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The role of KRAS splice variants in
cancer biology

Cristina Nuevo-Tapioles and Mark R. Philips*

Perlmutter Cancer Center, NYU School of Medicine, New York, NY, United States

The three mammalian RAS genes (HRAS, NRAS and KRAS) encode four proteins
that play central roles in cancer biology. Among them, KRAS is mutated more
frequently in human cancer than any other oncogene. The pre-mRNA of KRAS
is alternatively spliced to give rise to two products, KRAS4A and KRAS4B, which
differ in the membrane targeting sequences at their respective C-termini.
Notably, both KRAS4A and KRAS4B are oncogenic when KRAS is
constitutively activated by mutation in exon 2 or 3. Whereas KRAS4B is the
most studied oncoprotein, KRAS4A is understudied and until recently
considered relatively unimportant. Emerging work has confirmed expression
of KRAS4A in cancer and found non-overlapping functions of the splice variants.
The most clearly demonstrated of these is direct regulation of hexokinase 1 by
KRAS4A, suggesting that the metabolic vulnerabilities of KRAS-mutant tumors
may be determined in part by the relative expression of the splice variants. The
aim of this review is to address the most relevant characteristics and differential
functions of the KRAS splice variants as they relate to cancer onset and
progression.
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Introduction

The three mammalian RAS genes (HRAS, NRAS and KRAS) encode four proteins that
play central roles in cancer biology (Prior et al., 2012) (Figure 1). The RAS genes encode
small GTPases that regulate cellular pathways that signal for growth, proliferation, and
differentiation. The activation of RAS proteins is determined by nucleotide binding, with
the GTP-bound form assuming an active signaling conformation (Vigil et al., 2010;
Simanshu et al., 2017). Missense mutations in RAS proteins lead to an altered homeostatic
balance of GDP and GTP binding of RAS toward the active state, either by reducing GTP
hydrolysis or by increasing the rate of GTP loading (Cox and Der, 2010; Hobbs et al.,
2016). When in the GTP-bound, activated state RAS proteins signal by engaging effectors
that transmit signals down several pathways (Stephen et al., 2014; Simanshu et al., 2017).
Whereas more than 10 effectors have been described (Kiel et al., 2021), RAF proteins are
the effectors that regulate the MAPK pathway and are the sine qua non of oncogenic
signaling. Although there is some evidence that the different RAS proteins engage the
various effectors with different efficiencies (Voice et al., 1999), all GTP-bound RAS
proteins can engage all effectors in vitro. Nevertheless, differential subcellular localizations
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Three RAS genes encode four RAS proteins. (A) The four RAS isoforms have nearly identical GTP/GDP binding (G) domains (grey) (aal-165) but
distinct hypervariable (HVR) regions (aal66-188/189, not to scale), which direct membrane trafficking. Color coding of the HVR distinguishes each
RAS isoform (HRAS in orange, NRAS in yellow, KRAS4A in blue, and KRAS4B in green). Sequence and posttranslational modifications of the HVR of
KRAS4A and KRAS4B are indicated by colors highlighting the residues that are palmitoylated (red), phosphorylated (green) or farnesylated (blue).
Basic residues in the HVRs of KRAS4A and KRAS4B are indicated in bold. (B) The two KRAS isoforms are splice variants utilizing alternative 4th exons.
Oncogenic mutations occur in exons 1 or 2 (*) such that when KRAS is mutant, both splice variants give rise to oncogenic proteins.

can drive compartmentalized signaling by selecting for distinct
subsets of effectors (Chiu et al., 2002; Mor and Philips, 20065
Prior and Hancock, 2012).

RAS genes are the most frequently mutated oncogenes in
cancer and among the RAS genes, KRAS mutations are most
2012).
Interestingly, the KRAS transcript is alternatively spliced

frequently associated with tumors (Prior et al,
giving rise to two variants with alternative 4th exons,
designated KRAS4A and KRAS4B (Ahearn et al, 2011)
(Figure 1). These variants encode nearly identical G domains
(aal-165) that bind guanine nucleotides and engage effectors, but
they differ in their C-terminal membrane targeting sequences,
(HVRs), that

subcellular trafficking and membrane association (Tsai et al,

designated hypervariable regions mediate
2015) (Figure 1). Membrane targeting is accomplished by
posttranslational modification (PTM) of the HVR converting
nascent RAS from a globular, hydrophilic protein to a peripheral
membrane protein with a hydrophobic C-terminus that affords
affinity for phospholipid bilayers (Wright and Philips, 2006)
(Figure 1). Notably, both gene products are oncogenic when the
KRAS locus sustains a mutation in exons 2 or 3 resulting in
KRAS proteins, of

transforming cells (Voice et al, 1999), suggesting that

constitutively —active each capable
studying the characteristics of both isoforms will provide a
better understanding of the biology of KRAS-driven cancers
(Figure 1). As a result of constitutive activation, RAS-
mediated signaling cascades drive tumor onset, maintenance,
and progression by deregulating key cellular processes (Hobbs

et al., 2016), altering the tumor microenvironment (Pylayeva-
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Gupta et al, 2011), and rewiring cellular metabolism to an
enhanced glycolysis (Mukhopadhyay et al, 2021). Whereas
KRAS4B is the most studied of all oncoproteins, KRAS4A is
understudied and, until recently, considered relatively
unimportant. Emerging work has confirmed expression of
KRAS4A in cancer and found non-overlapping functions of
the splice variants. Thus, understanding the biochemical and
cell biological properties of KRAS splice variants is required to
fully explore vulnerabilities that can be exploited for drug

discovery.

Membrane association and trafficking
of KRAS proteins

The KRAS transcript undergoes alternative splicing giving
rise to two 21kDa isoforms: KRAS4A and KRAS4B. Both
proteins share nearly identical G domains consisting of the
first 165 aa. The 5 portion of exon 4 encodes the final
segment of the G domain preceding the 23 aa HVR. This
gives rise to 3 G domain differences at residues 151, 153 and
165 (Laude and Prior, 2008; Raso, 2020) (Figure 1). The G
domain is the catalytic and switching portion of the protein
that binds GDP/GTP and associates with effectors, exchange
factors, and GTPase-activating proteins (GAPs) (Vigil et al,
2010). However, KRAS splice variants differ substantially in
their HVRs which contain the targeting information for the
membrane localization that is necessary for RAS function
(Willumsen et al., 1984; Laude and Prior, 2008; Tsai et al.,
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2015). The HVR includes a C-terminal CaaX sequence, which is
modified posttranslationally in three steps: farnesylation, aaX
proteolysis, and carboxyl methylation of the resulting C-terminal
prenylcysteine (Wright and Philips, 2006) (Figure 1). All RAS
proteins other than KRAS4B also possess one or two cysteines
immediately upstream of the CaaX sequence that are modified
with palmitate. KRAS4B lacks a palmitoylation site and instead
incorporates a polylysine sequence that can form an electrostatic
interaction with the negatively charged inner leaflet of the plasma
membrane (Laude and Prior, 2008; Jang et al., 2015) (Figure 1).
The PTMs allow RAS to associate with membranes by
remodeling the carboxyl terminus, a feature that is required
for signaling and therefore, RAS function (Ahearn et al,
2018). Thus, the two KRAS splice variants have distinct
mechanisms of subcellular trafficking. KRAS4A is unique in
possessing a dual membrane-targeting motif since it is not
only palmitoylated but also contains two short polybasic
regions (PBR) (Tsai et al, 20155 Ahearn et al, 2018)
(Figure 1). Palmitoylation occurs on cysteine 180 in the
C-terminal ~ membrane-targeting  region  independently
mediating an efficient plasma membrane association (Tsai
et al., 2015). Both palmitoylation and the PBRs are required
for maximal signaling efficiency and mutation of either PBR
combined with loss of palmitoylation cause a significant
reduction in ERK phosphorylation (Tsai et al., 2015), which
has also been demonstrated to abolish the ability of oncogenic
KRAS4A to induce leukemia in mice (Zhao et al.,, 2015). The
distinct membrane anchors of KRAS4A and KRAS4B predict
differential dynamics with regard to membrane association.
Indeed, using single-molecule-tracking to assess RAS mobility,
it was observed that KRAS4B exhibits a distinct behavior when
compared to the other RAS proteins (Goswami et al., 2020).
Mechanistically, the authors proposed that the positive charges
on the HVR of KRAS4B recruit and cluster negatively charged
lipids around RAS molecules, and subsequent G domain
interactions with both effectors and lipids lead to an ordered,
stepwise assembly process where KRAS4B molecules are
increasingly confined to smaller nanodomains in the
formation of a signaling complex (Goswami et al., 2020).

Another unique feature of KRAS4B is the presence of a
phosphorylation site on serine 181 that behaves as a farnesyl
electrostatic switch, weakening association with the plasma
membrane and  promoting translocation to  other
endomembrane compartments (Bivona et al., 2006; Barcelo
et al, 2014). Binding of calmodulin to KRAS4B has been
shown to block phosphorylation of serine 181. Interestingly,
calmodulin binding suppresses noncanonical Wnt signaling
induced by oncogenic KRAS4B (Wang et al, 2015; Sperlich
et al.,, 2016). Disruption of this interaction has been proposed
to reduce the tumorigenic properties of mutant KRAS4B in
pancreatic cancer (Wang et al., 2015).

PDE6S is a prenyl binding protein that can act as a cytosolic

chaperone (Chandra et al., 2011). PDE68 has been co-crystalized
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with prenylated KRAS4B confirming the interaction (Dharmaiah
et al, 2016). Whereas overexpression of PDE6S can extract
KRAS4B from membranes 2016)
demonstrating interaction in living cells, it does not affect
the localization KRAS4A, highlighting a significant difference
in the subcellular trafficking of the splice variants (Tsai et al.,
2015).

The Lin group demonstrated that KRAS4A is subject to
lysine fatty acylation at its C-terminal HVR (Jing et al., 2017).

(Dharmaiah et al,

Sirtuin 2 (SIRT2), one of the mammalian nicotinamide adenine
dinucleotide (NAD)-dependent lysine deacylases, catalyzes the
removal of fatty acylation from KRAS4A leading to an increased
endomembrane localization, interaction with A-Raf, and
enhanced KRAS4A transforming activity, suggesting that
SIRT2 may be therapeutic target for treating cancers
associated with KRAS4A expression (Jing et al., 2017). In this
regard, the group developed a SIRT2 inhibitor, JH-T4, a small
molecule that successfully modulates the lysine fatty acylation
levels of KRAS4A and was cytotoxic to several human cancer
cells. However, the cytotoxic effect was not selective to cancer
cells. According to the authors, this phenomenon might be due to
ability of JH-T4 to inhibit other sirtuins or due to inhibition of
the defatty-acylation activity of SIRT2 (Spiegelman et al., 2019).

The differential modification and trafficking of the two KRAS
splice variants has prompted studies designed to determine if the
two proteins have distinct interactomes. The Lin group used
stable isotope labelling with amino acids in cell culture (SILAC)
and affinity-purification mass spectrometry (AP-MS) to examine
the nucleotide-dependent interactomes of KRAS4A and KRAS4B
(Zhang et al.,, 2018), and later applied the same technology to
nucleotide-dependent interactomes of the four RAS isoforms,
KRAS4A, KRAS4B, HRAS, and NRAS (Miller et al., 2022).
Although the majority of the proteins identified in these
studies need to be further validated, the investigators were
able to draw some interesting conclusions. For example, they
found that v-ATPase a2 interacts only with KRAS4B, an
interaction that may have physiological relevance since the
V-ATPase has regulate KRAS-induced
micropinocytosis 2019). the
interaction occurs on the cytosolic face of lysosomes,
consistent with the observation that KRAS4B but not
KRAS4A is localized on lysosomes (Zhang et al., 2018). These
results suggested that the different intracellular localizations of
KRAS4A and KRAS4B may explain differential protein-protein
interactions (Zhang et al., 2018). This concept was validated by
the discovery that KRAS4A but not KRAS4B associates with
hexokinase 1 (HK1) on the outer mitochondrial membrane
(OMM) and that the basis for the differential association was
due entirely to the ability of depalmitoyated KRAS4A to traffic to
the OMM (Amendola et al., 2019). Importantly, KRAS4A was
shown to stimulate the activity of HKI, thereby directly

been shown to

(Ramirez et al., Moreover,

regulating cancer cells metabolism (see below) (Amendola
et al., 2019).
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FIGURE 2

KRAS4A regulates hexokinase 1 catalytic activity. Hexokinase

1 (HK1) is resident on the outer mitochondrial membrane (OMM)
owing to an N-terminal targeting sequence. KRAS4A undergoes a
cycle of palmitoylation/depalmitoylation on cysteine 180 that
drives association with the plasma membrane or OMM,
respectively. KRAS4A interacts with HK1 on the OMM in a GTP-
dependent fashion and stimulates HK1 activity by limiting the
allosteric feedback inhibition physiologically mediated by glucose-
6-phosphate.

KRAS splice variants and glycolysis

RAS-mediated signaling drives tumor onset, maintenance
and progression not only by deregulating tumor-autonomous
growth the
microenvironment (Pylayeva-Gupta et al, 2011; Simanshu
et al., 2017; Hamarsheh et al, 2020), but also by rewiring
cellular metabolism to enhance glycolysis (Ying et al., 2012;

cellular control and  altering tumor

Mukhopadhyay et al., 2021). The reprogramming of cellular
metabolism to provide the energetic and biomass demands of
uncontrolled cell proliferation is one of the hallmarks of cancer
(Hanahan and Weinberg, 2011). In this regard, one of the most
common metabolic characteristics of cancer cells is an altered
glucose metabolism known as the Warburg effect, in which
cancer cells engage in enhanced glycolysis even in the
presence of abundant oxygen (Warburg, 1956). As a result of
the breakdown of glucose through glycolysis, cancer cells
produce ATP and metabolic intermediates required for cell
growth and proliferation (Hsu and Sabatini, 2008). Oncogenic
KRAS increases glycolysis and shunts glycolytic intermediated to
specific anabolic pathways (Kimmelman, 2015). In particular,
KRAS has been implicated in the regulation of the expression of
rate-limiting metabolic enzymes and to the shunt of glucose-
derived metabolites to the nonoxidative arm of the pentose
phosphate  pathway to ribose

promote biosynthesis
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(Kimmelman, 2015). The effects on glycolysis reported by
Kimmelman and others were understood as an indirect effect
mediated by transcriptional upregulation of glycolytic enzymes
(Yun et al, 2009; Ying et al.,, 2012; Bryant et al., 2014). More
recently, a direct effect of KRAS on glycolysis has been
established and shown to be specific for KRAS4A (Amendola
et al., 2019) (Figure 2).

Using affinity purification and mass spectroscopy, Amendola
et al. demonstrated a direct interaction between KRAS4A and
HKI1, establishing the first such interaction between a RAS
protein and a metabolic enzyme (Amendola et al., 2019). The
GTP-dependent
palmitoylation of KRAS4A was blocked. Depalmitoylated
KRAS4A colocalized with HK1 on the OMM (Figure 2).
When HRAS was artificially targeted to the OMM it too
interacted with HKI, demonstrating that the isoform-

interaction was and enhanced when

specificity was driven entirely by subcellular localization.
Importantly, the interaction increased the enzymatic activity
of HK1, thus establishing the enzyme as a bona fide effector
of KRAS4A. Mechanistically, GTP-bound KRAS4A stimulated
HK1 catalytic activity by limiting the allosteric feedback
inhibition physiologically mediated by glucose-6-phosphate
(Figure 2). In fact, cell-based studies revealed a diminished
glycolytic flux in KRAS mutant tumor cells in which KRAS4A
was silenced with CRISPR/Cas9 (Amendola et al, 2019).
Furthermore, xenograft tumors produced with these cells
showed dramatically diminished glucose uptake by ['*F]-
DG PET scanning relative to parental cells (Amendola
et al.,, 2019).

RAS-mutant tumors are among the most aggressive and
refractory to treatment (Hymowitz and Malek, 2018; Punekar
et al, 2022). Although some success in developing direct
inhibitors of KRAS has been made recently (Basso et al., 2006;
Engelman et al., 2008; Cox et al., 2015; McCormick, 2015;
Punekar et al, 2022), disappointing clinical trials of these
agents (Hu et al., 2000; Basso et al., 2006; Berndt et al., 2011;
Riely et al, 2011; Gelderblom et al, 2020) (NCT01468688,
NCT01297491, NCT03101839, NCT04111458) demonstrate
that a multi-pronged approach will be required to have a
significant therapeutic impact. The recent establishment of
differential effects on metabolism of the two KRAS splice
variants suggest the possibility of exploiting therapeutically
unique metabolic vulnerabilities in cancers with relatively high
expression of the KRAS4A.

Relative expression of KRAS splice
variants

KRAS has been intensively studied for more than 4 decades
but the vast majority of work has focused on KRAS4B. Because of
lower levels of expression, KRAS4A was considered the “minor”
splice variant and largely ignored. Ironically, KRAS4A proved to
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be the transforming gene carried by the Kirsten murine sarcoma
virus from which the name “K”RAS derives (Shimizu et al., 1983).
It has been shown conclusively that the expression levels of
KRAS4A and KRAS4B vary profoundly across different tissues
and developmental stages (Tsai et al., 2015). As early as 1983 a
20-fold lower level of KRAS4A compared to KRAS4B transcript
was reported from various cancer cell lines using RNA
hybridization (Capon et al,, 1983). Using the polymerase
colony method to analyze the splice variants abundance,
Butz, Roberta and Edwards found a 9.6-fold difference of
(KRAS4B:KRAS4A) in SW480 cells and a 47-fold difference in
PANC-1 cells compared to 1.4-fold difference in normal
human colon, suggesting that expression of KRAS4A is lost
in cancer (Butz et al., 2004). Consistent with these data, using
isotopic peptide standards Prior and colleagues measured the
absolute abundance of RAS proteins in a panel of isogenic
SW48 colorectal cancer cells and found no KRAS4A-specific
peptides (Mageean et al., 2015). However, a study of colorectal
cancer cases in Saudi Arabian patients not only detected
KRAS4A transcript but reported a correlation between
KRAS4A overexpression and better overall survival and
cleaved caspase-3 expression, consistent with other reports
describing a pro-apoptotic function for KRAS4A (Abubaker
et al., 2009). Another study showed that KRAS4A was
expressed in both human renal cell carcinomas and human
renal cell carcinoma cells lines, with its upregulation
associated with sensitivity to aldosterone (King et al,
2014). Using northern blot hybridization, the expression of
KRAS4A and KRAS4B transcripts was assessed in 8 different
mouse organs including heart, brain, spleen, lung, liver,
skeletal muscle, kidney, and testis. KRAS4B mRNA was
found in all 8 organs representing approximately 90%-99%
of total KRAS mRNA meanwhile KRAS4A mRNA was
detected only in lung, liver, and kidney (Wang et al., 2001).
In another study, KRAS4A expression was explored in human
tissues and colorectal tumors (Plowman et al., 2006b). Using
RT-PCR with concurrent metabolic labeling of PCR product
with [*P]dATP and quantification from autoradiography
after PAGE analysis, KRAS4A was found to be expressed
primarily in the gastrointestinal tract, though it was also
detected in kidney, lung, bone marrow, and other tissues
(Plowman et al., 2006b). More recently Tsai et al. employed
PCR primers specific for splice junctions and cDNA templates
that allowed creating standard curves and quantifying
absolute levels of mRNA to more accurately measure
relative levels of transcript (Tsai et al, 2015). KRAS4A
mRNA was present in all 30 human cell lines examined.
Although KRAS4B message was present at higher levels in
most of these cells, in 40% of them, the KRAS4A transcript
exceeded 20% of total KRAS message, and in several, the
mRNA levels for the two splice variants were similar. Using a
KRAS4A-specific antibody these results were validated at the
protein level. Importantly, the analysis of fresh colorectal
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tumors showed that the expression levels of the two
transcripts were equal over a panel of 17 samples (Tsai
et al., 2015). A subsequent study using qRT-PCR measured
the gene expression profiles of each of the RAS isoforms in a
panel of mouse tissues derived from a full developmental time
course spanning embryogenesis through to adulthood
showing a relative contribution of KRAS4B > >NRAS >
KRAS4A > HRAS to total RAS expression with KRAS4B
of all RAS transcripts
(Newlaczyl et al., 2017). Interestingly, the authors showed
that KRAS4A is the most dynamically regulated RAS isoform
with significant up-regulation of expression observed pre-

typically representing 60-99%

term in stomach, intestine, kidney, and heart (Newlaczyl
et al, 2017). More recently, using qRT-PCR Aran and
colleagues found that the KRAS4B transcript was two-fold
higher than that of KRAS4A in 55 samples of advanced non-
small cell lung cancer (NSCLC) but relative to normal lung
tissue KRAS4A message was elevated in 42 of 55 patients
(Aran et al,, 2018). These authors also reported enhanced
KRAS4A protein using (IHC),

however no controls were shown and no commercial

immunohistochemistry

antibody has been validated for detection of endogenous
RAS by IHC (Waters et al., 2017). Another study of lung
adenocarcinoma (LUAD) patients analyzed RNA expression
and somatic mutation data from The Cancer Genome Atlas
(n = 516) to assess the overall survival (OS) and disease-free
survival (DFS) based on the abundance of KRAS transcript
variants (Yang and Kim, 2018). In this work, the authors
found that the expression of the KRAS4A transcript was
positively correlated with the presence of KRAS mutations
and associated with poor OS and DFS in LUAD patients (Yang
and Kim, 2018). Using splicing-sensitive microarrays and
RNA sequencing, the abundance of both KRAS splice
variants was investigated in samples from patients with
stable (MSS) (CRC)
(Eilertsen et al., 2019). Eilertsen et al. found that aberrant
splicing resulting in low expression of the KRAS4A transcript

microsatellite colorectal cancer

variant, in relation to the KRAS4B transcript, was associated
with increased KRAS signaling and poor patient prognosis
specifically in KRAS wild-type MSS CRC suggesting that
KRAS splicing is of prognostic relevance in KRAS wild-type
CRC (Eilertsen et al., 2019).

The relative abundance of the KRAS splice variants is
undoubtedly controlled by the efficiency of alternative
splicing. The regulation of the alternative splicing of the KRAS
transcript remains relatively unexplored. Balmain and colleagues
reported that KRAS4A splicing is controlled by the DCAF15/
RBM39 pathway, and deletion of KRAS4A or pharmacological
inhibition of RBM39 using the splicing inhibitor Indisulam leads
to inhibition of cancer stem cells (Chen et al., 2021). Overall,
these data suggest that levels of KRAS4A isoform in human
tumors can be a biomarker of sensitivity to some existing cancer
therapeutics.
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KRAS splice variants in development
and cancer biology

Although their relative expression in normal tissues and cancer
is not completely understood, efforts have been made to better
understand the role of both splice variants in cancer biology. In
1999 it was reported that mutationally activated KRAS4A was able
to activate RAF1 and signal through the MAPK pathway more
efficiently than oncogenic HRAS or NRAS (Voice et al.,, 1999).
Furthermore, in this study oncogenic KRAS4A induced the
formation of transformed foci and enable anchorage-
independent growth significantly better than oncogenic
KRAS4B expressed at the same level (Voice et al.,, 1999). These
pioneering observations suggested an important role for KRAS4A
in carcinogenesis. More nuanced results have been obtained from
the study of genetically engineered mice (GEM). Interestingly,
whereas the Kras locus is essential for mouse development, Nras
and Hras loci are dispensable (Johnson et al.,, 1997; Koera et al.,
1997; Esteban et al., 2001). However, mice homozygous for the
Hras cDNA knocked into the Kras locus are viable, despite being
afflicted with dilated cardiomyopathy and arterial hypertension
later in life (Potenza et al., 2005). This suggests that the Kras locus
might be essential partially because of gene expression patterns
rather than differential function of the gene products. Like Hras
and Nras, KRAS4A is dispensable for normal mouse development,
at least in the presence of functional KRAS4B (Plowman et al.,
2003). Using embryonic stem cells derived from the Kras4a knock-
out animal, these authors concluded that whereas KRAS4A
promotes apoptosis, KRAS4B inhibits it, and that both
KRAS4A and KRAS4B promote differentiation (Plowman et al.,
2003). These findings raise the possibility that alteration of the
KRAS4A/KRAS4B isoform ratio modulates tumorigenesis by
differentially affecting stem cell survival and/or differentiation,
in agreement with previous observations related to both isoforms
(Voice et al,, 1999). However, Kras4a deficiency did not affect life
expectancy or spontaneous overall tumor incidence in aging mice
(Plowman et al., 2006a). Similarly, when colonic adenomas were
induced in mice lacking Kras4a, an increase in number and size of
colonic adenomas was observed that revealed increased markers of
proliferation and decreased markers of apoptosis (Luo et al., 2010).
However, a similar study using a GEM to induce colon carcinomas
showed no such effect of Kras4a deficiency (Patek et al., 2008).
Another study using Kras knockout mouse embryonic fibroblasts
showed that the transcription of matrix metalloproteinase 2
(MMP-2) was lost in these cells and partially restored by
transient expression of KRAS4B but not KRAS4A, suggesting a
steady-state regulation of MMP-2 expression by KRAS4B (Liao
et al., 2003). However, the effect of selective elimination of one or
the other splice variant was not studied. Recently, a Kras4B-null
GEM has been generated selectively disrupting the expression of
the KRAS4B isoform by inserting a premature termination codon
into its coding sequence giving rise to a highly unstable truncated
protein without affecting either transcription or translation of the

Frontiers in Cell and Developmental Biology

06

10.3389/fcell.2022.1033348

KRAS4A isoform (Salmon et al., 2021). In this work, the authors
found no postnatal development in the absence of KRAS4B. Hence,
the expression of the endogenous KRAS4B isoform, in contrast to
KRAS4A, is strictly required for mouse development. Interestingly,
expression of endogenous KRAS4A'?" in the absence of KRAS4B
was sufficient to induce lung adenocarcinomas that undergo
proximal metastasis (Salmon et al, 2021). Intriguingly, using a
model of liver transgenesis, mutant KRAS4A induced higher
ERK1/2 phosphorylation resulting in increased expression of
pl6 and consequently fewer tumors suggesting that lower levels
of mutant KRAS4A, as compared with those of KRAS4B, are
sufficient to induce tumorigenesis in vivo (Chung et al, 2016;
Salmon et al., 2021).

Recently, the Balmain group developed a Kras4B~'~ mouse
model by inserting a Kras4a cDNA into the Kras locus (Potenza
etal., 2005; Chen et al.,, 2021) with the aim of comparing the roles
of KRAS4A and KRAS4B in lung tumorigenesis. Strikingly, these
authors found that coordinated regulation of both isoforms is
essential for development of Kras mutant tumors (Chen et al.,
2021). Previous reports had shown that KRAS4A is expressed
during differentiation of pluripotent embryonic stem cells and in
a subset of cells in adult tissues (Pells et al., 1997), raising the
possibility that KRAS4A has specific functions in a small
population of cells with stem cell properties (To et al., 2008).
In line with these observations, Balmain and colleagues showed
that human KRAS4A, but not KRAS4B, is enriched in stem cell-
like side population cells derived from human cancer cell lines
(Chen et al., 2021). Loss of KRAS4A, but not KRAS4B, causes a
decrease in the proportion of cells with side population
characteristics. In addition, hypoxic conditions which are
known to lead to reactivation of stem cells,
upregulation of KRAS4A, but not KRAS4B suggesting that the
splicing of KRAS to generate the 4A and 4B isoforms may be a

cause an

critical event in controlling stress responses and the proliferative
or metabolic requirements in stem and progenitor cells (Chen
et al,, 2021). On the other hand, expression of KRAS4B but not
KRAS4A was induced by endoplasmic reticulum (ER) stress
(Chen et al., 2021), which has been previously identified as a
therapeutic target in KRAS mutant cancers (De Raedt et al,
2011). In summary, although evidence for differential roles of the
KRAS splice variants in development and oncogenesis has been
reported, future studies will be needed to better understand the
roles of KRAS4A and KRAS4B.

Final remarks

Whereas KRAS4B is the most studied oncoprotein, KRAS4A
is understudied and wuntil recently considered relatively
unimportant.  Despite  evolutionary = conservation  over
hundreds of millions of years of the alternate splicing of the
KRAS transcript and some splice-variant specific interactions

reported in mass spec screens, no biochemical/signaling
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difference had been established until the recent discovery that
KRAS4A but not KRAS4B interacts with and regulates HK1. This
work showed that cancer cells metabolism can be modulated as a
consequence of unique subcellular trafficking of KRAS4A
(Amendola et al., 2019) (Figure 2). This highly significant
finding establishes for the first time a direct effect of RAS
on metabolism, represents the first demonstration of a
biochemical difference between KRAS splice variants, and
suggests a unique vulnerability for KRAS driven cancers
that express oncogenic KRAS4A. Given that KRAS is
mutated in human cancer more frequently than any other
oncogene, the two products of the KRAS locus and the
pathways they regulate are among the most attractive
targets for anti-cancer drug discovery. Elucidation of the
differential consequences of the expression of the splice
variants will inform the development of therapeutics
designed to block KRAS driven cancer.
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