Understanding human DNA variants affecting pre-
mRNA splicing in the NGS era. Advances in Genetics, 103, 39–
90. https://doi.org/10.1016/bs.adgen.2018.09.002 Review.

18. Jayasinghe, R. G., Cao, S., Gao, Q., Wendl, M. C., Vo, N. S.,
Reynolds, S. M., Zhao, Y., Climente-González, H., Chai, S.,
Wang, F., Varghese, R., Huang, M., Liang, W. W., Wyczalkowski,
M. A., Sengupta, S., Li, Z., Payne, S. H., Fenyö, D., Miner, J. H.,
Walter, M. J., Vincent, B., Eyras, E., Chen, K., Shmulevich, I.,
Chen, F., & Ding, L. (2018). Systematic analysis of splice-site-
rceating mutations in cancer. Cell Reports, 23(1), 270–281.e3.
https://doi.org/10.1016/j.celrep.2018.03.052.

1046

https://doi.org/
https://doi.org/10.3389/fgene.2019.00804
https://doi.org/10.1038/nature07509
https://doi.org/10.1038/nature07509
https://doi.org/10.1038/ng.259
https://doi.org/10.1038/nrm.2017.27
https://doi.org/10.1093/dnares/dsl011
https://doi.org/10.1038/sj.onc.1208587
https://doi.org/10.1002/humu.20087
https://doi.org/10.1093/hmg/ddg222
https://doi.org/10.1002/humu.20796
https://doi.org/10.1002/mgg3.23
https://doi.org/10.1007/978-3-319-29073-7_9
https://doi.org/10.1007/978-3-319-29073-7_9
https://doi.org/10.3390/cancers11121844
https://doi.org/10.3390/cancers11121844
https://doi.org/10.1016/j.jbior.2019.100655
https://doi.org/10.1016/j.celrep.2018.01.088
https://doi.org/10.1073/pnas.1101135108
https://doi.org/10.1073/pnas.1101135108
https://doi.org/10.1093/nar/gku1206
https://doi.org/10.1093/nar/gku1206
https://doi.org/10.1016/bs.adgen.2018.09.002
https://doi.org/10.1016/j.celrep.2018.03.052


Cancer Metastasis Rev (2020) 39:1039–1049

19. Lee, S. C., & Abdel-Wahab, O. (2016). Therapeutic targeting of
splicing in cancer. Nature Medicine, 22(9), 976–986. https://doi.
org/10.1038/nm.4165 Review.

20. Danan-Gotthold, M., Golan-Gerstl, R., Eisenberg, E., Meir, K.,
Karni, R., & Levanon, E. Y. (2015). Identification of recurrent
regulated alternative splicing events across human solid tumors.
Nucleic Acids Research, 43(10), 5130–5144. https://doi.org/10.
1093/nar/gkv210.

21. Singh, R. K., & Cooper, T. A. (2012). Pre-mRNA splicing in dis-
ease and therapeutics. Trends in Molecular Medicine, 18(8), 472–
482. https://doi.org/10.1016/j.molmed.2012.06.006.

22. Obeng, E. A., Stewart, C., & Abdel-Wahab, O. (2019). Altered
RNA Processing in cancer pathogenesis and therapy. Cancer
Discovery, 9(11), 1493–1510.

23. Zhang, Z., Pal, S., Bi, Y., Tchou, J., & Davuluri, R. V. (2013).
Isoform level expression profiles provide better cancer signatures
than gene level expression profiles. Genome Medicine, 5(4), 33.
https://doi.org/10.1186/gm437 eCollection 2013.

24. Krivtsova, O., Makarova, A., & Lazarevich, N. (2018). Aberrant
expression of alternative isoforms of transcription factors in hepa-
tocellular carcinoma. World Journal of Hepatology, 10(10), 645–
661. https://doi.org/10.4254/wjh.v10.i10.645 Review.

25. Eswaran, J., Horvath, A., Godbole, S., Reddy, S. D., Mudvari, P.,
Ohshiro, K., Cyanam, D., Nair, S., Fuqua, S. A., Polyak, K., Florea,
L. D., & Kumar, R. (2013). RNA sequencing of cancer reveals
novel splicing alterations. Scientific Reports, 3, 1689. https://doi.
org/10.1038/srep01689.

26. Misquitta-Ali, C. M., Cheng, E., O'Hanlon, D., Liu, N., McGlade,
C. J., Tsao, M. S., & Blencowe, B. J. (2011). Global profiling and
molecular characterization of alternative splicing events
misregulated in lung cancer. Molecular and Cellular Biology,
31(1), 138–150. https://doi.org/10.1128/MCB.00709-10.

27. de Necochea-Campion, R., Shouse, G. P., Zhou, Q., Mirshahidi, S.,
& Chen, C. S. (2016). Aberrant splicing and drug resistance in
AML. Journal of Hematology & Oncology, 9(1), 85. https://doi.
org/10.1186/s13045-016-0315-9 Review.

28. Chen, J., Hackett, C. S., Zhang, S., Song, Y. K., Bell, R. J.,
Molinaro, A. M., Quigley, D. A., Balmain, A., Song, J. S.,
Costello, J. F., Gustafson, W. C., Van Dyke, T., Kwok, P. Y.,
Khan, J., & Weiss, W. A. (2015). The genetics of splicing in neu-
roblastoma. Cancer Discovery, 5(4), 380–395. https://doi.org/10.
1158/2159-8290.CD-14-0892.

29. Miura, K., Fujibuchi, W., & Sasaki, I. (2011). Alternative pre-
mRNA splicing in digestive tract malignancy. Cancer Science,
102(2), 309–316. https://doi.org/10.1111/j.1349-7006.2010.
01797.x.

30. Wang, B. D., & Lee, N. H. (2018). Aberrant RNA Splicing in
cancer and drug resistance. Cancers (Basel), 10(11). https://doi.
org/10.3390/cancers10110458 Review.

31. Jyotsana, N., & Heuser, M. (2018). Exploiting differential RNA
splicing patterns: A potential new group of therapeutic targets in
cancer. Expert Opinion on Therapeutic Targets, 22(2), 107–121.
https://doi.org/10.1080/14728222.2018.1417390 Review.

32. Urbanski, L. M., Leclair, N., & Anczuków, O. (2018). Alternative-
splicing defects in cancer: Splicing regulators and their downstream
targets, guiding the way to novel cancer therapeutics. Wiley
Interdisciplinary Reviews RNA., 9(4), e1476. https://doi.org/10.
1002/wrna.1476.

33. Robinson, T. J., Freedman, J. A., Al Abo, M., Deveaux, A. E.,
LaCroix, B., Patierno, B. M., George, D. J., & Patierno, S. R.
(2019). Alternative RNA splicing as a potential major source of
untapped molecular targets in precision oncology and cancer dis-
parities. Clinical Cancer Research, 25(10), 2963–2968. https://doi.
org/10.1158/1078-0432.CCR-18-2445.

34. Wennerberg, K., Rossman, K. L., & Der, C. J. (2005). The Ras
superfamily at a glance. Journal of Cell Science, 118(Pt 5), 843–
846. https://doi.org/10.1242/jcs.01660 Review.

35. DeFeo-Jones, D., Tatchell, K., Robinson, L. C., Sigal, I. S., Vass,
W. C., & Lowy, D. R. (1985). EM Scolnick Mammalian and yeast
ras gene products: biological function in their heterologous systems.
Science, 228(4696), 179–184. https://doi.org/10.1126/science.
3883495.

36. Kataoka, T., Powers, S., Cameron, S., Fasano, O., Goldfarb, M.,
Broach, J., & Wigler, M. (1985). Functional homology of mamma-
lian and yeast RAS genes. Cell., 40(1), 19–26. https://doi.org/10.
1016/0092-8674(85)90304-6.

37. Koera, K., Nakamura, K., Nakao, K., Miyoshi, J., Toyoshima, K.,
Hatta, T., Otani, H., Aiba, A., & Katsuki, M. (1997). K-ras is es-
sential for the development of the mouse embryo. Oncogene.,
15(10), 1151–1159. https://doi.org/10.1038/sj.onc.1201284.

38. Esteban, L. M., Vicario-Abejon, C., Fernandez-Salguero, P.,
Fernandez-Medarde, A., Swaminathan, N., Yienger, K., Lopez,
E., Malumbres, M., McKay, R., Ward, J. M., Pellicer, A., &
Santos, E. (2001). Targeted genomic disruption of H-ras and N-
ras, individually or in combination, reveals the dispensability of
both loci for mouse growth and development. Molecular and
Cellular Biology, 21, 1444–1452.

39. Johnson, L., Greenbaum, D., Cichowski, K., Mercer, K., Murphy,
E., Schmitt, E., Bronson, R. T., Umanoff, H., Edelmann, W.,
Kucherlapati, R., & Jacks, T. (1997). K-ras is an essential gene in
the mouse with partial functional overlap with N-ras. Genes &
Development, 11(19), 2468–2481. https://doi.org/10.1101/gad.11.
19.2468.

40. Potenza, N., Vecchione, C., Notte, A., De Rienzo, A., Rosica, A.,
Bauer, L., Affuso, A., De Felice, M., Russo, T., Poulet, R., Cifelli,
G., De Vita, G., Lembo, G., & Di Lauro, R. (2005). Replacement of
K-Ras with H-Ras supports normal embryonic development despite
inducing cardiovascular pathology in adult mice. EMBO Reports,
6(5), 432–437. https://doi.org/10.1038/sj.embor.7400397.

41. Ahearn, I., Zhou, M., & Philips, M. R. (2018). Posttranslational
modifications of RAS proteins. Cold Spring Harbor Perspectives
in Medicine, 8(11). https://doi.org/10.1101/cshperspect.a031484
Review.

42. Zarbl, H., Sukumar, S., Arthur, A. V., Martin-Zanca, D., &
Barbacid, M. (1985). Direct mutagenesis of Ha-ras-1 oncogenes
by N-nitroso-N-methylurea during initiation of mammary carcino-
genesis in rats. Nature., 315(6018), 382–385. https://doi.org/10.
1038/315382a0.

43. Sukumar, S., Notario, V.,Martin-Zanca, D., & Barbacid, M. (1983).
Induction of mammary carcinomas in rats by nitroso-methylurea
involves malignant activation of H-ras-1 locus by single point mu-
tations. Nature., 306(5944), 658–661. https://doi.org/10.1038/
306658a0.

44. Quintanilla, M., Brown, K., Ramsden, M., & Balmain, A. (1986).
Carcinogen-specific mutation and amplification of Ha-ras during
mouse skin carcinogenesis. Nature., 322(6074), 78–80. https://
doi.org/10.1038/322078a0.

45. Cha, R. S., Thilly, W. G., & Zarbl, H. (1994). N-nitroso-N-
methylurea-induced rat mammary tumors arise from cells with
preexisting oncogenic Hras1 gene mutations. Proceedings of the
National Academy of Sciences of the United States of America,
91(9), 3749–3753. https://doi.org/10.1073/pnas.91.9.3749.

46. Cha, R. S., Guerra, L., Thilly, W. G., & Zarbl, H. (1996). Ha-ras-1
oncogene mutations in mammary epithelial cells do not contribute
to initiation of spontaneous mammary tumorigenesis in rats.
Carcinogenesis., 17(11), 2519–2524. https://doi.org/10.1093/
carcin/17.11.2519.

47. Tomasetti, C., Vogelstein, B., & Parmigiani, G. (2013). Half or
more of the somatic mutations in cancers of self-renewing tissues
originate prior to tumor initiation. Proceedings of the National

1047

https://doi.org/10.1038/nm.4165
https://doi.org/10.1038/nm.4165
https://doi.org/10.1093/nar/gkv210
https://doi.org/10.1093/nar/gkv210
https://doi.org/10.1016/j.molmed.2012.06.006
https://doi.org/10.1186/gm437
https://doi.org/10.4254/wjh.v10.i10.645
https://doi.org/10.1038/srep01689
https://doi.org/10.1038/srep01689
https://doi.org/10.1128/MCB.00709-10
https://doi.org/10.1186/s13045-016-0315-9
https://doi.org/10.1186/s13045-016-0315-9
https://doi.org/10.1158/2159-8290.CD-14-0892
https://doi.org/10.1158/2159-8290.CD-14-0892
https://doi.org/10.1111/j.1349-7006.2010.01797.x
https://doi.org/10.1111/j.1349-7006.2010.01797.x
https://doi.org/10.3390/cancers10110458
https://doi.org/10.3390/cancers10110458
https://doi.org/10.1080/14728222.2018.1417390
https://doi.org/10.1002/wrna.1476
https://doi.org/10.1002/wrna.1476
https://doi.org/10.1158/1078-0432.CCR-18-2445
https://doi.org/10.1158/1078-0432.CCR-18-2445
https://doi.org/10.1242/jcs.01660
https://doi.org/10.1126/science.3883495
https://doi.org/10.1126/science.3883495
https://doi.org/10.1016/0092-8674(85)90304-6
https://doi.org/10.1016/0092-8674(85)90304-6
https://doi.org/10.1038/sj.onc.1201284
https://doi.org/10.1101/gad.11.19.2468
https://doi.org/10.1101/gad.11.19.2468
https://doi.org/10.1038/sj.embor.7400397
https://doi.org/10.1101/cshperspect.a031484
https://doi.org/10.1038/315382a0
https://doi.org/10.1038/315382a0
https://doi.org/10.1038/306658a0
https://doi.org/10.1038/306658a0
https://doi.org/10.1038/322078a0
https://doi.org/10.1038/322078a0
https://doi.org/10.1073/pnas.91.9.3749
https://doi.org/10.1093/carcin/17.11.2519
https://doi.org/10.1093/carcin/17.11.2519


Cancer Metastasis Rev (2020) 39:1039–1049

Academy of Sciences of the United States of America, 110(6), 1999–
2004. https://doi.org/10.1073/pnas.1221068110.

48. Gremer, L., Merbitz-Zahradnik, T., Dvorsky, R., Cirstea, I. C.,
Kratz, C. P., Zenker, M., Wittinghofer, A., & Ahmadian, M. R.
(2011). Germline KRAS mutations cause aberrant biochemical
and physical properties leading to developmental disorders.
Human Mutation, 32(1), 33–43. https://doi.org/10.1002/humu.
21377.

49. Schubbert, S., Zenker, M., Rowe, S. L., Böll, S., Klein, C., Bollag,
G., van der Burgt, I., Musante, L., Kalscheuer, V., Wehner, L. E.,
Nguyen, H., West, B., Zhang, K. Y., Sistermans, E., Rauch, A.,
Niemeyer, C. M., Shannon, K., & Kratz, C. P. (2006). Germline
KRAS mutations cause Noonan syndrome. Nature Genetics, 38(3),
331–336. https://doi.org/10.1038/ng1748.

50. Castellano, E., & Santos, E. (2011). Functional specificity of ras
isoforms: So similar but so different. Genes & Cancer, 2(3), 216–
231. https://doi.org/10.1177/1947601911408081.

51. Quinlan, M. P., Quatela, S. E., Philips, M. R., & Settleman, J.
(2008). Activated Kras, but not Hras or Nras, may initiate tumors
of endodermal origin via stem cell expansion. Molecular and
Cellular Biology, 28(8), 2659–2674. https://doi.org/10.1128/
MCB.01661-07.

52. Sanchez-Vega, F., Mina, M., Armenia, J., Chatila, W. K., Luna, A.,
La, K. C., Dimitriadoy, S., Liu, D. L., Kantheti, H. S., Saghafinia,
S., Chakravarty, D., Daian, F., Gao, Q., Bailey,M. H., Liang,W.W.,
Foltz, S. M., Shmulevich, I., Ding, L., Heins, Z., Ochoa, A., Gross,
B., Gao, J., Zhang, H., Kundra, R., Kandoth, C., Bahceci, I.,
Dervishi, L., Dogrusoz, U., Zhou, W., Shen, H., Laird, P. W.,
Way, G. P., Greene, C. S., Liang, H., Xiao, Y., Wang, C.,
Iavarone, A., Berger, A. H., Bivona, T. G., Lazar, A. J., Hammer,
G. D., Giordano, T., Kwong, L. N., McArthur, G., Huang, C.,
Tward, A. D., Frederick, M. J., McCormick, F., Meyerson, M.,
Van Allen, E. M., Cherniack, A. D., Ciriello, G., Sander, C., &
Schultz, N. (2018). Oncogenic signaling pathways in the cancer
genome atlas. Cell, 173(2), 321–337.e10. https://doi.org/10.1016/
j.cell.2018.03.035.

53. Prior, I. A., Lewis, P. D., & Mattos, C. (2012). A comprehensive
survey of Ras mutations in cancer.Cancer Research, 72(10), 2457–
2467. https://doi.org/10.1158/0008-5472.CAN-11-2612.

54. Vigil, D., Cherfils, J., Rossman, K. L., & Der, C. J. (2010). Ras
superfamily GEFs and GAPs: Validated and tractable targets for
cancer therapy? Nature Reviews. Cancer, 10(12), 842–857.
https://doi.org/10.1038/nrc2960.

55. Jones, M. K., & Jackson, J. H. (1998). Ras-GRF activates Ha-Ras,
but not N-Ras or K-Ras 4B, protein in vivo. The Journal of
Biological Chemistry, 273(3), 1782–1787. https://doi.org/10.1074/
jbc.273.3.1782.

56. Hennig, A., Markwart, R., Esparza-Franco, M. A., Ladds, G., &
Rubio, I. (2015). Ras activation revisited: Role of GEF and GAP
systems. Biological Chemistry, 396(8), 831–848. https://doi.org/10.
1515/hsz-2014-0257 Review.

57. Voice, J. K., Klemke, R. L., Le, A., & Jackson, J. H. (1999). Four
human ras homologs differ in their abilities to activate Raf-1, induce
transformation, and stimulate cell motility. The Journal of
Biological Chemistry, 274(24), 17164–17170. https://doi.org/10.
1074/jbc.274.24.17164.

58. Eisfeld, A. K., Schwind, S., Hoag, K. W., Walker, C. J.,
Liyanarachchi, S., Patel, R., Huang, X., Markowitz, J., Duan, W.,
Otterson, G. A., Carson 3rd, W. E., Marcucci, G., Bloomfield, C.
D., & de la Chapelle, A. (2014). NRAS isoforms differentially
affect downstream pathways, cell growth, and cell transformation.
Proceedings of the National Academy of Sciences of the United
States of America, 111(11), 4179–4184. https://doi.org/10.1073/
pnas.1401727111.

59. Markowitz, J., Mal, T. K., Yuan, C., Courtney, N. B., Patel, M.,
Stiff, A. R., Blachly, J., Walker, C., Eisfeld, A. K., de la Chapelle,

A., & Carson 3rd., W. E. (2016). Structural characterization of
NRAS isoform 5. Protein Science, 25(5), 1069–1074. https://doi.
org/10.1002/pro.2916.

60. Duggan, M. C., Stiff, A. R., Bainazar, M., Regan, K., Olaverria
Salavaggione, G. N., Maharry, S., Blachly, J. S., Krischak, M.,
Walker, C. J., Latchana, N., Tridandapani, S., de la Chapelle, A.,
Eisfeld, A. K., & Carson 3rd., W. E. (2017). Identification of NRAS
isoform 2 overexpression as a mechanism facilitating BRAF inhib-
itor resistance in malignant melanoma. Proceedings of the National
Academy of Sciences of the United States of America, 114(36),
9629–9634. https://doi.org/10.1073/pnas.1704371114.

61. Duggan, M. C., Regan-Fendt, K., Olaverria Salavaggione, G. N.,
Howard, J. H., Stiff, A. R., Sabella, J., Latchana, N., Markowitz, J.,
Gru, A., Tridandapani, S., Eisfeld, A. K., de la Chapelle, A., &
Carson, W. E. (2019). Neuroblastoma RAS viral oncogene homo-
log mRNA is differentially spliced to give five distinct isoforms:
Implications for melanoma therapy. Melanoma Research, 29(5),
491–500. https://doi.org/10.1097/CMR.0000000000000623.

62. Yan, J., Xu, L., Yu, J., Wu, X., Dai, J., Xu, T., Yu, H., Guo, J., &
Kong, Y. (2019). Prognostic role of NRAS isoforms in Chinese
melanoma patients. Melanoma Research, 29(3), 263–269. https://
doi.org/10.1097/CMR.0000000000000557.

63. Cohen, J. B., Broz, S. D., & Levinson, A. D. (1989). Expression of
the H-ras proto-oncogene is controlled by alternative splicing.Cell.,
58(3), 461–472. https://doi.org/10.1016/0092-8674(89)90427-3.

64. Guil, S., de La Iglesia, N., Fernández-Larrea, J., Cifuentes, D.,
Ferrer, J. C., Guinovart, J. J., & Bach-Elias, M. (2003).
Alternative splicing of the human proto-oncogene c-H-ras renders
a new Ras family protein that trafficks to cytoplasm and nucleus.
Cancer Research, 63(17), 5178–5187.

65. Guil, S., Gattoni, R., Carrascal, M., Abián, J., Stévenin, J., & Bach-
Elias, M. (2003). Roles of hnRNP A1, SR proteins, and p68
helicase in c-H-ras alternative splicing regulation. Molecular and
Cellular Biology, 23(8), 2927–2941. https://doi.org/10.1128/mcb.
23.8.2927-2941.2003.

66. Jeong, M. H., Bae, J., Kim, W. H., Yoo, S. M., Kim, J. W., Song, P.
I., & Choi, K. H. (2006). p19ras interacts with and activates p73 by
involving theMDM2 protein. The Journal of Biological Chemistry,
281(13), 8707–8715. https://doi.org/10.1074/jbc.M513853200.

67. Camats, M., Kokolo, M., Heesom, K. J., Ladomery, M., & Bach-
Elias, M. (2009). P19 H-ras induces G1/S phase delay maintaining
cells in a reversible quiescence state. PLoS One, 4(12), e8513.

68. Plowman, S. J., Williamson, D. J., O'Sullivan, M. J., Doig, J.,
Ritchie, A. M., Harrison, D. J., Melton, D. W., Arends, M. J.,
Hooper, M. L., & Patek, C. E. (2003). While K-ras is essential for
mouse development, expression of the K-ras 4A splice variant is
dispensable. Molecular and Cellular Biology, 23(24), 9245–9250.
https://doi.org/10.1128/mcb.23.24.9245-9250.2003.

69. Pells, S., Divjak, M., Romanowski, P., Impey, H., Hawkins, N. J.,
Clarke, A. R., Hooper, M. L., & Williamson, D. J. (1997).
Developmentally-regulated expression of murine K-ras isoforms.
Oncogene., 15(15), 1781–1786. https://doi.org/10.1038/sj.onc.
1201354.

70. Newlaczyl, A. U., Coulson, J. M., & Prior, I. A. (2017).
Quantification of spatiotemporal patterns of Ras isoform expres-
sion during development. Scientific Reports, 7, 41297. https://doi.
org/10.1038/srep41297.

71. Nussinov, R., Tsai, C. J., Chakrabarti,M., & Jang, H. (2016). A new
view of Ras isoforms in cancers. Cancer Research, 76(1), 18–23.
https://doi.org/10.1158/0008-5472.CAN-15-1536 Review.

72. Zhang, X., Cao, J., Miller, S. P., Jing, H., & Lin, H. (2018).
Comparative nucleotide-dependent interactome analysis reveals
shared and differential properties of KRas4a and KRas4b. ACS
Central Science, 4(1), 71–80. https://doi.org/10.1021/acscentsci.
7b00440.

1048

https://doi.org/10.1073/pnas.1221068110
https://doi.org/10.1002/humu.21377
https://doi.org/10.1002/humu.21377
https://doi.org/10.1038/ng1748
https://doi.org/10.1177/1947601911408081
https://doi.org/10.1128/MCB.01661-07
https://doi.org/10.1128/MCB.01661-07
https://doi.org/10.1016/j.cell.2018.03.035
https://doi.org/10.1016/j.cell.2018.03.035
https://doi.org/10.1158/0008-5472.CAN-11-2612
https://doi.org/10.1038/nrc2960
https://doi.org/10.1074/jbc.273.3.1782
https://doi.org/10.1074/jbc.273.3.1782
https://doi.org/10.1515/hsz-2014-0257
https://doi.org/10.1515/hsz-2014-0257
https://doi.org/10.1074/jbc.274.24.17164
https://doi.org/10.1074/jbc.274.24.17164
https://doi.org/10.1073/pnas.1401727111
https://doi.org/10.1073/pnas.1401727111
https://doi.org/10.1002/pro.2916
https://doi.org/10.1002/pro.2916
https://doi.org/10.1073/pnas.1704371114
https://doi.org/10.1097/CMR.0000000000000623
https://doi.org/10.1097/CMR.0000000000000557
https://doi.org/10.1097/CMR.0000000000000557
https://doi.org/10.1016/0092-8674(89)90427-3
https://doi.org/10.1128/mcb.23.8.2927-2941.2003
https://doi.org/10.1128/mcb.23.8.2927-2941.2003
https://doi.org/10.1074/jbc.M513853200
https://doi.org/10.1128/mcb.23.24.9245-9250.2003
https://doi.org/10.1038/sj.onc.1201354
https://doi.org/10.1038/sj.onc.1201354
https://doi.org/10.1038/srep41297
https://doi.org/10.1038/srep41297
https://doi.org/10.1158/0008-5472.CAN-15-1536
https://doi.org/10.1021/acscentsci.7b00440
https://doi.org/10.1021/acscentsci.7b00440


Cancer Metastasis Rev (2020) 39:1039–1049

73. Amendola, C. R., Mahaffey, J. P., Parker, S. J., Ahearn, I. M., Chen,
W. C., Zhou, M., Court, H., Shi, J., Mendoza, S. L., Morten, M. J.,
Rothenberg, E., Gottlieb, E., Wadghiri, Y. Z., Possemato, R.,
Hubbard, S. R., Balmain, A., Kimmelman, A. C., & Philips, M.
R. (2019). KRAS4A directly regulates hexokinase 1. Nature.,
576(7787), 482–486. https://doi.org/10.1038/s41586-019-1832-9.

74. Plowman, S. J., Arends, M. J., Brownstein, D. G., Luo, F.,
Devenney, P. S., Rose, L., Ritchie, A. M., Berry, R. L., Harrison,
D. J., Hooper, M. L., & Patek, C. E. (2006). The K-Ras 4A isoform
promotes apoptosis but does not affect either lifespan or spontane-
ous tumor incidence in aging mice. Experimental Cell Research,
312(1), 16–26. https://doi.org/10.1016/j.yexcr.2005.10.004.

75. Luo, F., Ye, H., Hamoudi, R., Dong, G., Zhang, W., Patek, C. E.,
Poulogiannis, G., & Arends, M. J. (2010). K-ras exon 4A has a
tumour suppressor effect on carcinogen-induced murine colonic
adenoma formation. The Journal of Pathology, 220(5), 542–550.
https://doi.org/10.1002/path.2672.

76. Plowman, S. J., Berry, R. L., Bader, S. A., Luo, F., Arends, M. J.,
Harrison, D. J., Hooper, M. L., & Patek, C. E. (2006). K-ras 4A and
4B are co-expressed widely in human tissues, and their ratio is
altered in sporadic colorectal cancer. Journal of Experimental &
Clinical Cancer Research, 25(2), 259–267.

77. Eilertsen, I. A., Sveen, A., Strømme, J. M., Skotheim, R. I.,
Nesbakken, A., & Lothe, R. A. (2019). Alternative splicing ex-
pands the prognostic impact of KRAS in microsatellite stable pri-
mary colorectal cancer. International Journal of Cancer, 144(4),
841–847. https://doi.org/10.1002/ijc.31809.

78. Riffo-Campos, Á. L., Gimeno-Valiente, F., Rodríguez, F. M.,
Cervantes, A., López-Rodas, G., Franco, L., & Castillo, J. (2018).
Role of epigenetic factors in the selection of the alternative splicing
isoforms of human KRAS in colorectal cancer cell lines.
Oncotarget., 9(29), 20578–20589. https://doi.org/10.18632/
oncotarget.25016 eCollection 2018 Apr 17.

79. Wei-Ching Chen, Minh D. Toh, Peter M.K. Westcott, Reyno
Delrosario, Il-Jin Kim, Mark Philips, Quan Tran, Nora Bayani,
Allan Balmain Regulation of KRAS4A/B splicing in cancer stem
cells by the RBM39 splicing complex. https://doi.org/10.1101/
646125

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

1049

https://doi.org/10.1038/s41586-019-1832-9
https://doi.org/10.1016/j.yexcr.2005.10.004
https://doi.org/10.1002/path.2672
https://doi.org/10.1002/ijc.31809
https://doi.org/10.18632/oncotarget.25016
https://doi.org/10.18632/oncotarget.25016
https://doi.org/10.1101/646125
https://doi.org/10.1101/646125

	Splice variants of RAS—translational significance
	Abstract
	Alternative splicing—it is the rule, not the exception
	KRAS, NRAS, HRAS—canonical isoforms—the ‘p21’ proteins and their mutations
	Alternative splicing pattern of NRAS
	Alternative splicing of HRAS
	Alternative splicing of KRAS
	Summary
	References




