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Significance

We provide an experimental 
framework for evaluating both 
adaptive and acquired resistance 
to RAS pathway–targeted therapies 
and demonstrate how vertical 
inhibition of RAS signaling 
enhances the effectiveness of MEK 
inhibitors in KRAS- mutated cancer 
cells. Targeting RAS pathway 
signaling intermediates SOS1 or 
KSR1 (Kinase Suppressor of RAS 1) 
inhibited tumor- initiating cell 
formation to prevent trametinib 
resistance. The contribution of 
either effector was dependent 
upon the mutational landscape: 
SOS1 inhibition synergized with 
trametinib KRASG12/G13- mutated 
cells expressing WT PI3K but not in 
KRASQ61 and/or PIK3CA- mutated 
cells. KSR1 deletion inhibited  
MEK/ERK complex stability and 
was effective in cells that are 
unresponsive to SOS1 inhibition. 
These data show that optimal 
therapeutic combinations require 
a detailed understanding of 
functional dependencies imposed 
both by allele- specific KRAS 
mutations and specific 
comutations.
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KRAS is the most commonly mutated oncogene. Targeted therapies have been developed 
against mediators of key downstream signaling pathways, predominantly components 
of the RAF/MEK/ERK kinase cascade. Unfortunately, single- agent efficacy of these 
agents is limited both by intrinsic and acquired resistance. Survival of drug- tolerant 
persister cells within the heterogeneous tumor population and/or acquired mutations 
that reactivate receptor tyrosine kinase (RTK)/RAS signaling can lead to outgrowth of 
tumor- initiating cells (TICs) and drive therapeutic resistance. Here, we show that tar-
geting the key RTK/RAS pathway signaling intermediates SOS1 (Son of Sevenless 1) or 
KSR1 (Kinase Suppressor of RAS 1) both enhances the efficacy of, and prevents resistance 
to, the MEK inhibitor trametinib in KRAS- mutated lung (LUAD) and colorectal (COAD) 
adenocarcinoma cell lines depending on the specific mutational landscape. The SOS1 
inhibitor BI- 3406 enhanced the efficacy of trametinib and prevented trametinib resist-
ance by targeting spheroid- initiating cells in KRASG12/G13- mutated LUAD and COAD 
cell lines that lacked PIK3CA comutations. Cell lines with KRASQ61 and/or PIK3CA 
mutations were insensitive to trametinib and BI- 3406 combination therapy. In contrast, 
deletion of the RAF/MEK/ERK scaffold protein KSR1 prevented drug- induced SIC 
upregulation and restored trametinib sensitivity across all tested KRAS mutant cell lines 
in both PIK3CA- mutated and PIK3CA wild- type cancers. Our findings demonstrate that 
vertical inhibition of RTK/RAS signaling is an effective strategy to prevent therapeutic 
resistance in KRAS- mutated cancers, but therapeutic efficacy is dependent on both the 
specific KRAS mutant and underlying comutations. Thus, selection of optimal thera-
peutic combinations in KRAS- mutated cancers will require a detailed understanding of 
functional dependencies imposed by allele- specific KRAS mutations.

RAS | SOS1 | KSR1 | trametinib | resistance

The RAS family of guanosine triphosphatases (GTPases) contains three paralogs, KRAS, 
NRAS, and HRAS, which are, collectively, the most frequently mutated oncogene in cancer 
(1, 2). Among those paralogs, KRAS is the most commonly mutated, found predominantly 
in pancreas adenocarcinoma (95%), lung adenocarcinoma (LUAD) (30 to 40%), and 
colorectal adenocarcinoma (COAD) (45 to 50%) (3). KRAS is commonly mutated at one 
of three mutational hotspots, G12, G13, or Q61 (4); mutation of one of these sites alters 
KRAS GTP/GDP (guanosine triphosphate / guanosine diphosphate) cycling leading to 
increased KRAS- GTP loading and hyperactivation of downstream effectors including the 
pro- proliferative RAF/MEK/ERK kinase cascade. The RAF/MAPK- ERK Kinase (MEK)/
Extracellular Signal- Regulated Kinase (ERK) kinase cascade is the critical driver of prolifer-
ation in KRAS- mutated cancers (5–9), and multiple small molecule inhibitors of each kinase 
have been evaluated in KRAS- mutated cancers (10). Of these, the MEK inhibitors trametinib 
and selumetinib are among the most promising agents (11, 12). Unfortunately, single- agent 
treatment with MEK inhibitors is largely ineffective in KRAS- mutated cancers due to both 
intrinsic (adaptive) and acquired resistance. Intrinsic resistance occurs due to the presence 
of pre- existing mechanisms that render tumor cells insensitive to that specific therapeutic 
intervention (13). For MEK inhibitors, intrinsic resistance is driven both by relief of 
ERK- dependent negative feedback of RTK−SOS−WT RAS−PI3K signaling (14–18) and 
compensatory ERK reactivation (5, 19, 20). Thus, either broad inhibition of RTK rebound 
signaling and/or deep inhibition of MEK/ERK signaling may be required to enhance the 
efficacy of MEK inhibitors to treat KRAS- mutated cancers (18, 21, 22).

Even if one is able to overcome intrinsic/adaptive resistance, treatment failure can also 
occur via acquired resistance, where resistance- conferring mutations, phenotypes, or shifts 
in oncogenic signaling that occur under selective pressure lead to tumor outgrowth after 
an initial period of drug responsiveness (13, 21).
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KRAS- mutated cancer cells treated with MEK inhibitors are 
capable of surviving targeted treatments by entering a near- quiescent 
state (5, 23), becoming drug- tolerant persister (DTP) cells (21). 
DTPs exhibit subpopulations of highly plastic cells with altered 
metabolic and drug efflux properties (21, 24) also known as 
tumor- initiating cells (TICs) in vivo or spheroid- initiating cells 
(SICs) in vitro. TICs/SICs exhibit stem- like properties, can 
self- renew and divide asymmetrically to give rise to additional cell 
types within the tumor, and may represent the sanctuary popula-
tion within the bulk tumor responsible for treatment failure and 
recurrence (25, 26). In colorectal cancer, MEK inhibition may 
increase the TIC population through promotion of stem- like sig-
naling pathways (27) and targeting TIC emergence may be 
required to circumvent acquired resistance.

KRAS- mutated cancers are addicted to RTK/RAS signaling, and 
combination therapeutic strategies that vertically inhibit RTK/RAS/
effector signaling represents an attractive approach to limiting MEK 
inhibitor–induced rebound RTK−PI3K signaling and compensatory 
ERK reactivation in KRAS- mutated cancers (5, 14–20). Upstream 
of RAS, the RAS guanine nucleotide exchange factors (RasGEFs) 
Son of Sevenless 1 and 2 (SOS1/2) regulate RTK- stimulated RAS 
activation and represent a key “stoichiometric bottleneck” for RTK/
RAS pathway signaling (28). We previously showed that SOS2 dele-
tion synergized with trametinib to inhibit anchorage- independent 
survival in KRAS- mutated cancer cells (18), but only in cells with 
WT PIK3CA. While no SOS2 inhibitors have been developed to 
date, multiple groups have developed SOS1 inhibitors with the goal 
of using these to treat RTK/RAS mutated cancers (29–35). The most 
well- characterized SOS1 inhibitor, BI- 3406, has modest single- agent 
efficacy in KRAS- mutated cells but enhanced the efficacy of the MEK 
inhibitor trametinib in KRAS- mutated xenografts (32). BI- 3406 
activity is RAS codon- specific, killing cells harboring KRASG12 and 
KRASG13mutations that are dependent upon activation by GEFs, 
but not cells harboring KRASQ61 mutations. Mutation of Q61 dra-
matically reduces intrinsic hydrolysis compared to either G12 or 
G13 mutations, promoting GEF- independent signaling (36, 37).

Downstream of RAS, Kinase Suppressor of RAS 1 (KSR1) is a 
molecular scaffold for the RAF/MEK/ERK kinase cascade that 
controls the intensity and duration of ERK signaling to dictate 
cell fate (38–40). While KSR1 is required for mutant RAS- driven 
transformation (38) and tumorigenesis (41), it is dispensable for 
normal growth and development (41–43).

Here, we demonstrate that enhanced efficacy of, and delayed 
resistance to, the MEK inhibitor trametinib can be achieved through 
vertical inhibition of RTK/RAS signaling in KRAS- mutated cancer 
cells. However, we further found that the optimal cotargeting strategy 
is dependent both on the specific KRAS allelic mutation and the 
presence of PIK3CA comutations. In KRASG12-  and KRASG13- mutated 
LUAD and COAD cells, the SOS1 inhibitor BI- 3406 synergistically 
enhanced trametinib efficacy and prevented the development of tra-
metinib resistance by targeting SICs. These effects were lost in 
KRASQ61- mutated cells or if PIK3CA is mutated. In contrast, KSR1 
knockout (KO) limited TIC/SIC survival and trametinib resistance 
in both KRASQ61- mutated cells and in KRAS- mutated COAD cells 
with PIK3CA comutations in an ERK- dependent manner. Thus, 
selection of optimal therapeutic combinations in KRAS- mutated 
cancers will require a detailed understanding of functional depend-
encies imposed by allele- specific KRAS mutations.

Results

SOS1 Inhibition Synergizes with Trametinib to Prevent Rebound 
Signaling in KRASG12/PIK3CAWT- Mutated LUAD Cells. BI- 3406 is 
a potent, selective SOS1 inhibitor previously shown to reduce 

3D proliferation of KRASG12/G13- mutated, but not KRASQ61- 
mutated, cell lines as a single agent and to enhance the efficacy of 
trametinib in KRAS- mutated xenografts (32). To characterize the 
extent to which BI- 3406 enhances the effectiveness of trametinib, 
we treated a panel of 3D spheroid cultured KRAS- mutated LUAD 
cell lines with increasing doses of BI- 3406 and/or trametinib in 
a 9×9 matrix of drug combinations and assessed for synergistic 
killing after 96 h by Bliss Independence (Fig. 1A). We found that 
in KRASG12- mutated cell lines H727 (G12V), A549 (G12S), and 
H358 (G12C), SOS1 inhibition markedly enhanced the efficacy 
of trametinib at or below the EC50 for trametinib as assessed by 
significant reductions in the EC50 of trametinib (Fig.  1A and 
SI Appendix, Fig. S1) and showed a high excess over Bliss across 
the treatment matrix indicative of drug–drug synergy (Fig. 1B).

As a single agent, the effectiveness of trametinib is blunted by 
rapid induction of RTK/PI3K signaling followed by rebound ERK 
activation due, in part, to loss of ERK- dependent negative feed-
back signaling (14, 22, 44). In KRASG12- mutated H727 and A549 
cells, BI- 3406 reduced the trametinib- induced increase in PI3K/
AKT activation in a time-  (Fig. 1C and SI Appendix, Fig. S2A) 
and dose-  (SI Appendix, Fig. S2B) dependent manner. BI- 3406 
further enhanced trametinib- induced inhibition of pERK/pRSK 
and limited rebound ERK activation (Fig. 1C and SI Appendix, 
Fig. S2 A and B). These data suggest that SOS1 inhibition blocked 
PI3K- dependent adaptive resistance to MEK inhibitors and 
decreased the effective dose at which trametinib blocked ERK 
signaling in KRASG12- mutated LUAD cells.

Consistent with the hypothesis that RTK/PI3K signaling drives 
adaptive resistance to trametinib, SOS1 inhibition did not synergize 

Fig. 1. MEK and SOS1 inhibition synergize to prevent rebound signaling in 
KRASG12/PIK3CAWT- mutated LUAD cells. (A) Heat map of cell viability (Top) and 
excess over Bliss (EOB, Bottom) for the indicated KRAS- mutated LUAD cell lines 
treated with increasing (semilog) doses of trametinib (10−10.5 to 10−7), BI- 3406 
(10−9 to 10−5.5) or the combination of trametinib + BI- 3406 under 3D spheroid 
culture conditions. The KRAS and PIK3CA mutational status of each cell line 
is indicated. Data are the mean from three independent experiments, each 
experiment had three technical replicates. (B, D, and E) The sum of excess 
over Bliss for the 9×9 matrix of cells treated with trametinib + BI- 3406 from A 
(B), KRASG12/PIK3CAWT cells expressing a WT or H1047R mutant p110α catalytic 
subunit (D), or KRASG12/PIK3CAmut- mutated LUAD cells treated with increasing 
doses of copanlisib (E). EOB > 0 indicates increasing synergy. (C) Western blots 
of WCLs of 3D spheroid cultured H727 cells treated with trametinib (10 nM) 
± BI- 3406 (300 nM) for the indicated times. Western blots are for pERK, ERK, 
pAKT (Ser 473), and AKT. (F) GDP/GTP RAS cycling in different KRAS mutations 
with the proposed SOS1 inhibitor sensitivities.
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with trametinib (Fig. 1 A and B and SI Appendix, Fig. S1) or inhibit 
rebound signaling (SI Appendix, Fig. S2) in KRASG12- mutated 
LU99A cells that harbor an activating PIK3CA comutation. To deter-
mine the extent to which mutational activation of PI3K/ATK sign-
aling was sufficient to limit the ability of SOS1 inhibition to enhance 
the efficacy of trametinib, we expressed either a wild- type or an acti-
vated form of the p110α catalytic subunit (p110αH1047R) in 
KRASG12- mutated cell lines H727 (G12V), A549 (G12S), and H358 
(G12C) lacking PIK3CA mutations that were previously shown to 
be sensitive to combined trametinib/BI- 3406 treatment (SI Appendix, 
Fig. S3A). Expression of p110αH1047R, but not wild- type p110α, 
abrogated synergy between trametinib and BI- 3406 in all three cell 
lines (Fig. 1D and SI Appendix, Fig. S3 A and B). To determine the 
extent to which activated phosphatidylinositol 3- kinase (PI3K) sig-
naling was necessary to limit trametinib/BI- 3406 synergy in LU99A 
cells, we treated LU99A cells with increasing doses of the PI3K inhib-
itor copanlisib in combination with increasing doses of BI- 3406 and/
or trametinib in a 9×9 matrix of drug combinations. We found that 
PI3K inhibition caused a dose- dependent sensitization of the 
KRASG12C/PIK3CA mutated LU99A cells to the combination of 
trametinib and BI- 3406 (Fig. 1E and SI Appendix, Fig. S4). These 
data suggest a role for SOS1 in adaptive resistance to trametinib in 
a PI3K- dependent manner.

SOS1 inhibition also failed to synergize with trametinib (Fig. 1 
A and B and SI Appendix, Fig. S1) or alter activation of RAF/
MEK/ERK or PI3K/AKT signaling in a time-  or dose- dependent 
manner (SI Appendix, Fig. S4) in KRASQ61- mutated LUAD cell 
lines regardless of PIK3CA mutation status, confirming previous 
studies where SOS1 inhibition is only effective in KRAS- mutated 
cancer cells where KRAS cycles between the GTP-  and GDP- bound 
state (Fig. 1F) and (32). To confirm whether the effects of SOS1 
inhibition were due to inhibition of RAS signaling, we further 
assessed the relative levels of active RAS in NT and SOS1 KO cells 
treated with BI- 3406 for 24 h (SI Appendix, Fig. S5). Indeed, 
SOS1 KO or BI- 3406 treatment decreased the levels of active RAS 
only in KRASG12- mutated cells where mutant KRAS actively cycles 
between an active and inactive state, but not in KRASQ61- mutated 
cells where mutant KRAS cycles independently of RAS- GEF activ-
ity (Fig. 1F and SI Appendix, Fig. S5). BI- 3406 treatment had no 
additional effect on the levels of active RAS in SOS1 KO cells, 
confirming the specificity of BI- 3406 toward SOS1 (SI Appendix, 
Fig. S5).

Combination Therapy with MEK and SOS1 Inhibition Targets 
Trametinib- Induced SIC Outgrowth. Single- agent therapy with 
EGFR Tyrosine Kinase Inhibitors increases SIC populations in 
NSCLC (45). We found that MEK inhibitors similarly expand 
SIC populations in KRAS- mutated LUAD cells (Fig. 2). Aldehyde 
dehydrogenases (ALDH) are enzymes that oxidize aldehydes (46, 
47) and have been proposed as a functional marker of cancer 
stem cells that detoxify the effects of therapy- induced oxidative 
stress to promote survival of LUAD stem cells (48–51). Most 
NSCLC cell lines have a subpopulation of cells exhibiting 
elevated ALDH activity, although the absolute abundance 
of ALDH+ cells between different NSCLC cell lines does not 
directly correlate with differences in clonogenicity between cell 
lines of distinct origins (50). However, within a given LUAD 
cell line, isolated ALDH+ cells show increased clonogenicity (50, 
52–54) and resistance to conventional and targeted therapies (54, 
55), and conversely, depletion or inhibition of ALDH reduces 
clonogenicity (47, 48, 54). Further, the frequency of cells showing 
increased ALDH activity increases in DTP cells that survive 
EGFR- targeted therapies in EGFR- mutated LUAD (55, 56). We 
thus first assessed the extent to which MEK inhibition changed 

the frequency of ALDH+ cells as a measure of cells responding to 
increased oxidative stress in KRASG12- mutated PIK3CAWT cells. 
MEK inhibitors trametinib and selumetinib caused a >threefold 
increase in the frequency of ALDH+ cells in H727, A549, and 
H358 cells (Fig.  2A and SI  Appendix, Fig.  S6A). We used an 
Extreme Limiting Dilution Analysis (ELDA) in H727, A549, 
and H358 cells to assess spheroid growth in 96- well ultra- low 
attachment plates and determine the frequency of SICs. ELDAs 
were performed 72 h after MEK inhibition with trametinib or 
selumetinib and assessed after 7 to 10 d for SIC outgrowth. ELDA 
results demonstrated a twofold- to- threefold significant increase in 
SIC frequency in MEK- inhibitor- treated cells in comparison to 
untreated cells (Fig. 2B).

SOS1 inhibition was effective in blocking adaptive resistance and 
enhancing the efficacy of trametinib (Fig. 1), leading us to assess 
whether SOS1 KO would be able to kill persister cells in 
KRAS- mutated LUAD cells. Compared to NT control cells, SOS1 
KO caused a threefold- to- fivefold significant decrease in SIC fre-
quency in KRASG12- mutated/PIK3CAWT cells (Fig. 2C). SOS1 inhi-
bition with BI- 3406 decreased SIC frequency in a dose- dependent 
manner, with the greatest effect found at 300 nM, in H727 and 
A549 cells (Fig. 2C and SI Appendix, Fig. S6B). Since SOS1 was 
required for SIC survival, we hypothesized that SOS1 inhibition 
would also limit the survival of the increased SICs present following 
MEK inhibition. To test this hypothesis, we pretreated cells with 
two doses of trametinib (Fig. 2E) or selumetinib (SI Appendix, 
Fig. S6C) and used these cells to examine the extent to which SOS1 
inhibition could limit survival of MEK inhibitor–induced SICs. We 
found that in H727, A549, and H358 cells, SOS1 inhibition tar-
geted and significantly decreased the MEK- induced increase in SIC 
frequency, causing a 5- 10- fold significant decrease in SICs in 
MEK- inhibitor treated cells (Fig. 2E and SI Appendix, Fig. S6C). To 
determine the extent to which SOS1 is necessary for the 
MEK- inhibitor induced increase in SIC frequency, we pretreated 
NT control or SOS1 KO cells with trametinib for 72 h and assessed 
SIC frequency by in vitro ELDA. SOS1 KO both decreased the 
intrinsic frequency of SICs and inhibited trametinib- induced SIC 
outgrowth (SI Appendix, Fig. S7), further supporting that SOS1 
inhibition directly targeted SIC outgrowth. Further, SOS1 inhibi-
tion showed no added benefit in SOS1 KO cells (SI Appendix, 
Fig. S7B), confirming the specificity of SOS1 inhibition in limiting 
SIC survival. These findings support our hypothesis that BI- 3406 
can be used to enhance the efficacy of trametinib and prevent the 
development of resistance in the presence of KRASG12/G13- mutated 
LUAD cells without a PIK3CA mutation.

SOS1 KO and drug sensitivity is dependent upon the mutational 
profile of LUAD cells. SOS1 KO had no effect on SIC frequency 
in KRASG12/PIK3CAmut (LU99A) cells or KRASQ61- mutated cells 
that are either PIK3CA wild- type (Calu6) or PIK3CA mutant 
(H460) (Fig. 2C). In KRASQ61K/PIK3CAWT Calu6 cells, trametinib 
increased SIC frequency twofold- to- threefold; however, trametinib 
did not cause a significant increase in SICs in cells harboring a 
PIK3CA mutation (LU99A, H460) (Fig. 2E). These data suggest 
that trametinib- induced RTK–PI3K signaling, regulated by SOS1, 
may drive SIC outgrowth.

Similar to the regulation of trametinib/BI- 3406 synergy by 
PI3K pathway mutation status observed in Fig. 1, mutational 
activation of PI3K signaling was both necessary and sufficient to 
limit both trametinib- induced changes in SIC frequency and to 
limit SOS1- dependent regulation of SICs. Trametinib pretreat-
ment did not increase the frequency of SICs in H727, A549, and 
H358 (PIK3CAWT) cells expressing an activated form of the p110α 
catalytic subunit (p110αH1047R), and the SICs in these cells were 
insensitive to SOS1 inhibition (Fig. 2F and SI Appendix, Fig. S8). 
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In LU99A cells harboring a PIK3CA mutation, the PI3K inhibitor 
copanlisib caused a dose- dependent increase in SIC frequency and 
restored the sensitivity cells to BI- 3406 (Fig. 2G). Further, copan-
lisib/trametinib cotreatment increased the SIC frequency in 
LU99A cells which was blocked by the SOS1 inhibitor BI- 3406 
(Fig. 2G). These data suggest that SOS1 regulates SICs in a 
PI3K- dependent manner.

KSR1 KO Restores Trametinib Responsiveness and Inhibits 
SIC Survival in KRAS/PIK3CA- Comutated LUAD Cells. The RAF/
MEK/ERK scaffold protein, KSR1, is a positive regulator of ERK- 
dependent signaling in RAS- mutant cancers but dispensable to the 
growth of untransformed cells and could therefore be a promising 
therapeutic target downstream of oncogenic RAS (38, 40, 57). 
Structural analysis reveals that trametinib binds to the MEK- 
KSR complex (58). In KRASQ61/PIK3CAmut cells, RAS cycles 
independently of SOS1, and SOS1 inhibition does not synergize 
with trametinib (Fig. 1 A and B) or suppress SICs (Fig. 2E). We 
sought to determine whether inhibition of signaling downstream 
of RAS via KSR1 disruption affects SIC survival and trametinib 
sensitivity in KRASQ61H/PIK3CAmut H460 LUAD cells. CRISPR/
Cas9- mediated KO of KSR1 reduced TIC frequency fourfold 
by in vivo ELDA, demonstrating that KSR1 regulates the TIC 
populations in H460 cells (Fig. 3A). KSR1 KO sensitized H460 
cells to trametinib and selumetinib in a dose- dependent manner 
under both 2D (adherent) and 3D (spheroid) culture conditions 
(Fig. 3 B and C and SI Appendix, Fig. S9). To directly determine 
whether KSR1 KO enhances trametinib- induced killing of H460 

cells, we assessed loss of membrane integrity that is associated with 
cell death using a CellTox Green Cytotoxicity Assay. Trametinib 
caused a dose- dependent increase in CellTox green staining, 
which occurred at lower doses and a greater overall magnituded 
of staining on a per cell basis in KSR1 KO cells compared to 
either NT controls or cells in KSR1 KO cells expressing a KSR1 
transgene (Fig. 3C). In trametinib treated cells, KSR1 KO both 
inhibited compensatory ERK/RSK/S6 reactivation (Fig. 3D and 
SI Appendix, Fig. S10A) and synergized to inhibit ERK/RSK/S6 
signaling in a dose- dependent manner (Fig. 3E and SI Appendix, 
Fig. S10B).

Since KSR1 is a scaffold protein for the RAF/MEK/ERK complex 
(38, 42), we used a MEK/ERK proximity ligation assay (PLA) (20, 
59, 60) to assess the extent to which KSR1 KO enhanced trametinib 
responses by uncoupling MEK from ERK. In NT H460 cells, both 
the size and number of MEK/ERK complexes were significantly 
reduced at trametinib doses greater than 10 nM leading to a marked 
decrease in the overall area of MEK/ERK clusters per cell (Fig. 3  
F and G and SI Appendix, Fig. S11). While KSR1 KO alone did not 
alter MEK/ERK interactions, KSR1 KO led to a greater than 10- fold 
reduction in the dose of trametinib required to inhibit MEK/ERK 
complexes in situ (Fig. 3 F and G and SI Appendix, Fig. S11), which 
was rescued by ectopic KSR1 expression. To determine whether 
bypassing KSR1- dependent MEK- ERK scaffolding could restore 
clonogenicity in KSR1 KO cells, we  ectopically expressed either a 
WT ERK2- MEK1 fusion protein or a ERK2- MEK1 fusion with 
a nuclear localization sequence (ERK2- MEK1 LA) that is trans-
forming in fibroblasts (61). Similar to the reduction in TICs 

Fig. 2. SOS1 inhibition prevents trametinib- induced SIC outgrowth. (A) Aldefluor staining for ALDH enzyme activity in DEAB negative control (DEAB), untreated 
H727 cells, or H727 cells treated with 100 nM trametinib or selumetinib for 72 h. (B–G) SIC frequency from in situ ELDAs of the indicated cell lines pretreated with 
100 nM trametinib or selumetinib for 72 h (B), cells where SOS1 has been knocked out vs. nontargeting controls (C), H727 cells treated with the indicated doses 
of BI- 3406 (D), cells pretreated with trametinib for 72 h to upregulate TICs and then left untreated or treated with BI- 3406 (E), cells expressing WT or H1047R 
mutant p110α pretreated with trametinib for 72 h to upregulate TICs and then left untreated or treated with BI- 3406 (F), LU99A cells treated with the indicated 
dose of copanlisib alone (Left) or pretreated with 100 nM trametinib ± the indicated dose of copanlisib for 72 h to upregulate TICs and then left untreated or 
treated with BI- 3406 (G). #P < 0.05 vs. untreated; ##P < 0.01 vs. untreated for TIC upregulation by MEK inhibitor treatment vs. untreated controls. *P < 0.05 vs. 
untreated; **P < 0.01 for TIC inhibition by BI- 3406 treatment compared to untreated controls; ^P < 0.05, ^^P < 0.01 vs. untreated for copanlisib treated cells. 
Data are representative of three independent experiments.

http://www.pnas.org/lookup/doi/10.1073/pnas.2313137120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2313137120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2313137120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2313137120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2313137120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2313137120#supplementary-materials
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observed by KSR1 KO in vivo (Fig. 3A), KSR1 KO significantly 
reduced single- cell clonogenicity of H460 cells which was rescued 
by ectopic KSR1 (Fig. 3H and SI Appendix, Fig. S12). Ectopic 
expression of the ERK2- MEK1 fusion similarly restored H460 
clonogenicity in KSR1 KO cells, which was further increased by the 
transforming ERK2- MEK1 LA construct. These data demonstrate 
that inhibition of signaling distal to RAS, via KSR1 KO, depletes 
SICs and enhances trametinib responsiveness in KRASQ61H/
PIK3CAMUT H460 cells via loss of KSR1 scaffolding of the MEK/
ERK complex.

In COAD, KSR1 KO Prevents Trametinib- Induced SIC Increase 
Regardless of PIK3CA Mutational Status. While PIK3CA/KRAS 
comutations are relatively rare in LUAD, they commonly co- 
occur in COAD, with approximately one third of KRAS- mutated 
COADs harboring coexisting PIK3CA mutations. We sought to 
test the extent to which the KRAS/PIK3CA genotype sensitivity 
to SOS1 and KSR1 ablation we observed in LUAD would remain 
true in COAD. Therefore, we generated CRISPR/Cas9- mediated 
KO of KSR1 in four COAD cell lines with varying PIK3CA status: 
SW480 (KRASG12C/PIK3CAWT) LoVo (KRASG13D/PIK3CAWT), 
LS174T (KRASG12D/PIK3CAmut), and T84 (KRASG13D/PIK3CAmut). 
In vitro ELDAs performed with KSR1 KO in the four COAD cell 
lines demonstrated a twofold- to- threefold significant decrease in 
SIC frequency compared to NT cells. Further, KSR1 KO prevented 
the trametinib- induced increase in SIC in the four COAD cell 

lines (Fig. 4 A and B), demonstrating that the KSR1 effect on 
SICs in COAD is independent of PIK3CA mutational status. 
Further, treatment with BI- 3406 in NT cells prevented trametinib- 
induced SIC increase in the cell lines with wild- type PI3KCA status 
(SW480 and LoVo), but not in PI3KCAmut cell lines (LS174T and 
T84), consistent with our LUAD findings (Fig. 2E). In KSR1 KO 
cells, combination of trametinib with BI- 3406 did not further 
affect SIC frequency, concordant with SOS1 acting upstream of 
KSR1 in the RTK/RAS pathway (SI Appendix, Fig. S13).

KSR1 Regulation of SIC Survival in KRAS- Mutated COAD Is 
Dependent on Interaction with ERK. KSR1 mediates ERK- 
dependent signaling in transformed and untransformed cells via 
direct interaction between its DEF domain and ERK (40, 62, 63). 
A KSR1 transgene deficient in binding ERK due to engineered 
mutation in the DEF- domain, KSR1AAAP (40), was expressed in 
KSR1 KO colorectal adenocarcinoma cell line HCT116 (Fig. 5A), 
which rescued decreased MEK but not ERK phosphorylation in 
KSR1 KO cells (SI Appendix, Fig. S14). Expression of KSR1AAAP 
in KSR1 KO cells failed to rescue ALDH activity, single- cell 
clonogenicity, or anchorage- independent growth by soft agar assay 
to the level observed with wild- type KSR1 addback, demonstrating 
the necessity of ERK interaction on KSR1 regulation of SICs 
(Fig. 5 B–D). Single- cell clonogenicity and growth in soft agar were 
assessed because, similar to H460 cells, HCT116 cells showed a 
very high (>50%) SIC frequency by in situ ELDA. To assess KSR1 

Fig. 3. KSR1 KO inhibits TIC survival and enhances sensitivity to trametinib in KRASQ61- mutated LUAD cells. (A) In vivo limiting dilution analysis data showing TIC 
frequency in H460 (KRASQ61H/PIK3CAMUT) cells. The indicated numbers of cells were injected into the shoulder and flank of NCG mice (Charles River). Tumors were 
scored at 30 d. (B and C) EC50 values (B) and trametinib dose- response curve indicating % cell viability (GellTitre Glo, left axis) and relative cell death (CellTox 
Green, right axis) (C) for H460 cells treated with the indicated concentrations of trametinib in anchorage- independent (3D) conditions for 72 h. Vertical dashed 
lines show the intersection of viability and death curves for each population; KSR1 KO or addback lines are shown for comparison. (D and E) Western blots of 
WCLs from H460 cells treated with trametinib (100 nM) for the indicated times (D) or with the indicated dose of trametinib for 24 h (E). Western blots are for 
pERK and ERK. (F) PLA assessing MEK- ERK complex stability in H460 cells treated with the indicated dose of trametinib for 24 h; red = MEK- ERK complexes, blue 
= DAPI. (G) Quantification of the total area of MEK- ERK clusters from PLA in F. Each individual point represents a cell, data are quantified from >20 cells from 
three fields from three independent experiments. (H) Single- cell colony- forming assays for NT vs. KSR1 KO H460 cells expressing the indicated ERK2- MEK1 fusion 
proteins. Cells were single- cell plated in nonadherent conditions, and colony formation was scored at 14 d by CellTitre Glo. Each individual point represents 
a colony. Western blots for KSR1 and β- actin in each cell population are shown in A. *P < 0.05; ***P < 0.001 vs. nontargeting controls; #P < 0.05, ##P < 0.01,  
###P < 0.001 vs. KSR1 KO.

http://www.pnas.org/lookup/doi/10.1073/pnas.2313137120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2313137120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2313137120#supplementary-materials
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function in a preclinical setting, an in vivo limiting dilution analysis 
was performed. Notably, a 70- fold decrease in the proportion of 
TICs was found in the KSR1 KO cells compared to those with NT 
cells, demonstrating the significant impact of KSR1 on TICs in 
COAD (Fig. 5E). KSR1 KO further inhibited trametinib- induced 
upregulation of clonogenicity, which was rescued by WT KSR1 
expression but not the KSR1AAAP ERK binding mutant (Fig. 5F). 
A more extensive single- cell clonogenicity assay assessing growth 
in the HCT116 cells treated with two doses of trametinib further 
demonstrated that only in those cells that possess KSR1 did 
trametinib have an effect, while KSR1 KO and KSR1AAAP cells that 
lack the ability to bind ERK were insensitive to the SIC- inducing 
capabilities of trametinib (Fig. 5F).

SOS1 or KSR1 Disruption Prevent Trametinib Resistance in KRAS- 
Mutated Cells. To assess the effect of SOS1 or KSR1 disruption 
on outgrowth of trametinib- resistant cells, we utilized multiwell 
in situ resistance assays (64) in which cells are grown on a 96- 
well plate and treated with trametinib alone or in combination 
with BI- 3406. Wells are scored twice weekly to assess for 50% 
confluency or more to determine the presence of resistance. 
Of the five LUAD cell lines tested, SOS1 inhibition with BI- 
3406 prevented outgrowth of trametinib- resistant cells in H727 

(KRASG12V/PI3KCAWT) and H358 cells (KRASG12C/PI3KCAWT), 
but not in LUAD cell lines with either a PIK3CA comutation 
(LU99A), KRASQ61 mutation (Calu6), or both (H460) (Fig. 6 
A–E). In contrast, KSR1 KO was able to prevent outgrowth of 
trametinib- resistant cells in H460 LUAD cells (Fig. 6F) and in 
the HCT116 COAD cell line (KRASG13D/PIK3CAmut) (Fig. 6G). 
To determine whether interaction with ERK was necessary for the 
KSR1 effect on trametinib resistance, we further tested whether 
expression of ERK- binding mutant KSR1AAAP in KSR1 KO cells 
could rescue trametinib- resistant outgrowth. KSR1AAAP partially 
restored outgrowth relative to KSR1 KO cells while wild- type 
KSR1 completely restored outgrowth (Fig. 6F), suggesting KSR1 
interaction with ERK affects trametinib resistance but may be 
occurring in combination with other KSR1- dependent effects.

Discussion

Within the RTK/RAS pathway, there is a hierarchical dependency 
on downstream signaling pathways depending upon the specific 
RAS mutation, with KRAS predominantly signaling downstream 
to the RAF/MEK/ERK pathway (9, 65–68). Thus, targeting MEK 

Fig. 4. KSR1 KO and SOS1 inhibition show differential inhibition of basal and 
trametinib- induced SICs in KRAS- mutated COAD cells. (A) SIC frequency from 
in situ ELDAs in the indicated COAD cell lines pretreated with trametinib for 72 h  
to upregulate SICs, and then left untreated or treated with the SOS1 inhibitor 
BI- 3406. The KRAS and PIK3CA mutational status for each cell line is indicated. 
(B) SIC frequency from in situ ELDAs in the indicated NT and KSR1 KO COAD 
cells pretreated with trametinib for 72 h. Western blots of WCLs for KSR1 and 
β- actin are shown on the Right. #P < 0.05 vs. untreated; ##P < 0.01 vs. untreated 
for SIC upregulation by MEK inhibitor treatment vs. untreated controls.  
**P < 0.01 for SIC inhibition by BI- 3406 treatment compared to untreated 
controls. ^P < 0.05; ^^P < 0.01 for KSR1 KO compared to untreated controls. 
Data are representative of three independent experiments.

Fig. 5. KSR1 regulation of TICs/SICs in COAD is dependent on interaction 
with ERK and relevant in vivo. (A) Western blot for KSR1 and β- actin loading 
controls from WCLs of HCT116 (KRASG13D/PIK3CAmut) NT, KSR1 KO, KSR1 KO + 
KSR1 addback, and KSR1 KO+ERK- binding mutant KSR1 (KSR1AAAP) addback 
cells. (B) Aldefluor staining for ALDH enzyme activity in the indicated cells 
including a DEAB negative control. (C) Single- cell colony- forming assays. Cells 
were single- cell plated in nonadherent conditions, and colony formation was 
scored at 14 d by CellTitre Glo. Each individual point represents a colony. (D) 
Soft agar colony- forming assay. A total of 1 × 103 cells per well were plated in 
0.4% agar, and colony formation was scored at 28 d. (E) In vivo limiting dilution 
analysis data showing frequency of TICs in nontargeting control (NT) and KSR1 
KO HCT116 COAD cells. The indicated numbers of cells were injected into the 
shoulder and flank of NCG mice (Charles River). Tumors were scored at 30 d. 
(F) Single- cell colony- forming assay in H460 cells pretreated with the indicated 
doses of trametinib for 72 h. Cells were single- cell plated in nonadherent 
conditions, and colony formation was scored at 14 d by CellTitre Glo. Each 
individual point represents a colony. ##P < 0.01, ###P < 0.001 vs. untreated 
for SIC upregulation by MEK inhibitor treatment vs. untreated controls;  
***P < 0.001, ****P < 0.0001 for TIC/SIC inhibition by KSR1 KO vs. controls; 
^^^P < 0.001, ^^^^P < 0.0001 vs. KSR1 KO.
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is an attractive option for treating patients with KRAS- mutated 
tumors. Unfortunately, trametinib monotherapy is largely ineffec-
tive due both to the loss of ERK- dependent negative feedback 
control of RTKs [adaptive resistance (5, 14–19, 21, 22)] as well 
as subsequent selection of TICs through therapeutic- pressure over- 
time [acquired resistance (5, 13, 21, 23)]. Previous studies designed 
to identify MEK inhibitor cotargets have identified combinations 
that can overcome adaptive resistance (22, 32, 69, 70) but have 
not examined the extent to which these combinations may prevent 
the acquisition of acquired resistance. Here, we provide an exper-
imental framework for evaluating both adaptive and acquired 
resistance to RTK/RAS pathway–targeted therapies and use this 
framework to show that vertical inhibition of RTK/RAS signaling 
can enhance the overall effectiveness of MEK inhibitors in KRAS- 
mutated cancer cells.

Essential to building this framework is having reliable experi-
mental approaches that model each step of the evolution of a cancer 
cell due to therapeutic pressure and then to use this framework 
when assessing drug combinations. The ideal drug combination 
would i) enhance the efficacy of an oncogene- targeted therapy to 
overcome intrinsic/adaptive resistance, ii) limit the survival of 
TICs, which are the subset of DTP cells capable of driving acquired 
resistance, and iii) delay the onset of and/or block the development 
of resistant cultures. To examine the extent to which combination 
therapies enhance the efficacy of an oncogene- targeted therapy to 
overcome intrinsic/adaptive resistance in KRAS- mutated cancers, 
we assess drug–drug synergy in 3D spheroid cultures (Fig. 1). 3D 
culture conditions are essential to the assessment of drug–drug 
synergy in RTK/RAS- mutated cancers. KRAS- mutated cell lines 
originally classified as KRAS- independent in 2D adherent culture 

(71–75) require KRAS expression (76–79) or become sensitized 
to KRASG12C inhibitors (80) in 3D culture conditions. Further, 
we and others have shown that inhibition or deletion of proximal 
RTK signaling intermediates SOS1 (31, 32, 81), SOS2 (18, 68), 
and SHP2 (22, 81–83) inhibit proliferation of RTK/RAS mutated 
cancers and synergize with therapies targeting the RTK/RAS path-
way, but only under 3D culture conditions. To assess enrichment 
of SICs within the therapy- tolerant persister cell population and 
the extent to which combination therapies can block this enrich-
ment, we perform ELDAs (9, 84) in 3D culture conditions 
(Figs. 2–4) that allow us to estimate the frequency of SICs within 
a cell population and show increased SIC frequency when 
KRAS- mutated cells are pretreated with trametinib. This enrich-
ment of SICs upon trametinib treatment confirms that beyond 
adaptive resistance, there is likely underlying molecular heteroge-
neity in KRAS- mutated cancers associated with DTP cells that 
allow for acquired resistance to trametinib over time. To assess the 
extent to which therapeutic combinations limit the development 
of acquired resistance, we use in situ resistance assays that our lab-
oratory developed as a hybrid approach that combines elements 
of time- to- progression assays (70, 85) and cell outgrowth assays 
originally described by the Jänne laboratory (86, 87). These lon-
gitudinal studies of acquired resistance act as a cell- culture surro-
gate of multi- individual trials that should be performed prior to 
testing therapeutic combinations in vivo (64).

Using this framework, we found SOS1 inhibition using BI- 3406 
both enhanced the efficacy of trametinib by preventing reactivation 
of AKT and ERK signaling and prolonged the therapeutic window 
of trametinib by targeting SICs and thereby preventing the devel-
opment of acquired resistance in KRASG12/G13- mutated LUAD and 
COAD cells. However, the effectiveness of BI- 3406 was lost either 
in KRASQ61- mutated cells or in cells harboring PIK3CA comuta-
tions. For KRAS- mutated cells harboring PIK3CA comutations, 
constitutive PI3K- AKT signaling bypasses the RTK- dependent 
PI3K activation that normally occurs due to loss of ERK- dependent 
negative feedback after trametinib treatment, thereby abrogating 
the ability of proximal RTK pathway inhibitors including SOS1 
to synergizes with trametinib. These data are further consistent with 
our previous studies showing that SOS2 was required for mutant 
KRAS- driven transformation, but that transformation could be 
restored in Sos2 KO cells by expression of activated PI3K (18).

In KRASQ61- mutated cells, the inability of SOS1 inhibitors to 
synergize with trametinib is likely due to the heterogeneous molec-
ular behavior of codon- specific KRAS mutations with regard to 
GTP/GDP cycling (Fig. 1G and SI Appendix, Fig. S5) (88); while 
G12, G13, and Q61 mutants all show reduced GAP- dependent 
GTP hydrolysis, Q61 mutants that show dramatically reduced 
intrinsic GTP- hydrolysis compared to G12/G13. The extremely 
low level of GTP hydrolysis (KRAS inactivation) seen in Q61 
mutants makes them much less dependent on RASGEFs for their 
continued activation compared to G12/G13 mutants (36, 37). 
Indeed, others have shown that SHP2 and SOS1 inhibitors 
enhance the killing effects of MEK inhibitors in KRASG12-  and 
KRASG13- mutated, but not KRASQ61- mutated, tumors (22, 32). 
Since the ineffectiveness of MEK inhibitors has been attributed 
not only to feedback RTK–PI3K signaling but also to compensa-
tory ERK reactivation (5, 19, 20), we asked whether deletion of 
the RAF/MEK/ERK scaffold KSR1 could cause deep ERK inhi-
bition and enhance the effectiveness of trametinib in KRAS- mutated 
cancer cells that were insensitive to SOS1 inhibition.

We found that in KRASQ61/PIK3CA mutated LUAD cells, 
which would be the least sensitive to SOS1 inhibition, KSR1 KO 
synergized with trametinib to inhibit ERK signaling, thereby lim-
iting survival and significantly decreasing TIC frequency in vivo. 

Fig. 6. SOS1 inhibition and KSR1 KO delay outgrowth of trametinib- resistant 
cells in multiwell resistance assays depending upon the KRAS mutational 
status. Multiwell resistance assay was performed as outlined in the Materials 
and Methods. (A–E) Trametinib resistance in KRASG12/PIK3CAWT H727 (A) and 
H358 (B), KRASG12/PIK3CAMUT LU99A (C), KRASQ61/PIK3CAWT Calu6 cells treated 
with trametinib (D), or KRASQ61/PIK3CAWT H460 cells (E) treated with an EC85 dose 
of trametinib with and without SOS1 inhibitor BI- 3406. (F and G) Trametinib 
resistance in control and KSR1 KO KRASQ61K- mutated/PIK3CAMUT H460 LUAD cells 
(F) and KRASG13D- mutated/PIK3CAMUT HCT116 COAD cells (G). In (G), rescue of 
KSR1 KO using either WT KSR1 or a KSR1AAAP ERK- binding mutant on trametinib 
resistance was also tested. Data from N = 3 independent experiments were 
combined to generate Kaplan–Meier curves. ***P < 0.001 vs. single- drug 
treatment (A–E) or NT controls (F–G).

http://www.pnas.org/lookup/doi/10.1073/pnas.2313137120#supplementary-materials
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Although PIK3CA comutations are rare in KRAS- mutated LUAD, 
they commonly occur in COAD (89, 90). Thus, we shifted our 
assessment of KSR1 KO to COAD cells, where we found KSR1 
KO inhibited the trametinib- induced enrichment of SICs in 
KRAS- mutated COAD cells regardless of PIK3CA mutation sta-
tus. We further showed that these effects were due to KSR1 scaf-
folding function, as an ERK- binding mutant (KSR1AAAP) failed 
to rescue SIC properties (aldeflour staining, soft agar growth, 
clonogenicity) compared to a WT KSR1 transgene.

This finding is consistent with KSR1 function as a RAF/MEK/
ERK scaffold and with our previous studies showing KSR1- ERK 
signaling is essential to mutant RAS- driven transformation (38, 
40, 91–93). Here, we extend our understanding of KSR1 scaffold-
ing to show that it is essential to therapeutic responses; we showed 
that MEK- ERK complex stability is lost in KSR1 KO cells, increas-
ing the sensitivity to the MEK inhibition of trametinib. These 
findings, when coupled to our previous data showing that PI3K/
AKT signaling was independent of KSR1 (38, 40) and KSR1 
depletion inhibited transformation in KRAS/PIK3CA comutated 
COAD cells (91–93), give further support to compensatory ERK 
reactivation as a key component of adaptive resistance to tra-
metinib that can be inhibited by targeting KSR1. Further, the 
finding that Ksr1−/− mice are phenotypically normal but resistant 
to cancer formation (41, 42) highlights the potential of targeting 
KSR1 to achieve a high therapeutic index. A recently developed 
KSR inhibitor increased the potency of MEK inhibitors, demon-
strating that the use of KSR and MEK inhibitors may be a prom-
ising combination therapeutic strategy (58).

In addition to overcoming intrinsic/adaptive resistance, optimal 
combination therapies would also delay the development of acquired 
resistance and prolong the window of efficacy for trametinib treat-
ment. Unfortunately, most studies of resistance to RTK/RAS path-
way inhibitors including trametinib focus either on synthetic 
lethality during a short treatment window (0 to 28 d) (17, 22, 23, 
69, 94) or study resistance in a few cell lines established by 
dose- escalation over several months (95) rather than determining 
the extent to which combination therapies can delay the onset of 
acquired resistance. Using in situ resistance assays to assess acquired 
resistance to RTK/RAS pathway inhibitors in large cohorts of cell 
populations (64), we found that SOS1 inhibition inhibited the 
development of trametinib resistance in KRASG12- mutated LUAD 
cells, which represent the majority of KRAS- mutated LUADs. 
Mutations in RTK/RAS pathway members, including KRAS, occur 
in 75 to 90% of LUAD, and RTK pathway activation is a major 
mechanism of acquired resistance in LUADs with EGFR mutations 
(96–105), mutations in alternative RTKs (106–115), or KRASG12 
(116–118) or non- G12C (14–18) mutations likely due to RTK/
RAS pathway addiction in these tumors (107, 119–122). In addition 
to SOS1, the RASGEF SOS2 and the phosphatase/adaptor SHP2 
represent proximal RTK signaling intermediates and potential ther-
apeutic targets whose inhibition may limit resistance to RTK/RAS 
pathway inhibitors in LUAD. In parallel studies, we found that 
inhibiting proximal RTK signaling by either SHP2 inhibition (64) 
or SOS2 deletion (123) delayed or inhibited the development of 
osimertinib resistance in EGFR- mutated LUAD cells. Based on these 
data, we propose proximal RTK inhibition as a therapeutic strategy 
to delay resistance to RTK/RAS pathway–targeted therapies in a 
majority of LUADs. However, SOS1 inhibition failed to inhibit 
resistance in cells with either KRASQ61 mutations or with co- occurring 
PIK3CA mutations. In these settings, we found that KSR1 KO sig-
nificantly reduced the number of trametinib- resistant colonies sug-
gesting that targeting KSR1 may be a better approach in these genetic 
backgrounds. While co- occurring KRAS and PIK3CA mutations are 

rare in LUAD, ~1/3 of KRAS- mutated colorectal cancers harbor 
PIK3CA mutations. Thus, we propose that KSR1 may be a better 
cotherapeutic target compared to SOS1 in COAD.

Our study provides a framework for evaluating and selecting 
optimal combination therapies to limit both intrinsic/adaptive and 
acquired resistance to RTK/RAS pathway–targeted therapies. Using 
this framework, we demonstrated that either SOS1 inhibition or 
KSR1 disruption can increase the efficacy of trametinib and prevent 
both intrinsic and acquired resistance with genotype- specificity; 
SOS1 inhibition was more effective in cells harboring KRASG12/G13 
mutations with wild- type PIK3CA, whereas KSR1 KO was more 
effective in cells with co- occurring PIK3CA mutations. While strat-
egies to inhibit KSR1 are still under development (58, 124), SOS1 
inhibitors are currently being evaluated in Phase1/2 studies for 
treatment of KRAS- mutated cancers either alone or in combination 
with trametinib or KRASG12C inhibitors [NCT04111458; 
NCT04975256; NCT05578092]. Our finding that SOS1 inhib-
itors delay resistance to trametinib only in KRASG12/G13- mutated 
cells that lack PIK3CA comutations has implications for under-
standing which patient populations will likely benefit from com-
bined SOS1/MEK inhibition and should inform future clinical trial 
design for SOS1 inhibitor combinations.

Materials and Methods

Cell Culture. Lung and colon cancer cell lines were purchased from ATCC or JCRB 
(LU99A). Cell lines were cultured at 37 °C and 5% CO2. Cells were passaged in 
either RPMI (H727, A549, H358, LU99A, H460) or DMEM (Calu6, H650, H1155, 
SW620, SW480, LS174T, LoVo, T84, HCT116) supplemented with 10% FBS and 
1% penicillin/streptomycin. All other cell culture experimental methods, as well 
as all other experimental methods, are provided in SI Appendix.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.

ACKNOWLEDGMENTS. We thank the University of Nebraska Medical Center 
(UNMC) Cell Analysis Facility and UNMC Animal Facility. We thank Gordon Mills 
(MD Anderson Cancer Center, Houston, TX), Christopher Vakoc (Cold Spring Harbor 
Laboratory, Cold Spring Harbor, NY) and Melanie Cobb (UT Southwestern, Houston, 
TX) for plasmids. We thank Jeremy Smyth (Uniformed Services University, Bethesda, 
MD) for help with microscopy. This work was supported by funding from the National 
Institutes of Health (NIH) (R01 CA255232 and R21 CA267515 to R.L.K. and P20 
GM121316 to R.E.L.), the Congressionally Directed Mandated Research Program 
/ Lung Cancer Research Program (LC180213 to R.L.K. and LC210123 to R.E.L. and 
R.L.K.), Nebraska Department of Health and Human Services (LB506 and LB606 
awards to R.E.L.) and a Collaborative Research and Development Agreement from 
Boehringer Ingelheim (to R.L.K.). H.M.V. is supported by funding from NIH (T32 
CA009476 and F30 CA268766). The funders had no role in the study design, data 
collection and interpretation, or the decision to submit the work for publication. The 
opinions and assertions expressed herein are those of the authors and are not to 
be construed as reflecting the views of Uniformed Services University of the Health 
Sciences or the United States Department of Defense.

Author affiliations: aDepartment of Pharmacology and Molecular Therapeutics, Uniformed 
Services University of the Health Sciences, Bethesda, MD 20814; bEppley Institute for 
Research in Cancer and Allied Diseases, University of Nebraska Medical Center, Omaha, 
NE 68198; cDepartment of Integrative Physiology and Molecular Medicine, University 
of Nebraska Medical Center, Omaha, NE 68198; and dDepartment of Pathology and 
Microbiology, University of Nebraska Medical Center, Omaha, NE 68198

Author contributions: B.R.D., H.M.V., R.E.L., and R.L.K. designed research; B.R.D., H.M.V., 
C.R., J.M.H., Z.M.B., D.H.H., D.C., N.E.S., K.C., J.W.A., R.A.S., K.W.F., and R.L.K. performed 
research; B.R.D., H.M.V., C.R., J.H.H., Z.M.B., D.H.H., D.C., N.E.S., K.C., J.W.A., R.A.S., K.W.F., 
R.E.L., and R.L.K. analyzed data; N.E.S. edited manuscript; and B.R.D., H.M.V., R.E.L., and 
R.L.K. wrote the paper.

Competing interest statement: The Kortum laboratory receives funding from Boehringer 
Ingelheim to study SOS1 as a therapeutic target in RAS- mutated cancers.

This article is a PNAS Direct Submission.

http://www.pnas.org/lookup/doi/10.1073/pnas.2313137120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2313137120#supplementary-materials


PNAS  2023  Vol. 120  No. 47  e2313137120 https://doi.org/10.1073/pnas.2313137120   9 of 10

1. A. D. Cox, S. W. Fesik, A. C. Kimmelman, J. Luo, C. J. Der, Drugging the undruggable RAS: Mission 
possible? Nat. Rev. Drug Discov. 13, 828–851 (2014).

2. I. A. Prior, F. E. Hood, J. L. Hartley, The frequency of Ras mutations in cancer. Cancer Res. 80, 
2969–2974 (2020).

3. M. Reck, D. P. Carbone, M. Garassino, F. Barlesi, Targeting KRAS in non- small- cell lung cancer: 
Recent progress and new approaches. Ann. Oncol. 32, 1101–1110 (2021).

4. A. S. Bear et al., Biochemical and functional characterization of mutant KRAS epitopes validates this 
oncoprotein for immunological targeting. Nat. Commun. 12, 4365 (2021).

5. T. K. Hayes et al., Long- term ERK inhibition in KRAS- mutant pancreatic cancer is associated with 
MYC degradation and senescence- like growth suppression. Cancer Cell 29, 75–89 (2016).

6. A. M. Waters, C. J. Der, KRAS: The critical driver and therapeutic target for pancreatic cancer.  
Cold Spring Harb. Perspect. Med. 8, a031435 (2018).

7. I. Ozkan- Dagliyan et al., Low- dose vertical inhibition of the RAF- MEK- ERK cascade causes apoptotic 
death of KRAS mutant cancers. Cell Rep. 31, 107764 (2020).

8. M. V. Huynh et al., Functional and biological heterogeneity of KRAS(Q61) mutations. Sci. Signal. 15, 
eabn2694 (2022).

9. E. M. Terrell et al., Distinct binding preferences between Ras and Raf family members and the 
impact on oncogenic Ras signaling. Mol. Cell 76, 872–884.e5 (2019).

10. J. N. Diehl et al., Targeting the ERK mitogen- activated protein kinase cascade for the treatment of 
KRAS- mutant pancreatic cancer. Adv. Cancer Res. 153, 101–130 (2022).

11. K. K. Ciombor, T. Bekaii- Saab, Selumetinib for the treatment of cancer. Expert Opin. Investig. Drugs 
24, 111–123 (2015).

12. C. J. M. Wright, P. L. McCormack, Trametinib: First global approval. Drugs 73, 1245–1254 (2013).
13. C. Delahaye et al., Early steps of resistance to targeted therapies in non- small- cell lung cancer. 

Cancers (Basel) 14, 2613 (2022).
14. A. B. Turke et al., MEK inhibition leads to PI3K/AKT activation by relieving a negative feedback on 

ERBB receptors. Cancer Res. 72, 3228–3237 (2012).
15. P. Pettazzoni et al., Genetic events that limit the efficacy of MEK and RTK inhibitor therapies in a 

mouse model of KRAS- driven pancreatic cancer. Cancer Res. 75, 1091–1101 (2015).
16. M. L. Sos et al., Identifying genotype- dependent efficacy of single and combined PI3K-  and MAPK- 

pathway inhibition in cancer. Proc. Natl. Acad. Sci. U.S.A. 106, 18351–18356 (2009).
17. E. Manchado et al., A combinatorial strategy for treating KRAS- mutant lung cancer. Nature 534, 

647–651 (2016).
18. E. Sheffels et al., Oncogenic RAS isoforms show a hierarchical requirement for the guanine 

nucleotide exchange factor SOS2 to mediate cell transformation. Sci. Signal. 11, eaar8371 (2018).
19. A. A. Samatar, P. I. Poulikakos, Targeting RAS- ERK signalling in cancer: Promises and challenges. Nat. 

Rev. Drug Discov. 13, 928–942 (2014).
20. A. Hong et al., Durable suppression of acquired MEK inhibitor resistance in cancer by sequestering 

MEK from ERK and promoting antitumor T- cell immunity. Cancer Discov. 11, 714–735 (2021).
21. H. F. Cabanos, A. N. Hata, Emerging insights into targeted therapy- tolerant persister cells in cancer. 

Cancers (Basel) 13, 2666 (2021).
22. C. Fedele et al., SHP2 inhibition prevents adaptive resistance to MEK inhibitors in multiple cancer 

models. Cancer Discov. 8, 1237–1249 (2018).
23. O. Kauko et al., PP2A inhibition is a druggable MEK inhibitor resistance mechanism in KRAS- mutant 

lung cancer cells. Sci. Transl. Med. 10, eaaq1093 (2018).
24. E. Batlle, H. Clevers, Cancer stem cells revisited. Nat. Med. 23, 1124–1134 (2017).
25. T. Shibue, R. A. Weinberg, EMT, CSCs, and drug resistance: The mechanistic link and clinical 

implications. Nat. Rev. Clin. Oncol. 14, 611–629 (2017).
26. A. Wang, L. Qu, L. Wang, At the crossroads of cancer stem cells and targeted therapy resistance. 

Cancer Lett. 385, 87–96 (2017).
27. T. Zhan et al., MEK inhibitors activate Wnt signalling and induce stem cell plasticity in colorectal 

cancer. Nat. Commun. 10, 2197 (2019).
28. T. Shi et al., Conservation of protein abundance patterns reveals the regulatory architecture of the 

EGFR- MAPK pathway. Sci. Signal. 9, rs6 (2016).
29. C. R. Evelyn et al., Rational design of small molecule inhibitors targeting the Ras GEF, SOS1. Chem. 

Biol. 21, 1618–1628 (2014).
30. C. R. Evelyn et al., Combined rational design and a high throughput screening platform for 

identifying chemical inhibitors of a Ras- activating enzyme. J. Biol. Chem. 290, 12879–12898 
(2015).

31. R. C. Hillig et al., Discovery of potent SOS1 inhibitors that block RAS activation via disruption of the 
RAS- SOS1 interaction. Proc. Natl. Acad. Sci. U.S.A. 116, 2551–2560 (2019).

32. M. H. Hofmann et al., BI- 3406, a potent and selective SOS1- KRAS interaction inhibitor, is effective 
in KRAS- driven cancers through combined MEK inhibition. Cancer Discov. 11, 142–157 (2021).

33. D. Kessler, D. Gerlach, N. Kraut, D. B. McConnell, Targeting Son of Sevenless 1: The pacemaker of 
KRAS. Curr. Opin. Chem. Biol. 62, 109–118 (2021).

34. J. Ramharter et al., One atom makes all the difference: Getting a foot in the door between SOS1 and 
KRAS. J. Med. Chem. 64, 6569–6580 (2021).

35. R. C. Hillig, B. Bader, Targeting RAS oncogenesis with SOS1 inhibitors. Adv. Cancer Res. 153, 
169–203 (2022).

36. J. C. Hunter et al., Biochemical and structural analysis of common cancer- associated KRAS 
mutations. Mol. Cancer Res. 13, 1325–1335 (2015).

37. M. J. Smith, B. G. Neel, M. Ikura, NMR- based functional profiling of RASopathies and oncogenic RAS 
mutations. Proc. Natl. Acad. Sci. U.S.A. 110, 4574–4579 (2013).

38. R. L. Kortum, R. E. Lewis, The molecular scaffold KSR1 regulates the proliferative and oncogenic 
potential of cells. Mol. Cell Biol. 24, 4407–4416 (2004).

39. R. L. Kortum et al., The molecular scaffold kinase suppressor of Ras 1 (KSR1) regulates adipogenesis. 
Mol. Cell Biol. 25, 7592–7604 (2005).

40. R. L. Kortum et al., The molecular scaffold kinase suppressor of Ras 1 is a modifier of RasV12- 
induced and replicative senescence. Mol. Cell Biol. 26, 2202–2214 (2006).

41. J. Lozano et al., Deficiency of kinase suppressor of Ras1 prevents oncogenic Ras signaling in mice. 
Cancer Res. 63, 4232–4238 (2003).

42. A. Nguyen et al., Kinase suppressor of Ras (KSR) is a scaffold which facilitates mitogen- activated 
protein kinase activation in vivo. Mol. Cell Biol. 22, 3035–3045 (2002).

43. G. Paniagua et al., KSR induces RAS- independent MAPK pathway activation and modulates the 
efficacy of KRAS inhibitors. Mol. Oncol. 16, 3066–3081 (2022).

44. T. A. Ahmed et al., SHP2 drives adaptive resistance to ERK signaling inhibition in molecularly 
defined subsets of ERK- dependent tumors. Cell Rep. 26, 65–78.e5 (2019).

45. J. Codony- Servat et al., Cancer stem cell biomarkers in EGFR- mutation- positive non- small- cell lung 
cancer. Clin. Lung Cancer 20, 167–177 (2019).

46. G. Vassalli, Aldehyde dehydrogenases: Not just markers, but functional regulators of stem cells. 
Stem Cells Int. 2019, 3904645 (2019).

47. D. Raha et al., The cancer stem cell marker aldehyde dehydrogenase is required to maintain a drug- 
tolerant tumor cell subpopulation. Cancer Res. 74, 3579–3590 (2014).

48. C. Shao et al., Essential role of aldehyde dehydrogenase 1A3 for the maintenance of non- small 
cell lung cancer stem cells is associated with the STAT3 pathway. Clin. Cancer Res. 20, 4154–4166 
(2014).

49. S. Hu et al., Antagonism of EGFR and Notch limits resistance to EGFR inhibitors and radiation by 
decreasing tumor- initiating cell frequency. Sci. Transl. Med. 9, eaag0339 (2017).

50. J. P. Sullivan et al., Aldehyde dehydrogenase activity selects for lung adenocarcinoma stem cells 
dependent on notch signaling. Cancer Res. 70, 9937–9948 (2010).

51. M. E. Toledo- Guzman, M. I. Hernandez, A. A. Gomez- Gallegos, E. Ortiz- Sanchez, ALDH as a stem cell 
marker in solid tumors. Curr. Stem Cell Res. Ther. 14, 375–388 (2019).

52. F. Jiang et al., Aldehyde dehydrogenase 1 is a tumor stem cell- associated marker in lung cancer. 
Mol. Cancer Res. 7, 330–338 (2009).

53. X. Li, L. Wan, J. Geng, C. L. Wu, X. Bai, Aldehyde dehydrogenase 1A1 possesses stem- like properties 
and predicts lung cancer patient outcome. J. Thorac. Oncol. 7, 1235–1245 (2012).

54. L. MacDonagh et al., Targeting the cancer stem cell marker, aldehyde dehydrogenase 1, to 
circumvent cisplatin resistance in NSCLC. Oncotarget 8, 72544–72563 (2017).

55. C. P. Huang et al., ALDH- positive lung cancer stem cells confer resistance to epidermal growth factor 
receptor tyrosine kinase inhibitors. Cancer Lett. 328, 144–151 (2013).

56. R. R. Arasada, J. M. Amann, M. A. Rahman, S. S. Huppert, D. P. Carbone, EGFR blockade enriches 
for lung cancer stem- like cells through Notch3- dependent signaling. Cancer Res. 74, 5572–5584 
(2014).

57. G. L. Gonzalez- Del Pino et al., Allosteric MEK inhibitors act on BRAF/MEK complexes to block MEK 
activation. Proc. Natl. Acad. Sci. U.S.A. 118, e2107207118 (2021).

58. N. S. Dhawan, A. P. Scopton, A. C. Dar, Small molecule stabilization of the KSR inactive state 
antagonizes oncogenic Ras signalling. Nature 537, 112–116 (2016).

59. P. López- Cotarelo et al., A novel MEK- ERK- AMPK signaling axis controls chemokine receptor CCR7- 
dependent survival in human mature dendritic cells. J. Biol. Chem. 290, 827–840 (2015).

60. Z. Tang, C. Dai, Visualization of RAS/MAPK Signaling In Situ by the Proximity Ligation Assay (PLA) 
(Springer New York, 2017), pp. 195–201, 10.1007/978- 1- 4939- 6424- 6_14.

61. M. J. Robinson, S. A. Stippec, E. Goldsmith, M. A. White, M. H. Cobb, A constitutively active and 
nuclear form of the MAP kinase ERK2 is sufficient for neurite outgrowth and cell transformation. 
Curr. Biol. 8, 1141–1150 (1998).

62. M. Cacace Angela et al., Identification of constitutive and Ras- inducible phosphorylation sites 
of KSR: Implications for 14- 3- 3 binding, mitogen- activated protein kinase binding, and KSR 
overexpression. Mol. Cell. Biol. 19, 229–240 (1999).

63. M. M. McKay, D. A. Ritt, D. K. Morrison, Signaling dynamics of the KSR1 scaffold complex. Proc. Natl. 
Acad. Sci. U.S.A. 106, 11022–11027 (2009).

64. N. E. Sealover et al., In situ modeling of acquired resistance to RTK/RAS pathway targeted therapies. 
bioRxiv [Preprint] (2023). https://doi.org/10.1101/2023.01.27.525958 (Accessed 1 July 2023).

65. J. K. Voice, R. L. Klemke, A. Le, J. H. Jackson, Four human ras homologs differ in their abilities to 
activate Raf- 1, induce transformation, and stimulate cell motility. J. Biol. Chem. 274, 17164–17170 
(1999).

66. J. Yan, S. Roy, A. Apolloni, A. Lane, J. F. Hancock, Ras isoforms vary in their ability to activate Raf- 1 
and phosphoinositide 3- kinase. J. Biol. Chem. 273, 24052–24056 (1998).

67. M. Hamilton, A. Wolfman, Oncogenic Ha- Ras- dependent mitogen- activated protein kinase activity 
requires signaling through the epidermal growth factor receptor. J. Biol. Chem. 273, 28155–28162 
(1998).

68. E. Sheffels, N. E. Sealover, P. L. Theard, R. L. Kortum, Anchorage- independent growth conditions 
reveal a differential SOS2 dependence for transformation and survival in RAS- mutant cancer cells. 
Small GTPases 12, 67–78 (2021).

69. R. Sulahian et al., Synthetic lethal interaction of SHOC2 depletion with MEK inhibition in RAS- driven 
cancers. Cell Rep. 29, 118–134.e8 (2019).

70. G. R. Anderson et al., A landscape of therapeutic cooperativity in KRAS mutant cancers reveals 
principles for controlling tumor evolution. Cell Rep. 20, 999–1015 (2017).

71. C. Scholl et al., Synthetic lethal interaction between oncogenic KRAS dependency and STK33 
suppression in human cancer cells. Cell 137, 821–834 (2009).

72. A. Singh et al., A gene expression signature associated with "K- Ras addiction" reveals regulators of 
EMT and tumor cell survival. Cancer Cell 15, 489–500 (2009).

73. A. Singh et al., TAK1 inhibition promotes apoptosis in KRAS- dependent colon cancers. Cell 148, 
639–650 (2012).

74. O. A. Balbin et al., Reconstructing targetable pathways in lung cancer by integrating diverse omics 
data. Nat. Commun. 4, 2617 (2013).

75. S. Lamba et al., RAF suppression synergizes with MEK inhibition in KRAS mutant cancer cells. Cell 
Rep. 8, 1475–1483 (2014).

76. Z. Zhang, G. Jiang, F. Yang, J. Wang, Knockdown of mutant K- ras expression by adenovirus- 
mediated siRNA inhibits the in vitro and in vivo growth of lung cancer cells. Cancer Biol. Ther. 5, 
1481–1486 (2006).

77. S. Fujita- Sato et al., Enhanced MET translation and signaling sustains K- Ras- driven proliferation 
under anchorage- independent growth conditions. Cancer Res. 75, 2851–2862 (2015).

78. F. McCormick, KRAS as a therapeutic target. Clin. Cancer Res. 21, 1797–1801 (2015).
79. A. Rotem et al., Alternative to the soft- agar assay that permits high- throughput drug and genetic 

screens for cellular transformation. Proc. Natl. Acad. Sci. U.S.A. 112, 5708–5713 (2015).
80. M. R. Janes et al., Targeting KRAS mutant cancers with a covalent G12C- specific inhibitor. Cell 172, 

578–589.e17 (2018).
81. P. L. Theard et al., Marked synergy by vertical inhibition of EGFR signaling in NSCLC spheroids shows 

SOS1 is a therapeutic target in EGFR- mutated cancer. Elife 9, e58204 (2020).
82. S. Mainardi et al., SHP2 is required for growth of KRAS- mutant non- small- cell lung cancer in vivo. 

Nat. Med. 24, 961–967 (2018).
83. R. J. Nichols et al., RAS nucleotide cycling underlies the SHP2 phosphatase dependence of mutant 

BRAF- , NF1-  and RAS- driven cancers. Nat. Cell Biol. 20, 1064–1073 (2018).
84. Y. Hu, G. K. Smyth, ELDA: Extreme limiting dilution analysis for comparing depleted and enriched 

populations in stem cell and other assays. J. Immunol. Methods 347, 70–78 (2009).

https://doi.org/10.1007/978-1-4939-6424-6_14
https://doi.org/10.1101/2023.01.27.525958


10 of 10   https://doi.org/10.1073/pnas.2313137120 pnas.org

85. S. Misale et al., Vertical suppression of the EGFR pathway prevents onset of resistance in colorectal 
cancers. Nat. Commun. 6, 8305 (2015).

86. E. M. Tricker et al., Combined EGFR/MEK inhibition prevents the emergence of resistance in EGFR- 
mutant lung cancer. Cancer Discov. 5, 960–971 (2015).

87. K. J. Kurppa et al., Treatment- induced tumor dormancy through YAP- mediated transcriptional 
reprogramming of the apoptotic pathway. Cancer Cell 37, 104–122.e12 (2020).

88. N. E. Sealover, R. L. Kortum, Heterogeneity in RAS mutations: One size does not fit all. Sci. Signal. 
15, eadc9816 (2022).

89. E. Cerami et al., The cBio cancer genomics portal: An open platform for exploring multidimensional 
cancer genomics data. Cancer Discov. 2, 401–404 (2012).

90. J. Gao et al., Integrative analysis of complex cancer genomics and clinical profiles using the 
cBioPortal. Sci. Signal. 6, pl1 (2013).

91. K. W. Fisher et al., AMPK promotes aberrant PGC1beta expression to support human colon tumor 
cell survival. Mol. Cell. Biol. 35, 3866–3879 (2015).

92. J. L. McCall et al., KSR1 and EPHB4 regulate Myc and PGC1β to promote survival of human colon 
tumors. Mol. Cell. Biol. 36, 2246–2261 (2016).

93. C. Rao et al., KSR1- and ERK- dependent translational regulation of the epithelial- to- mesenchymal 
transition. Elife 10, e66608 (2021).

94. C. Sun et al., Intrinsic resistance to MEK inhibition in KRAS mutant lung and colon cancer through 
transcriptional induction of ERBB3. Cell Rep. 7, 86–93 (2014).

95. D. A. Farnsworth et al., MEK inhibitor resistance in lung adenocarcinoma is associated with addiction 
to sustained ERK suppression. NPJ Precis. Oncol. 6, 88 (2022).

96. C. A. Eberlein et al., Acquired resistance to the mutant- selective EGFR inhibitor AZD9291 is 
associated with increased dependence on RAS signaling in preclinical models. Cancer Res. 75, 
2489–2500 (2015).

97. P. Shi et al., Met gene amplification and protein hyperactivation is a mechanism of resistance to 
both first and third generation EGFR inhibitors in lung cancer treatment. Cancer Lett. 380, 494–504 
(2016).

98. S. La Monica et al., Trastuzumab emtansine delays and overcomes resistance to the third- 
generation EGFR- TKI osimertinib in NSCLC EGFR mutated cell lines. J. Exp. Clin. Cancer Res. 36, 
174 (2017).

99. M. Mancini et al., An oligoclonal antibody durably overcomes resistance of lung cancer to third- 
generation EGFR inhibitors. EMBO Mol. Med. 10, 294–308 (2018).

100. D. Romaniello et al., A combination of approved antibodies overcomes resistance of lung cancer to 
osimertinib by blocking bypass pathways. Clin. Cancer Res. 24, 5610–5621 (2018).

101. J. H. Park et al., Activation of the IGF1R pathway potentially mediates acquired resistance to mutant- 
selective 3rd- generation EGF receptor tyrosine kinase inhibitors in advanced non- small cell lung 
cancer. Oncotarget 7, 22005–22015 (2016).

102. D. Kim et al., AXL degradation in combination with EGFR- TKI can delay and overcome acquired 
resistance in human non- small cell lung cancer cells. Cell Death Dis. 10, 361 (2019).

103. H. Taniguchi et al., AXL confers intrinsic resistance to osimertinib and advances the emergence of 
tolerant cells. Nat. Commun. 10, 259 (2019).

104. K. Namba et al., Activation of AXL as a preclinical acquired resistance mechanism against Osimertinib 
treatment in EGFR- mutant non- small cell lung cancer cells. Mol. Cancer Res. 17, 499–507 (2019).

105. T. Jimbo et al., DS- 1205b, a novel selective inhibitor of AXL kinase, blocks resistance to EGFR- 
tyrosine kinase inhibitors in a non- small cell lung cancer xenograft model. Oncotarget 10, 
5152–5167 (2019).

106. Y. Pan, C. Deng, Z. Qiu, C. Cao, F. Wu, The resistance mechanisms and treatment strategies for ALK- 
rearranged non- small cell lung cancer. Front. Oncol. 11, 713530 (2021).

107. M. G. Ferrara et al., Oncogene- addicted non- small- cell lung cancer: Treatment opportunities and 
future perspectives. Cancers (Basel) 12, 1196 (2020).

108. G. Hrustanovic et al., RAS- MAPK dependence underlies a rational polytherapy strategy in EML4- 
ALK- positive lung cancer. Nat. Med. 21, 1038–1047 (2015).

109. A. Vaishnavi et al., Inhibition of MEK1/2 forestalls the onset of acquired resistance to entrectinib in 
multiple models of NTRK1- driven cancer. Cell Rep. 32, 107994 (2020).

110. B. M. Ku et al., Entrectinib resistance mechanisms in ROS1- rearranged non- small cell lung cancer. 
Invest. New Drugs 38, 360–368 (2020).

111. K. D. Davies et al., Resistance to ROS1 inhibition mediated by EGFR pathway activation in non- small 
cell lung cancer. PLoS One 8, e82236 (2013).

112. S. K. Nelson- Taylor et al., Resistance to RET- inhibition in RET- rearranged NSCLC is mediated by 
reactivation of RAS/MAPK signaling. Mol. Cancer Ther. 16, 1623–1633 (2017).

113. S. Kim et al., Acquired resistance of MET- amplified non- small cell lung cancer cells to the MET 
inhibitor capmatinib. Cancer Res. Treat. 51, 951–962 (2019).

114. T. Takeda et al., YES1 activation induces acquired resistance to neratinib in HER2- amplified breast 
and lung cancers. Cancer Sci. 111, 849–856 (2020).

115. H. Torigoe et al., Therapeutic strategies for afatinib- resistant lung cancer harboring HER2 alterations. 
Cancer Sci. 109, 1493–1502 (2018).

116. J. Hallin et al., The KRAS(G12C) inhibitor MRTX849 provides insight toward therapeutic susceptibility 
of KRAS- mutant cancers in mouse models and patients. Cancer Discov. 10, 54–71 (2020).

117. M. B. Ryan et al., Vertical pathway inhibition overcomes adaptive feedback resistance to KRAS(G12C) 
inhibition. Clin. Cancer Res. 26, 1633–1643 (2020).

118. J. Y. Xue et al., Rapid non- uniform adaptation to conformation- specific KRAS(G12C) inhibition. 
Nature 577, 421–425 (2020).

119. J. Rotow, T. G. Bivona, Understanding and targeting resistance mechanisms in NSCLC. Nat. Rev. 
Cancer 17, 637–658 (2017).

120. R. C. Doebele, Acquired resistance is oncogene and drug agnostic. Cancer Cell 36, 347–349 (2019).
121. A. Vaishnavi et al., EGFR mediates responses to small- molecule drugs targeting oncogenic fusion 

kinases. Cancer Res. 77, 3551–3563 (2017).
122. E. Sheffels, R. L. Kortum, Breaking oncogene addiction: Getting RTK/RAS- mutated cancers off the 

SOS. J. Med. Chem. 64, 6566–6568 (2021), 10.1021/acs.jmedchem.1c00698.
123. P. L. Theard et al., SOS2 regulates the threshold of mutant EGFR- dependent oncogenesis. bioRxiv 

[Preprint] (2023). https://doi.org/10.1101/2023.01.20.524989 (Accessed 1 July 2023).
124. Z. M. Khan et al., Structural basis for the action of the drug trametinib at KSR- bound MEK. Nature 

588, 509–514 (2020).

https://doi.org/10.1021/acs.jmedchem.1c00698
https://doi.org/10.1101/2023.01.20.524989

	SOS1 and KSR1 modulate MEK inhibitor responsiveness to target resistant cell populations based on PI3K and KRAS mutation status
	Significance
	Results
	SOS1 Inhibition Synergizes with Trametinib to Prevent Rebound Signaling in KRASG12/PIK3CAWT-Mutated LUAD Cells.
	Combination Therapy with MEK and SOS1 Inhibition Targets Trametinib-Induced SIC Outgrowth.
	KSR1 KO Restores Trametinib Responsiveness and Inhibits SIC Survival in KRAS/PIK3CA-Comutated LUAD Cells.
	In COAD, KSR1 KO Prevents Trametinib-Induced SIC Increase Regardless of PIK3CA Mutational Status.
	KSR1 Regulation of SIC Survival in KRAS-Mutated COAD Is Dependent on Interaction with ERK.
	SOS1 or KSR1 Disruption Prevent Trametinib Resistance in KRAS-Mutated Cells.

	Discussion
	Materials and Methods
	Cell Culture.

	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 23



