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Abstract

The KRAS oncogene is expressed as major KRAS4B and minor KRAS4A splice
isoforms, the distinct functions of which in cancer are unknown. We demonstrate here
that KRAS4A is enriched in cancer stem-like cells, and is activated by hypoxia, whereas
KRAS4B is more widely expressed and responds to ER stress. Mice completely lacking
either isoform are viable but resistant to lung cancer development, as are Kras4A/B
double heterozygous mice expressing both isoforms, but in which splice regulation has
been uncoupled. Splicing of KRAS4A, but not KRAS4B, in human tumor cells can be
inhibited by treatment with the splice inhibitor indisulam, or by CRISPR/Cas inhibition of
the RBM39 splicing complex. Our data suggest that control of KRAS4A/B splicing is a
targetable vulnerability in KRAS mutant tumors.

KRAS undergoes alternative splicing of the last exon to generate two proteins,
KRAS4A and KRAS4B, which are identical except for the 22/23 amino acids at the
carboxyl terminus required for post-translational modifications and intracellular
trafficking(1). Studies in the mouse have shown that germline deletion of the complete
Kras gene results in embryonic lethality (2), but specific deletion of only Kras4A, achieved
by deletion of exon 4A(3) or knock-in of Kras4B cDNA (Kras4BX' mice, henceforth Kras4A-
" (4), had no effect on viability, suggesting that the main developmental functions of Kras
are mediated through the Kras4B isoform. It has previously been demonstrated that mice
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lacking only the Kras4A isoform are resistant to chemically induced lung cancer(5, 6), in
spite of the fact that Kras4A is expressed only in a subpopulation of normal and tumor
cells. These data led to the proposal that Kras4A plays an essential role in tumor
development, possibly through effects on a minor stem cell population(5). Subsequent
analysis of human cancer data from TCGA also suggested a more important role for
KRAS4A in human cancer than had previously been appreciated, as some tumors
expressed unexpectedly high levels of this “minor” isoform(7).

We designed a genetic approach to investigate the distinct functions of Kras4A
and Kras4B in mouse models and human cancers. We show that each isoform is
individually dispensable for normal mouse development, and that coordinated expression
of both isoforms is required for initiation and growth of Kras mutant cancers. Inactivation
of Kras4A in mouse and human cells reveals distinct functions of Kras4A in stress
responses and tumor metabolism, particularly in a sub-population of cells with stem cell
properties. Our data suggest that coordination of these different functions in cancers may
be achieved through regulation of mMRNA splicing, identifying a potential novel route to
targeting the KRAS pathway during tumor development.

Results

The major Kras4B isoform is dispensable for normal mouse development

To investigate the specific role of Kras4B in development and lung
carcinogenesis in vivo,we used the previously published strategy(4) to insert a Kras4A
cDNA into the Kras locus, thus generating an allele that completely lacks expression of
Kras4B (Kras4B™ mice). Specifically, Kras4A cDNA spanning a portion of exon 2 through
3’ UTR was homologously inserted in-frame between exons 2 and 3 of the Kras locus
(Fig. S1A). PCR and Southern blot analysis confirmed the correct homologous targeting
of this construct (Fig. S1B-C).

Kras4B”-homozygous mice were born at normal Mendelian ratios, although they
showed a slight but significant reduction in weight at weaning compared to WT
littermates (Fig. S1D). In contrast with previously generated Kras4A” mice, Kras4B™
animals were infertile. Normal skin, lung, and heart of WT animals showed minimal
Kras4A and high Kras4B protein levels, while normal colon and kidney showed high
expression of both, consistent with reported expression patterns in these tissues(8) (Fig.
S1E). As anticipated, these tissues showed intermediate levels of Kras4A and Kras4B
proteins in Kras4B*" heterozygous animals, and only Kras4A in homozygous animals.
Furthermore, Kras4A showed incremental increases in Kras4B*" heterozygous and
Kras4B” homozygous mice, with levels in the skin, lung, and heart—normally very
low—markedly higher in Kras4B~ animals for all tissues analyzed, within expected inter-
animal variation (Fig. S1E).

To investigate Ras signaling through the canonical Mapk and Akt pathways,
primary mouse embryonic fibroblasts (MEFs) isolated from E13.5 embryos were serum
starved overnight prior to stimulation with EGF for different lengths of time. We observed
a robust EGF-induced activation of MapK and Akt that peaked at the 5-minute time point
in all three genotypes, suggesting that lack of Kras4A or Kras4B did not affect the
response of these canonical RAS signaling pathways to EGF stimulation. Moreover,
using the Raf RBD assay to capture active GTP-bound Ras proteins, we demonstrated
that Kras4A and Kras4B are both activated in response to EGF in cells that lack the
alternative isoform (Fig. S2).
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Both Kras4A and Kras4B are essential for mouse lung tumorigenesis

In order to compare the roles of Kras4A and Kras4B in lung tumorigenesis, both
knockout strains were crossed over 6 generations onto the FVB/N background, and
injected with urethane. Contrary to our expectations, we found that Kras4B™
homozygous mice were highly resistant to lung tumor development (Fig. 1A-D). Of the
16 Kras4B” homozygous animals treated with urethane, 8 developed one or two
extremely small tumors each (Fig. 1A-B), and Sanger sequencing of Kras codons 12, 13,
and 61 revealed no mutations. The lack of tumors in Kras4A’ animals agrees with
previously published results(5, 6). Thus, the effect of eliminating Kras4B, similar to loss
of Kras4A, is to confer resistance to chemically-induced lung tumours with Kras
mutations.

Any tumors that arose in either Kras4A*" or Kras4B*" heterozygous mice carried
mutations in the fully functional wild type allele (Table S1), suggesting that the
coordinated activity of mutant forms of both isoforms may be essential for Kras-driven
tumorigenesis. To test the possibility that a mutation in one isoform could cooperate with
a wild type alternative isoform, we carried out carcinogenesis studies in the lung using
double heterozygous Kras4A* Kras4B*" mice. Specifically, 5 double heterozygotes were
treated with 5 doses of urethane, 3 with 3 doses of urethane, and 5 with 3 doses of the
carcinogen N-methyl-N-nitrosourea (MNU) in an attempt to increase the mutation burden
and likelihood of generating mutant forms of one or both isoforms. No tumors were
detected in the lungs of any of these double heterozygous animals 30 weeks after
treatment (Fig. 1E). The resistance of mice expressing both isoforms, but on different
alleles, suggests that the initiating Kras mutation has to be in an endogenous Kras gene
capable of generating mutant versions of both splice variants. These data suggested
that Kras4A and Kras4B splice isoforms may have complementary functions in ensuring
tumor outgrowth from initiated cells. We therefore sought to identify functional
differences between these isoforms that may contribute to their tumorigenic properties.
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Figure 1. Kras4A and Kras4B are essential for development of carcinogen-induced
lung tumours. Urethane-induced lung tumor number (A) and average diameter (B) in
WT, Kras4B™ heterozygous and homozygous mice. Homozygous mice showed a highly
significant reduction in tumor number and size, while heterozygous mice developed
significantly more tumors than WT mice. (C-D) Urethane-induced lung tumor number (C)
and average diameter (D) in WT, Kras4A™ heterozygous and homozygous mice showed
very similar patterns as seen in the Kras4B- cross. (E) Urethane-induced (left panel) and
MMU-induced (right panel) lung tumor number in Kras4A*" heterozygous and double
heterozygous Kras4A*", Kras4B*" mice. No tumors were found in double heterozygous
Kras4A*", Kras4B*" mice. All lung tumorigenesis experiments were performed on a
FVB/N background.
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Both KRAS4A and KRAS4B contribute to the tumorigenicity of KRAS mutant
human cancers.

To assess the functional relevance of the oncogenic KRAS isoforms in human
cancer cell lines in vitro, we carried out shRNA-mediated knockdown and CRISPR/Cas
knockout of each isoform in KRAS mutant cancer cell lines A549, SUIT2, YAPC and
H358. We screened several hybridoma cell lines to identify antibodies capable of
detecting endogenous KRAS4A (see Methods) which is normally expressed at low levels
in cultured cells. Specific knock-down by isoform specific shRNA was confirmed by
Westerns with the KRAS4A-specific antibody 10C11E4, and the KRAS4B-specific
antibody (Santa Cruz Kras2b antibody) (Fig. S3A). Knockdown of either KRAS4A or
KRAS4B in SUIT2 cells significantly compromised their capability to form colonies in
soft-agar assays (Fig. S3B), suggesting that both KRAS4A and KRAS4B are required for
growth.

We next used CRISPR/Cas technology to generate knockouts of KRAS4A or
KRAS4B in human KRAS mutant cells. Single guide RNAs (sgRNAs) were designed to
target the Cas9 nuclease to KRAS exons 4A or 4B in the human lung and pancreatic
cancer cell lines A549 (G12S mutation) and SUIT2 (G12D mutation). Frameshift
insertions and deletions in KRAS exon 4A or 4B were determined by allele specific
cloning and sequencing of selected clones (Fig. S4). We were unable to isolate any
homozygous KRAS4B frameshift mutant clones, and noted a greatly reduced number of
colonies proliferating beyond the first few cell divisions in this arm of the experiment.
Complete loss of KRAS4A and reduced levels of KRAS4B were shown using isoform-
specific antibodies (Fig. 2A). To determine the effects of KRAS isoform-specific
knockouts on cell growth, cell proliferation on plastic and in soft agar were assessed.
Homozygous knockout of KRAS4A and heterozygous knockout of KRAS4B significantly
reduced growth in both assays (Fig. 2B-D). Subcutaneously injected knockout cells in
nude mice also had impaired tumor forming capacity compared to the parental SUIT2 or
A549 cells (Fig. 2E). Taken together, these data indicate that KRAS4A and KRAS4B are
both required for optimal growth of KRAS mutant lung and pancreatic tumor cells in vitro
and in vivo.

We next investigated the relative expression levels of the two KRAS splice
isoforms in KRAS mutant human lung cancer data sets (9, 10).

We assessed the isoform-specific expression of KRAS in a cohort of 86 human lung
adenocarcinomas from UCSF. Twenty three of these tumors harbor activating mutations
in KRAS codons 12 or 13, while the remaining 63 are WT at KRAS codons 12, 13, and
61. Quantitative PCR analysis revealed that both total KRAS and KRAS4A expression
are significantly elevated in the KRAS mutant subset of tumors, while KRAS4B
expression showed no significant difference (Fig. S5A-C). We also analyzed the isoform-
specific expression levels of KRAS from the TCGA lung adenocarcinoma (LUAD) RNA
sequencing (RNAseq) dataset. Highly significant increases in both KRAS4A and
KRAS4B transcripts were found in RNA sequencing (RNAseq) data from KRAS mutant
versus WT lung adenocarcinoma (LUAD) tumors, but KRAS4A showed a greater fold
increase (1.7) than KRAS4B (1.2) (Fig. S5D-E). To assess the alternative splicing of
KRAS in more detail, RNAseq reads spanning the alternatively spliced exon junctions of
KRAS were used to estimate the percentage of total KRAS transcripts made up by
KRAS4A (see Methods). This analysis confirmed that KRAS mutant lung tumors on
average have a significantly higher ratio of KRAS4A to KRAS4B than KRAS WT tumors.
Similar results were recently reported by Stephens et al(11). To determine if splicing
shifts towards higher KRAS4A expression in other cancer types, these analyses were
extended to the TCGA pancreatic adenocarcinoma (PAAD) and colorectal
adenocarcinoma (COADREAD) RNAseq datasets(12). Significant increases of KRAS4A
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and KRAS4B expression in KRAS mutant tumors were observed, with greater fold
increase in KRAS4A (Fig. S5F). The percentage of total KRAS transcripts made up by
KRAS4A showed similar increases in KRAS mutant PAAD and COADREAD, although
significance was not reached, possibly due to the limited number of samples in these
cohorts with known KRAS mutational status. Altogether, these data argue that the
increase of KRAS expression observed in KRAS mutant cancers is driven not only by an
overall increase in KRAS expression, but by altered splicing favoring an increase in the
ratio of KRAS4A to KRAS4B transcripts.
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Figure 2. Effects of loss or reduced expression of KRAS4A or 4B on growth of human
cancer cells in vitro and in vivo. (A) Western blotting using isoform-specific antibodies
showed complete loss of KRAS4A (KRAS4A KO) in A549 and SUIT2 cells. KRAS4B is
reduced but not eliminated in cells heterozygous for CRISPR/Cas-mediated
heterozygous loss of KRAS4B (KRAS4B KD). CRISPR-Cas9 induced knockouts of
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KRAS4A and KRAS4B in SUIT2 and A549 cells showed reduced growth in vitro on
plastic (B), colony formation (C) and soft agar (D). Data are presented as mean + s.e.m
from three biological replicates. *P < 0.05; **P < 0.01; ***P < 0.001; ***P < 0.0001 by
two-way ANOVA with Bonferroni's multiple comparison for (B) and one-way ANOVA with
Tukey's multiple comparison for (C) and (D). (E) Growth of homozygous KRAS4A KO
and heterozygous KRAS4B KD SUIT2 and A549 cells after subcutaneous injection into
nude mice. Reduction in expression of both isoforms caused a significant decrease in
tumor forming capacity in vivo. Data are presented as mean = s.e.m. n =10 mice for
parental cell and n =5 mice for KRAS4A KO or KRAS4B KD cell. ****P < 0.0001 by two-
way ANOVA.

KRAS4A is enriched in cells with cancer stem cell properties.

Tumors are highly heterogeneous, both at the cellular and genetic level, and sub-
populations of tumor-initiating cells (also called cancer stem cells, or CSCs) exist that
have metabolic requirements distinct from those of the bulk population of cancer
cells(13, 14). The Kras4A isoform has been implicated in stem cell commitment during
mouse development(8), raising the possibility that any differences between KRAS4A and
KRAS4B knockout cells may reflect their expression in distinct subpopulations of cancer
stem- or progenitor cells. We used a well characterized assay for “side population”
cells(15) that have been shown to be enriched in stem cell properties, to investigate the
expression of KRAS4A and KRAS4B. Expression of a marker of side population cells,
(ABCG2)(16) was significantly elevated in side population cells from both A549 and
SUIT2 cells, as well as from an additional pancreatic KRAS mutant cell line AsPC1 (Fig.
3A). Importantly, KRAS4A expression was also enriched in the same stem cell
populations, as shown by specific TagMan analysis of both KRAS splice isoforms (Fig.
3B). Homozygous knockout cells that no longer expressed KRAS4A had a reduced
proportion of side population cells, which could be rescued by re-introduction of a
functional KRAS4A expression construct (Figure 3C). The activity of the side population
stem cell marker aldehyde dehydrogenase (ALDH)(17), was also reduced in the
KRASA4A knockout cells, and restored by the re-introduced KRAS4A isoform(Fig.3C). In
contrast to these observations regarding KRAS4A, there was no significant difference in
ALDH expression in cells with reduced levels of KRAS4B in the heterozygous knockout
lines (Fig. 3D) indicating that expression of KRAS4A, but not KRAS4B is linked to cells
with stem cell properties.
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Figure 3. KRAS4A regulates stemness properties in human cancer cells. Stem cell side
populations (SP) were assessed in A549, SUIT2 and AsPC1 cells by Hoechst 33342
staining. (A) ABCG2 levels were significantly increased in side population cells from all 3
cell lines. (B) KRAS4A, but not KRAS4B was significantly increased in levels by TagMan
analysis of side population cells. Data are presented as mean + s.e.m from three
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biological replicates. *P < 0.05; **P < 0.01 by one-way ANOVA with Tukey's multiple
comparison. (C-D) Loss of KRAS4A reduces the proportion of side population cells (C)
as well as the expression of the ALDH side population marker (D). Both the proportion of
side population cells and ALDH expression levels were restored by transfection of a
KRAS4A expression construct using fluorescence-activated cell sorting analysis. Data
are presented as mean * s.e.m from three biological replicates. *P < 0.05; **P < 0.01
by Unpaired-t test.

KRAS4A and 4B are induced by different types of cellular stress

Rapid tumor growth can lead to a hypoxic state which has been linked to stem
cell activation and metabolic reprogramming(18). We investigated the possibility that
hypoxia may specifically affect levels of KRAS splice variant expression in stem cells.
Treatment of parental A549, SUIT2 and ASPC1 cells with CoCl; induced an increase in
expression of HIF1A, a known marker of hypoxia (Fig. 4A). KRAS4A, but not KRAS4B
(Fig. 4B) showed a significant increase in expression as a consequence of this
treatment, and the increase was predominantly in the side population cells rather than in
the bulk cell population (Fig. 4C). In contrast, Endoplasmic Reticulum (ER) stress, which
has been identified as a therapeutic target in KRAS mutant cancers(19) caused a
significant increase in the ER marker HSPAS (also known as GRP78) and in KRAS4B,
but not KRAS4A, in both A549 and SUIT2 cancer cell lines (Fig.4D, E). These data
emphasize the functional differences between the two isoforms in the same human
cancer cell lines.
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Figure 4: Different types of cellular stress affect expression of KRAS isoforms. (A-B) The
HIF-71a, KRAS4A, KRAS4B and total KRAS mRNA levels were assessed by TagMan
analysis in A549, SUIT2 and AsPCL1 cells after CoCl, treatment for 48hr. The hypoxia
marker HIF-71a was significantly increased by CoClin all 3 cell lines. CoCl; increased
KRAS4A, but not KRAS4B levels in A549, SUIT2 and AsPCL1 cells. Data are presented
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as mean * s.e.m from three biological replicates. (C) The side populations were isolated
with or without CoCl; treatment and KRAS4A expression level was determined in sorted
side population and non-side population cells by TagMan analysis. KRAS4A was
significantly increased by CoCl, in side population cells. Data are presented as mean +
s.e.m from five biological replicates. (D-E) HSPA5, KRAS4A, KRAS4B and total KRAS
MRNA level were assessed by TagMan analysis in A549 and SUIT2 after tunicamycin
treatment for 24hr. The ER stress marker HSPA5 was significantly increased by
tunicamycin. Tunicamycin increased KRAS4B and total KRAS, but not KRAS4A levels.
Data are presented as mean * s.e.m from three biological replicates. *P < 0.05; **P <
0.01; ***P < 0.001 by one-way ANOVA with Tukey's multiple comparison.

KRAS4A and KRAS4B have different effects on tumor metabolism.

Activation of KRAS has been linked to the increased glycolysis (Warburg Effect )
seen in many cancer cell types(20-22). Although this was initially attributed to defective
mitochondrial function, a more recent view is that mitochondrial oxidative
phosphorylation is also important in tumors, and that coordination of these energy
pathways is important for cancer progression(23). In fact, distinct metabolic pathways in
CSC and non-CSC, have recently been demonstrated in several studies, suggesting
models for coordinating energy requirements in stem and progenitor cells(14, 24). To
investigate the effects of KRAS4A and KRAS4B on energy status, we first measured
intracellular ATP levels after CRISPR-Cas9 knockout of KRAS4A and KRAS4B in SUIT2
and A549 cells. ATP content was significantly increased in the KRAS4A knockout cells,
but was not changed by reduction of KRAS4B levels (Fig. 5A). The re-introduction of
KRAS4A (but not a non-functional KRAS4A mutant (7) (see Methods) into KRAS4A
knockout cells reduced ATP to levels similar to those in the parental cells (Fig. 5A).
Increased lactate production was also seen in KRAS4A knockout cells, and this
increase was rescued by expression of functional KRAS4A (Fig. 5B). In order to
determine whether complete knockout of Kras4A or Kras4B in mice would have a similar
effect, we analyzed levels of ATP and lactate in MEFs derived from WT, Kras4A™ and
Kras4B” mice. These showed similar changes to the human KRAS4A KO and KRAS4B
KD cancer cells, respectively (Fig. 5A, B, right panels). In agreement with the
observation of high ATP levels in human KRAS4A™ cells, analysis of side population
cells which are enriched in KRAS4A showed that these have reduced ATP levels (Fig.
5C)

To identify the mechanisms by which loss of KRAS4A leads to these metabolic
changes, we treated KRAS4A” SUIT2, A549 and MEFs with the glycolysis inhibitor, 2-
deoxyglucose (2-DG) (Fig. 5D). This treatment significantly decreased the intracellular
ATP content for all cell types, and in particular reduced the high ATP levels in both
human KRAS4A" cells and MEFs to parental control levels. In contrast, inhibitors of
oxidative phosphorylation such as rotenone or oligomycin showed variable effects in
different cell lines and no consistently significant reduction of ATP levels was seen in
both KRAS4A™ knockout cell lines (data not shown). Although the exact functions of
KRAS4A and KRAS4B in tumor metabolism remain to be elucidated in detail, our data
identify different consequences resulting from inactivation of each isoform, possibly
reflecting the known heterogeneity in metabolic requirements in cancer stem and
progenitor cells(13, 14, 24, 25) . The relative levels of KRAS4A and KRAS4B in single
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cells may therefore impact metabolic changes required for the plasticity and
interconversion capacity in stem and progenitor cell populations.
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Figure. 5: KRAS isoforms have different effects on energy status. (A) The ATP content
of KRAS4A KO and KRAS4B KD cells (SUIT2, A549, and mouse MEFs) was assessed
by bioluminescence assay. Compared to the corresponding parental cells (left and
middle panels, Lanes 1), knockout of KRAS4A caused a significant increase in ATP
levels (lanes 2) that was reduced by transfection of a functional KRAS4A construct
(Lanes 3), but not by a KRAS4A construct mutated at the critical residue C180S(7)
(lanes 4). Reduction of KRAS4B to levels that impacted tumor growth (Figure 3) did not
cause an increase in ATP levels. Left panel: mouse MEFs homozygous for loss of
Kras4A showed increased ATP levels but Kras4B”- MEFs were similar to wild type cells.
The expression of KRAS4A and KRAS4B protein was determined by Western blotting.
(B) The intracellular lactate content in cell lysates was measured by lactate colorimetric
assay kit, and showed a similar pattern to that seen for ATP, being higher in the
KRAS4A knockout cells, both in human and mouse. Data are presented as mean *
s.e.m for four biological replicates. **P < 0.01; ***P < 0.001 by one-way ANOVA with
Tukey's multiple comparison. (C) Side population cells were isolated by Hoechst 33342
staining and ATP content in sorted side population and non-side population cells was
determined by bioluminescence assay. Side population cells have reduced levels of
ATP. Data are presented as mean + s.e.m for five biological replicates. **P < 0.01;
***P < 0.001 by Unpaired-t test. (D) The glycolysis inhibitor, 2-DG, attenuated the
increase of ATP content in KRAS4A stable knockout human cancer cells and mouse
MEFs. Data are presented as mean * s.e.m for three biological replicates. *P < 0.05;
**P < 0.01; **P < 0.001; ****P < 0.0001 by one-way ANOVA with Tukey's multiple
comparison.

Control of KRAS4A levels by the Rom39/DCAF15 splice complex.

Since KRAS4A mRNA levels were increased by hypoxia in the enriched stem cell
population in 3 different KRAS mutant cell lines, but no effects were seen on KRAS4B,
we reasoned that KRAS splicing may be differentially controlled in tumor stem and
progenitor cells. Several small molecule inhibitors of different components of the splice
site machinery have been identified, some of which can impact tumour cell growth(26,
27). We tested four of these inhibitors for effects on KRAS4A/B splicing: Pladienolide,
which targets the splicing factor SF3B, disrupting the early stage of splice complex
assembly(28); Isogenkgetin, a bioflavonoid and general splicing inhibitor(29); and two
related sulfonamides Indisulam and Tasisulam, recently shown to inhibit the
DCAF15/RBM39 splicing complex by inducing proteasomal degradation of the RBM39
RNA binding protein(30, 31). While Isogenkgetin had no obvious effect on levels of
KRAS4A or KRAS4B mRNA, Pladienolide downregulated both KRAS4A and KRAS4B
splice variants in A549 cells (Fig. 6A, B) in agreement with its general role in disruption
of the splicing machinery. Treatment with Indisulam, or the related sulfonamide
Tasisulam, specifically downregulated KRAS4A, but had no obvious effect on KRAS4B
(Fig 6A, B). Similar results were obtained using two additional cell lines SUIT2 (Fig 6C,
D), and AsPC1 (Fig.S6A, B), suggesting that the DCAF15/RBM39 complex is involved in
control of KRAS4A levels. The downregulation of KRAS4A, but not KRAS4B, was also
confirmed at the protein level in A549 and SUIT2 cells (Fig.6E, F), and in Aspcl cells
(Fig.S6C).

To test the involvement of RBM39 in control of KRAS splicing, we first verified
that Indisulam treatment indeed led to downregulation of RBM39 in A549 and SUIT2
cells (Fig 6E, F). In all cases where KRAS4A levels were reduced at RNA and protein
levels, the RNA binding protein RBM39 was also reduced (Fig. 6E, F and Fig. S6C). This
effect was seen in all three cell lines for both Indisulam and Tasisulam, which target
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RBM39 through its interaction with DCAF15(30) but also with the general splice inhibitor
Pladienolide, although the molecular basis for this latter observation is unclear.

We then generated RBM39 knockdown cells using CRISPRi/dCas9-KRAB(32)
using specific guide RNAs targeting the RBM39 gene in A549 cells. Depletion of RBM39
caused a significant reduction in KRAS4A splice variant level but had no effect on
KRAS4B (Fig. 6G), attesting to the specificity of RBM39 in control of KRAS pre-mRNA
splicing. Although the RBM39 guide RNAs had a significant effect on RBM39 protein in
A549 cells (Fig. 6G), the effect at the mRNA level was more modest (Fig. 6H). It is
possible that this reflects a feedback activation of RBM39 transcription when the protein
is depleted, as Indisulam treatment surprisingly caused a significant upregulation in
RBM39 mRNA while decreasing the protein levels (Fig. 6G, H). Further studies of this
apparent feedback control of RBM39, which seems variable between cell lines (data not
shown) may shed light on the exact mechanisms involved.

Indisulam was originally proposed to act as an inhibitor of CA9 (carbonic
anhydrase 9) which is involved in HIF1A regulation and hypoxia(33). However
CRISPRI/dCas9-KRAB downregulation of CA9 mRNA (Fig. S6D) had no effect on levels
of KRAS4A, or on the impact of Indisulam on KRAS4A levels (Fig 6G). While RBM39
influences splicing of many pre-mRNAs genome-wide, these data support the
proposal(30) that RBM39 has a more limited set of physiological targets than would be
expected for a general inhibitor of the splice machinery, and identify KRAS4A as a
specific RBM39 target that can be inhibited by the small molecule drug Indisulam.
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Figure. 6: The RBM39 RNA-binding protein mediates KRAS4A splicing. (A-D) The
KRAS4A and KRAS4B mRNA levels were assessed by TagMan analysis in A549 (A and
B) and SUIT2 (C and D) cells after small molecule inhibitor treatment for 48hr. The
specific inhibitors used and their concentrations are shown below the plots. Data are
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presented as mean + s.e.m for four biological replicates. *P < 0.05; **P < 0.01 by one-
way ANOVA with Tukey's multiple comparison. (E-F) The KRAS4A, KRAS4B and
RBM39 protein levels were assessed in A549 (E) and SUIT2 (F) by Western blotting
after small molecule inhibitor treatment for 48hr. Quantification of KRAS4A, KRAS4B
and RBM39 levels was carried out using imageJ software. (G-H) Two sgRNAs targeting
RBM39 or CA9 were transfected into BFP+A549 cells stably expressing dCas9-KRAB.
Cells were incubated with small molecule inhibitors for 48hr and then analyzed by
Western blotting (G) and Tagman analysis (H). The three Tagman assays (H) were
carried out using probes for different RBM39 exons.

Discussion

Essential functions for both KRAS4A and KRAS4B in cancer development.

The existence of two distinct isoforms of Kras has been known for many years,
but most research has focused on the KRAS4B isoform which is widely and abundantly
expressed across a range of tissues. Both isoforms are required for initiation and/or
progression of carcinogenesis in the lung, as tumors are only induced in animals that
have at least one functional Kras allele capable of expressing both proteins. In spite of
the fact that mutant forms of either Kras4A or Kras4B can transform cells in culture(34,
35) mutation of either endogenous isoform alone is insufficient to initiate carcinogenesis.
This resistance is not due to loss of accessibility to the initiating mutagen, as Hras, when
inserted into the same locus under the control of the Kras regulatory elements in exactly
the same way, can be mutated by urethane, giving rise to highly aggressive lung
cancers(5). Double heterozygous Kras4A*-/Kras4B* mice were also extremely resistant,
even under conditions where the carcinogen dose was significantly increased,
suggesting that coordinated splicing to generate mutant versions of both isoforms from
the same allele is required for tumorigenesis.

Kras4A is expressed during differentiation of pluripotent embryonic stem cells
and in a subset of cells in adult tissues(8), raising the possibility that Kras4A has specific
functions in a small population of cells with stem cell properties(5), whereas Kras4B
protein is more widely expressed in both stem and progenitor cells. Here we have shown
that expression of KRAS4A, but not KRAS4B, is enriched in stem cell-like side
population cells from human KRAS mutant tumours. A number of complementary
experiments support the conclusion that KRAS4A plays a specific role in this subset of
enriched stem cells: 1) Loss of KRAS4A, but not KRAS4B, causes a decrease in the
proportion of cells with side population characteristics, as well as decreased activity of
ALDH, a known marker of these cells; 2) hypoxic conditions which are known to lead to
reactivation of stem cells, cause an upregulation of KRAS4A, but not KRAS4B; 3) Loss
of KRAS4A but not KRAS4B induced a significant increase in ATP and lactate levels,
particularly in the side population stem-like cells. In contrast, KRAS4B was equally
expressed in both side population and non-side population cells, and showed specific
induction by exposure to ER stress. We propose that the splicing of KRAS to generate
the 4A and 4B isoforms may be a critical event in controlling the metabolic requirements
in stem and progenitor cells, as well as in orchestrating the responses of these different
cells to hypoxia or ER stress (Fig.7). The transition from cancer stem to progenitor cells
is reversible depending on the tumor microenvironment, and can be influenced by
inflammation or stromal components within tumors(36). This plasticity may be facilitated
by splicing of KRAS to generate the 4A and 4B isoforms, with their complementary
functions in coordinating the stresses associated with rapid tumor growth. Alternative
splicing has also evolved as a mediator of the IRE1 arm of the Unfolded Protein
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Response (UPR) by activating splicing of the short form of XBP1 to modulate
downstream protein synthesis and accumulation in the ER(37). The balance between
KRAS4A and 4B splice variants may also play a more general role in responding to the
stresses of tissue regeneration and tumor growth.

Our identification of Indisulam as an inhibitor of KRAS4A splicing, which has no
obvious effect on KRAS4B, provides a novel route to direct targeting of one of the
mutant KRAS splice isoforms. Further studies may reveal vulnerabilities in cells in which
KRASA4A has been depleted or pharmacologically downregulated using Indisulam or
other small molecule drugs that impact this pathway. Furthermore, mutations in KRAS
and/or levels of mutant KRAS4A may provide biomarkers for sensitivity to the effects of
Indisulam or other splice regulators. The availability of mouse models and human cells
that exclusively or preferentially express one splice variant will provide us with new
opportunities to identify isoform-specific vulnerabilities to treatment with inhibitors of the
RAS or other signaling pathways, leading to effective combinatorial treatments for KRAS
mutant tumors.

KRAS —1— 2 — 3 — 4A 4B —

&~ z

Hypoxia

stemness oo
OF - © = &k

CANCER PROGENITOR BULK
STEM CELL CELL
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Figure 7. Model for control of stem-progenitor cell transition by KRAS4A/4B splicing.
KRASA4A is enriched in the cancer stem cell population, whereas KRAS4B is more
ubiquitously expressed in stem and progenitor cells. Regulation of the expression of
KRASA4A, in part through the DCAF15/RBM39 splicing complex, helps to modulate the
metabolic requirements and stress responses associated with the cancer stem-
progenitor cell transition.
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Methods

Mice

The Kras4B KO mice were generated as previously described(4) and chemical
carcinogenesis of lung was performed by intraperitoneal injection of urethane as
previously described(5). Mice were injected at approximately 8-10 weeks of age,
sacrificed 20 weeks later, and tumor size and number assessed under a dissecting
microscope with the aid of a ruler and reference images of a range of circles with
different diameters. All tumor scoring was performed blind to mouse genotype.

Cell culture

SUIT2, A549 and mouse embryonic fibroblasts (MEFs) isolated from E13.5 embryos
were cultured in high glucose DME media (Gibco) containing 10% fetal bovine serum
(Gibco) and 1% penicilin-streptamicine (Gibco).

Generation of KRAS4A, KRAS4B and RBM39 knockout or knockdown cells
Human KRAS4A knockout and KRAS4B knockdown cells were generated by CRISPR-
Cas9-mediated genome engineering as previously described(38). sgRNA targets were
GGAGGATGCTTTTTATACAT for KRAS4A and TTCTCGAACTAATGTATAGA for
KRAS4B. To confirm the insertions and deletions of each allele, the PCR products
around the CRISPR-cas9 targeted sites were amplified from gDNA of established stable
clones and cloned into pMiniT 2.0 vector (NEB), followed by plasmid DNA isolation and
sanger sequencing. The primers used were caaaccaggattctagcccata and
gtggttgccaccttgttacc for KRAS4A and ttcagttgcctgaagagaaaca and agtctgcatggagcaggaaa
for KRAS4B. Human RBM39 and CA9 knockdown cells were generated by
CRISPRi/dCas9-KRAB-mediated genome engineering as previously described(32).
A549 cells stably expressing dCas9-KRAB were enriched by flow cytometry for BFP
expression and two sgRNA targeting RBM39 or CA9 were transfected into A549-dCas9-
KRAB cell for puromycin selection. sgRNA targets were
GAGCAGCGGCCGCCATTTCA and GGAGAGCAGGACGGCGGCTT for RBM39
and GGGATCAACAGAGGGAGCCA and GCAGGGGCCGGGATCAACAG for CA9.
The shRNA-mediated knockdown cells were generated by antibiotic selection after
infection with retroviral particles collected in supernatants of Phoenix cells transfected
with pSuper.retro plasmid carrying the ShRNA sequences. sShRNA targets
GGTGAGGGAGATCCGACAATA for KRAS4A and
GACAGGGTGTTGATGATGCCT for KRAS4B.

Western Blotting analysis

Cells were lysed with RIPA buffer (Thermo Scientific) and lysates concentrations were
determined by BCA protein assay (Thermo Scientific). 80ug lysates were subjected to 4-
12% SDS-PAGE (Bio-Rad) and then transferred to PVDF membrane. PVDF membranes
were blocked in Tris-buffered saline 0.1% Tween-20 (TBST) containing 5% non-fat milk
for 1h at room temperature and incubated overnight with primary antibody diluted in
TBST containing 3% non-fat milk at 4°C. Membranes were washed with TBST and
incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies diluted in
TBST containing 3% non-fat milk at 4°C for 2h. The primary antibodies used were Hras
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(sc520; Santa Cruz), Nras (sc519; Santa Cruz), phospho-p44/p42 Map Kinase, phospho-
Akt, phospho-Erk, B-actin (sc47778; Santa Cruz); KRAS4B (WH0003845M1; sigma); rat
anti-KRAS4A (10C11E4, custom antibody) and RBM39 (WH0009584M1; sigma).
Proteins were visualized using the enhanced chemiluminescence (ECL) system (ECL™
Prime Western Blotting System, GE Healthcare Bioscience).

Antibody generation.

Custom rat anti-KRAS4A antibody was developed by Genscript using the peptide
sequence CEIRQYRLKKISKEEK as antigen for immunization..

Cell proliferation assay.

1,000 cells were plated in 96-well culture plates and cell proliferation was determined by
CyQUANT cell proliferation assay kit (C35011, Invitrogen) as described by the
manufacturer.

Colony formation

Cells were plated at density of 500 cells per well in six-well plate and incubated for 10
days at 37°C in DMEM medium containing 10% fetal bovine serum and 1% penicilin-
streptamycin. Colonies were counted after methanol fixation and crystal violet staining.

Soft agar growth assays

5,000 cells were mixed with 1 ml of 0.3% agar in DMEM supplemented with 10% FBS
and layered onto 1.5 ml 0.6% agar in DMEM supplemented with 10% FBS. The colonies
were incubated for 2 weeks in SUIT2 cells and for 3 weeks in A549 cells. At the end of
incubation, the colonies were stained with crystal violet and the images were captured
using microscope followed by quantification of colony area using Image-Pro Plus
software.

Xenograft tumor model

SUIT2 cells (4 x 10%) and A549 cells (3 x 10°) were dispersed in 75 uL. DMEM and 75 pL
Matrigel (356230, BD Biosciences) and injected subcutaneously into nude mice. Tumor
volume was calculated as follows: V=L x W2 x 0.52, where L and W represent length
and width respectively.

Site-directed mutagenesis

Site-directed mutagenesis to generate the mutant RAS clones was performed with a
QuikChange mutagenesis kit (Stratagene) and the primers for amino acid 180 site
mutation of KRAS4A are
CAGCAAAGAAGAAAAGACTCCTGGCAGTGTGAAAATT and
AATTTTCACACTGCCAGGAGTCTTTTCTTCTTTGCTG.

Measurement of intracellular ATP
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5 x 10° cells were collected 48 hours after cell seeding and were lysed with 0.1ml reaction
assay buffer supplied in the ATP detection kit (A22066, Thermo Fischer Scientific)
followed by centrifugation at 16,000 x g for 5 min. The cellular ATP levels in the
supernatants were determined according to the instructions of the manufacturer. For the
ATP depletion analysis, cells were incubated with 20mM 2DG (D6134, sigma), 1uM
oligomycin (495455, Calbiochem) and 1uM rotenone for (R8875, sigma) 24 h followed
by ATP level determination.

Measurement of intracellular lactate

3 x 108 cells were collected 48 hours after cell seeding and were lysed with 0.1 ml lactate
assay buffer supplied in the L-Lactate assay kit (ab65330, Abcam) followed by
centrifugation at 16,000 x g for 10 min. The supernatants were processed to remove the
endogenous LDH by deproteinizing sample preparation Kit (ab204708, Abcam). The
intracellular lactate concentration was determined on deproteinized supernatant samples
by L-Lactate assay kit according to the manufacturer’s instructions

Flow cytometry

For side population identification and isolation analysis, cells were suspended at 1x10°
cells per ml in DMEM containing 2% FBS, 10mM HEPES and 5pg/ml Hoechst33342
dye (B2261, Sigma Aldrich), either alone or combination with 50uM verapamil (ALX-
550-306-G001, Enzo Life Sciences) and incubated in water bath at 37 °C for 2h. After
incubation, cells were suspended in PBS containing 2% FBS and 10mM HEPES on ice
and stained with 1pg/ml propidium iodide followed by sorting or analysis using Ariall
(BD) fluorescence activated cell sorting system (FACS). For the ALDH activity analysis,
cells were suspended at 1x108 cells per ml in ALDEFLUOR assay buffer containing
activated ALDEFLUOR™ Reagent, either alone or combination with diethyl
aminobenzaldehyde (DEAB), and incubated 30 min at 37 °C according to the
manufacturer’s instruction in ALDEFLUOR kit (01700, StemCell Technologies). For the
glucose uptake analysis, cells were suspended at 1.5x108 cells per ml in FBS containing
1% FBS, 5mM HEPES and 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-
deoxyglucose (2-NBDG, N13195, invitrogen) 4uM for SUIT2 and 8uM for A549 and
incubated in water bath at 37 °C for 15 min, followed by FACS analysis.

RNA extraction and quantitative polymerase chain reaction (QPCR)

RNA was extracted using TRIzol Reagent (15596026, Invitrogen), and cDNA was
synthesized using iScript Synthesis kit (1708840, Bio-Rad) according to the
manufacturer’s instructions. Quantitative real-time RT-PCR was carried out using
Tagman Mix in an ABI Prism7900HT Sequence Detection System (Applied Biosystems,
Foster City, CA). TagMan Gene expression assays used were as follows: KRAS
(Hs00364282_m1), KRAS4B (Hs00270666_m1 KRAS), HPRT1 (Hs02800695 m1) and
ABCG2 (Hs01053790_m1). The primers and probe used for amplification of KRAS4A
were as follows: TGTGATTTGCCTTCTAGAACAGTAGAC,
CTCACCAATGTATAAAAAGCATCCTC, and 5’-FAM-
CGAAACAGGCTCAGGAG-MGB-3’. Relative mRNA expression levels were
normalized to HPRTL1.
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TCGA analysis of KRAS4A and KRAS4B isoform-specific expression

TCGA lung adenocarcinoma (LUAD), pancreatic adenocarcinoma (PAAD), and
colorectal adenocarcinoma (COADREAD) RNA sequencing and clinical annotation data
were downloaded from UCSC Cancer Genome Browser (now UCSC Xena). Specifically,
level 3 normalized RSEM values for reads spanning splice junctions was downloaded,
and used to calculate frequencies of reads spanning junctions of exons 4A and 4B of
KRAS. Given that splicing to yield KRAS4B results in exclusion of exon 4A, while
KRAS4A results in inclusion of both exons 4A and 4B, an exon 4A inclusion score was
calculated to determine the fraction of KRAS transcripts made up by KRAS4A. This score
is calculated as ((incl + inc2)/2) / (((incl + inc2)/2) + exc), where incl and inc2 are reads
spanning the junction of exons 3 and 4A, and reads spanning the junction of exons 4A
and 4B, respectively, and exc are reads spanning the junction of exons 3 and 4B. To
prevent artificially low scores in samples with lower overall KRAS expression or read
coverage, particularly those that are KRAS WT, samples with less than 20 exc reads were
not included in the analysis. No limit was set on incl and inc2 reads, as it is biologically
plausible that some samples have minimal KRAS4A expression.

Data analysis and generation of plots

Data were analyzed and non-parametric statistical tests performed in R. Plots were
generated using the R package ggplot2 (H. Wickham. ggplot2: Elegant Graphics for Data
Analysis. Springer-Verlag New York, 2009.)
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