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ABSTRACT 

 Approximately 15% of all cancer patients harbor mutated KRAS. Direct inhibitors 

of KRAS have now been generated and are beginning to make progress through 

clinical trials. These include a suite of inhibitors targeting the KRASG12C mutation 

commonly found in lung cancer. We investigated emergent resistance to 

representative examples of different classes of Ras targeted therapies. They all 

exhibited rapid reactivation of Ras signaling within days of exposure and adaptive 

responses continued to change over long-term treatment schedules. Whilst the gene 

signatures were distinct for each inhibitor, they commonly involved upregulation of 

upstream nodes promoting mutant and wild type Ras activation. Experiments to 

reverse resistance unfortunately revealed frequent desensitization to members of a 

panel of anti-cancer therapeutics, suggesting that salvage approaches are unlikely to 

be feasible. Instead, we identified triple inhibitor combinations that resulted in more 

durable responses to KRAS inhibitors and that may benefit from further pre-clinical 

evaluation. 

 

INTRODUCTION 

 KRAS is one of the most frequently mutated oncogenes in cancer, and activating 

mutations are present in ~2.5 million new cancer cases per year worldwide [1]. 

Mutant KRAS exhibits high prevalence in pancreatic, colon and lung cancers where 

it is typically an early lesion in the life history of the disease [2-4]. A spectrum of 

activating mutations are observed in cancer genetics databases [5], and it is 

increasingly apparent that the specific mutation present has prognostic and 

treatment implications [6]. The KRAS G12C mutation is associated with smoking-
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related mutagens [7], and is observed in ~10% of non-small cell lung cancer cases 

[8].  

 Agents targeting the G12C mutation represent the first suite of direct KRAS 

inhibitors that show clinical efficacy. In pre-clinical models they downregulate KRAS- 

mediated MAP kinase activation and cause tumor regression in patient derived 

xenografts [9, 10]. Several have progressed into clinical trials [11]; amongst these, 

Sotorasib (AMG-510) and  Adagrasib (MRTX-849) are already showing high levels of 

disease control in early phase lung and colorectal cancer trials [12-14]. However, this 

is followed by acquired resistance to therapy and patients in these studies eventually 

show disease progression [12, 14]. 

 Resistance mechanisms to KRASG12C targeted therapies are beginning to be 

described in pre-clinical models and patient samples. These comprise alternative 

activating KRAS mutations, mutations that impede inhibitor binding and/or 

amplification or mutation of genes upstream or downstream of KRAS that result in 

re-activation of proliferative pathways [10, 12, 15-22]. Linked to these insights, 

combination therapies that can mitigate or delay emergent resistance are being 

trialed [23]. These primarily involve vertical Ras pathway inhibition via combining 

KRASG12C inhibitors with drugs targeting the ERBB family of receptor tyrosine 

kinases or SHP2 that promote Ras activation, or downstream effectors MEK and 

CDK4/6 that promote proliferation [23]. 

 Anticipating that KRASG12C inhibitors would lead to drug resistance we generated 

a panel of drug resistant lung cancer cells where acute and chronic responses to 

treatment could be profiled. Unlike the studies described above, we wanted to 

compare and contrast resistance mechanisms amongst different classes of Ras 

pathway inhibitors. This included two KRASG12C inhibitors ARS1323 and ARS1620 
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that target the mutant protein but spare wild type KRAS [24], the KRAS antisense 

oligonucleotide inhibitor AZD4785 [25] that will target both wild type and mutant 

KRAS, and the MEK1/MEK2 inhibitor selumetinib (AZD6244/ARRY-142866) [26, 27] 

that targets a key downstream effector of KRAS. Our data reveal a diverse array of 

resistance signatures that converge to re-activate the Ras pathway and highlight 

how these therapies likely decrease the efficacy of other anti-cancer therapies 

targeting Ras network nodes. We also identify potential combination therapies that 

delay or mitigate emergent resistance.  

 

RESULTS 

Generation of resistant cells 

 The NCI-H358 non-small cell lung cell line harbors a heterozygous KRAS G12C 

mutation. NCI-H358 cells exhibit sensitivity to our panel of Ras pathway inhibitors, 

with both 3D viability and pathway inhibition in 2D culture typically occurring at ~10-

fold lower concentrations than seen for effects on viability in 2D culture 

(Supplementary Figure 1). Long-term culture with IC90 inhibitor concentrations, was 

used to generate resistant NCI-H358 cells with at least a 5-fold reduction in 

sensitivity to drug (Figure 1A). In each case, resistance is associated with 

reactivation of the Ras-MAP kinase pathway to levels equivalent to vehicle control, 

whilst Ras-PI3 kinase signaling exhibits a significant increase over control (Figure 

1B). These cells have experienced up to 100 days in the presence of inhibitor with 

consistent responses. However, acute treatments revealed that these resistance-

associated signatures are evident within a few days of exposure to drug (Figure 1B). 

Drug washouts in chronically resistant cells did not restore Ras signaling to levels 

seen in naïve cells suggesting permanent rewiring associated with adaptive 
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resistance (Figure 1B). Rapid reactivation of Ras outputs and permanent rewiring of 

resistant cells were common to all classes of drug that we tested. It is notable that 

whilst MAPK pathway nodes are variably upregulated across the panel, in all 

contexts the PtdIns 3-kinase (PI3K)-AKT response is consistently much higher than 

that seen in naïve cells, and permanently induced. Patterns of rapid MAPK and PI3K 

pathway reactivation were similarly observed in NCI-H1792 non-small cell lung 

cancer cells also harboring a heterozygous G12C mutation (Supplementarty Figure 

2). In contrast, this was not observed in wild type KRAS NCI-H1793 cells treated with 

direct Ras inhibitors. They all exhibited short term enhancement of AKT 

phosphorylation that may indicate a stress response; however, sustained rebound 

activation of MEK activation was only observed following selumetinib treatment. This 

suggests that these wild type cells are sensitive to MEK inhibition and recovery but 

largely insensitive to the direct Ras inhibitors.  

 

Comparison of differentially expressed genes 

 To explore potential resistance mechanisms to KRAS inhibition we utilized 

RNAseq transcriptomics to identify differentially expressed genes (DEGs) in drug 

treated NCI-H358 cells versus their respective vehicle treated controls. We profiled 

two independently derived populations of NCI-H358 cell lines resistant to chronic 

treatment (NCI-H358-R1 & NCI-H358-R2) and a set of acutely treated cells (NCI-

H358-A). NCI-H358-A cells were exposed to the indicated inhibitor for 7 days, a 

timepoint when emergent resistance is clearly seen in all measured Ras outputs 

(Figure 1B). The AZD4785 antisense KRAS inhibitor generated a far larger number 

of uniquely expressed DEGs compared to the small molecule compounds (Figure 

2A). There was a large overlap in DEGs across the cell lines resistant to KRAS and 
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MEK small molecule inhibitors. Almost half  of the DEGs observed in cells resistant 

to each of the small molecule inhibitors were common to all 4 inhibitors and 70% of 

the DEGs observed with the cells resistant to KRASG12C small molecule inhibitors 

were also observed in selumetinib resistant cells. Hierarchical clustering of DEGs 

from all three data sets demonstrated that resistant cells are clearly different from 

vehicle treated controls (Figure 2B). Notably, the biological repeats (R1 and R2) co-

clustered with each other indicating largely similar gene expression responses. 

There was a clear difference in the responses of chronically resistant cell populations 

(R1 and R2) versus acute treatments. 

 Responses to short term inhibitor exposure seem to be largely equivalent across 

the inhibitor panel. The differences between the inhibitors were most clearly seen 

following long-term treatment, with AZD4785 antisense KRAS inhibitor diverging 

from the other treatments (Figure 2B). Gene Ontology (GO) analysis of DEGs in 

each resistant cell population identified many enriched pathways associated with 

Ras-MAPK biology (Figure 2C). Focusing specifically on the Ras signaling network, 

we consistently observed increased expression of many upstream activators of Ras 

in both acute and chronically resistant groups (Figure 2D). This would favor 

increased GTP loading of KRASG12C leading to reduced G12Ci binding and would 

also promote KRAS-independent activation of Ras networks via the other Ras 

isoforms. Significantly increased HRAS expression is also observed in all chronically 

resistant cell populations consistent with the idea of resistance-associated Ras 

switching. Increased MRAS expression was also observed, MRAS is a member of 

the RAS superfamily that forms a complex with SHOC2 and PPP1CA to promote 

activating dephosphorylation of RAF1 [28]. This complex is known to mediate 

resistance to MEK inhibition [29]. We also observed downstream reactivation 
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mechanisms associated with both acute and chronic resistance. DUSP family 

members that are responsible for negative feedback control of the RAF-MAP kinase 

network [30] were consistently downregulated in response to Ras and MEK 

inhibition. 

 Both ARS1323 and ARS1620 KRAS G12Ci generated largely similar responses 

(Figure 2). They are both part of a related compound family [24], and since ARS1620 

represents the more refined version [11], we used this in our subsequent analysis. 

The increased expression of EGFR, FGFR and PDGFR family members variously 

seen in both acute and chronically resistant cells (Figure 2D) were especially evident 

in response to AZD4785. These patterns of responses were confirmed at the protein 

level (Figure 3). Increases in ERBB2 protein occur within the first few days of 

exposure to inhibitor and stabilize at this high level (ARS1620) or partially 

(selumetinib) or fully (AZD4785) return to normal in chronically resistant cells. Higher 

levels of ERBB2 correlate with increased detection of activated ERBB2 with a 

phospho-antibody. Similar patterns to this are observed for activated EGFR but not 

for total EGFR protein. Significantly increased PDGFR and FGFR protein levels were 

only observed in cells chronically resistant to AZD4785. Therefore, whilst increased 

receptor tyrosine kinase expression and activation are a consistent feature of all 

inhibitor responses, the timings and preferred proteins are unique to each inhibitor. 

 We investigated whether KRAS inhibitor resistance is associated with reactivation 

of KRAS and/or bypass activation via other Ras isoforms (Figure 3B). For ARS1620 

G12Ci, the initial declines in KRAS activation are rapidly reversed by 7 days of 

treatment to levels seen in untreated cells and long-term resistant cells. For the 

selective antisense KRAS inhibitor AZD4785, KRAS activation remains low. This is 

consistent with continued effects on maintaining lower levels of KRAS protein 
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expression. In cells resistant to long-term treatment with AZD4785, higher levels of 

HRAS gene expression are observed (Figure 2), and this correlates with increased 

levels of HRAS activation (Figure 3B). In contrast, there is no evidence of bypass 

Ras activation in ARS1620 resistant cells since KRAS is already efficiently 

reactivated. 

 

Therapeutic combinatorial strategies  

 Identification of suitable inhibitor combinations will be crucial to maximizing the 

therapeutic potential of targeted KRAS inhibitors. We collated 25 drugs and inhibitors 

with known anti-cancer clinical efficacy and that target nodes that were consistently 

altered or associated with enriched GO terms in our resistant cells. We performed a 

preliminary screen to test them for their ability to overcome KRAS inhibitor resistance 

in our long-term treated cells (Figure 4A, Supplementary Figure 3). In all but two 

cases, cells resistant to KRAS inhibitors responded the same or worse to the second 

targeted therapy. An example of cross-resistance is seen in cells resistant to 

AZD4785 that are more resistant to ARS1620 than ARS1620-resistant cells 

(Supplementary Figure 3). However, this does not seem to extend to the down-

stream effector MEK where both ARS1620 and AZD4785 resistant cells remain 

sensitive to selumetinib (Figure 4A and Supplementarty Figure 3). Across the panel 

of combinations, rewiring associated with KRAS inhibitor resistance resulted in >10-

fold increase in IC50 in 40% of the combinations. Therefore, pre-exposure to long-

term Ras pathway inhibition frequently results in reduced efficacy of subsequent 

dosing of a wide range of other anti-cancer targeted therapies.  

 Preventing or delaying the onset of resistance is preferable to salvage treatment 

of resistant cells. To try to achieve this we used a triple combination strategy to 
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improve vertical inhibition within the KRAS signalling network (Figure 4B). A triple 

combination strategy was selected over a double combination because it reduces 

selective pressure on each targeted node and is therefore more likely to delay the 

onset of resistance [31]. It also means that lower effective doses may be achievable 

for each inhibitor, reducing associated toxicity. KRAS/MEK inhibitors together with 

EGFR, ERBB2, IGFR, MTOR and SHP2 inhibitors were tested in naïve NCI-H358 

cells for their effects on retarding cell proliferation. Doses for these combinations 

were selected following Loewe synergy analysis (Supplementary Figure 4). 

Incubation with either of the KRAS inhibitors resulted in a significant delay to 

population growth compared to DMSO control treatments (Figure 4B). Cells rapidly 

adapted to selumetinib treatment such that cell confluence was equivalent to control 

by the end of the experiment. Triple combinations delayed resistance to KRAS and 

MEK inhibitors in almost all cases. The KRAS inhibitors are more effective in 

combination than selumetinib. Three of the five ARS1620 triple inhibitor 

combinations exhibited complete inhibition of cell growth over the fifteen days of the 

experiment with one of the pairs (Lapatinib + RMC-4550) strongly suppressing cell 

growth across all three KRAS/MEK inhibitor combinations. In summary, most vertical 

pathway inhibition triple combinations prolong the effective inhibitory time window 

compared to single KRAS/MEK inhibitor treatment, with RTK-KRAS/MEK-SHP2 

inhibition proving to be consistently good in almost all contexts. 

 

DISCUSSION 

 Excitement around the clinical efficacy of KRASG12C inhibitors is inevitably 

tempered by the observation of emergent resistance that is a common feature of 

drugs targeting this pathway. We observed rapid reactivation of Ras signaling in 
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response to a panel of Ras targeted therapies with different modes of action. This 

was evident within only a few days of treatment and was consistent with previous 

observations of rapid adaptive responses to the KRASG12C inhibitor ARS1620 and 

the MEK inhibitor selumetinib [18, 32]. The common patterns of reactivation seen 

with inhibitors that variously targeted only the mutant Ras protein, that targeted both 

mutant and wild type KRAS or that targeted a key Ras effector showed the strong 

selective pressure for cancer cells to re-establish signal flow through the Ras 

network. The fact that these inhibitors are clinically effective despite such quick 

restoration of apparent Ras activity suggests more nuance is needed in the 

assessment of resistance.  

 Our study focussed on two independently derived H358 drug-resistant cell 

populations. Hierarchical clustering indicated that the similarity between the 

biological replicates was greater than the similarity between different inhibitors 

suggesting a degree of specificity in the response to each inhibitor. The stochasticity 

in response apparent between replicates together with the variety of responses 

observed in each cell population indicate that there isn’t a stereotypical response 

that is consistently induced and speaks to subtle cell state and epigenetic differences 

that will select for mechanisms from a range of related options. This is analogous to 

the lack of a single resistance mechanism to a targeted therapy in patients where 

cell type and heterogeneity in cell state determine the responses that become 

selected during cancer evolution [33, 34]. The underpinning influence of cell clonality 

in leading to a cancer cell population exhibiting a range of resistance responses was 

clearly shown recently in a group patients that became resistant to sotorasib (G12Ci) 

[35].   
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 Across our panel of resistant cell populations we observed comprehensive 

upregulation of RTKs and Ras GEFs and downregulation of DUSPs. The effect of 

these changes will be to promote the activation of Ras isoforms and the Ras network 

that we saw. Most of these genes have been variously shown to mediate adaptive 

resistance to KRASG12C and MEK inhibitors [12, 17-20, 36, 37]. In our comparison of 

different Ras targeted inhibitors, the reactivation mechanisms observed were 

qualitatively the same across all classes. However, there was significant inhibitor-

specific heterogeneity in the constellation of resistance-associated genes. This, 

together with previously observed heterogeneity of resistance responses between 

cell types and within cell populations [18, 36], means that there aren’t generic 

solutions to preventing or overcoming emergent resistance.  

 We compared resistance associated with acute versus long-term treatment and 

observed a dynamically changing landscape of responsive genes that underscore 

the difficulty in identifying mitigating strategies even for a single inhibitor context. 

This included targets of drugs currently used to treat cancers where KRAS is 

frequently mutated. For example, ERBB family members are targets of gefitinib and 

erlotinib that have been used in first-line lung cancer treatment [38]. ERBB family 

members exhibited rapid protein or activation-reporting phosphosite upregulation in 

response to KRAS inhibitors suggesting that they may be sensitive to co-inhibition of 

these upstream nodes as we explored later in our triple inhibitor combinations. 

However, these changes were most pronounced response to acute treatment and 

were subsiding in chronically KRAS inhibited cells suggesting a limited window of 

opportunity for co-inhibition.  

 Resistance to targeting a particular Ras variant could be mediated by bypass 

activation of either the wild type allele in the case of the G12Ci and/or the other Ras 
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isoforms HRAS and NRAS. Interestingly, this was only observed in some contexts. 

Specifically, we observed a switch to HRAS with all inhibitors only following chronic 

treatment. This was observed at the transcript level for all treatments and increased 

HRAS activation was observed in cells exhibiting long-term resistance to AZD4785 

where both wild type and mutant KRAS are targeted. It is intriguing that NRAS was 

not similarly responsive given that it can also activate the same canonical pathways 

as KRAS and HRAS. The reason for this difference may be that HRAS is normally 

expressed at low levels [39]; and therefore represents the Ras isoform most capable 

of responding with large increases in expression. It is also druggable, farnesyl 

transferase inhibitors (FTIs) that mislocalize HRAS are showing promising results in 

clinical trials on HRAS mutant cancers [40]. Coincidentally, adaptive resistance to 

the FTI tipifarnib also results in Ras switching via loss of the Ras GAP NF1, resulting 

in enhanced activation of KRAS [41]. Therefore, combination therapies specifically 

targeting KRAS and HRAS may represent an optimal strategy for mitigating bypass 

resistance to both sets of Ras targeted therapies. 

 Despite the challenges associated with resistance heterogeneity, targeting 

upstream reactivating mechanisms represents an attractive strategy. Encouraging 

results have been observed using combination approaches of RTK, SOS1 or SHP2 

inhibitors to sensitize or prolong responses to KRAS inhibitors in naïve cells [9, 10, 

15-17, 42-44]. We explored whether this strategy could be applied to salvage 

treatment after resistance has already emerged. The type of KRAS inhibitor 

determined whether this was likely to be successful. Antisense KRAS (AZD4785) 

behaved like selumetinib in resistant cells showing desensitization to RTK and SHP2 

inhibitors. Whereas in almost every case ARS1620 resistance did not negatively 

impact subsequent responses to combination therapies that include RTK or SHP2 
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targeting drugs. This may reflect the mechanism of action of ARS1620 versus the 

other inhibitors. ARS1620 binds to GDP-bound KRASG12C and spares wild type 

KRAS [24, 45]. Resistance associated with mechanisms promoting GTP-loading of 

KRASG12C or bypass activation of wild type Ras are therefore likely to remain 

sensitive to inhibition.  

 Cross-resistance to Ras therapies was also observed. Cells resistant to AZD4785 

were even more resistant to ARS1620 than that ARS1620-resistant cells were. Cells 

resistant to either of these inhibitors were still sensitive to selumetinib suggesting 

that salvage treatment may be possible with MEKi following emergence of resistance 

to direct KRAS targeted therapies. Further work is needed to explore this. Whilst 

different classes of direct Ras inhibitor cannot be used to overcome resistance, there 

may be benefit in employing combinations of these classes to delay the onset of 

resistance. Although AZD4785 did not progress through clinical trials, there are a 

variety of inhibitors under development designed to induce Ras protein degradation 

or to bind to mutant Ras and inhibit effector interactions. 

 Although salvage treatment may be possible in some cases, in 40% of 

combinations we observed at least 10-fold desensitization to the second inhibitor. 

Therefore, combination therapies and treatment scheduling that increase the 

durability of the initial response to KRAS inhibitors are preferable. Targeting multiple 

components within a biological circuit at once can significantly improve outcomes 

[46], and vertical pathway inhibition was effective in mitigating KRAS inhibitor 

resistance [17].  More complex strategies involving triple combinations with 

everolimus (mTORi) and linsitinib (IGF1Ri) increased the efficacy of ARS1620 

resulting in profound loss of KRASG12C mutant cell viability and regression of 

xenograft tumors [43]. We recapitulated this combination using alternative inhibitors 
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and saw similarly effective inhibition with ARS1620. Intriguingly however, this 

combination did not show extra efficacy when the antisense KRAS inhibitor was 

added and did not delay resistance onset. We explored other triple strategies and 

identified SHP2i or mTORi plus EGFR/ERBB2i as highly effective resistance 

delaying combinations when used with either of the KRAS inhibitors. Although we 

didn’t test SOS1 inhibitors, we speculate that they would phenocopy the SHP-2 

inhibitor and further work to explore this in a salvage combination would be 

desirable. Finally, our combination studies focussed on inhibitors of upstream 

regulators promoting resistance-associated Ras re-activation. Triple combinations 

that include downstream effector inhibitors may also be efficacious. We particularly 

focussed on the RTK-MAPK pathway in the design of the triple combinations; 

however, we also saw a consistent upregulation of AKT phosphorylation in all 

contexts. Recent work directly compared AMG510 (G12Ci) combinations with either 

MAPK or PI3K inhibitors and found that the MAPK combination was much more 

effective [9]. More generally, there may be some benefit in a triple combination 

format where lower individual doses might mitigate some of the toxicity seen with 

combination therapies targeting MAPK and PI3K pathways at the same time [47, 48]. 

Although we did not investigate it in our work, there may also be benefits from 

exploring intermittent dose scheduling of members of double or triple combinations 

to forestall the onset of resistance [46, 49, 50].  

 In summary, we observed rapid onset resistance to all KRAS inhibitors that 

resulted in reactivation of the Ras pathway as well as upstream nodes. Taken 

together, our data highlighted the heterogeneity of resistance responses across 

inhibitors targeting the same pathway to achieve qualitatively similar results. 

Following rapid emergence of resistance we also observed how it then remodels 
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over time, often resulting in a state that will be desensitized to other cancer targeting 

therapies. To avoid these undesirable consequences we found that combination 

strategies will be more effective if deployed upfront rather than as salvage treatment. 

Triple combination approaches to mitigate adaptive resistance to KRAS inhibitors are 

described that are promising strategies for further evaluation in pre-clinical models 

for tolerability and efficacy. 

 

MATERIALS AND METHODS 

Cell Lines 

 Authenticated NCI-H358, NCI-H1792, and NCI-H1793 cell lines were purchased 

from ATCC.  NCI-H1793 harbour homozygous wild type KRAS, both NCI-H358 and 

NCI-H1792 are heterozygous for KRASG12C; KRAS is not amplified in any of the cell 

lines [51]. Cells were grown in RPMI 1640 Medium supplemented with 10% fetal 

bovine serum (FBS). Cells were cultured at 37°C in a humidified incubator at 95% O2 

and 5% CO2 and were routinely passaged at 80% confluency. All cell lines were 

confirmed negative for mycoplasma.  

 

Cell culture compound treatments 

 Small molecule inhibitors supplied by AstraZeneca or purchased from Selleck 

were dissolved in dimethyl sulfoxide (DMSO) to yield 30mM or 10mM stocks and 

stored at -80°C. Inhibitors were stable at -80°C for 6 months or -20°C for 1 month. 

The antisense oligonucleotides AZD4785 and AZD549148 (AZD4785_CTRL, [25]) 

supplied by AstraZeneca were dissolved in phosphate-buffered saline (PBS) to yield 

10mM stocks and stored at 4°C with stability under these conditions beyond 1 year. 

Drug stocks were diluted in growth medium to provide a dosing solution that was 

D
ow

nloaded from
 http://portlandpress.com

/biochem
j/article-pdf/doi/10.1042/BC

J20220440/936810/bcj-2022-0440.pdf by U
K user on 16 Septem

ber 2022

Biochem
ical Journal. This is an Accepted M

anuscript. You are encouraged to use the Version of R
ecord that, w

hen published, w
ill replace this version. The m

ost up-to-date-version is available at https://doi.org/10.1042/BC
J20220440



 16

applied to cells to yield the final drug concentration. Drug dilutions were prepared to 

ensure each well contained a final vehicle concentration of 0.1%. Growth medium 

containing vehicle-only (DMSO or PBS) was used as a control. Cells were treated in 

triplicates or as otherwise stated and incubated at 37°C at 95% O2 and 5% CO2 for 

the length of time indicated in experiments. To identify optimal combination doses, 

synergy scores from double inhibitor combination assays were calculated using the 

Loewe model and plotted against dose responses (% viability). 

 

Generation of resistant cells and drug withdrawal from resistant cells.  

 NCI-H358 cells were seeded into T75 flasks (1 x106 cells per flask) and the 

following day the media was replaced with media supplemented with the indicated 

concentration of inhibitor. Resistant cell populations were generated using a constant 

IC90 high concentration of inhibitors (2.63 µM ARS1323, 830 nM ARS1620, 87 nM 

selumetinib, 2.34 µM AZD4785). Media changes were carried out every 2-3 days for 

small molecule inhibitors and every 4-5 days for AZD4785 until the cells reached 

80% confluency. The cells were then trypsinised and re-seeded at the original 

density and aliquots of remaining cells were prepared for liquid nitrogen storage. The 

development of emerging resistance was monitored by shifts in the cell viability dose 

responses using IncuCyte® Nuclight Rapid Red Reagent (Sartorius). To examine 

the effects of drug withdrawal from resistant cells, the day after seeding cells were 

washed with media only and then treated with media containing 0.1% DMSO. Cells 

were split as required or media changed every 2-3 days until confluent.   

 

IncuCyte analysis  
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 For monitoring inhibitor combination assays, NCI-H358 resistant cells were 

seeded in 384-well Corning TC-treated plates at a density of 2000 cells per well in 

40µl of 10% FBS RPMI-1640 medium. Plates were incubated overnight in the 

IncuCyte S3 at 37°C inside a humidified incubator at 95% O2 and 5% CO2. The 

following day cells were treated with corresponding IC90 inhibitor concentrations, A 5-

fold dilution series of combination inhibitors were applied, giving a final assay volume 

of 80µl. Cells were incubated in the IncuCyte for 4 days following treatment and 

images were collected every 6 hours. Cells were analysed using the IncuCyte S3 

2020B software. For triple inhibitor combination assays in naïve cells, NCI-H358 

cells were seeded in 96-well Corning TC-treated plates at a density of 1000 cells per 

well in 100µl of 10% FBS RPMI-1640 medium. Plates were incubated overnight in 

the IncuCyte S3 at 37°C inside a humidified incubator at 95% O2 and 5% CO2. The 

following day NCI-H358 cells were dosed manually with inhibitor concentrations to 

give a final assay volume of 150µl. Cells were incubated in the IncuCyte S3 for 14 

days following treatment and were re-dosed with fresh media and inhibitors every 5 

days. Images were collected every 6 hours and cells were analysed using the 

IncuCyte S3 2020B software.  

 

Cell viability assays 

 Cells were seeded in 96-well black walled TC-treated plates for 2D culture and 

96-well black walled ultra-low attachment plates for 3D culture. Cells were seeded at 

a density of 1000 cells per well in 60μl of 10% FBS RPMI-1640 medium, allowed to 

adhere or form spheroids overnight and the following day a 3-fold dilution series of 

indicated inhibitors were applied to give a final volume of 80μl per well. Cell viability 

was measured using the CellTiter-Glo. 2.0 assay (Promega) according to 
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manufacturer’s instructions. 100μl of CellTiter-Glo. reagent was added to each well. 

For 2D cell cultures the plate was mixed on an orbital shaker at 300rpm for 2 

minutes and incubated at room temperature for 10 minutes, whereas for 3D culture 

mixing was extended to 5 minutes followed by a 25-minute incubation. The 

luminescence was recorded using the GloMax Plate Reader. 

 

Preparation of cell lysates for SDS-PAGE and Western blotting 

 Cell culture medium was removed, and cells were washed twice with ice-cold PBS 

and the lysed for 10 minutes with ice-cold RIPA buffer (10mM Tris pH7.5, 150mM 

NaCl, 1% sodium deoxycholate, 0.1% SDS, 1% Triton X-100) supplemented with 

protease inhibitor cocktail (1:250 ratio) (Sigma-Aldrich) and PhosSTOP phosphatase 

inhibitors (1:100 ratio) (Roche). Lysates were collected using a cell scraper and 

clarified by centrifugation (13,000 x g at 4°C for 20 minutes). The supernatant was 

transferred to a fresh tube and the protein concentration determined using the 

Pierce™ BCA assay according to manufacturer’s instructions. Samples were 

prepared for Western blotting in 5X sample buffer (15% SDS, 321.5mM Tris-HCl 

pH6.8, 50% glycerol, 16% 2-Mercaptoethanol, 1.25% Bromophenol blue) and diluted 

in RIPA lysis buffer to the desired concentration. Samples were heated at 95°C for 5 

minutes and stored at -20°C.  

 

SDS-PAGE and Western Blotting  

 Lysates were separated by SDS-PAGE (XCell Sure Lock System, ThermoFisher). 

Samples were run on pre-cast NuPAGE® 4-12% Bis-Tris gels before transfer onto 

0.45µM pore size nitrocellulose membrane. The membrane was blocked in 5% (w/v) 

powered milk in Tris-buffered saline with Tween (TBS-T: 10mM Tris pH 7.4, 150mM 
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NaCl, 0.1% (v/v) Tween 20) for 1 hour and then probed with primary antibodies 

against AKT, phospho-AKT S473, ERK1/2, phospho-ERK1/2 T202/Y204, phospho-

MEK1/2 S217/S221, EGFR, phospho-EGFR Y1068, ERBB2, phospho-ERBB2 

Y1221/Y1222, FGFR1, phospho-FGFR1 Y653/Y654, PDGFRβ, phospho-PDGFRβ 

Y771  (Cell Signalling), DUSP6 (Abcam) and β-actin (Proteintech) diluted in 5% milk 

TBS-T overnight at 4°C with agitation. Membranes were then washed in TBST for 3 

x 5 minutes and then probed with IRDye® secondary antibodies (LI-COR) in 5% milk 

TBS-T for 1 hour at RT. Membranes were again washed in TBST for 2 x 5-minutes 

followed by a final TBS (10mM Tris pH 7.4, 150mM NaCl) wash. Detection was 

performed on the LICOR Odyssey® CLx imaging system. 

 

Ras activity assay 

 Ras activity was measured using Ras Activation Assay BioChem Kit 

(Cytoskeleton Inc) according to manufacturer’s instructions. Briefly, 200µg of RIPA 

buffer cell lysate was added to 30μl of beads and incubated with rotation at 4°C for 1 

hour. Following washing, samples were analysed by SDS-PAGE and Western Blot 

using the total sample eluate. 

 

Quantitative reverse transcription PCR (qRT-PCR). 

 Cell lysates were used directly in a one-step qRT-PCR reaction using the iTaq 

Universal SYBR® Green One-Step Kit (BioRad) according to the manufacturer’s 

instructions and a CFX real-time PCR detection system (Bio-Rad).  The following 

primer sequences were used: KRAS forward: 5’-GATGTACCTATGGTCCTAGTAG-

3’, KRAS reverse: CATCATCAACACCCTGTCTTG) DUSP6 forward: 

CGGAAATGGCGATCAGCAAG, DUSP6 reverse: TGTGCGACGACTCGTATAGC, 

D
ow

nloaded from
 http://portlandpress.com

/biochem
j/article-pdf/doi/10.1042/BC

J20220440/936810/bcj-2022-0440.pdf by U
K user on 16 Septem

ber 2022

Biochem
ical Journal. This is an Accepted M

anuscript. You are encouraged to use the Version of R
ecord that, w

hen published, w
ill replace this version. The m

ost up-to-date-version is available at https://doi.org/10.1042/BC
J20220440



 20

and ACTIN forward: CACCTTCTACAATGAGCTGCGTGTG, ACTIN reverse:  

ATAGCACAGCCTGGATAGCAACGTAC. Reactions were carried out in triplicates, 

gene expression was normalised to ACTIN housekeeping gene Ct values and 

quantified using the comparative Ct (-∆∆Ct) method.  

 

Preparation of RNA samples for RNA-sequencing  

 Cells were trypsinized and resuspended in PBS. 2x105 cells were pelleted and 

resuspended in 1ml TRIzol reagent. Cell lysates in TRIzol were stored at -80°C until 

required. Cells were thawed at room temperature and 200µl of chloroform added, 

and samples centrifuged (12,000 x g for 15 minutes). The upper aqueous phase was 

removed and transferred to a fresh Eppendorf tube. An equal volume of 70% ethanol 

was added, and samples were immediately loaded onto a RNeasy Mini Spin Column 

(Qiagen) and RNA extraction performed according to manufacturer instructions. RNA 

was eluted in 30µl of RNase free water. A Nanodrop 1000 spectrophotometer was 

used to assess RNA purity and concentration. RNA integrity was measured using the 

RNA 6000 Nano Kit (Agilent) according to the manufacturer’s instructions and 

samples run on the Agilent 2100 Bioanalyzer.  

 

RNA-Sequencing Quantification Library  

 RNA-sequencing and bioinformatics was performed by BGI Tech Solutions (Hong 

Kong) using the Illumina-HiSeq2500/4000 platform. Sequencing reads which 

contained low-quality, adaptor polluted and high unknown base (N) reads were first 

filtered out. Clean reads were mapped to the reference genome using HISAT2 [52]. 

After genome mapping StringTie was used to reconstruct transcripts and with 

genome annotation novel transcripts were identified using Cuffcompare [53]. Novel 
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transcripts were then merged with reference transcripts to achieve a complete 

reference. Clean reads were mapped using Bowtie2 [54] and gene expression levels 

calculated with RSEM [55]. Based on gene expression levels, Poisson distribution 

algorithms were used to detect differentially expressed genes (DEGs). GO analysis 

was performed using DAVID [56]. RNAseq raw and processed data available via 

NCBI Gene Expression Omnibus (GEO) database, GSE206867. 
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FIGURE LEGENDS 

Figure 1. Resistance to Ras targeted therapies is rapidly induced and results in 

stable rewiring of Ras effector pathways. (A) Representative plots including technical 

replicate data points of drug responses in resistant vs naïve NCI-H358 cells. (B) 

Acute treatments of naïve cells with IC90 concentrations of inhibitor re-dosed every 

48 hours results in rapid re-activation of Ras effectors. Where re-dosing or cell 

harvesting occurred on the same day, eg 4d, cells harvested at day 4 will have been 

re-dosed 48 hours previously. High levels of Ras pathway activation are maintained 

in resistant cells even after drug washout with vehicle. (-) cells treated with vehicle 
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control, (R) resistant NCI-H358 cells continuously cultured for at least 30 days in the 

presence of drug, (N) naïve NCI-H358 cells.  Blots are representative of n=3 

biological repeats. 

 

Figure 2. Gene expression responses associated with cells resistant to acute versus 

chronic exposure to KRAS/MEK inhibitors. Two sets of NCI-H358-R samples were 

processed independently (NCI-H358-R1 and NCI-H358-R2). NCI-H358-R2 samples 

were processed alongside NCI-H358-A samples. DMSO was the control comparator 

for ARS1620, ARS1323 and SEL, PBS was the control for AZD4785 in long term 

resistant cells whilst induction of acute resistance to AZD4785 used a biologically 

inert scrambled oligo (AZD4785_CTRL) as a control. Long-term resistant cells were 

processed for RNAseq analysis 90 days post initiation of resistance. (A) Overlapping 

but distinct differentially expressed gene (DEG) responses are observed in cells 

resistant to different classes of Ras pathway inhibitors DEGs are identified using a 

Poisson distribution algorithm where the following parameters are satisfied: ≥2-fold 

change versus control, false discovery rate of ≤0.001.  The total number of DEGs is 

shown in brackets for each condition. Hierarchical clustering based on DEG 

responses (B) and GO terms (C) indicates significant differences between NCI-

H358-A and NCI-H358-R cells with a tendency to normalise responses to the small 

molecule inhibitors over long-term treatment. All biological repeats used for 

transcriptomics analysis are depicted in the dendrogram (B). (D) Nodes that activate 

the Ras pathway are upregulated in cells resistant to KRAS and MEK inhibitors. 

 

Figure 3. RTK expression and Ras activity can be rapidly remodelled in response to 

inhibitor treatment. (A) Dynamic and inhibitor-specific changes in RTK expression 
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are observed over an acute inhibitor time course and in long-term resistant NCI-

H358 cells (R). (B) KRAS activity is rapidly restored when cells are dosed with 

KRASG12C or MEK inhibitors. Long-term exposure to MEK inhibitor (AZD4785, R) 

also results in upregulation of HRAS activation. In all cases naïve NCI-H358 cells 

were treated with vehicle control (-) or IC90 concentrations of each inhibitor for the 

indicated time periods with cells re-dosed every 48 hours. Blots are representative of 

n=3 biological repeats. 

 

Figure 4. Combination treatments to mitigate Ras resistance. (A) Dose responses of 

combination therapeutics in resistant cells. Resistance associated with long term 

Ras pathway inhibitor dosing often results in desensitization to members of a panel 

of anti-cancer therapeutics versus DMSO control cells not exposed to Ras/MEK 

inhibitor. Dose responses are shown in Supplementary Figure 3. (B) Effective triple 

inhibitor combinations to mitigate emergent resistance to targeted therapeutics. RTK-

KRAS-SHP2/MTOR inhibition delays resistance to KRAS therapeutics. Naïve NCI-

H358 cells were treated with the indicated inhibitor combinations targeting KRAS 

(ARS1620, AZD4785), MEK (selumetinib), EGFR (gefitinib), EGFR/ERBB2 

(lapatinib), IGFR/INSR (NVP-ADW742), SHP2 (RMC-4550) and mTOR (AZD8055), 

re-treated every 5 days and cell growth monitored using an IncuCyte S3. Data are 

from triplicate repeats of four independent experiments; statistical significance was 

evaluated using a Mann–Whitney test where *, P < 0.05; **, P < 0.01; ***, P < 0.001. 

 

Supplementary Figure 1. Sensitivity of NCI-H358 cells to Ras targeted 

therapeutics. Antisense KRAS AZD4785 results in loss of KRAS and a concomitant 

decrease in Ras-MAP kinase output indicated by decreased DUSP6 expression. 
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Higher sensitivity to drug is observed in 3D spheroid cell culture vs 2D culture 

following 7 days of incubation. Similar results are observed for the other drugs. Data 

are means ±SD from three independent experiments. Calculated IC50 and IC90 

concentrations are summarized in the table. 

 

Supplementary Figure 2: Re-activation of Ras effectors is KRASG12C specific. Acute 

treatments with IC90 concentrations of inhibitor were carried out in (A) naïve NCI-

H1792 KRASG12C cells and (B) naïve NCI-H1793 KRASWT cells. Treatments were re-

dosed every 48 hours. NCI-H1792 cells exhibited rapid re-activation of Ras effectors 

following acute inhibitor treatments, whereas NCI-H1793 cells showed minimal 

changes in pERK levels. Blots are representative of two independent experiments.  

 

Supplementary Figure 3. Dose responses of combination therapeutics in resistant 

NCI-H358 cells. Long-term resistant cell lines were treated with their previous IC90 

inhibitor doses in combination with dose responses of additional targeted inhibitors. 

The change in confluency was recorded following 4 days of inhibitor treatment. 

Confluence data are means ±SD from at least two independent experiments. 

 

Supplementary Figure 4. Synergy vs dose response matrices of triple combination 

therapeutics in resistant cells. Synergy scores from double inhibitor combination 

assays were calculated using the Loewe model and plotted against % viability. Areas 

coloured blue indicate drug combinations that are synergistic. The final doses 

selected for triple combination analysis in Supplementary Figure 3 are indicated. 
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