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ABSTRACT Although the RAS oncogene has been extensively studied, new aspects concern-
ing its role and regulation in normal biology and cancer continue to be discovered. Recently,
others and we have shown that the mechanistic Target of Rapamycin Complex 2 (mnTORC2) is
a Ras effector in Dictyostelium and mammalian cells. mTORC2 plays evolutionarily conserved
roles in cell survival and migration and has been linked to tumorigenesis. Because RAS is of-
ten mutated in lung cancer, we investigated whether a Ras-mTORC2 pathway contributes to
enhancing the migration of lung cancer cells expressing oncogenic Ras. We used A549 cells
and CRISPR/Cas9 to revert the cells’ KRAS G12S mutation to wild-type and establish A549
revertant (REV) cell lines, which we then used to evaluate the Ras-mediated regulation of
mTORC2 and cell migration. Interestingly, our results suggest that K-Ras and mTORC2 pro-
mote A549 cell migration but as part of different pathways and independently of Ras’s muta-
tional status. Moreover, further characterization of the A549%& cells revealed that loss of
mutant K-Ras expression for the wild-type protein leads to an increase in cell growth and
proliferation, suggesting that the A549 cells have low KRAS-mutant dependency and that
recovering expression of wild-type K-Ras protein increases these cells tumorigenic potential.

SIGNIFICANCE STATEMENT

e mTORC2 is an evolutionarily conserved Ras effector influencing cell survival, migration, and
tumorigenesis. A role for Ras—-mTORC2 in lung cancer cells with KRAS mutations is not known.
Using CRISPR/Cas9 gene editing, the authors reverted the KRAS mutations of A549 lung cancer
cells and studied its impact on the cells’ growth and mTORC2-mediated migration.

e They found that the A549 revertant cells grow faster and that A549 cells migrate using distinct K-Ras
and mTORC2 pathways, independently of KRAS’s mutational status.

e These findings highlight the presence of context-dependent Ras and mTORC2 pathways and
possible undesirable outcomes of genetically correcting KRAS mutations in cancer.
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INTRODUCTION
Ras proteins are evolutionarily conserved and act as molecular
switches in cells, cycling between GTP-bound active and GDP-
bound inactive states (Bourne et al., 1991; Pylayeva-Gupta et al.,
2011; Simanshu et al., 2017). The human Ras isoforms K-, H-, and
N-Ras have been extensively studied due to their involvement in
tumorigenesis, with ~20% of tumors expressing an activating muta-
tion in one of these Ras proteins (Omerovic et al., 2008; Rhett et al.,
2020). Most commonly, mutations cluster around the nucleotide-
binding site at codons 12, 13, and 61, leading to enhanced GTP
binding and, consequently, a Ras constitutively active (CA) pheno-
type (Mufoz-Maldonado et al., 2019; Prior et al., 2020). Notably,
lung cancers have one of the highest rates of Ras mutation, with
~30% of non—small cell lung cancers (NSCLCs) expressing a K-Ras
CA mutant (Cerami et al., 2012; Gao et al., 2013; Westcott and To,
2013; Westcott et al., 2015; Zhu et al., 2017; Lindsay et al., 2018;
Prior et al., 2020). Canonical Ras effectors include phosphoinositide
3-kinase (PI3K) leading to activation of AKT, and Raf1 leading to
activation of the extracellular-regulated kinases (ERK) 1 and 2,
thereby promoting cell survival and proliferation, respectively
(Gimple and Wang, 2019; Lavoie et al., 2020; Rathinaswamy and
Burke, 2020). In addition, increasing evidence indicates that Ras also
plays important roles in promoting the migration and invasion of
cells by acting through several pathways, including PI3K and ERK, as
well as the p38 mitogen-activated protein (MAP) kinase, and mecha-
nistic Target of Rapamycin Complex 2 (nTORC2; Moon et al., 2000;
Kim et al., 2003; Lee et al., 2016; Yoh et al., 2016; Gimple and Wang,
2019; Smith et al., 2020; Soriano et al., 2021; Collins et al., 2023).
mTORC2 plays an evolutionarily conserved role in cell migration
and has been shown to contribute to metastasis in many cancer
types (Kim et al., 2017; Xie et al., 2018). mTORC2 is one of two well-
characterized signaling complexes containing the Ser/Thr kinase
mTOR (Zhou and Huang, 2010). mTORC1 and mTORC2 have dis-
tinct substrates and functions, which are determined by their specific
components, including Rictor for mTORC2 and Raptor for mTORC1.
mTORC1 has been extensively studied and is an established master
regulator of cell growth and proliferation (Liu and Sabatini, 2020).
However, the signaling mechanisms and pathways that lead to
mTORC2 activation and cell migration are incompletely understood.
In the experimental model Dictyostelium discoideum, others and we
have shown that the small GTPase Ras activates mTORC2 to pro-
mote cell migration (Sasaki and Firtel, 2006; Kamimura et al., 2008,
p. 3; Cai et al., 2010; Charest et al., 2010; Liao et al., 2013; Khanna
etal., 2016; Pal et al., 2023). Work with neutrophils and different hu-
man cancer cells has since shown that the Ras-mediated regulation
of MTORC2 is conserved in humans, and that mTORC2 is a direct
effector of oncogenic mutant Ras proteins (Kovalski et al., 2019; Lone
et al., 2019; Pal et al., 2023). Moreover, we recently demonstrated
that both wild-type (WT) and oncogenic Ras promote mTORC2 acti-
vation and the mTORC2-dependent migration and invasion of trans-
formed breast epithelial cells (Collins et al., 2023). Here, we sought
to define the role of Ras and mTORC2 in lung cancer cells harboring
an oncogenic RAS mutation.

RESULTS

Lung cancer cell models to interrogate the effect of
oncogenic Ras on mTORC2 function

To investigate the role of the Ras-mTORC2 pathway in lung cancer
cells expressing an oncogenic K-Ras mutant, we chose the com-
monly used human NSCLC cell line A549, which is homozygous for
the KRAS mutation ¢.34G>A (G12S; Blanco et al., 2009; Tate et al.,
2019). To help address the specific effect of K-Ras CA expression on
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regulating mTORC2 function in these cells, we used a CRISPR/Cas9
gene knock-in approach with a single-strand oligodeoxynucleotide
(ssODN) as the donor template to revert the K-Ras G12S mutation
and create A549 cells that express only WT KRAS alleles (Figure 1A;
Chen et al., 2011; Bialk et al., 2015). For this, we used two different
KRAS gene targeting single guide RNAs (sgRNAs) predicted to have
limited and different potential off-targets (Supplemental Figure S1),
as well as a nontargeting (NT) sgRNA as control. We transiently
transfected the CRISPR/Cas9 vectors, which also encode the
ZsGreen fluorescent protein that allowed us to sort the transfected
A549 cells by fluorescence-assisted cell sorting (FACS; Supplemen-
tal Figure S2). We then isolated clones by limiting dilution and veri-
fied the KRAS sequences by Sanger sequencing. We selected one
clone for each sgRNA used and termed them A549 NT (A549NT,
control cell line homozygous for KRAS G12S), and A549-revertant
(REV) clones 1 and 2 (A549REV! AS49REVZ; A549 cell lines homozy-
gous for WT KRAS; Figure 1B).

K-Ras REV A549 cells display increased cell growth

and proliferation

Before investigating the effect on cell migration, we evaluated the
consequence of reverting the KRAS oncogenic mutation on the pro-
liferation of A549 cells. For this, we first assessed the growth of the
A549REY cell lines compared with that of A549 and A549NT cells in
colony formation assays. Interestingly, we observed that both
AS549REVT and A549REV2 formed ~1.6x more colonies than the control
cells when grown as 2D monolayers (Figure 2A). Using a 3D soft-
agar tumorigenicity assay, which allows evaluating the anchorage-
independent cell proliferation potential, we also observed that both
AB549R®Y cell lines generated significantly larger colonies than those
formed by A549NT cells (A549REVT and A549REV2 colonies, ~110 pm;
AS549NT colonies, ~85 pm; Figure 2B). To then further characterize
the cell growth and proliferation phenotype of the A549%€V cells, we
assessed cell growth using a quantitative MTT assay (Carmichael
et al., 1987). In this assay, the A549R€V cells displayed ~2x more cell
growth, further supporting that these cells have an increased prolif-
erative potential (Figure 2C). Interestingly, treatment with rapamy-
cin, a well-characterized inhibitor of mMTORC1 and cell growth, led
to significant inhibition of the revertant cells’ growth while it did not
affect the control cells, suggesting that the increased proliferative
potential of the revertant cells is dependent on the mTORC1 path-
way (Figure 2D). Importantly, the comparison of the A549NT cells to
the unmodified A549 cells revealed comparable cell growth, which
suggests that the CRISPR procedure did not select for cells with an
increased proliferation phenotype and, thus, that this is not likely to
be an artifact of the procedure.

We then investigated whether knocking down K-Ras CA expres-
sion has a similar effect to reverting the mutation. For this, we per-
formed the siRNA-mediated silencing of K-Ras in A549 cells and
compared their cell growth, as measured in a quantitative MTT as-
say, to that of cells treated with K-, H-, and N-Ras siRNAs (Pan-Ras
siRNAs) or a NT control siRNA (Supplemental Figure S3). Interest-
ingly, we observed a tendency of increased cell growth for cells with
the K-Ras knockdown and of decreased cell growth for cells with all
three main Ras knocked down (Figure 2E). Whereas the difference
between the two knockdown conditions is statistically significant,
neither of them were found to be statistically different from the NT
siRNA-treated control cells. Nonetheless, this result suggests that
silencing K-Ras CA in A549 cells produces a negligeable effect on
the growth of the cells, which is a different outcome than that of
correcting the mutations to WT K-Ras in the revertant cells.
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FIGURE 1: Reverting the K-Ras CA mutation of A549 cells.

(A) CRISPR/Cas9 strategy to change nucleotide 34 A>G of K-Ras
(indicated by shading) and, thereby, revert the G12S mutation back to
Glycine at amino acid position 12. In black: K-Ras genomic sequence
with the coding sequence in capital letters. In red: ssODN sequence,
with PAM sequence mutations (to prevent further sgRNA targeting)
indicated by bold letters. In blue: sgRNA-1 (forward) and sgRNA-2
(reverse) sequences. (B) Sequencing results confirming the reverting
of the K-Ras G12S CA mutation to WT in A549 cells by sgRNA-1
(A549%EV1) and sgRNA-2 (A549%EV2). The sequencing also confirmed
that the K-Ras G12S CA mutation is intact in cells treated with the
sgRNA-NT control.

K-Ras promotes A549 cell migration

To investigate the effect of the K-Ras CA mutations on A549 cell
migration, we assessed the migration of the revertant cells com-
pared with that of A549NT using a 2D wound closure assay. Inter-
estingly, we found the measured wound closures to be very similar
between the AS49NT, ASA9REV1 and AS49REVZ cells (Figure 3A),
suggesting comparable migratory potentials. We then further in-
vestigated the role of K-Ras CA and the other two main Ras iso-
forms H- and N-Ras in A549 cell migration using siRNA-mediated
silencing (Supplemental Figure S3). We observed that silencing
K-Ras alone in AS49NT, ASA9REV1 and AS549REV2 cells similarly re-
duced the migration of the cells by ~30%, suggesting a role for
K-Ras independently of its mutational status (Figure 3B). We also
observed that silencing H- and N-Ras in addition to K-Ras reduced
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the measured cell migration even more, by ~50%. However, be-
cause the silencing of all three Ras proteins has a stronger effect
on cell growth (Figure 2E), it is possible that this contributes to the
observed measured wound closure. Therefore, these findings sug-
gest that K-Ras plays a role in the migration of A549 cells indepen-
dently of its mutational status, whereas a role for the other WT Ras
proteins is less clear.

mTORC2 promotes A549 cell migration

To investigate the role of mMTORC2 in A549 cell migration, be-
cause there are no currently available mTORC2-selective inhibi-
tors, we first compared the effect of inhibiting both mTORC1 and
mTORC2 using the mTOR inhibitor PP242 to that of inhibiting
only mTORC1 using the mTORC1-selective inhibitor rapamycin
(Supplemental Figure S4A; Janes et al., 2010; Tee, 2018). In a 2D
wound-healing migration assay, we observed that rapamycin
treatment has no effect on the migration of A549NT cells, whereas
it reduced the migration of the revertant cells, although it was
found only to be statistically significant for A549REV2 (Figure 4A).
Because we found that rapamycin significantly inhibits the rever-
tant cells” growth (Figure 2D), its effect on the wound-healing
assay likely reflects the contribution of cell proliferation to the
measured would closure. We do not know the reason for these
different rapamycin sensitivities on the revertant cells’ migration,
but these could be due to some clonal variation between them
(see Discussion). Nonetheless, this observation suggests a mini-
mal overall role of mMTORC1 and/or cell growth in the measured
migration of the A549 strains. On the other hand, inhibition of
both mTORC1 and mTORC2 by PP242 |ed to comparably strong
decreases in cell migration for the A549NT and the revertant cells
(>80%), suggesting a role for mTORC2 in the migration of all
three strains.

To more specifically inhibit mTORC2 function, we also assessed
the effect of siRNA-mediated silencing of the mTORC2 unique and
essential component Rictor on the migration of A549 cells (Supple-
mental Figure S4B). Although we were able to achieve less than
70% Rictor knockdown (cells retained more than 30% Rictor expres-
sion), we observed that this was sufficient to cause significant and
comparable decreases in the migration of revertant and control cells
(Figure 4B). Consequently, the fact that only partial inhibition of
mTORC2 function by Rictor siRNA knockdown leads to a significant
reduction of cell migration further indicates that mTORC2 promotes
A549 cell migration.

To then evaluate the role of mTORC2 in the 3D migration of
A549 cells, we assessed the effect of inhibiting mTORC2 function
on the migration of cells in a transwell invasion assay. First, we
observed comparable migration of the revertant cells and control
cells, further suggesting that reverting the KRAS mutations in A549
cells does not affect the cells’ migration ability (Figure 4C). We also
observed that rapamycin treatment (NTORC1 inhibition) shows a
tendency to reduce the migration of all three strains, although only
the effect on A549NT cells shows statistical significance. Because
proliferation is expected to have minimal effect on this type of 3D
migration assay, this observation suggests a potential role for
mTORC1 in regulating the invasive behavior of A549 cells. Impor-
tantly, we observed that inhibition of both mTORC1 and mTORC2
by PP242 greatly reduced the migration of all three strains to com-
parable extents, and considerably more so than mTORC1 inhibi-
tion alone. When considering all three migration experiments to-
gether, the results indicate that mTORC2 mediates A549 cell
migration and that this role is independent of K-Ras's mutational
status.

Role of Ras and mTORC2 in A549 cells | 3
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FIGURE 2: Cell growth and proliferation are increased in the K-Ras revertant A549 cells.

(A) 2D colony-formation assay performed with the A549NT, AS49REVT, and A549REV2 cells as
described in Materials and Methods. Representative images of three independent experiments
are shown. Data on the graph represent the average number of colonies of nine replicates from
three independent experiments + SD (n = 9). (B) 3D soft agar tumorgenicity assay performed as
described in Materials and Methods. Representative images of three independent experiments
are shown. Data on the graph represent the measured diameter of every colony in a field of
view from three independent experiments + SD (n = 27-37 colonies). (C) MTT assay comparing
cell growth in the different strains, performed as described in Materials and Methods. Data on
the graph represent measurements from four independent experiments normalized to the
control A549 cells £ SD (n = 4). (D) MTT assay performed with cells pretreated with 10 uM
rapamycin or 0.1% DMSO as control (Ctrl). Data on the graph represent measurements from
three independent experiments normalized to the A549NT DMSO control + SD (n = 3). (E) MTT
assay performed on cells treated with NT, K-Ras, or Pan-Ras siRNAs. Data on the graph
represent measurements from three independent experiments normalized to the control

NT siRNA condition + SD (n = 3). Adjusted p values: * p < 0.05; ** p < 0.01; *** p <0.001;

***% p < 0.0001. ns, nonstatistically significant.

mTORC2 activity in A549 cells is regulated independently
of Ras
To investigate the regulation of mMTORC2 by K-Ras CA in A549 cells,
we used the mTORC2-dependent phosphorylation of AKT at S473
as a read-out for mTORC2 activity in log-phase growing cells, which
we compared with that of ERK phosphorylation as a read-out for the
activity of the canonical Ras-MAPK pathway. First, we confirmed
that AS49NT, AS49REVT and AS49REVZ have similar levels of AKT, ERK,
and total Ras protein expression, suggesting that the CRISPR/Cas9
procedure and/or the loss of Ras-CA expression did not affect these
genes’ expression levels (Supplemental Figure S5A). We observed
that phosphorylation levels of both AKT(S473) and ERK in A549REVT
and AB549REV2 are comparable to those in A549NT control cells
(Figure 5A; Supplemental Figure S5B). Because we confirmed that
pPAKT(S473) is dependent on mTORC2 in these cells (Supplemental
Figure S4), this observation indicates that K-Ras CA expression does
not affect mTORC2 nor ERK activity in growing A549 cells.

To then examine the potential Ras-mediated regulation of
mTORC2 in response to a stimulus in A549 cells, we assessed the
effect of chemotactic cytokine CXC-motif chemokine ligand 12
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We then assessed the effect of EGF on A549
cell migration and observed that EGF stimu-
lation significantly induces cell migration,
which was inhibited by treatment with the
mTORC1/mTORC2 inhibitor PP242 and not
by the mTORC1-selective inhibitor rapamy-
cin, suggesting that EGF promotes A549
cell migration through mTORC2 (Figure 5C).
Moreover, we found that EGF stimulated
the migration of AB549NT AS49REVI - and
AB49REVZ in a comparable manner, indicat-
ing that K-Ras CA does not contribute to
promoting the migration of cells in response
to EGF (Figure 5D).

Because we found evidence suggesting
an important role for K-Ras in A549 cell mi-
gration independently of its mutation
(Figure 3B), we tested its role in promoting
mTORC2 activation in response to EGF stimulation using siRNA-
mediated silencing. Because K-Ras migrates a bit slower than H-
and N-Ras when resolved on SDS-PAGE (Lim and Boyer, 2021; Lim
and Khoo, 2021), we were able to confirm its efficient knockdown to
~85% in all three cell lines (Supplemental Figure S6A). Moreover,
this quantification allowed us to confirm that A549NT, A549REV1 and
AS549REV2 cells have similar levels of K-Ras expression, whether it is
mutated or not. We observed that silencing K-Ras alone or in com-
bination with H- and N-Ras in all three cell lines did not inhibit the
EGF-stimulated pAKT, but actually showed a tendency to increase
the response although this was only found to be statistically signifi-
cant for A549R€V2 (Figure 6). On the other hand, the pan-siRNA treat-
ment significantly reduced the EGF-induced pERK response (Sup-
plemental Figure S6B). Consequently, these observations indicate
that mTORC2 is strongly activated downstream from EGFR in A549
cells but independently of Ras.

DISCUSSION
Taken together, our study using CRISPR-mediated editing of A549
lung cancer cells to revert their oncogenic KRAS mutations to WT

Molecular Biology of the Cell
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FIGURE 3: K-Ras promotes A549 cell migration independently of its
mutation. (A) Wound closure cell-migration assays were performed
with A549NT, ASAQREV! and AS549REVZ cells as described in Materials
and Methods. Representative images of three independent
experiments are shown, taken immediately after wounding (0 h) and
after 24 h. Data on the graph represent measured wound closure
(migration distances) in five areas of each wound from three
independent experiments + SD (n = 15). (B) Wound-healing migration
assays were performed with AS49NT, AS49REV1 and A549REV2
subjected to siRNA-mediated knockdown of K-Ras alone, of K-, H-,
and N-Ras (Pan-Ras siRNA) or treated with NT siRNA control. The
data were analyzed and graphed as described in (A). Adjusted p
values for the differences between siRNA-mediated knockdowns and
the NT siRNA control for each strain: ## p < 0.01; ### p < 0.001;
##H## p < 0.0001. ns, nonstatistically significant.

reveals not only that K-Ras and mTORC2 promote the migration of
these cells as part of different pathways, but that correcting the
KRAS mutation results in an increase in the A549 cells’ growth and
proliferation.

The finding that genetically correcting the KRAS mutations in
cancer cells can lead to their increased growth and proliferation
and, thereby, enhanced tumorigenic potential was unexpected be-
cause KRAS is a well-described oncogene that is known to drive
cellular transformation and tumor initiation. However, there is evi-
dence that oncogenic K-Ras does not always continue to play a key
role in later stages of cancer progression (Singh et al., 2009). In fact,
many cancer cells harboring KRAS mutations were found to have
low-mutant K-Ras dependency, including the A549 lung cancer
cells, although these cells are still very tumorigenic (Singh et al.,
2009; Weng et al., 2012; Fujita-Sato et al., 2015; Zhang et al., 2022).
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In these studies, KRAS was either partially inhibited or knocked-
down leading to little or no effects on cell proliferation, which is
consistent with our observations using K-Ras siRNA-mediated si-
lencing, which had no significant effect on cell growth compared
with the complete reversion of the KRAS mutations.

We think that the effect of partial targeting versus complete
reversion of the KRAS mutations on cell growth also explains the
difference between ours and previous studies that used CRISPR/
Cas9-edited KRAS G12S in A549 cells and reported reduced cell
growth and viability (Gao et al., 2020; Sayed et al., 2022). These
studies were performed with a pool of KRAS CRISPR/Cas?-edited
A549 cells displaying ~50-75% editing efficiency and, thus, likely
includes many cells that retained one mutant KRAS allele. In our
study, the KRAS A549R cells are clones that are homozygous for
the WT KRAS gene and, therefore, do not express any mutant K-Ras
protein while they gained expression of the WT protein back. There-
fore, altogether, these previous studies and our observations sug-
gest that the partial targeting versus complete reversion of KRAS
G12S in A549 cells leads to different outcomes that are likely due to
the distinct effects of the WT versus mutant K-Ras in these cells.
These findings then add to a growing body of evidence that WT Ras
proteins play critical roles in cancer, including in RAS-mutant can-
cers, although these roles appear to vary depending on the cellular
context (Zhou et al., 2016; Sheffels and Kortum, 2021). Because
some cancer cells in vivo could be similar to A549 cells, these find-
ings highlight the possibility that targeting the Ras mutant in cancer
may not only result in the absence of therapeutic effect but could
even worsen the prognosis.

Although some previously reported CRISPR and cloning-related
artifacts could cause increased cell growth (Giuliano et al., 2019),
the method that we used is designed to minimize CRISPR off-targets
(only transiently expressing Cas? and using two different sgRNAs)
and the A549NT cells allowed to control for potential clonal effects.
We sometimes observe small differences between the two A549REY
cell lines, for example, in the extent to which they respond to inhibi-
tors or stimuli. These small differences could be due to CRISPR off-
target effect variations between the two strains that were produced
with two different sgRNAs, and very few of them were found to be
statistically significant. Consequently, because the phenotypes of
A549NT cells closely resemble those of the parental A549 cells, and
that A549REVT and A549REV2 have extremely similar phenotypes, we
are confident that those truly result from reverting the KRAS muta-
tion. Moreover, we observed similar K-Ras and total Ras expression
levels in A549REVT and A549REV2 compared with the A549NT control
cells, confirming that reverting the KRAS mutations did not change
the RAS genes’ expression levels. Therefore, we conclude that the
phenotypic changes that we observed in the A549%EY cells are due
to these cells regaining expression of the WT K-Ras protein, which
in turn led to an increase in cell growth.

Because we did not detect any significant difference in AKT and
ERK expression or activities between the REV and control A549
cells, our observations suggest that the mechanism underlying the
increased cell growth phenotype lies in other pathways. Our finding
that rapamycin significantly inhibits the increased cell growth of the
revertant cells compared with the A549 control cells suggests a po-
tential role for mTORC1, although we did not observe an increase in
the phosphorylation of its substrate S6K1 (Supplemental Figure S7).
However, it is possible that another branch of the mTORC1 pathway
could be implicated. In an effort to identify other potential players
and mechanisms involved, we assessed the expression of epithelial-
to-mesenchymal transition (EMT) markers as well as the expression
and activity of additional key oncogenic pathway proteins, but these
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FIGURE 4: mTORC2 mediates the migration of A549 cells independently of K-Ras's mutational

ways through which mTOR and Ras can con-
tribute to tumorigenesis.

status. (A and B) Wound closure migration assays were performed with the A549NT, A549REV1,

and A549REV2 cells treated with 10 pM rapamycin (mTORC1 inhibitor), 10 nM PP242 (mTORC1/
mTORC2 inhibitor), or 0.1% DMSO control (A), or subjected to siRNA-mediated Rictor
knockdown or treated with NT siRNA control (B), as described in Materials and Methods. Rictor

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

immunoblots were performed to verify its siRNA-mediated knockdown and the data shown are

representative of three independent experiments. Data on graphs represent measured
migration distances in five areas of each wound from three independent experiments + SD (n =
15). (C) Transwell 3D invasion assays were performed with the cells and conditions as described
in (A). Representative images of three independent experiments are shown. Data on graph
represent the average number of cells that have invaded per area measured from three separate
experiments + SD (n = 3). **** adjusted p value < 0.0001. Adjusted p values for the differences
between treatment conditions and their respective control for each strain: #, p < 0.05; ##, p <

0.01; ###, p < 0.001; ####, p < 0.0001. ns, nonstatistically significant.

studies were also inconclusive (Supplemental Figure S7). One previ-
ous study using different cancer cells harboring distinct Ras-mutant
isoforms revealed the presence of a potential negative feedback
loop, driven by oncogenic Ras, that desensitizes growth factor and
WT Ras signaling, and that targeting oncogenic Ras can then lead to
increased signaling and tumorigenicity (Young et al., 2013). It is pos-
sible that a similar feedback loop is involved in leading to the in-
creased cell growth of the A549%€V cells, although we did not ob-
serve any significant increases in the signaling pathways that we
assessed. Therefore, further investigations are needed to determine
how reverting the KRAS mutations in A549 cells leads to an increase
in proliferation that may involve mTORC1.

Others and we have shown that mTORC2 is an effector of onco-
genic and WT Ras, although evidence suggest that the mechanism
of Ras-mediated mTORC2 regulation can vary depending on the
nature of the cells and stimulus (Kovalski et al., 2019; Senoo et al.,
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Reagents

Life Technologies Penicillin-Streptomycin,
Life Technologies OptiMEM | Reduced Se-
rum Medium, Invitrogen Lipofectamine
RNAIMAX Transfection reagent, PeproTech
Animal-free  Recombinant Human EGF,
Invitrogen MTT (3-[4,5-dimethylthiazol-2-yl]-
2,5-Diphenyltetrosolium), and  Corning
RPMI 1640 Medium (Mod. w/o phenol red)
1X without glutamine, were purchased from Thermo Fisher Scien-
tific (Waltham, MA). Fetal bovine serum (FBS) and PP242 were ob-
tained from Avantor (Radnor Township, PA); RPMI-1640 media was
purchased from Corning (Corning, NY); Rapamycin was obtained
from Research Products International (Mt. Prospect, IL); and ProB-
lock Gold Protease Inhibitor Cocktail was from Gold Biotechnology
(St. Louis, MI). Dharmacon ON-TARGETplus Non-targeting siRNA
Control Pool and SMARTPool of Human H-Ras (3265), Human
N-Ras (4893), and Human K-Ras (3845) were obtained from Horizon
Discovery (Waterbeach, UK), and SignalSilence Control siRNA
(unconjugated) and SignalSilence Rictor siRNA were purchased
from Cell Signaling Technology (Danvers, MA).

Antibodies
Phospho-AKT (Serd73; 193H12) rabbit mAb, AKT (pan; 40D4)
mouse mAb, and P-p44/42 MAPK (T202/Y204; pERK) rabbit mAb
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FIGURE 5: Basal and stimulus-induced mTORC2 activity in A549 cells
is unaffected by the presence of mutant K-Ras. (A) Phosphorylation of
mTORC2-dependent AKT S473 [pAKT(S473)] and of ERK (pERK) was
assessed in log-phase growing A549NT, AS49REV1 and A549REV2 cells
as described in Materials and Methods. Representative immunoblots
of three independent experiments are shown. Bands were quantified
by densitometry and the data on the graph represent the ratio of
PAKT(S473)/AKT expressed as percentage of A549NT control from
three separate experiments + SD (n = 3). (B) pAKT(473) and pERK
were assessed by immunoblot following stimulation by 100 ng/mL
EGF or PBS as negative control. Representative immunoblots of three
independent experiments are shown. Bands were quantified by
densitometry and the data on the graph represent the ratio of
pAKT(S473)/AKT expressed as percentage of A549NT control
stimulation measured from three separate experiments + SD (n = 3).
Adjusted p value for the difference between control and EGF
stimulation in each strain: ##, p < 0.01; ###, p <0.001. (C) Wound
closure migration assays were performed with A549 cells stimulated
or not with 100 ng/mL EGF and treated with 10 pM rapamycin
(mTORC1 inhibitor), 10 nM PP242 (mTORC1/mTORC2 inhibitor), or
0.1% DMSO control as described in Materials and Methods. Data on
the graph represent measured migration distances in five areas of
each wound from three independent experiments + SD (n = 15).

(D) Wound closure migration assays were performed with the A549NT,
A549REV1 and A549REV2 cells stimulated or not with 100 ng/mL EGF.
Data on the graph represent measured migration distances in five
areas of each wound from three independent experiments £ SD (n=
15). Adjusted p values: ****, p < 0.0001. ns, nonstatistically significant.

were purchased from Cell Signaling Technology (Danvers, MA).
ERK1 (C-16) IgG rabbit mAb was purchased from Sant Cruz Bio-
technology (Dallas, TX), and anti-Pan-Ras (Ab-3) Mouse Ab
(Ras 10) was from MilliporeSigma (Burlington, MA). Rabbit anti-
Rictor Affinity Purified mAb was purchased from Bethyl Laborato-
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ries (Montgomery, TX). Peroxidase AffiniPure Goat anti-Rabbit
IgG and peroxidase AffiniPure Goat anti-Mouse IgG were
purchased from Jackson ImmunoResearch Laboratories (West
Grove, PA).

Cell Culture

A549 cells were obtained from the University of Arizona Cancer
Center Experimental Mouse Shared Resources. The A549 and
A549-derived cell lines were maintained in RPMI-1640 supple-
mented with 10% FBS and 100 U/mL penicillin/streptomycin
(growth medium). siRNA transient transfections were performed
in OptiMEM | Reduced Serum Medium using Lipofectamine
RNAIMAX Transfection Reagent according to the manufacturer’s
protocol.

CRISPR/Cas9-mediated gene editing

The CRISPR/Cas? constructs were designed and obtained from
TransOMIC Technologies (Huntsville, AL). The CRISPR/Cas9 machin-
ery was provided in an all-in-one vector (pCLIP-ALL-hCMV-ZsGreen)
that includes a gene for expressing the fluorescent protein ZsGreen,
with either NT control single guide RNA (sgRNA-NT: GGAGCG-
CACCATCTTCTTCA) or K-Ras targeting sgRNA-1 (CTGAATTAGCT-
GTATCGTCA) or K-Ras targeting sgRNA-2 (AATGACTGAATATA-
AACTTG). The knock-in at position 34 A>G was performed via
addition of an ssODN oligo (Figure 1A). Transfection of the CRISPR/
Cas9 all-in-one vector together with the ssODN was performed in
OptiMEM | Reduced Serum Medium using the OMNIfect transfec-
tion reagent according to manufacturer’s protocol. Cells displaying
ZsGreen expression were sorted by FACS using a BD FACSAria lll at
the University of Arizona Flow Cytometry Shared Resource core
facility. The fluorescent-sorted cells were cloned by limiting dilution
in 96-well plates. The genomic DNA from three clones of each of
the sgRNA-NT, sgRNA-1, and sgRNA-2 transfected cells were iso-
lated using the Quick-DNA Miniprep Plus Kit from Zymo Research
(D4068; Irvine, CA). The isolated DNA was sent for sequencing at
CD Genomics (Shirley, NY).

2D Colony Formation Assay

Two-hundred cells were plated in each well of a 24-well plate and
incubated for 5 d in RPMI growth medium. The colonies were fixed
with 100% methanol for 20 min at 25°C and stained with 0.5% crys-
tal violet in 25 % methanol for 5 min and washed with dH,O. Colo-
nies in each well were counted in five fields of view and then
averaged.

3D Soft-Agar Tumorigenicity Assay

Ten-thousand cells from a cell suspension of 10,000 cell/mL in 0.3%
agarose/RPMI growth medium was overlayed on 0.6% agarose/
RPMI growth medium plates. The agarose was allowed to solidify
for 15 min at 4°C before the plates were incubated for 1 wk at 37°C,
after which the diameter of the colonies was measured.

MTT Cell Proliferation Assay

The MTT assay was performed according to Invitrogen’s rapid
protocol (Carmichael et al., 1987). Briefly, 5000 cells were plated
in each well of a 96-well cell culture plate and incubated for 24 h
in RPMI growth medium before replacing the media with 100 pL
of Corning RPMI 1640 Medium (mod. w/o phenol red) 1x without
Glutamine. Ten microliters of a 12 mM MTT solution was added
to each well (~1 mM MTT) and the cells were incubated for 4 h at
37°C. After incubation, all but 25 pL of the reaction solution was
removed, and the dye was solubilized by adding 50 uL DMSO to
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Transwell 3D Migration/Invasion Assay

Corning BioCoat Matrigel Invasion Cham-
ber with 8.0 pm PET membrane in 24-well
plates from Corning (Corning, NY) were
used following the manufacturer’s protocol.
Briefly, 2 x 10* cells were seeded in the top
chambers with growth media in both cham-
bers and then incubated for 24 h at 37°C.
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FIGURE 6: EGF stimulates mTORC2 activity independently of Ras in A549 cells. pAKT(S473)
and pERK were assessed in cells pretreated with K-Ras siRNA, Pan-Ras siRNAs, or NT siRNA

across five different fields of view encom-
passing the center and edges of the
membranes.

control, and stimulated or not with 100 ng/mL EGF as described in Materials and Methods. Ras

knockdowns were verified by immunoblot. Representative immunoblots of three independent
experiments are shown. Bands were quantified by densitometry and the data on the graph
represent the ratio of pAKT(S5473)/AKT expressed as percentage of A549NT control stimulation
measured from three separate experiments + SD (n = 3). Adjusted p value: **, p <0.01. ns,

nonstatistically significant.

each well and incubating for 10 min at 37°C followed by reading
the absorbance at 540 nm.

Immunoblots

For experiments with resting cells, log-phase growing cells were col-
lected and lysed on ice in 20 mM MOPS pH 7.0, 150 mM NaCl, 10
mM MgCl,, T mM DTT, 0.5% NP-40, 10% Glycerol, 0.5 mM sodium
orthovanadate, 50 mM NaF, 10 mM B-glycerol phosphate, supple-
mented with protease inhibitors. Lysates were cleared by centrifuga-
tion and samples were mixed 1:3 with 4x Laemli sample buffer con-
taining 100 mM DTT, resolved on SDS-PAGE, and analyzed by
immunoblotting. Where indicated, cells were pretreated for 2 h with
0.1% DMSO (carrier control), 10 uM rapamycin or 10 nM PP242 at
37°C. For experiments with EGF stimulation, log-phase growing
cells were transferred to serum free media for 16 h, which was re-
placed with fresh serum-free media for 2 h before stimulation with
either PBS (carrier control) or 200 ng/mL EGF for 10 min. Cells were
then collected and lysed on ice as described above.

Wound Closure 2D Migration Assay

Cells were grown to confluency in é-well plates and scratches were
made manually using flat-tip pipette tips, removing a uniform, thin
line of cells from one end of the well to the other. Wounds were
washed to remove floating cells and contrast images were captured
using a Motic Stereo Zoom microscope to measure initial wound
sizes. The wounded cells were then incubated for 24 h at 37°C before
capturing a second set of contrast images. Cell migration distances
were determined by calculating the difference in wound sizes at the
end of the incubation using the average of five wound widths for
each wound, measured with the Motic Images Plus software. Where
indicated, cells were treated with 0.1% DMSO, 10 upM rapamycin, or
10 nM PP242, and stimulated with PBS or 200 ng/mL EGF.

8 | A.N.Werner etal.

Statistical analyses

All quantified data were graphed and ana-
lyzed in Prism using the one-way ANOVA
statistical test followed by post hoc muiltiple
comparison analysis with the Bonferroni cor-
rection. The adjusted p values are indicated
in the figure legends, and a p of 0.05 was considered the statistically
significant threshold.
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