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In mammals, the KRAS locus encodes two protein isoforms, KRAS4A
and KRAS4B, which differ only in their C terminus via alternative
splicing of distinct fourth exons. Previous studies have shown that
whereas KRAS expression is essential for mouse development, the
KRAS4A isoform is expendable. Here, we have generated a mouse
strain that carries a terminator codon in exon 4B that leads to the
expression of an unstable KRAS4B154 truncated polypeptide, hence
resulting in a bona fide Kras4B-null allele. In contrast, this termina-
tor codon leaves expression of the KRAS4A isoform unaffected.
Mice selectively lacking KRAS4B expression developed to term but
died perinatally because of hypertrabeculation of the ventricular
wall, a defect reminiscent of that observed in embryos lacking the
Kras locus. Mouse embryonic fibroblasts (MEFs) obtained from
Kras4B−/− embryos proliferated less than did wild-type MEFs, be-
cause of limited expression of KRAS4A, a defect that can be com-
pensated for by ectopic expression of this isoform. Introduction of
the same terminator codon into a KrasFSFG12V allele allowed expres-
sion of an endogenous KRAS4AG12V oncogenic isoform in the ab-
sence of KRAS4B. Exposure of Kras+/FSF4AG12V4B– mice to Adeno-FLPo
particles induced lung tumors with complete penetrance, albeit with
increased latencies as compared with control Kras+/FSFG12V animals.
Moreover, a significant percentage of these mice developed proxi-
mal metastasis, a feature seldom observed in mice expressing both
mutant isoforms. These results illustrate that expression of the KRA-
S4AG12V mutant isoform is sufficient to induce lung tumors, thus
suggesting that selective targeting of the KRAS4BG12V oncoprotein
may not have significant therapeutic consequences.

KRAS isoforms | alternative splicing | gene editing | lung tumors |
hypertrabeculation

The KRAS locus has gained prominence due to its involvement
in as many as one-fourth of all human tumors (1, 2). This locus

encodes two protein isoforms, KRAS4A and KRAS4B, via alter-
native splicing of independent fourth exons. Both proteins share
almost identical amino acids from residues 1 to 164, a region that
includes the guanosine triphosphate–binding domain, as well as
the switch I and II regions responsible for engaging with their
main downstream effectors (3–5). These residues also include all
known oncogenic mutations. However, these isoforms differ sub-
stantially from residue 165 onward, a region that includes the
hypervariable region (HVR) primarily involved in protein traf-
ficking as well as in establishing its location within the plasma
membrane (5, 6). Finally, both isoforms are prenylated at the
cysteine residue of their respective CAAX boxes located at their
C termini.
The KRAS4B protein contains a unique polybasic stretch not

found in other RAS proteins formed by a series of lysine residues
that presumably organizes its localization to distinct nanoclusters.
In addition, KRAS4B can be phosphorylated at serine 181 within
the polybasic stretch, which is believed to reduce the net charge of

the HVR, thus decreasing its affinity for the plasma membrane
(4). Binding of calmodulin to KRAS4B is known to block this
phosphorylation step, although the functional significance remains
a matter of debate (7, 8). Interestingly, calmodulin binding to on-
cogenic KRAS4B suppressed noncanonical Wnt signaling. Dis-
ruption of this interaction has been proposed to reduce the
tumorigenic properties of mutant KRAS4B in pancreatic cancer
(9). KRAS4A on the other hand uses a hybrid membrane-targeting
motif consisting of an acylatable cysteine residue as well as a bi-
partite polybasic region and resides in disorganized liquid domains
(10, 11). Moreover, lysine fatty acylation selectively regulates
membrane distribution and in vitro transforming properties of
KRAS4A (12). The distinct membrane distribution properties of
KRAS4A have also been attributed to its association with HK1 in
the outer mitochondrial membrane, an activity that is not shared by
KRAS4B (13).
Despite these differences in their HVR, the biological signif-

icance of the two KRAS isoforms is less clear. Whereas genetic
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disruption of the entire Kras locus causes embryonic lethality at
midgestation, selective ablation of the KRAS4A isoform did not
result in any obvious phenotype either during embryonic devel-
opment or adult homeostasis, thus suggesting that expression of
KRAS4B is sufficient to perform most of the KRAS functions in
mice (14–16). Indeed, KRAS4B appears to represent the majority
of the two isoforms during embryonic development, while
KRAS4A is more dynamically regulated and its ratio slightly in-
creases in several adult tissues (17). Several studies, however, have
detected widespread expression of KRAS4A in RAS mutant can-
cers (10, 18, 19). In addition, absence of KRAS4A reduced tu-
morigenesis when using a chemical carcinogenesis model of lung
cancer (20). Finally, knockin of a KRAS4B complementary DNA
(cDNA) into the Kras locus following a strategy that eliminates
KRAS4A expression rendered mice largely resistant to chemical
carcinogenesis (21).
To better understand the unique role(s) of the KRAS4A iso-

form in normal and tumor-bearing mice, we have generated wild-
type and oncogenic Kras alleles that prevent expression of the
KRAS4B isoform without altering the overall genomic structure
of the Kras locus, hence not affecting expression of either wild-
type or mutant KRAS4A isoforms, respectively. These studies
provide important insights into the role of the KRAS4A isoform
both during embryonic development and in tumor formation.

Results
Generation of KRAS4B-Deficient Mice. To genetically interrogate
the requirement for KRAS4B in normal homeostasis as well as in
tumor development, we generated a mouse strain in which ex-
pression of the KRAS4B isoform was selectively eliminated
without affecting expression of KRAS4A (Fig. 1A). To this end,
we introduced a TGA stop codon within positions 13 to 15 of
Kras exon 4B by microinjecting a single-stranded DNA oligo-
nucleotide as a template for homologous recombination together
with a single-guide RNA (sgRNA) and the recombinant Cas9
protein into mouse embryos (Fig. 1B). The position of the stop
codon was chosen to eliminate the protospacer adjacent motif
(PAM) (AGG) to prevent recleavage of the DNA after homol-
ogous recombination (Fig. 1B). For screening purposes, we also
introduced another point mutation at position 21 in exon 4B to
generate a diagnostic XbaI restriction site (Fig. 1B). The TGA
stop codon replaces codon 155 (GCC, Ala), resulting in the
generation of a truncated KRAS4B protein (KRAS4B154) that
lacks the 34 carboxyl-terminal amino acids that include most of
the α5-helix and the entire polybasic region as well as the CAAX
domain (Fig. 1 C and D). This strategy predicts, as illustrated
below, that the KRAS4B polypeptide expressed by the targeted
allele will be unstable, representing a true “null” allele. Equally
important, this targeting strategy preserves exon 4B including the
large 3′ untranslated region (UTR) which is also present in the
Kras4A transcript, thus preventing any potential deleterious ef-
fects on the expression of the KRAS4A isoform. Mice carrying
the desired homologous recombination event were identified by
XbaI digestion (SI Appendix, Fig. S1 A and B) followed by se-
quencing the genomic region spanning the homologous recombi-
nation event (SI Appendix, Fig. S1C). These mice were mated to
wild-type mice of mixed 129/Sv-C57BL/6 background to confirm
germline transmission. The resulting heterozygous mice were des-
ignated Kras4B+/− to indicate that the targeted Kras allele failed to
express a functional KRAS4B isoform.

The KRAS4B Isoform Is Essential for Embryonic Development. Het-
erozygous Kras4B+/− mice were crossed among themselves to in-
terrogate the requirements for KRAS4B expression during mouse
development. Embryonic day 13.5 (E13.5) Kras4B−/− embryos were
obtained slightly below the expected Mendelian ratios (20.8%) (SI
Appendix, Table S1). Yet, they were indistinguishable from their
wild-type littermates, not presenting any obvious defects. Similar
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D

Fig. 1. Generation of mice lacking KRAS4B expression. (A) Schematic dia-
gram depicting the generation of the Kras4B– allele. (A, Top) Genomic
structure of the Kras4B– allele. Exons are indicated by numbered boxes.
Noncoding sequences are represented by open boxes. Common coding se-
quences are shown as solid boxes. The coding sequences of exon 4A (red
box) and exon 4B (green box) as well as the location of their respective stop
codons (TGA) are also indicated. The engineered stop codon (TGA*) and the
diagnostic XbaI restriction site are shown below the genomic structure. (A,
Middle) mRNA transcripts and protein translation of the KRAS4A isoform.
(A, Bottom) mRNA transcripts and translation of the truncated KRAS4B154

polypeptide. This polypeptide contains only four amino acid residues enco-
ded by exon 4B sequences (in green). The location of the targeted termi-
nator codon (UGA*) is indicated below the genomic structure. The
“forbidden” sign on top of the KRAS4B154 protein indicates that this trun-
cated protein is unstable and cannot be detected (see below). (B) Schematic
representation of the CRISPR-Cas9 strategy used to target the exon 4B se-
quences. (B, Top) Wild-type 4B sequences corresponding to the targeted
region. (B, Middle) sgRNA sequences are indicated by a yellow box. The
adjacent PAM motif (green box) corresponds to the reverse strand. (B, Bot-
tom) Targeted sequences indicating the knocked-in stop codon (STOP) and
the point mutation needed to create an XbaI site are indicated in red. (C)
DNA and triple-letter amino acid sequence of a fraction of the wild-type
(Top) and recombinant (Bottom) KRAS4B cDNA. Sequences corresponding
to exon 3 are enclosed in an orange box. Sequences corresponding to exon
4B are shown within a green box. (D) Single-letter amino acid sequences of
KRAS4B (residues 149 to 188) and KRAS4B154 (residues 149 to 154). Residues
corresponding to the α5-helix are indicated in red. Those residues corre-
sponding to the polybasic domain and the CAAX motif present in the
KRAS4B protein are also indicated.
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ratios were observed at late embryonic development (E18.5,
19.7%), although 2 out of 16 embryos were already dead. E18.5
Kras4B−/−embryos were smaller than their wild-type littermates
and displayed heart abnormalities highly reminiscent of those de-
tected in Kras-null embryos (Fig. 2A), although in the latter case
embryos failed to progress starting from E12.5, with very few of
them reaching E18.5 (15). Indeed, Kras4B−/− embryos exhibited a
dramatic hypertrabeculation of the ventricular wall suggestive of
defective myocardial compaction. Close examination of other
tissues at E18.5 did not reveal significant histopathological ab-
normalities or alterations in proliferation or apoptosis, as determined
by immunohistochemical analysis of Ki67 or cleaved caspase 3,
respectively (SI Appendix, Fig. S2). However, we identified an
increase in the common lymphoid progenitor population, indi-
cating that fetal hematopoiesis is altered in Kras4B−/− embryos
(Fig. 2B and SI Appendix, Fig. S3).
A limited proportion of Kras4B−/− embryos developed to term

(6 out of 61 mice, 9.8%) (SI Appendix, Table S1). Yet, two of them
were found dead immediately after birth and another three died
within the first 6 to 8 h postpartum. Finally, we did not observe any
Kras4B−/− mouse at postnatal day 21 (P21). In summary, these
observations indicate that the KRAS4A isoform is sufficient to
allow proper embryonic development of most mouse tissues but
cannot compensate for the lack of KRAS4B expression during
prenatal heart development.

The Truncated KRAS4B154 Protein Is Unstable. Cultures of primary
mouse embryonic fibroblasts (MEFs) were generated from
E13.5 wild-type and Kras4B−/− littermate embryos to define the
unique contributions of KRAS4A and KRAS4B to cell prolifera-
tion. As expected, introduction of the stop codon in exon 4B did not
change the levels of Kras4A messenger RNA (mRNA) expression

(Fig. 3A). We also observed a 40% increase in the total levels of
Kras mRNA in Kras4B−/− MEFs, as determined by qRT-PCR. This
increase was exclusively due to an increase in the levels of the tar-
geted Kras4B mRNA.
To determine the relative amounts of the two KRAS isoforms

in these MEFs, we submitted cell extracts to Western blot
analysis using a Pan KRAS antibody selective for both KRAS
isoforms or a Pan RAS antibody that detects all RAS proteins.
As expected, Kras4B−/− MEFs did not display detectable levels
of KRAS proteins (Fig. 3B). In contrast, the expression levels of
either HRAS or NRAS proteins were similar in wild-type and
Kras4B−/− MEFs. In order to increase the sensitivity of detection,
we incubated cell extracts with Pan RAS antibodies to immu-
noprecipitate all RAS proteins followed by Western blot analysis
using either Pan KRAS or KRAS4A-specific antibodies (Fig. 3B).
Under these conditions, we were able to detect the KRAS4A
isoform in Kras4B−/− MEFs. However, neither technique revealed
any expression of the truncated KRAS4B154 protein (Fig. 3B).
As controls, both KRAS4B and KRAS4A isoforms were readily
detected in RASless cells ectopically expressing these proteins
(Fig. 3B).
To confirm that these results were indeed due to the instability of

the truncated KRAS4B154 protein, we generated cDNAs encoding
fusion proteins between wild-type KRAS4B or truncated KRAS4B154

with enhanced green fluorescent protein (EGFP) (GFP-4B and GFP-
4B154) (SI Appendix, Fig. S4A). Whereas the GFP-4B fusion protein
could be readily detected in transduced wild-type MEFs and
transiently transfected human 293T cells, the GFP-4B154 fusion
protein was undetectable (SI Appendix, Fig. S4 B and C). Ex-
posure of these cDNA-expressing cells to the proteasome in-
hibitor MG-132 also failed to identify GFP-4B154, suggesting
that the truncated KRAS4B154 protein may not properly fold
and becomes degraded by a proteasome-independent mecha-
nism (SI Appendix, Fig. S4C).

KRAS4B154 Is Unstable because of an Incomplete α5-Helix. To further
confirm the instability of the truncated KRAS4B154 polypeptide,
we generated a series of GFP-4B deletion mutants lacking in-
creasing residues of the C-terminal end including those forming
the α5-helix (22) (Fig. 1D and SI Appendix, Fig. S5A). Whereas
deletion of the HVR (GFP-4B174 and GFP-4B166) had no detri-
mental effect on their expression levels, removal of 3 (GFP-4B163),
7 (GFP-4B158), or 10 (GFP-4B154) amino acid residues from the
α5-helix caused increasing protein instability, thus illustrating that
the α5-helix is required for the stability of the KRAS4B isoform
(SI Appendix, Fig. S5 B and C). We also quantified the amounts of
GFP-4B, GFP-4B174, GFP-4B158, and GFP-4B154 after transfec-
tion into 293T cells by mass spectrometric analyses of peptides
unique to KRAS or EGFP and observed that GFP-4B154 was
expressed at 0.07 to 0.44% of GFP-4B (SI Appendix, SI Materials
and Methods and Figs. S6A, S7, and S8), again confirming the
instability of KRAS4B154. To further rule out that any residual
putative KRAS4B154 could act in a dominant-negative manner, we
expressed these GFP-4B deletion mutants in RASless MEFs (23)
and tested whether they could have a negative effect on the levels
of colony formation induced by either wild-type KRAS4B or
KRAS4BG12V. As illustrated in SI Appendix, Fig. S6B, none of the
GFP-4B deletion mutants had any significant effect on colony
formation induced by wild-type KRAS4B or KRAS4BG12V pro-
teins in RASless MEFs. Consequently, the instability of the
truncated KRAS4B154 protein underscores the fact that Kras4B– is
a bona fide null allele (Fig. 1A).
The relative expression levels of the KRAS4A isoform in

Kras4B−/− MEFs were also determined by mass spectrometric
analyses of peptides unique to this isoform along with two peptides
common to both KRAS proteins (SI Appendix, Figs. S7 and S9). As
illustrated in Fig. 3C, Kras4B−/− MEFs only expressed 3.5% of
the amount of total KRAS protein present in their wild-type
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Fig. 2. Embryonic development of Kras4B−/− embryos. (A, Left) Represen-
tative images of Kras+/+ and Kras4B−/− embryos at E18.5. (Scale bar, 5 mm.)
(A, Middle) H&E staining of heart sections of Kras+/+ and Kras4B−/− embryos
at E18.5. (Scale bar, 500 μm.) (A, Right) Magnifications of the ventricular
wall. (Scale bar, 100 μm.) (B) Frequencies of HSC, CMP, GMP, MEP, and CLP
cell populations in livers of Kras+/+ (open bars, n = 3) or Kras4B−/− (solid bars,
n = 3) E18.5 embryos. Data are represented as mean ± SD. P values were
calculated using the unpaired Student’s t test. n.s., not significant.
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counterparts. Since the truncated KRAS4B154 protein is unstable,
the KRAS protein present in Kras4B−/− MEFs must correspond
exclusively to the KRAS4A isoform. Interestingly, mass spectro-
metric analyses of peptides unique for KRAS4A revealed that the
targeted MEFs expressed 2.9-fold more KRAS4A than wild-type
MEFs (Fig. 3C). Together, these results indicate that in MEFs, the
KRAS4B isoform represents most (98.28%) of the total KRAS
protein. Similarly, we also determined the expression levels of
KRAS4A and total KRAS in several tissues of either wild-type or
Kras4B−/− newborn (P0/P1) mice (SI Appendix, Figs. S7 and S10).
As illustrated in Fig. 3D, KRAS4A represents only 2.14% of total
KRAS protein in the heart, thus suggesting that the defects in heart
development in Kras4B−/− embryos likely arose as a consequence of
the low KRAS4A expression levels. In contrast, tissues such as liver
(20.01%) or intestine (38.62%) display significantly higher levels of
KRAS4A expression.

Proliferative Properties of Kras4B−/− MEFs. Primary Kras4B−/− MEFs
proliferated poorly and duplicated only once in 8 to 10 d, whereas
MEFs obtained from wild-type littermates proliferated efficiently
(Fig. 4A). Interestingly, the proliferation rate of primary MEFs
lacking the entire Kras locus was indistinguishable from those
lacking only KRAS4B expression, indicating that the low levels of
KRAS4A present in these cells is not sufficient to compensate for
the lack of KRAS4B protein in MEFs. Next, we analyzed the
capacity of mitogen-activated protein kinase (MAPK) and phos-
phoinositide 3-kinase (PI3K)/protein kinase B (AKT) pathway
activation following restimulation with serum in serum-starved
wild-type as well as Kras4B−/− MEFs. As illustrated in Fig. 4B,
the levels of phosphorylated extracellular signal-regulated kinase
(ERK)1/2 proteins were significantly lower in serum-starved
Kras4B−/− MEFs after restimulation with serum as compared
with their wild-type littermates. Indeed, both the maximum in-
tensity as well as the duration of ERK1/2 phosphorylation were
diminished. The levels of phosphorylated AKT were also reduced,
but less pronounced than those of phosphorylated ERK1/2.

Ectopic Expression of KRAS4A and KRAS4B Isoforms in RASless MEFs.
To determine whether the limited proliferative properties of the
Kras4B−/− MEFs were due to the low levels of expression of
KRAS4A or to the inability of this isoform to sustain cell pro-
liferation, we ectopically expressed both KRAS isoforms in
Kraslox MEFs under the control of the same retroviral promotor.
As indicated above, Kraslox cells do not express HRAS or NRAS
and completely cease proliferation upon ablation of their con-
ditional Kras alleles (23). As illustrated in Fig. 4C, ectopic ex-
pression of either KRAS4A or KRAS4B elicited similar levels of
cell proliferation in Kraslox MEFs upon ablation of the endog-
enous Kras locus. Analysis of the MAPK pathway in those cells
whose proliferation was exclusively driven by the KRAS4A or
the KRAS4B isoform also revealed no significant differences
(Fig. 4D). These results indicate that both KRAS protein iso-
forms have very similar properties. Thus, the limited proliferative
properties of Kras4B−/− MEFs must be a consequence of the low
levels of expression of the KRAS4A isoform.

Expression of a KRAS4AG12V Isoform. Next, we examined whether the
classical G12V mutation may selectively confer transforming
properties to the KRAS4A isoform in the absence of KRAS4BG12V

protein expression. To this end, we generated another Kras allele by
introducing the stop terminator sequences into codon 155 of the
KRAS4B isoform directly into embryos derived from Kras+/FSFG12V

mice (24) as described above. Mice carrying this targeting event in
the KrasFSFG12V allele, designated KrasFSF4AG12V4B–, selectively ex-
press a KRAS4AG12V mutant protein upon optimized flippase
(FLPo)-mediated recombination (Fig. 5A). Proper development and
survival of these mice were guaranteed by the presence of the wild-
type Kras allele.
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Fig. 3. Expression of KRAS4A and KRAS4B isoforms in Kras+/+ and Kras4B−/−

MEFs and tissues from newborn mice. (A) Relative expression levels of total
Kras, Kras4B, or Kras4A mRNA in primary wild-type (+/+) (open bars, n = 3) or
Kras4B−/− (4B−/−) (solid bars, n = 3) MEFs. Data are represented as mean ± SD.
P values were calculated using the unpaired Student’s t test. n.s., not sig-
nificant. (B) Western blot analysis of total KRAS, KRAS4A, HRAS, and NRAS
expression in two independent primary wild-type (+/+) or Kras4B−/− (4B−/−)
MEF cultures. RASless MEFs ectopically expressing KRAS4A (RASless4A) or
KRAS4B (RASless4B) were used as controls. GAPDH expression served as a
loading control. Total KRAS and KRAS4A expression was determined by ei-
ther Western blot analysis of immunoprecipitates obtained with anti-
PanRAS antibodies or total cell extracts using anti-PanKRAS or anti-
KRAS4A antibodies. Expression of NRAS or HRAS protein was analyzed by
Western blotting of cell extracts using specific anti-NRAS or anti-HRAS an-
tibodies, respectively. Expression of the three RAS proteins, KRAS, NRAS, and
HRAS, was carried out by Western blot analysis of cell extracts using anti-
PanRAS antibodies. A short and a long exposure are shown to better identify
the three RAS proteins. Migration of the corresponding RAS proteins is in-
dicated by arrowheads. Data are representative of three independent ex-
periments. IP, immunoprecipitation; WB, Western blotting. (C) Relative
quantification of the expression levels of total KRAS and KRAS4A proteins by
label-free quantification in primary wild-type (+/+) (open bars) or Kras4B−/−

(4B−/−) (solid bars) MEFs. Data are represented as mean ± SD. P values were
calculated using the unpaired Student’s t test. n.s., not significant. The cal-
culated percentage of KRAS4A with respect to total KRAS is also indicated.
(D) Relative quantification of the expression levels of total KRAS and
KRAS4A proteins by label-free quantification in the indicated tissues from
wild-type (+/+) (open bars, n = 3) or Kras4B−/− (4B−/−) (solid bars, n = 3; lung,
n = 2) P0/P1 newborn mice. Data are represented as mean ± SD. P values
were calculated using the unpaired Student’s t test. n.s., not significant. The
percentage of KRAS4A expression with respect to total KRAS protein is
indicated.
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To analyze the consequences of selectively expressing a mu-
tant KRAS4AG12V protein from the endogenous Kras locus in
the absence of the KRAS4BG12V isoform, we generated MEFs
from Kras+/FSF4AG12V4B– and Kras+/FSFG12V E13.5 embryos.
Previous studies have shown that MEFs expressing both onco-
genic KRASG12V isoforms from their endogenous locus do not
become morphologically transformed but proliferate as immortal
cells without undergoing replicative senescence (25). Hence, we
infected Kras+/FSF4AG12V4B– and Kras+/FSFG12V MEFs with
Adeno-FLPo to induce expression of either KRAS4AG12V alone,
or both KRAS4AG12V and KRAS4BG12V mutant isoforms, re-
spectively. As controls, cells were infected with Adeno-GFP. As
illustrated in Fig. 5B, Kras+/FSFG12V MEFs infected with Adeno-
FLPo exhibited continuous exponential growth without displaying

replicative senescence, as previously reported for Kras+/LSLG12V

MEFs after Cre-mediated recombination (25). In contrast,
Kras+/FSF4AG12V4B– MEFs infected with Adeno-FLPo entered
into replicative senescence following kinetics similar to those of
control Kras+/FSFG12V MEFs infected with Adeno-GFP. These
observations indicate that expression of the endogenous
KRAS4AG12V mutant isoform, in the absence of KRAS4BG12V,
is not sufficient to prevent replicative senescence in MEFs.
Quantification of the levels of expression of these mutant proteins
using a G12V selective peptide revealed that the amount of
KRAS4AG12V present in Adeno-FLPo–infected Kras+/FSF4AG12V4B–

MEFs was only 5.25% of the total KRASG12V protein present in
Adeno-FLPo–infected Kras+/FSFG12V MEFs (Fig. 5C and SI Ap-
pendix, Figs. S7 and S11). These levels of expression may explain
the shorter duration and lower levels of ERK1/2 phosphorylation
in Kras+/FSF4AG12V4B– MEFs when compared with Kras+/FSFG12V

MEFs upon Adeno-FLPo infection and consequently its inability
to overcome replicative senescence (Fig. 5D).

Transforming Properties of the KRAS4AG12V Mutant Isoform. To de-
termine whether these results were a consequence of an intrinsic
inability of the KRAS4AG12V mutant isoform to overcome cellular
senescence or whether, as illustrated above, this was a conse-
quence of its limited levels of expression in MEFs, we ectopically
expressed the KRAS4AG12V and KRAS4BG12V in Kraslox cells
under the control of the same promoter in the absence of en-
dogenous RAS proteins. As illustrated in Fig. 5E and SI Appendix,
Fig. S12, both isoforms induced similar levels of colony formation
in RASless cells. Moreover, KRAS4AG12V even displayed a more
potent transforming activity than KRAS4BG12V when expressed in
NIH 3T3 cells (Fig. 5F). These results, taken together, strongly
suggest that the limited ability of Kras+/4AG12V4B– MEFs to
overcome replicative senescence must be a consequence of its low
levels of expression, since both KRAS isoforms display similar
properties when expressed at comparable expression levels, at
least in vitro.

KRAS4AG12V Drives Lung Tumor Formation. Therefore, we decided to
interrogate whether expression of the mutant KRAS4AG12V iso-
form was sufficient to induce lung tumor formation by itself in mice.
To this end, we added p53frt/frt (p53F/F) alleles to Kras+/FSF4AG12V4B–

mice to facilitate tumor induction and to better compare the results
with previous studies using expression of both KRAS mutant iso-
forms. As expected, intranasal inoculation of control
Kras+/FSFG12V;p53F/F mice with Adeno-FLPo resulted in the death
of all the animals due to lung cancer with a median survival time of
13 wk (Fig. 6A). Interestingly, Kras+/FSF4AG12V4B–;p53F/F mice
submitted to the same treatment also developed lung tumors with
100% penetrance. Yet, their median survival time was approxi-
mately three times longer.
The lungs of Kras+/FSF4AG12V4B–;p53F/F mice, examined at a

humane end point, displayed multiple tumors that presented
similar levels of phosphorylated ERK1/2 as those present in
control Kras+/FSFG12V;p53F/F mice (Fig. 6B). On average,
Kras+/FSFG12V;p53F/F mice developed 89.2 lesions whereas
Kras+/FSF4AG12V4B–;p53F/F mice only developed 26.9 lesions at
their respective humane end points (Fig. 6C). Despite these
differences, the distribution of tumor grades (26) in lesions
found in Kras+/FSF4AG12V4B–;p53F/F or Kras+/FSFG12V;p53F/F ani-
mals was similar (SI Appendix, Fig. S13A). Interestingly,
Kras+/FSF4AG12V4B– mice carrying wild-type p53 alleles also dis-
played lung tumors when they were killed 1 y after infection with
Adeno-FLPo (SI Appendix, Fig. S14).
To ascertain whether the differential tumor latency was due to

lower levels of expression of the KRAS4AG12V isoform, we de-
termined the levels of expression of KRASG12V oncoproteins by
mass spectrometry in cell lines obtained from tumors isolated
from Kras+/FSF4AG12V4B–;p53F/F or Kras+/FSFG12V;p53F/F mice.
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Fig. 4. Growth properties of Kras4B−/− MEFs. (A) Proliferation of primary
Kras+/+ (open circles), Kras4B−/− (closed circles), or Kras−/− (open triangles)
MEFs. Data are represented as mean ± SD. (B) Western blot analysis of
pERK1/2, total ERK1/2, pAKT, and total AKT expression in serum-starved
primary Kras+/+ (Left) or Kras4B−/− (Right) MEFs restimulated with 10% FBS
for the indicated times. Vinculin expression served as a loading control. The
data are representative of three independent experiments. (C) Colony for-
mation of Kraslox and RASless MEFs infected with the indicated cDNAs and
expressed as the ratio between the number of colonies observed in cells
lacking endogenous RAS proteins (RASless) and those expressing KRAS
(Kraslox). Data are represented as mean ± SD. P values were calculated using
the unpaired Student’s t test. n.s., not significant. (D) Western blot analysis
of KRAS, pERK1/2, total ERK1/2, pAKT, and total AKT expression in untreated
Kraslox MEFs, or Kraslox MEFs exposed to 4-hydroxytamoxifen (4OHT) to
eliminate expression of the endogenous Kras alleles followed by infection
with empty retroviruses (RASless) or with retroviruses expressing KRAS4A or
KRAS4B cDNAs. GAPDH expression served as a loading control. The data are
representative of three independent experiments.
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As illustrated in Fig. 6D, the levels of expression of the KRAS4AG12V

isoform in cells derived from Kras+/FSF4AG12V4B–;p53F/F tumors
were 36% of those of total KRASG12V proteins present in the
corresponding tumor cells derived from control Kras+/FSFG12V;p53F/F

animals in which both oncogenic KRAS isoforms are present. These
levels of KRAS4AG12V expression compared with total KRASG12V

protein were considerably higher than those observed in MEFs,
an observation that might explain the ability of the recombined
Kras4AG12V4B– allele to induce lung tumors. This oncogenic ac-
tivity was also facilitated by the increased levels of allele ampli-
fication of the targeted Kras4AG12V4B– allele versus the KrasG12V

allele (Fig. 6E).
Finally, 20% of Kras+/FSF4AG12V4B–;p53F/F mice developed

local metastases to lymph nodes or heart tissue, a phenomenon
not observed in control Kras+/FSFG12V;p53 F/F animals (Fig. 7 A
and B). Whole-exome sequencing of these lesions did not reveal
mutations significantly associated with tumor formation or
metastatic invasion (Fig. 7C and Dataset S1). Moreover, we did
not detect additional driver mutations in both primary and
metastatic tumors from Kras+/FSF4AG12V4B–;p53F/F mice, sug-
gesting that KRAS4AG12V was the sole driver of these lesions
(Fig. 7C and Dataset S1).
Interestingly, Kras+/4AG12V4B–;p53−/− tumor cells had a similar

proliferation rate as those Kras+/G12V;p53−/− tumor cells that
express both isoforms, under both low and optimal serum con-
centrations (SI Appendix, Fig. S15A). Moreover, Kras+/4AG12V4B–;
p53−/− tumor cells displayed higher levels of ERK1/2 phos-
phorylation (SI Appendix, Fig. S15B), thus adding further evi-
dence that the limited biological activity observed for the
KRAS4A isoform in certain scenarios is not a consequence of
its intrinsic signaling properties but of its lower levels of expression.
In summary, our results demonstrate that KRAS4AG12V is a bona
fide oncoprotein that, when expressed at levels not too dissimilar
from those of the KRAS4BG12V isoform (36 vs. 64% of the total
KRASG12V protein), is sufficient to license lung tumor formation
in the absence of the KRAS4BG12V isoform.

Discussion
The biological relevance of the expression of two KRAS isoforms
exhibiting distinct carboxyl-terminal domains has puzzled re-
searchers for decades. It has been argued that these isoforms
display distinct modes of membrane attachment and trafficking
between different membrane compartments (4–6). In addition,
the expression levels of KRAS4A and KRAS4B vary profoundly
throughout different tissues and developmental stages (10, 17, 18).
However, genetic analyses have failed to identify selective re-
quirements for KRAS4A and KRAS4B during normal cell pro-
liferation (ref. 23 and this study). Whereas germline ablation of
the KRAS4A isoform does not appear to have deleterious con-
sequences for embryonic development or adult homeostasis, the
effect of selective elimination of the KRAS4B isoform remained
to be explored. Knockin of either KRAS4A or KRAS4B cDNAs
into the Kras locus supports embryonic development and adult
homeostasis, indicating that both isoforms are able to perform
similar functions in some contexts (27). In addition, replacement
of Kras with an HRAS cDNA also supports normal embryonic
development despite causing dilated cardiomyopathy and arterial
hypertension later in life (28). Yet, the appearance of these car-
diovascular defects can be prevented by reducing the number of
Hras alleles in these mice from four to two by ablation of the
endogenous Hras locus (29), thus indicating that most RAS iso-
forms can perform similar tasks during development despite the
differences in their HVR and that their main difference, albeit not
all, is mediated by their pattern of expression.
In this study, we selectively disrupted expression of the

KRAS4B isoform by inserting a premature termination codon into
its coding sequences that prevented expression of its 34 carboxyl-
terminal residues, a region that encompassed most of the α5-helix,

A

B C

D

E F

Fig. 5. In vitro properties of the mutant KRAS4AG12V isoform. (A) Genera-
tion of the KrasFSF4AG12V4B– allele by gene editing of a conditional KrasFSFG12V

allele. (A, Top) Genomic structure. Exons are indicated by numbered boxes.
Noncoding sequences appear as open boxes. Coding sequences are shown by
solid boxes. The engineered stop codon (TGA) and the diagnostic XbaI re-
striction sites introduced into exon 4B are indicated. The transcriptional
STOP cassette is shown as a green box and frt sequences as red triangles. The
G12V mutation in exon 1 is indicated by an arrow. (A, Bottom) Protein se-
quence of the KRAS4AG12V (amino acids 1 to 15 and 171 to 189) isoform
generated after FLPo-mediated recombination of the KrasFSF4AG12V4B– allele.
The Val12 residue is indicated as a red circle. Palmitoylated Cys180
and farnesylated Cys186 residues are indicated by a green and yellow
circle, respectively. (B) Immortalization of primary Kras+/FSFG12V (circles) or
Kras+/FSF4AG12V4B– MEFs (squares) after infection with Adeno-GFP (solid sym-
bols) or Adeno-FLPo (open symbols) following a 3T3 protocol. (C) Relative
quantification of the expression levels of total KRAS oncoproteins by label-
free quantification in Kras+/FSFG12V (open bars, n = 2) or Kras+/FSF4AG12V4B– (solid
bars, n = 3) MEFs after infection with Adeno-GFP or Adeno-FLPo obtained at
passage 10. Data are represented as mean ± SD. P values were calculated
using the unpaired Student’s t test. (D) Western blot analysis of pERK1/2 and
ERK1/2 expression in primary Kras+/FSFG12V or Kras+/FSF4AG12V4B– MEFs infected
with Adeno-FLPo for the indicated days. Vinculin expression served as a
loading control. (E) Colony formation of RASless and Kraslox MEFs infected
with either empty vector or vectors containing cDNAs encoding KRAS4AG12V

or KRAS4BG12V mutant isoforms expressed as the ratio between the number of
colonies observed in cells lacking endogenous RAS proteins (RASless) and those
expressing KRAS (Kraslox). Data are represented as mean ± SD. P values were
calculated using the unpaired Student’s t test. n.s., not significant. (F) Transfor-
mation of NIH 3T3 cells transfected with empty vector or vectors containing
cDNAs encoding KRAS4A, KRAS4B, KRAS4AG12V, or KRAS4BG12V isoforms (1 μg)
represented as the number of foci per plate. Data are represented as mean ± SD.
P values were calculated using the unpaired Student’s t test.
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the HVR, as well as the CAAX domain. Moreover, this truncated
protein is highly unstable and could not be detected in any of the
cells or tissues explored due to the absence of most amino acids
required to form the α5-helix. The hydrophobic face of this helix
makes direct contacts with β-sheets 1 to 3 presumably required to
stabilize the G domain of KRAS4B (30). Since this mutation did
not affect either transcription or translation of the KRAS4A iso-
form, we conclude that the strain described here is a bona fide
Kras4B-null mutant.
Lack of KRAS4B expression causes developmental defects

incompatible with postnatal life. Our results are reminiscent of
those obtained when disrupting the entire Kras locus (14, 15),
although most Kras4B-null embryos develop to term rather than
die during midgestation. We observed a general growth retar-
dation as well as hypertrabeculation of the ventricular wall in-
dicative of defective myocardial compaction. Interestingly,
KRAS4B appears to be the major KRAS isoform expressed in
the heart (97.9%), thus suggesting that these defects could be a
consequence of an almost complete reduction of KRAS ex-
pression in this organ (17). In contrast, we were unable to detect
other phenotypes described in Kras-null embryos such as fetal
liver apoptosis, which suggests that the remaining expression
levels of KRAS4A are sufficient to prevent these phenotypes.
Moreover, we observed that KRAS4A only constitutes 1.7% of
the total KRAS levels in MEFs. Thus, it was not surprising to
observe a striking similarity between Kras4B−/− and Kras-null
MEFs in proliferation. Moreover, lack of KRAS4B expression
results in defective MAPK signaling, thus suggesting that both
KRAS isoforms are required for optimal MAPK signaling and
proliferation in MEFs. Taken together, our results indicate that
expression of the endogenous KRAS4B isoform, in contrast to
KRAS4A, is strictly required for mouse development.

Human tumors appear to express both isoforms, albeit to
varying degrees (10, 18, 19). Yet, the relative impact of each
isoform in tumor development or progression is unclear. Genetic
experiments have proposed that lack of KRAS4A significantly
impedes tumor formation in a chemical carcinogenesis model of
lung cancer (20). Somewhat surprisingly, expression of either the
KRAS4A or the KRAS4B cDNA from the endogenous Kras
locus rendered mice largely resistant to chemical lung carcino-
genesis (21, 27). In this study, we have shown that activation of a
resident KrasG12V allele in the absence of KRAS4B expression is
sufficient to drive lung tumor formation, although tumors appeared
significantly later and with lower incidence than those expressing
both oncoproteins. These results suggest that KRAS4AG12V, when
expressed under conditions maintaining its natural regulation, in-
cluding its endogenous promoter as well as its exon/intron com-
position, is capable of inducing lung cancer growth by itself.
Interestingly, in agreement with a previous study (31), we observed
that KRAS4AG12V has a slightly higher transforming capacity than
KRAS4BG12V in NIH 3T3 cells. Interestingly, mice that selectively
express the KRAS4A mutant isoform elicited proximal metastasis
in 20% of the animals, a feature seldom observed in mice
expressing both oncogenic isoforms. Whether these observations
are a consequence of the longer latency of those tumors exclu-
sively driven by the KRAS4AG12V oncogenic isoform remains to
be resolved. Yet, we did not observe any significant enrichment for
mutations in other driver oncogenes or tumor suppressors after
selective expression of KRAS4AG12V that could independently
induce lung tumor formation or metastasis, thus suggesting that
these processes were driven solely by KRAS4AG12V.
A more recent study that examined the interactomes of

KRAS4A and KRAS4B also identified a stronger transforming
capability of KRAS4A consistent with stronger activation of

BA

C D E

Fig. 6. Induction of lung tumors upon expression of an endogenous KRAS4AG12V mutant isoform. (A) Survival of Kras+/FSFG12V;p53F/F (open circles, n = 12) or
Kras+/FSF4AG12V4B–;p53F/F mice (solid circles, n = 12) infected with 108 plaque-forming units (pfu) Adeno-FLPo at 8 wk of age. (B) Representative images of con-
secutive lung sections stained with H&E (Top) or after IHC staining with anti-pERK antibodies (Bottom) obtained from Kras+/FSFG12V;p53F/F or Kras+/FSF4AG12V4B–;
p53F/F mice infected with 108 pfu Adeno-FLPo and killed at a humane end point. (Scale bar, 5 mm.) (C) Average number of tumors per mouse in lungs obtained
from Kras+/FSFG12V;p53F/F (open bars, n = 6) or Kras+/FSF4AG12V4B–;p53F/F mice (solid bars, n = 9) infected with 108 pfu Adeno-FLPo and killed at a humane end point.
Data are represented as mean ± SD. P values were calculated using the unpaired Student’s t test. (D) Relative quantification of the levels of expression of total
KRASG12V oncoproteins by label-free quantification in cell lines obtained from Kras+/FSFG12V;p53F/F (open bars, n = 2) or Kras+/FSF4AG12V4B–;p53F/F mice (solid
bars, n = 3) infected with 108 pfu Adeno-FLPo and killed at a humane end point. Data are represented as mean ± SD. P values were calculated using the
unpaired Student’s t test. n.s., not significant. (E) Relative levels of oncogenic Kras alleles determined by semiquantitative PCR in lung tumors obtained from
Kras+/FSFG12V;p53F/F (open bars, n = 3) or Kras+/FSF4AG12V4B–;p53F/F mice (solid bars, n = 3) infected with 108 pfu Adeno-FLPo and killed at a humane end point.
The intensity of PCR bands was quantified and normalized to the intensity of the Pdcd1 locus on mouse chromosome 1. Data are represented as mean ± SD. P
values were calculated using the unpaired Student’s t test.
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MAPK signaling (32). Moreover, mutant KRAS4A also induced
higher ERK1/2 phosphorylation in a model of liver transgenesis
which resulted in increased expression of p16 and consequently
fewer tumors (33). These observations might explain why lower
levels of KRAS4AG12V, as compared with those of KRAS4BG12V,
are sufficient to induce tumorigenesis in vivo. These differences
might propose a model in which cells are able to actively reg-
ulate inclusion/exclusion of exon 4A to adapt to specific
situations (27).
Our data also suggest that expression levels of KRAS4AG12V

must nevertheless exceed a certain threshold of expression to fa-
cilitate lung tumor formation. Indeed, we observed higher levels of
amplification of the Kras locus in tumors lacking KRAS4B, sug-
gesting that natural selection processes provoked optimal, or at
least sufficient, expression levels of KRAS4A oncoproteins to drive
lung tumor formation. Finally, our results raise a note of caution
regarding the development of therapeutic strategies selectively
targeting KRAS4B mutant isoforms (34). Likewise, selective in-
terference with KRAS4A oncoproteins, for instance by targeting
selective effectors such as HK1 (13), might not result in effective
antitumor responses either. Hence, the data presented here suggest
that only those strategies aimed at blocking both KRAS isoforms
may result in successful therapeutic strategies (35, 36).

Materials and Methods
CRISPR-Cas9 Microinjection. To generate mice lacking expression of the en-
dogenous KRAS4B isoform, we used a single-stranded oligonucleotide
(ssODN) template to introduce a TGA stop codon at nucleotides 13 to 15 of
exon 4B along with an XbaI restriction site for screening purposes (SI Ap-
pendix, Fig. S1) through CRISPR-Cas9–guided homologous recombination.
CRISPR-Cas9 reagents were microinjected into pronuclei of zygotes from
superovulated F1 (C57BL/6.CBA) females crossed with Kras+/FSFG12V;p53F/F

males (24) on a mixed 129/Sv-C57BL/6 genetic background on the day of
vaginal plug visualization (E0.5). A total of 334 zygotes were microinjected
with a mix of ribonucleoprotein (30 ng/mL recombinant Cas9 protein, 20 ng/mL
cr/trac CRISPR RNA, 10 ng/mL ssODN) in microinjection buffer (10 mM Tris,

0.1 mM ethylenediaminetetraacetate [EDTA], pH 8). All CRISPR reagents were
purchased from IDT. After 24 h of incubation, zygotes that progressed to the
two-cell stage (212 total) were transferred to the oviducts of pseudopregnant
CD1 female mice (pE0.1). A total of 31 pups were born and 8 scored positive for
integration of the XbaI restriction site at the desired position, 5 of which
contained the targeted mutation in the KrasFSFG12V allele. Kras+/+ mice carrying
the XbaI site were further crossed to wild-type 129/Sv-C57BL/6 mice to confirm
that the homologous recombination event went into the germ line and these
mice were designated Kras4B+/−. Kras+/FSFG12V;p53+/F mice scoring positive for
integration of the XbaI site were further crossed with p53+/F mice to identify
those mice in which the recombination event occurred in the allele that carried
the FSFG12V cassette. These mice were designated Kras+/FSF4AG12V4B– since
elimination of the FSF cassette via exposure to the FLPo recombinase resulted in
the selective expression of the KRAS4AG12V oncoprotein.

Mice. Kras4B+/− and Kras+/FSF4AG12V4B– mice were maintained on a mixed 129/
Sv-C57BL/6 genetic background. p53F mice have been described (37). All
animal experiments were approved by the Ethical Committees of the
Spanish National Cancer Research Centre, Carlos III Health Institute, and
Autonomous Community of Madrid, and were performed in accordance
with the guidelines stated in the International Guiding Principles for Bio-
medical Research Involving Animals, developed by the Council for Interna-
tional Organizations of Medical Sciences.

PCR Genotyping. To genotype the Kras+, Kras4B–, or KrasFSF4AG12V4B– alleles,
we amplified a 520-nt DNA fragment with forward (5′-TTCTTAAGCCCATTC-
GGTTGCCAA-3′) and reverse (5′-GCATGCACCAAATCCCAAGACAG-3′) pri-
mers using DreamTaq PCR Master Mix under the following conditions: 2 min
at 94 °C, 30 s at 94 °C, 30 s at 60 °C, 30 s at 72 °C (35 cycles), 5 min at 72 °C.
The PCR products were subsequently purified with the QIAquick PCR Puri-
fication Kit (Qiagen). Digestion with XbaI resulted in DNA fragments of 345
and 175 base pairs in the case of the Kras4B– or KrasFSF4AG12V4B– alleles as
outlined in SI Appendix, Fig. S1.

Cell Lines and Retroviral Infection. MEFs were extracted from E13.5 embryos
and cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS). Kraslox MEFs have been described (23).
NIH 3T3 cells were maintained in DMEM supplemented with 10% calf serum.
Retroviral vectors expressing EGFP-KRAS4B were generated by amplifying

A

B

C

Fig. 7. Expression of the KRAS4AG12V mutant isoform induces metastatic lesions in Kras+/FSF4AG12V4B–;p53F/F mice. (A) Representative image of a metastasis to
the heart. (Scale bar, 500 μm.) Solid arrowheads indicate metastatic tumor tissue. Healthy heart tissue is indicated by an open arrowhead. (B) Representative
image of a local metastasis to a lymph node. (Scale bar, 500 μm.) Solid arrowheads indicate metastatic tumor tissue. Healthy lymphatic tissue is indicated by
open arrowheads. (C) Representative mutations in genes described to be altered in lung adenocarcinoma as determined by whole-exome sequencing of
formalin-fixed paraffin-embedded tumors obtained from Kras+/FSFG12V;p53F/F mice (green, n = 5) or Kras+/FSF4AG12V4B–;p53F/F mice (light blue, n = 5), or
metastatic lesions from Kras+/FSF4AG12V4B–;p53F/F mice (orange, n = 3). Targeted mutations in Kras and p53 loci are indicated in blue and purple, respectively.
Somatic mutations including missense single-nucleotide variants (MIS SNV; dark gray), missense single-nucleotide variant + insertion (MIS SNV + INS; orange),
missense single-nucleotide variant + deletion (MIS SNV + DEL; yellow), and insertion (INS; green) are also indicated. The full list of variants is indicated in
Dataset S1.
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the cDNA of the EGFP-KRAS4B fusion protein, a gift from I. Perez de Castro,
Instituto de Salud Carlos III, Madrid, Spain, by PCR and cloning into the EcoRI
restriction site of pWZLblast. To generate the truncated EGFP-KRAS4B174

(GFP-4B174), EGFP-KRAS4B166 (GFP-4B166), EGFP-KRAS4B163 (GFP-4B163), EGFP-
KRAS4B158 (GFP-4B158), or EGFP-KRAS4B154 (GFP-4B154) proteins, we intro-
duced a TGA stop codon at positions 175, 167, 164, 159, or 155, respectively,
by site-directed mutagenesis using the QuikChange Lightning Site-Directed
Mutagenesis Kit (Agilent). pBABEpuro KRAS4B and pBABEpuro KRAS4BG12V

have been described previously (23). They were used to replace the carboxyl-
terminal sequences of KRAS4B with those of KRAS4A by cutting the vectors
with EcoRI/SalI and introducing the corresponding PCR-generated sequences
from KRAS4A in-frame using the In-Fusion HD EcoDry Cloning Kit (Takara
Bio USA). All constructs were verified by sequencing. Retroviruses were
produced with the pCL-Eco packaging vector as described (23).

Histopathology and Immunohistochemistry. For histological analyses, tissues
were fixed in 10% neutral-buffered formalin and embedded in paraffin.
Hematoxylin & eosin (H&E) staining as well as immunohistochemistry (IHC)
analyses were performed on 3-μm paraffin sections. For IHC, the following
antibodies were used: pERK (Pharmingen; 553057), Ki67 (Master Diag-
nostica; 0003110QD), or active caspase 3 (Cell Signaling; 9661).

Western Blot Analysis. Cells were lysed in 50 mM Tris·HCl (pH 7.4), 150 mM NaCl,
0.5% Nonidet P-40 supplemented with Complete Mini Protease Inhibitor Mix-
ture (Roche), and phosphatase inhibitor mixtures 2 and 3 (Sigma). Usually, 40 μg
of total protein lysate was separated by sodium dodecyl sulfate/polyacrylamide-
gel electrophoresis and transferred to nitrocellulose membranes. Antibodies
raised against the following proteins were used: Pan RAS (Calbiochem; OP40
[1:250]), Pan KRAS (Santa Cruz Biotechnology; sc-30 [1:200]), KRAS4A (EMD
Millipore; ABC1442 [1:250]), HRAS (BD Transduction Laboratories; 610002
[1:500]), NRAS (Santa Cruz Biotechnology; sc-31 [1:200]), ERK1 (BD Pharmingen;
554100 [1:1,000]), ERK2 (BD Biosciences; 610103 [1:1,000]), pERK1/2 (Cell Signal-
ing; 9101 [1:250]), AKT (Cell Signaling; 9272 [1:1,000]), pAKT (Cell Signaling; 9271
[1:250]), EGFP (Abcam; ab290 [1:1,000]), glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) (Sigma; G8795 [1:10000]), and vinculin (Sigma; V9131 [1:10000]).
For immunoprecipitations, 500 μg total protein lysates was incubated with 1 μg
α-Pan RAS antibodies (Calbiochem; OP40) overnight on a rotating wheel. The
next day, proteins were precipitated for 2 h with 50 μL TrueBlot α-mouse aga-
rose beads (Rockland), washed three times with Nonidet P-40 lysis buffer (see
above), and resuspended in 30 μL 2× sample loading buffer.

Immunofluorescence Staining. Cells were seeded on glass coverslips, fixed with
4% paraformaldehyde, and permeabilized with 0.5% Triton X-100 for 5 min.
Coverslips were blocked in phosphate-buffered saline (PBS) with 3% (weight/
volume) bovine serum albumin (BSA) for 45 min and incubated with anti-EGFP
antibodies (Abcam; ab290 [1:100]) in PBS with 3% BSA for 1 h. Coverslips were
washed three times with PBS for 5 min and incubated with goat anti-rabbit
Alexa Fluor 488 secondary antibodies (1:200) for 45 min in PBS with 3% BSA.
Coverslips were washed again three times with PBS for 5 min and the nuclei
were counterstained with Hoechst 33342. Finally, cells were imaged with a Leica
TCS SP5 confocal microscope.

qRT-PCR Analysis. RNA was extracted using TRIzol (Life Technologies). Total
RNA (1 μg) was reverse-transcribed using SuperScript II Reverse Transcriptase
(Invitrogen) and random primers (Invitrogen) following the manufacturer’s
instructions. The qRT-PCR assays were performed with a FAST7500 Real-Time
PCR System using Power SYBR Green PCR Master Mix (Applied Biosystems).
Calculations for the values were made using the comparative threshold cycle
(ΔΔCt) method. β-Actin was used for normalization. The forward (F) and
reverse (R) primers utilized are shown in Table 1.

Flow Cytometry Analysis. Livers were collected from E18.5 embryos and single-
cell suspensions were obtained by mechanical dissociation in RPMI 1640.

Erythrocytes were lysed with ACK lysis buffer (Lonza) and cells were incubated
with 3% BSA in PBS for 5 min at room temperature to block Fc receptors. Cells
were resuspended in PBS containing 0.1% BSA and 2 mM EDTA, and aliquots of
3 × 106 cells were stained for 1 h on ice with the following monoclonal anti-
bodies: Alexa Fluor 488 α-CD127 (IL7Rα) (1:200), APC mouse lineage antibody
mixture (1:100), APC-H7 α-CD117 (c-Kit) (1:200), PE-Cy7 α-CD16/32 (FcγR) (1:400),
PE α-CD34 (1:50), and PerCP-Cy5.5 α-Ly-6A/E (Sca-1) (1:200). DAPI was used to
identify dead cells. Samples were processed on a FACSCanto II flow cytometer
(BD Pharmingen) and data were analyzed using FlowJo (Tree Star). Hemato-
poietic stem cells (HSCs) were gated as Lin–/IL7Rα–/c-Kit+/Sca-1+; commonmyeloid
progenitors (CMPs) as Lin–/IL7Rα–/c-Kit+/Sca-1–/FcγRlow/CD34+; granulocyte/mac-
rophage progenitors (GMPs) as Lin–/IL7Rα–/c-Kit+/Sca-1–/FcγRhigh/CD34+; mega-
karyocyte/erythrocyte progenitors (MEPs) as Lin–/IL7Rα–/c-Kit+/Sca-1–/FcγRlow/
CD34–; and common lymphoid progenitors (CLPs) as Lin–/IL7Rα+/c-Kitlow/Sca-1low.

Statistical Analysis. All values are expressed as mean ± SD. P values were
calculated with the unpaired Student’s t test or Kruskal–Wallis test where
indicated using GraphPad Prism software (v8.40). A P value above 0.05 was
considered not significant. All significant P values are shown.

Data Availability. The raw data from the whole-exome sequencing analyses
reported in this article have been deposited in the National Center for
Biotechnology Information Sequence Read Archive under accession no.
PRJNA732059 (38). All other data are available in the main text and
supporting information.
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