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SUMMARY

Despite extensive efforts, oncogenic KRAS remains resistant to targeted therapy. Combined 

downstream RAL-TBK1 and MEK inhibition induces only transient lung tumor shrinkage in 

KRAS-driven genetically engineered mouse models (GEMMs). Using the sensitive KRAS;LKB1 
(KL) mutant background, we identify YAP1 upregulation and a therapy-induced secretome as 

mediators of acquired resistance. This program is reversible, associated with H3K27 promoter 

acetylation, and suppressed by BET inhibition, resensitizing resistant KL cells to TBK1/MEK 

inhibition. Constitutive YAP1 signaling promotes intrinsic resistance in KRAS;TP53 (KP) mutant 

lung cancer. Intermittent treatment with the BET inhibitor JQ1 thus overcomes resistance to 

combined pathway inhibition in KL and KP GEMMs. Using potent and selective TBK1 and BET 

inhibitors we further develop an effective therapeutic strategy with potential translatability to the 

clinic.

Graphical Abstract

In Brief

Kitajima et al. identify BET-regulated YAP1 upregulation as a mediator of acquired and intrinsic 

resistance in KRAS;LKB1 and KRAS;TP53 mutant lung cancer cells, respectively, to combined 

TBK1 and MEK inhibition and show that intermittent BET inhibition overcomes this resistance.

INTRODUCTION

KRAS is one of the most frequently mutated oncogenes in human cancer and is enriched in 

tumors fueled by inflammatory signaling, such as non-small-cell lung cancer (NSCLC), 

colorectal cancer (CRC), and pancreatic ductal adenocarcinomas (PDAC) (Kitajima et al., 

2016; Pylayeva-Gupta et al., 2011). KRAS mutant cancers have remained refractory to all 
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targeted therapies to date, in part due to the challenges of inhibiting oncogenic KRAS itself 

(Stephen et al., 2014). While direct targeting of specific KRAS mutants (Hobbs et al., 2016) 

and immunotherapy (Topalian et al., 2015; Tran et al., 2016) have shown promise, an 

equally important strategy is to identify optimal combinations of therapy that ablate KRAS 

signaling downstream of key mediators such as MAPK, PI3K, and RAL-GDS (Stephen et 

al., 2014).

Although well validated as downstream targets, MAPK and PI3K pathway inhibitors have 

thus far failed to affect KRAS mutant NSCLC in the clinic, even when used in combination 

(Hata et al., 2014). Direct inhibitors of RAL-GDS, an equally critical oncogenic KRAS 

effector (Bodemann and White, 2008), also remain in preclinical development (Yan et al., 

2014). Importantly, RAL-GDS activation of RALB engages the more targetable innate 

immune signaling kinase TBK1, inducing the secretion of IL-6 and CCL5, which promote 

cancer cell survival via the STAT3 and NF-κB pathways (Barbie et al., 2009; Chien et al., 

2006; Zhuetal., 2014a).

MAPK and innate immune signaling pathways are tightly linked by feedback regulation. For 

example, treatment of KRAS mutant NSCLC cells with the MEK inhibitor selumetinib 

induces IL-6/STAT3 activation, which contributes to drug resistance (Lee et al., 2014), while 

TBK1 inhibition rapidly induces MEK/ERK activation (Zhu et al., 2014a). This 

interdependence of MEK and innate immune signaling downstream of RAS provides a 

strong rationale for combinatorial therapy (Zhu et al., 2014b). Indeed, we previously 

reported that combination of selumetinib with the TBK1/JAK inhibitor momelotinib 

synergistically induces tumor regression in aggressive KRAS-driven lung cancer mouse 

models (Zhu et al., 2014a). Synergy between MEK and TBK1 inhibition has also been 

observed downstream of NRAS signaling in melanoma (Vu and Aplin, 2014). Despite these 

anti-tumor responses, it is likely that higher order drug combinations targeting additional 

pathways will be required for long-term durable activity.

It is also increasingly clear that KRAS mutant NSCLC is a heterogeneous disease and that 

co-mutation of the tumor suppressor genes TP53 or STK11/LKB1 (hereafter LKB1) defines 

different subtypes (Skoulidis et al., 2015). For example, KRAS;TP53 mutant (KP) or 

KRAS;LKB1 mutant (KL) NSCLC cells exhibit divergent gene expression profiles and 

sensitivity to targeted or immune directed therapies (Kottakis et al., 2016; Koyama et al., 

2016; Skoulidis et al., 2018). LKB1 deficiency specifically has been reported to promote 

resistance to MEK inhibition (Chen et al., 2012) but sensitivity to IL-6 neutralization 

(Koyama et al., 2016).

We therefore sought to explore the relative efficacy of combined innate immune and MAPK 

signaling in these different KRAS genetic backgrounds and to uncover additional pathways 

that might limit the overall activity of this therapy.
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RESULTS

LKB1 Inactivation Engages Innate Immune Cytokines and Momelotinib Sensitivity in 
KRAS-Driven NSCLC

We noted that elevated IL-6 secretion at baseline in KL or KRAS;LKB1;TP53 mutant (KLP) 

human NSCLC cells correlated directly with enhanced sensitivity to momelotinib treatment, 

as compared with KP cells (Figure 1A). Indeed, single-agent momelotinib treatment induced 

apoptosis in KL and KLP but not in KP cells (Figure 1B). Conversely, KL and KLP cells 

were resistant to MEK inhibitor treatment relative to KP cells, in consonance with prior 

work (Chen etal., 2012)(Figure 1A). Given this relative resistance, we explored whether 

MEK inhibitor-induced innate immune cytokine expression was also higher in KL than in 

KP cells. Treatment of the human KL NSCLC cell line A549 with the MEK inhibitor 

trametinib, especially in combination with the PI3K inhibitor buparlisib, resulted in 

pronounced induction of IL-6, CCL2, and CCL5 expression (Figure S1A). Consistent with 

prior work (Zhu et al., 2014a), this feedback response was potently suppressed by co-

treatment with the dual TBK1/JAK inhibitor momelotinib as compared with the selective 

JAK1/2 inhibitor ruxolitinib, even though JAK/STAT3 signaling was inactivated to the same 

degree (Figure S1B). We further confirmed downregulation of IL-6 secretion following 

momelotinib but not ruxolitinib treatment in multiple KL NSCLC lines, irrespective of 

whether or not they also had mutated TP53. On the other hand, KP NSCLC cell lines with 

intact LKB1 (H2009, H441, and H358) secreted much lower IL-6 at baseline and did not 

show downregulation of IL-6 secretion following momelotinib treatment (Figure S1C). 

Together these data suggested that LKB1 loss might engender preferential dependence on 

innate immune cytokine signaling downstream of oncogenic KRAS.

To isolate the role of LKB1 in this phenotype more specifically, we next reconstituted wild-

type LKB1 in KL (A549 and H1944) or KLP (H23 and HCC44) cells (Figure S1D). As 

compared with GFP-expressing control cells, LKB1 re-expression downregulated IL-6 

expression and induced relative resistance to momelotinib treatment in both KL and KLP 

cells (Figures 1C, 1D, and S1E). Furthermore, apoptosis induced by momelotinib treatment 

was suppressed by LKB1 re-expression in KL A549 cells (Figure S1F). Conversely, we 

performed LKB1 knockout by the CRISPR/Cas9 system in KP cell lines (H2009, H1792 

and H441) (Figure S1G), and observed increased IL-6 expression and sensitivity to 

momelotinib treatment (Figures 1E, 1F, and S1H). Together, these results confirm that LKB1 
status itself is tightly linked with IL-6 expression and momelotinib sensitivity in KRAS 
mutant NSCLC cells.

Previously, we found that high-dose momelotinib (100 mg/kg) daily could synergize with 

MEK inhibition in the aggressive LSL-KrasG12D;Trp53f/f (KP) lung cancer GEMM (Zhu et 

al., 2014a). To understand further the effect of Lkb1 status on momelotinib/MEK inhibitor 

sensitivity in vivo, we compared treatment response using a clinically achievable lower dose 

of momelotinib (10 mg/kg) with trametinib (2 mg/kg) in established lung tumors from the 

KP and LSL-KrasG12D;Lkb1f/f (KL) GEMMs. Consistent with our in vitro observations, 

treatment of mice with this dosing schedule induced tumor regressions in the KL GEMM 

(Figure 1G) in contrast to the KP GEMM, which exhibited a more modest slowing of tumor 
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growth (Figure 1H). Despite a near complete response of lung tumors in KL mice, acquired 

resistance to this combination developed rapidly by around 4 weeks of treatment (Figure 

1G). Thus, while KL lung cancer is particularly sensitive to inhibition of innate immune and 

MEK signaling, these data suggested that activation of alternative pathways can still mediate 

acquired resistance.

IGF1/IGF1R Activation as a Bypass Pathway in KL Cells

To identify additional pathways that become activated in response to TBK1/JAK inhibition 

in KL cells, we used a phospho-receptor tyrosine kinase (RTK) array. In A549 cells, 

momelotinib treatment for 24 hr increased phosphorylation of IGF1 receptor (IGF1R), in 

contrast to the JAK1/2-specific inhibitor ruxolitinib (Figure S2A). We confirmed that IGF1R 

activation following momelotinib treatment was at least as pronounced as that observed 

following MEK inhibitor treatment with selumetinib (Figure 2A). Feedback IGF1R 

activation was biphasic: early induction occurred without upregulation of IGF1R ligands 

such as IGF1 and IGF2 but coincided with suppression of S6K and activation of IRS1, 

suggesting intracellular feedback activation (Figures S2B and S2C). In contrast, treatment 

with momelotinib plus or minus MEK inhibition for several days strongly and specifically 

induced IGF1 (Figures 2B and S2D). Upregulation of IGF1 following combination treatment 

also increased over time (Figure S2E). We further confirmed this observation in vivo, since 

murine KL tumors that developed acquired resistance to combination therapy with 

momelotinib and trametinib upregulated Igf1 expression (Figure 2C).

Given these findings, we next assessed the role of IGF1/IGF1R signaling during chronic 

acquisition of resistance in A549 cells (Figure 2D). IGF1 mRNA and IGF1 secretion was 

highly upregulated following 2-month culture to develop momelotinib/selumetinib-resistant 

A549 cells (MSR-A549 cells) (Figures 2E and S2F). The expression of innate immune 

cytokines such as IL-6, CCL2, and CCL5 remained suppressed (Figure S2G). MSR-A549 

cells also exhibited high levels of phospho-IGFIR that were sensitive to treatment with an 

IGF1 neutralizing antibody (Figure 2F). Drug withdrawal reversed IGF1 mRNA and IGF1 

secretion in MSR-A549 cells after only 10 days, while subsequent re-addition of 

momelotinib and selumetinib rapidly re-induced IGF1 expression (Figures 2E and S2F), 

which tracked with drug resistance to momelotinib (Figure 2G). Because these findings 

suggested epigenetic alteration, rather than stable acquisition of a mutation, we examined 

histone H3K27 acetylation of the IGF1 promoter by chromatin immunoprecipitation (ChIP)-

qPCR. Indeed, as compared with a control region, histone H3K27 acetylation of the IGF1 

promoter tracked closely with drug resistance of MSR-A549 cells and was highly reversible 

(Figure 2H). Together, these results suggested an important role for IGF1 activation during 

momelotinib or selumetinib resistance but also the potential for broader epigenetic 

reprogramming.

IGF1R Inhibition Is Insufficient to Prevent Acquired Resistance

To determine the specific contribution of IGF1/IGF1R activation to acquired resistance to 

momelotinib or MEK inhibition, we next treated cells with the IGF1R/insulin receptor 

inhibitor linsitinib. As compared with parental A549 cells, MSR-A549 cells with established 

resistance showed enhanced, although partial, sensitivity to linsitinib (Figure S2H). Addition 
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of recombinant human IGF1 to parental A549 and H23 cells reduced cell growth inhibition 

following momelotinib treatment, which was completely antagonized by linsitinib treatment 

(Figures S2I and S2J). Conversely, while linsitinib treatment had little effect on parental 

A549 cells on its own, co-treatment with momelotinib enhanced inhibition of cell growth 

(Figures 2I and S2K). Indeed, linsitinib treatment potently induced apoptosis together with 

lower concentrations of momelotinib that were unable to induce apoptosis in A549 cells 

(Figures 2J and S2L). These synergistic effects of linsitinib treatment were not observed in 

combination with selumetinib or ruxolitinib (Figures 2I and 2J). Notably, linsitinib synergy 

with momelotinib was more pronounced in KL and KLP cells compared with KP cells 

(Figures S2M and S2N). Together, these results suggested that activation of IGF1/ IGF1R 

signaling could represent a critical survival pathway that facilitates escape from combined 

innate immune and MEK inhibition in KL cells.

We therefore sought to determine whether IGF1R inhibition could overcome resistance to 

momelotinib/MEK inhibition in vivo, by pursuing triple combination therapy with 

momelotinib, trametinib, and linsitinib in both KL and KP GEMMs. To minimize toxicity, 

we utilized an intermittent combination treatment schedule consisting of 3 days with drug 

treatment and 4 days off in a week, which fully suppressed cell growth in KL cells in vitro 

and did not result in significant body weight loss (Figures S2O and S2P). As expected, 

linsitinib treatment clearly enhanced tumor shrinkage in response to intermittent 

momelotinib and trametinib dosing in KL GEMMs but not in KP GEMMs (Figures 2K, 

S2Q, and S2R). However, despite this synergy, KL tumors still recovered after several weeks 

of therapy, and tumor volume with triple combination therapy was comparable with that 

with the two-drug combination by 4 weeks (Figures 2K and 2L). These results revealed that 

engagement of additional pathways beyond IGF1/IGF1R signaling are likely to compensate 

and promote acquired resistance to this therapy.

YAP1 Activation in MSR-A549 Cells Contributes to Acquired Resistance and Abrogates the 
Synergy between Momelotinib and Linsitinib

To uncover additional pathways that could promote acquired resistance to 

momelotinib/MEK inhibition, we performed RNA sequencing (RNA-seq) of MSR-A549 

cells. We found that, in addition to IGF1, multiple YAP1 target genes, including SERTAD4, 
CTGF, ANKRD1, and CYR61 (Dupont et al., 2011), were upregulated as compared with 

parental A549 cells (Figure 3A). We confirmed the YAP1-dependent nature of this 

transcriptional program, since YAP1 depletion antagonized this upregulation (Figures 3B 

and S3A). Moreover, as compared with parental A549 cells, MSR-A549 cells strongly 

expressed YAP1 and its related protein TAZ, which primarily localized to the nucleus 

(Figures 3C and 3D). YAP1 and its targets were also upregulated following momelotinib and 

MEK inhibitor treatment over time in parental A549 cells (Figures S3B and S3C). We 

further confirmed that exogenous expression of constitutively active YAP1 (YAP1 5SA) in 

parental A549 cells induced these YAP1 target genes but not IGF1 (Figures S3D and S3E), 

suggesting that YAP1 and TAZ activation in this context was independent of IGF1/IGF1R 

activation. Indeed, YAP1 depletion did not affect IGF1 upregulation in MSR-A549 cells 

(Figure S3F). Conversely, linsitinib treatment failed to suppress YAP1/TAZ and its 

downstream genes in MSR-A549 cells (Figures S3G and S3H). Recombinant IGF1 
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treatment also failed to upregulate YAP1 and TAZ expression, consistent with the 

independence of these two signaling pathways (Figure S3I).

Importantly, YAP1 depletion dramatically suppressed cell growth of MSR-A549 cells in the 

presence of momelotinib and selumetinib, even though YAP1-depleted parental A549 cells 

did not show significant growth inhibition (Figure 3E). On the other hand, A549 and HCC44 

cells expressing YAP1 5SA showed resistance to both momelotinib and selumetinib (Figure 

S3J). Further consistent with the idea that this YAP1 resistance program is distinct from 

IGF1/IGF1R, YAP1 5SA overexpression in A549 cells strongly antagonized cell growth 

inhibition and apoptosis induced by treatment with linsitinib and momelotinib (Figures 3F 

and 3G). Together, these results demonstrate that YAP1 is activated in response to inhibition 

of innate immune and MEK signaling downstream of KRAS, YAP1-mediated acquired 

resistance to momelotinib and selumetinib is independent of IGF1/IGF1R activation, and 

YAP1 activation promotes survival despite IGF1R inhibition in KL cells.

IGF1 and YAP1 Are Components of a Broader BET-Driven Adaptive Transcriptional 
Program

Given the epigenetic nature of the resistance to this combination therapy, we next performed 

histone H3K27 acetylation ChIP sequencing (ChIP-seq) in parental A549 and MSR-A549 

cells and integrated this with RNA-seq data to correlate gene expression with enhancer 

acquisition during resistance. This broader analysis revealed that 659 genes were 

upregulated in MSR-A549 cells and associated with higher histone H3K27 acetylation 

(Figure 4A and Table S1). As expected, these resistance-related genes contained IGF1 and 

YAP1 target genes (Figure 4B and Table S1). We also found that MSR-A549 cells 

upregulated genes encoding multiple other RTKs and secreted factors that have been linked 

to drug resistance and a therapy-induced secretome (TIS) (Anastas et al., 2014; Obenauf et 

al., 2015) such as KIT, WNT5A, and PDGFB (Figure 4B and Table S1). These findings 

suggested that, instead of dual targeting of IGF1/ IGF1R and YAP1, inhibition of this 

broader transcriptional adaptation might be a more effective strategy to overcome resistance.

BET family proteins recognize H3K27 acetylated histones and activate the RNA pol II 

machinery at promoters and enhancers (Shi and Vakoc, 2014). Indeed, genes suppressed by 

treatment with the BET inhibitor JQ1 were significantly enriched in 659 resistance-related 

genes (Figure S4A). JQ1 was also recently found to inhibit IGF1/IGF1R resistance 

mechanisms in breast cancer and Ewing sarcoma (Loganathan et al., 2016; Stratikopoulos et 

al., 2015). Consistent with these results and reports, IGF1 expression and downstream 

IGF1R and AKT activation were immediately suppressed following JQ1 treatment of MSR-

A549 cells (Figures 4C and 4D). In addition, most but not all YAP1 target genes, RTKs, and 

secreted factors upregulated in MSR-A549 cells were strongly downregulated by JQ1 

treatment (Figures 4E and S4B). Unexpectedly, YAP1 and TAZ upregulation in MSR-A549 

cells were also suppressed by JQ1 treatment, suggesting reinforcement of YAP1/TAZ 

activation by this transcriptional program (Figure 4F and S4C). Consistent with these 

findings, JQ1 treatment also re-sensitized MSR-A549 cells to momelotinib treatment (Figure 

4G). More-over, JQ1 treatment or genetic BRD4 depletion enhanced growth inhibition 

following momelotinib and MEK inhibitor combination treatment in parental A549 cells 
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(Figures 4H, 4I, and S4D). Together, these results suggested that BET inhibition might 

represent a particularly potent approach to overcome transcriptional adaptation to inhibition 

of MEK and innate immune signaling downstream of oncogenic KRAS.

YAP1 Activation Mediates Intrinsic Resistance to Momelotinib and MEK Inhibitor Treatment 
in KP Cells

Since KP cells were relatively insensitive to momelotinib treatment, we also considered the 

possibility that activation of similar pathways at baseline could contribute to intrinsic 

resistance to JAK/TBK1 inhibition. We therefore compared baseline levels of YAP1 and 

markers of downstream pathway activation in KP versus KL NSCLC cell lines. As 

compared with KL cells, KP cells exhibited increased YAP1 protein levels, which were 

sensitive to JQ1 treatment, as in MSR-A549 cells (Figure 5A). YAP1 expression was also 

downregulated in BRD4-depleted KP cells (Figure S5A). To assess more systematically 

whether YAP1 signaling is activated in KP versus KL cells, we analyzed gene expression 

profiling data from NSCLC cell lines in the Cancer Cell Line Encyclopedia (CCLE) 

database (Figures 5B and S5B and Table S2). KP-induced genes were significantly enriched 

for having binding motifs for the DNA-binding partner of YAP1 and TAZ, TEAD1, in their 

promoters (Figure 5B). Moreover, a survey of The Cancer Genome Atlas (TCGA) database 

revealed that gene expression in KP lung adenocarcinomas was also highly enriched in 

genes involved in YAP1 signature activation (Dupont et al., 2011) and downstream targets of 

TEAD1 (Figure 5C and Table S3).

To elucidate whether higher YAP1 expression in KP cells contributes to intrinsic resistance 

to momelotinib, we established YAP1-depleted KP cells (Figure S5C). YAP1-depleted KP 

cells showed higher sensitivity to momelotinib or MEK inhibitor treatment compared with 

control cells (Figures 5D and S5D). Further-more, JQ1 treatment or BRD4 depletion 

strongly sensitized KP cells to momelotinib treatment in vitro (Figures 5E-5H and S5E). 

Combination treatment with momelotinib and JQ1 potently induced apoptosis both in KL 

and KP cells at the same level even though combination treatment with momelotinib and 

linsitinib induced apoptosis only in KL cells and not in KP cells (Figure 5I). These 

combination therapies did not significantly induce apoptosis in normal cells, such as mouse 

embryonic fibroblasts (Figure S5F). Taken together, these results suggested that higher 

YAP1 expression in KP cells at least partially contributes to intrinsic resistance to 

momelotinib and MEK inhibition, and that combination therapy with JQ1 might be broadly 

effective in both KL and KP backgrounds.

Intermittent BET Inhibitor Treatment Overcomes Resistance to Momelotinib/MEK Inhibition 
in KL and KP GEMMs

Since BET inhibitor treatment broadly antagonized acquired resistance to momelotinib and 

MEK inhibitor therapy in KL cells and intrinsic resistance in KP cells, we explored the 

potential of higher order combination therapy as a strategy to achieve durable therapeutic 

responses in vivo. While sustained JQ1 treatment in KL, KLP, and KP cells strongly 

enhanced cell death following momelotinib plus or minus trametinib in vitro (Figure S6A), 

we anticipated potential toxicity of this triple combination in vivo. We therefore tested the 

possibility that interruption of this transcriptional program by intermittent pulses of JQ1 
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might be equally effective. Indeed, we tested several different schedules of JQ1 in MSR-

A549 cells and found that treatment every 2 days was sufficient to maintain IGF1 

suppression (Figure S6B). We thus examined combination treatment by alternating daily 

JQ1 treatment with daily momelotinib and trametinib treatment in vitro, which fully 

suppressed cell growth in both KL and KP cells as compared with normal cells (Figure 6A).

Based on these in vitro findings, we treated both KL and KP GEMMs with momelotinib and 

trametinib every day together with an intermittent pulse schedule of JQ1 (Figure 6B), which 

did not result in significant body weight loss (Figure S6C). As expected, triple combination 

therapy induced marked tumor regressions in KLGEMM by 2 weeks without severe toxicity 

(Figures 6C and 6D). Because momelotinib and trametinib combination therapy already 

induced strong tumor regressions in the KL GEMM, there was no significant difference 

between two- and three-drug combinations at that point (Figure 6C). However, in contrast to 

two-drug therapy, triple combination therapy inhibited tumor volume below baseline even 

after 10 weeks in the KL GEMM (Figure 6D). In addition, triple combination therapy 

achieved deep tumor regressions by 2 weeks of treatment in the KP GEMM, with prolonged 

tumor shrinkage up to 9 weeks of therapy, even though KP GEMMs showed intrinsic 

resistance to momelotinib and trametinib dual treatment (Figures 6E and 6F). These findings 

reveal that inhibiting transcriptional adaptation to MEK and innate immune pathway 

inhibition can result in durable responses in difficult-to-treat mouse KRAS lung cancer 

models.

Development of Combination Therapy with Optimized Inhibitors

Recently, more potent and specific TBK1 (compound 1) and BET (GS-626510) inhibitors 

have been described (Jenkins et al., 2018; Shi et al., 2016). We therefore utilized an 

aggressive KL patient-derived xenograft (PDX) model (DFCI-366) to design a combination 

therapy schedule for potential future translation to the clinic. First, we confirmed that 

GS-626510 treatment suppressed IGF1 and YAP1 activation in MSR-A549 and also 

decreased high levels of endogenous YAP1 expression in KP cells in vitro (Figures S7A-

S7C). We next compared the relative efficacy of each single-agent, double combination, 

ortriplecombination therapy in the KL PDX model, at doses guided by prior 

pharmacokinetic (PK)/pharmacodynamic (PD) and tolerability studies (Figures 7A and 

S7D). Although we observed a statistically significant benefit of compound 1 and trametinib 

treatment over trametinib alone, concurrent triple combination therapy failed to provide 

benefit, despite being well tolerated (Figures 7B and 7C). We therefore considered the 

possibility of drug-drug interaction (DDI) and/or subtherapeutic dosing of GS-626510 in 

NSG mice. Indeed, a single-dose PK study confirmed suboptimal dosing of 10 mg/kg (data 

not shown), prompting a PD study that identified 40 mg/kg as the minimum daily dose that 

completely inhibited Ccr2 expression in blood, which returned to baseline after 24 hr 

(Figures 7D and 7E). To minimize any effect of DDI, we tested an alternating doublet 

strategy, including 2 days of compound 1 and trametinib alternating with 1 day GS-626510 

and trametinib guided by effective suppression of feedback IGF1 induction with this 

schedule in vitro (Figures 7F and S7E). This combination approach in particular was 

especially effective, causing over 90% tumor growth inhibition with sustained benefit even 

after drug withdrawal at 3 weeks (Figures 7G, 7H, and S7F). Moreover, treatment was well 
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tolerated with only minor transient weight loss (Figure S7G). Together, these data confirm 

the clinical potential of using intermittent pulse BET inhibitor therapy to sustain response to 

dual innate immune and MAPK pathway inhibition.

DISCUSSION

Despite decades of effort, effective targeted therapies for oncogenic KRAS-driven 

malignancies remain to be identified. While downstream pathway-targeted therapy 

represents a rational approach, single agents or dual combinations have been limited by 

escape pathways or dose-limiting toxicities (Stephen et al.,2014). Here we follow up on an 

approach that targets downstream RAL and MEK signaling but leaves PI3K and other 

pathways unchecked. Thus, despite initial efficacy in aggressive murine Kras mutant lung 

cancer GEMMs, momelotinib and rametinib therapy fails to achieve durable responsiveness. 

By focusing on LKB1 -deficient KRAS-driven models that are particularly sensitive to this 

combination, we uncovered YAP1 pathway activation as a key component of resistance 

programs in both KL and KP models. Moreover, interruption of YAP1 signaling and 

additional transcriptional adaptation through pulsed BET inhibitor treatment limits the 

ability of cells to develop the plasticity required to escape dual therapy, andresults in 

prolonged preclinical activity in challenging therapeutic models.

YAP1 is a key effector of Hippo signaling, and hyperactivation of the YAP1 pathway has 

been implicated in a variety of human cancers (Moroishi et al., 2015). Of note, recent studies 

have established that YAP1 activation bypasses oncogenic Kras addiction in both NSCLC 

and PDAC models (Garcia-Rendueles et al., 2015; Kapoor et al., 2014; Lin et al., 2015; 

Shao et al., 2014). In one study, a systematic rescue screen of cellular survival following 

KRAS suppression in a KRAS-dependent colorectal cancer cell line identified YAP1 as a 

dominant mediator of resistance (Shao et al., 2014). These results were confirmed in the KP 

lung cancer GEMM, and converged upon activation of the epithelial to mesenchymal 

transition. In the other study, tumors that arose after suppression of mutant KRAS 

expression in a PDAC GEMM were found to have YAP1 amplification (Kapoor et al., 2014). 

Activation of a YAP-TEAD transcriptional program together with E2F mechanistically 

fueled growth in place of KRAS signaling. Together, these studies anticipate the findings 

reported here, whereby robust inhibition of multiple downstream KRAS signaling pathways 

might be predicted to uncover a similar resistance program. Indeed, this study provides 

evidence that multitargeted KRAS pathway therapy enforces YAP1 activation as a means of 

escape from inhibition.

We further determined that LKB1 or TP53 status dictates important differences in KRAS 

signaling and resistance to pathway-targeted therapy. While it has been known for some time 

that loss of these tumor suppressors alters the phenotypic outcome of KRAS-driven 

tumorigenesis in GEMMs (Chen et al., 2012), it has recently become clear that LKB1 loss 

has a unique impact on the tumor immune microenvironment and comprises a distinct 

subclass of human NSCLC tumors (Koyama et al., 2016; Skoulidiset al., 2015). The 

observation that proliferation and survival of KL cells are dependent on innate immune 

cytokine inhibition is consistent with recent work that highlighted a critical role for IL-6 in 

GEMMs (Koyama et al., 2016). LKB1 loss impairs autophagy, which negatively regulates 
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pTBK1, likely contributing to this effect and potentially explaining the preferential 

dependence of KL cells on momelotinib (Yang et al., 2016). We further discovered that 

feedback activation of innate immune signaling following the inhibition of the MEK and/or 

PI3K pathway is particularly pronounced in KL cells. Previous reports have indicated that 

feedback activation of innate immune cytokines promotes drug resistance to RTK, MEK, 

and RAF inhibitors (Korkaya et al., 2012; Lee et al., 2014; Sos et al., 2014), consistent with 

the relative resistance to MEK inhibitor treatment in KL cells compared with KP cells.

On the other hand, the acquired resistance program we observed in KL cells was also 

uniquely driven by a TIS response (Obenauf et al., 2015), in addition to YAP1. Although 

innate immune cytokines remained suppressed in MSR-A549 cells, several other secreted 

factors related to the TIS such as IGF1 and WNT5A were highly upregulated. In addition, 

several RTKs themselves, such as c-KIT, were upregulated in MSR-A549 cells, suggesting 

the potential for ligand-independent activation of RTK signaling (Stratikopoulos et al., 2015; 

Stuhlmiller et al.,2015). Activation of many of these pathways has been implicated in 

resistance to kinase-targeted cancer therapy in KRAS-driven NSCLC and other types of 

cancer cells (Anastas et al., 2014; Ebi et al., 2011; Molina-Arcas et al., 2013). These data 

suggest the need to shut off a broad array of ligand-dependent and -independent kinases 

simultaneously to overcome resistance. For example, while IGFI-dependent IGF1R/AKT 

activation directly contributed to acquired resistance to combination therapy in KL cells, 

isolated inhibition of the IGF1R/AKT pathway was not sufficient to prevent acquisition of 

resistance over time.

Although more selective IGF1R/AKT and YAP1 inhibitors are being developed, this TIS 

response poses a challenge to pharmacologic targeting of the multifaceted output. However, 

the observation that this coordinated response is driven by transcriptional reprogramming 

highlights the potential of targeting YAP1 and the TIS at the root via BET inhibition. Indeed, 

several recent papers have demonstrated that transcriptional reprogramming during adaptive 

bypass of kinase-targeted therapies, including MEK and PI3K inhibition, is susceptible to 

pharmacological targeting, preventing cancer cells from acquiring resistance (Stratikopoulos 

et al., 2015; Zawistowski et al., 2017). Consistent with these and other reports, elevated 

histone H3K27 acetylation, a marker of active transcription, was enriched in many of 

resistance-related genes, including IGF1 and YAP1 target genes during acquisition of 

resistance to combination therapy. Thus, inhibition of BET family proteins, which recognize 

H3K27 acetylated histones and activate transcription, by JQ1 treatment clearly suppressed 

acquisition of resistance to combination therapy in A549 cells. Furthermore, JQ1 treatment 

rapidly decreased expression of resistance-related genes in MSR-A549, re-sensitized MSR-

A549 cells to momelotinib treatment, and significantly attenuated acquisition of resistance in 

the highly aggressive KL GEMM.

Although KP cells failed to induce IL-6 and lacked this secreted response, we instead found 

that they expressed elevated YAP1 activity at baseline. These findings suggest that 

inactivation of LKB1 or TP53 promotes distinct paths for KRAS adaptability to downstream 

pathway inhibition. In the former scenario, YAP1 activity is low, and cells are particularly 

reliant on innate immune cytokines as an adaptive response, but, when these are suppressed 

together with MEK inhibition, YAP1 and the TIS resistance program emerges. In the setting 
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of TP53 inactivation, this innate immune program and secreted factors such as IGF1 remain 

low, but YAP1 signaling is engaged and promotes intrinsic resistance to downstream 

pathway therapy on its own. Thus, while existing YAP1 inhibitors such as verteporfin (Liu-

Chittenden et al., 2012) are limited by non-specific cytotoxic effects, it is possible that newer 

highly selective and potent YAP1 inhibitors may reveal preferential synergy with 

momelotinib in KP cells. On the other hand, JQ1 treatment sensitized KP cells to 

momelotinib treatment to a greater degree than YAP1 depletion by small hairpin RNA, 

despite equivalent YAP1 suppression, suggesting that intrinsic resistance to momelotinib 

treatment in KP cells may also depend on additional transcriptional factors beyond YAP1 

alone.

Finally, we also used recently described potent and selective TBK1 and BET inhibitors 

(Jenkins et al., 2018; Shi et al., 2016) as tool compounds to develop a therapeutic strategy 

with translatable potential for KRAS-driven NSCLC patients. The alternating doublet 

strategy minimizes the toxicity of inhibiting each target, limits DDI, and also provides a 

faster path to the clinic compared with triple combination therapies that require complex 

dose escalation schedules. Thus, KRAS pathway-targeted therapy that inhibits innate 

immune cytokines, suppresses MEK signaling, and accounts for this adaptive transcriptional 

response could potentially translate into effective combination therapy for these refractory 

tumors.

STAR★METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

For further information and requests for reagents generated in this study, please contact 

David A. Barbie (dbarbie@partners.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient-Derived Xenograft Model—DFCI 366 (KRASG12A; LKB1A205fs) is a patient 

derived xenograft model of lung cancer established at the Belfer Center at Dana Farber 

Cancer Institute. The human PDX tumor sample used to generate this PDX was collected 

and analyzed according to Dana-Farber/ Harvard Cancer Center IRB-approved protocol 02–

180. Informed consent was obtained from the patient, and studies were conducted according 

to the Declaration of Helsinki and approved by the DFCI IRB. Tumor cells from a lung 

cancer patient were implanted subcutaneously in Matrigel® (BD BioSciences, Bedford, 

MA) in NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (Jackson Labs Stock No: 00557; NSG). The 

resulting tumor was expanded and frozen tumor fragments were stored under liquid 

nitrogen.

Animal Studies—All mouse experiments were conducted in accord with a Dana-Farber 

Cancer Institute and NYU Langone Medical Center Institutional Animal Care and Use 

Committee (IACUC) approved protocol. Lung tumors were induced in LSL-

KrasG12D/WT;Lkb1Ftox/Ftox or LSL-KrasG12D/WT;Trp53Ftox/Ftox mice by intra-nasal 

adenoviral Cre and measured by serial MRI as described (Chen et al., 2012). Momelotinib 

was dissolved in 0.5% methylcellulose, 0.4% polysorbate-80 at 1 mg/mL for daily oral 
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gavage dose of 10 mg/kg. Trametinib was dissolved in 0.5% hydroxypropyl methyl cellulose 

(HPMC) and dose was 2 mg/kg daily by oral gavage. Linsitinib was dissolved in HPMC and 

dose was 7.5 mg/kg daily by oral gavage. JQ1 was dissolved in 10% DMSO and 10% 

cyclodextrin with water and dose was 50 mg/kg every two days by intraperitoneal injection. 

Passage 3 DFCI 366 tumors were used for all experiments. Briefly, tumor fragments (2 

mm3) in Matrigel® were implanted in subcutaneously NSG mice using an 11 gauge trocar 

needle. Tumors were measured by caliper, allowed to grow to ~100 mm3 and were then 

grouped for each arm of the study. Trametinib was formulated 0.5% HPMC + 0.2% Tween 

80; the TBK1i, Compound 1, was formulated in 0.5% HPMC, 0.4% Tween 80 and 99.1% 

0.05 N HCl and the BETi, GS-626510, was formulated in 10% ethanol, 40% PEG300, 50% 

water. All compounds were dosed by oral gavage as indicated.

Cell Lines—A549, H2009 and HEK293T cells were cultured in DMEM (Thermo Fisher 

Scientific, Cat.# 11965–118) supplemented with 10% fetal bovine serum (FBS) (Gemini 

Bio-products, Cat# 100–106) and 1x penicillin-streptomycin (Gemini Bio-products, Cat# 

400–109), and H1944, HCC44, H23, H1355, H2030, H2122, H1792, H441 and H358 cells 

were cultured in RPMI 1640 (Thermo Fisher Scientific, Cat.# 11875–119) supplemented 

with 10% FBS and 1x penicillin-streptomycin. A549, H1944, HCC44, H23, H2030, H1355, 

H2122, H1792 and H2009 cells were authenticated by short tandem repeats genotyping. 

HEK293T, H441 and H358 were purchased from ATCC and used for all experiments before 

reaching 10 passages. Primary MEFs were prepared as described previously (Kitajima et al., 

2015) from day E14 embryo, maintained in RPM11640 supplemented with 10% FBS, and 

were used for all experiments before reaching 10 passages. Mycoplasma infection was 

regularly checked by PCR using the conditioned media derived from each cell line. The 

sequences of the primers used for checking mycoplasma infection are listed in Table S4.

Establishment of Momelotinib/Selumetinib Resistant (MSR)-A549 Cells—To 

establish MSR-A549 cells, A549 cells were cultured in the presence of 5 μM MMBand 1 

μM selumetinib or in growth media (DMEM supplemented with 10% FBS) alternately for 2 

months. (See Figure 2D regarding accurate schedule). After 2 months culture, MSR-A549 

cells were maintained with 5 μM momelotinib and 1 μM selumetinib continuously. MSR-

A549 withdrawal cells were established from MSR-A549 cells cultured without MMB and 

selumetinib treatment for 10 days. MSR-A549 re-addition cells were established from MSR-

A549 withdrawal cells cultured with 5 μM MMB and 1 μM selumetinib treatment for 12 

days.

METHOD DETAILS

ELISA—Human IL-6and IGF1 ELISAs (R&D systems) were performed according to 

manufacture’s instructions. Conditioned media from each cell lines was collected after 24 hr 

culture in the presence of the indicated concentration of drugs.

Immunoblotting—Cells were lysed in RIPA buffer containing 1x protease inhibitors 

(Roche, Cat# 11–836-145–001) and phosphatase inhibitors (50 mM NaF and 100 mM 

Na3VO4). Immunoblotting was performed as described (Zhu et al., 2014a). See the Key 

Resources Table for primary antibodies used. Secondary antibodies were from LICOR 
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Biosciences: IRDye 680LT Goat anti-Mouse IgG (#926–68020), IRDye 800CW Goat anti-

Rabbit IgG (#926–32211). HIKARI Signal Enhancer Solutions 1 (Nacalai USA, Inc. # 

NU00101) and Solution 2 (Nacalai USA, Inc. # NU00102) was used to dilute primary and 

secondary antibodies. Imaging of blots and quantitation of bands was performed using the 

LICOR Odyssey system.

Generation of Lentivirus—2 × 106 HEK293T cells were plated onto 60 mm dish and 

transfected using X-tremeGENE HP DNA Transfection Reagent (Roche, Cat.# 

06366236001) with 1.5 μg of lentivirus-based expression vectors (See Key Resources Table) 

together with 1.5 μg of pCMV-dR8.91 and 1.5 μg of pCMV-VSV-G. After 48 hr incubation, 

the media containing lentivirus particles were collected, passed through a 0.45 μm filter, and 

concentrated using Lenti-X Concentrator (Clontech, Cat# 631231). Lentiviral infection of 

ORFs, sgRNAs and shRNAs was performed as described (Zhu et al., 2014a). For selection 

of virally infected cells, 0.5–2 μg/ml of Puromycin (pLKO.1 and plentiGuide-puro) or 3–8 

μg/ml of Blasticidin (pLX304 and pXPR_BRD111) was used 24 hr post infection.

CRISPR/Cas9 System—Target sequences for CRISPR interference were designed using 

the sgRNA designer (http://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-

design). A non-targeting sgRNA from the Gecko library v2 was used as a scramble sgRNA. 

sgRNA target sequences are listed in Table S4 plentiGuide-puro or pCRISPRv2-puro vectors 

were cloned as previously described (Sanjana et al., 2014; Shalemetal., 2014).

Quantitative RT-PCR—RNA extraction from cells was performed using RNeasy Mini Kit 

(Qiagen, Cat.# 74106). RNA extraction from mouse blood samples was performed using 

RNA protect animal blood tubes (Qiagen, Cat.# 76544) and RNeasy protect animal blood kit 

(Qiagen, Cat.# 73224). RNA samples (1 μg) were reverse-transcribed using SuperScript® III 

First-Strand Synthesis SuperMix (Thermo Fisher Scientific, Cat.# 1683483). Quantitative 

real-time PCR was performed using Power SYBR Green PCR Master Mix (Thermo Fisher 

Scientific, Cat.# 4367659) and TaqMan Universal PCR Master Mix (Thermo Fisher 

Scientific, Cat.# 4304437). The sequences of the primers used for qRT-PCR are listed in 

Table S4. The values represent the average of four replicates from at least two independent 

experiments.

Cell Viability Assay—1500–4000 cells were plated onto 96-well plates, and incubated 

with growth media containing drugs as indicated for 72 or 96 hr. Values of CellTiter-Glo 

Luminescent Cell Viability assay (Promega) after 72 or 96 hr were normalized to vehicle 

treated cells. Plates were read on a Tecan Infinite M200 Pro plate reader and analysis was 

performed using Prism7 (GraphPad Software). All conditions were tested in triplicate. The 

values represent the average of three replicates and a representative experiment from at least 

two independent experiments.

Phospho-Receptor Tyrosine Kinase (RTK) Array—Human phospho-RTK arrays 

were performed according to manufacture’s instructions. Cells were lysed in RIPA buffer 

containing 1× protease inhibitors (Roche, Cat# 11–836-145–001) and phosphatase inhibitors 

(20 mM NaF and 100 mM Na3VO4) after 24 hr culture in the presence of the indicated drug.
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Chromatin Immunoprecipitation (ChIP) and ChIP-seq—1 × 107 cells were 

crosslinked by 1% paraformaldehyde in fixing buffer (50 mM HEPES pH 7.5,100 mM 

NaCl, 1 mM EDTA pH 8.0) for 5 min at room temperature, and then quenched the 

crosslinking reaction by 1.25 M glycine. Cells were washed once with cold phosphate-

buffered saline (PBS), collected into tube by centrifugation, washed once with cold PBS 

again, and then resuspened in lysis buffer (140 mM NaCl, 50 mM HEPES pH 8.0,1 mM 

EDTA pH 8.0,10% Glycerol, 0.5% NP-40, 0.25% Triton X-100,1 x protease inhibitor, 1 x 

phosphatase inhibitor). The subsequent cell pellet was washed with wash buffer (200 mM 

NaCl, 10mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0,1 x protease inhibitor, 1 x phosphatase 

inhibitor), resuspended 1 ml shearing buffer (0.1% SDS, 10 mM Tris-HCl pH 8.0,1 mM 

EDTA pH 8.0,1 x protease inhibitor, 1 x phosphatase inhibitor) and sonicated with Covaris 

LE220. After DNA shearing, 110 μl 10% Triton X-100 and 33 μl 5 M NaCl were added to 1 

ml sonicated lysates. Then lysates were incubated with 2 μg rabbit antihistone H3K27 

acetylation antibody (Abcam) overnight at 4°C, and then incubated with 20 μl PureProteome 

Protein G Magnetic Beads (Millipore, Cat.# LSKMAGG02) for 2 hours at 4°C. Beads were 

washed once with low salt immune complex buffer (150 mM NaCl, 0.1% SDS, 20 mM Tris-

HCl pH 8.0, 1% Triton-X100, 2 mM EDTA pH 8.0), high salt immune complex buffer (500 

mM NaCl, 0.1% SDS, 20 mM Tris-HCl pH 8.0, 1% Triton-X100, 2 mM EDTA pH 8.0), 

LiCl immune complex buffer (250 mM LiCl, 10 mM Tris-HCl pH 8.0, 1% NP-40, 1% 

Sodium Deoxycholate, 1 mM EDTA pH 8.0) and then TE buffer. Cross-links were reversed 

overnight at 65°C. RNA and protein were digested using 200 μg/ml RNase A (Thermo 

Fisher Scientific, Cat.# EN0531) and 200 mg/ml Proteinase K (Thermo Fisher Scientific, 

Cat.# E00491) respectively, and DNA was purified with phenol chloroform extraction and 

ethanol precipitation. Quality of DNA sharing was analyzed by High Sensitivity DNA Chips 

(Agilent Technologies, Cat.# 5067–4626) according to manufacture’s instruction. Total 

amount of ChIPed DNA was analyzed by Qubit dsDNA HS assay kit (Thermo Fisher 

Scientific, Cat.# Q32851) according to manufacture’s instruction. The sequences of the 

primers used for ChIP-qPCR are listed in Table S4. The values represent the average of two 

technical replicates and a representative experiment from at three independent experiments 

(biological replicates). Libraries were prepared using Rubicon Genomics Thruplex-DNAseq 

sample preparation kits from 2 ng immunoprecipitated DNA according to manufacturer’s 

protocol. The finished double strand DNA (dsDNA) libraries were quantified by Qubit 

fluorometer, Agilent TapeStation 2200, and RT-qPCR using the Kapa Biosystems library 

quantification kit according to manufacturer’s protocols. Uniquely indexed libraries were 

pooled in equimolar ratios and sequenced on an Illumina NextSeq500 with single-end 75bp 

reads by the Dana-Farber Cancer Institute Molecular Biology Core Facilities.

RNA Preparation and RNA-seq—RNA extraction was performed using RNeasy Mini 

Kit (Qiagen, Cat.# 74106) and PerfectPure RNA cultured cell Enzyme Set DNase (5 

PRIME, Cat.# 2900315). Libraries were prepared using Illumina TruSeq Stranded mRNA 

sample preparation kits from 500 ng of purified total RNA according to the manufacturer’s 

protocol. The finished dsDNA libraries were quantified by Qubit fluorometer, Agilent 

TapeStation 2200, and qRT-PCR using the Kapa Biosystems library quantification kit 

according to manufacturer’s protocols. Uniquely indexed libraries were pooled in equimolar 
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ratios and sequenced on an Illumina NextSeq500 with single-end 75bp reads by the Dana-

Farber Cancer Institute Molecular Biology Core Facilities.

Data Analysis—Sequenced reads from histone H3K27 acetylation ChIPed DNA were 

aligned to hg19 using Bowtie2 with -k mode 1 and enriched ChIP peaks were called by 

MACS algorithm at the threshold of p < 1×10-5. Peak signals from two sets of the ChIP 

peaks (MSR-A549 cells vs. A549 cells) were normalized using MAnorm algorithm and 

4,251 peaks were identified to be significantly increased on MSR-A549 cells at the arbitrary 

threshold at p < 1×10-25. Sequenced reads from RNA-seq were aligned with Tophat aligner 

to UCSC Refgene hg19. Transcripts were quantified using Cufflinks and differentially 

expressed transcripts were identified by Cuffdiff. Those 4,251 peaks with increased signal 

upon resistance were assigned to genes potentially contributed for its expression using 

Citrome BETA tool. Of those genes, 986 genes were identified to have their expression also 

significantly increased in MSR-A549 cells to momelotinib/selumetinib treatment at FDR q < 

0.25. From the resulting genes, 659 genes were identified by selecting genes with the 

average of RPKM in MSR-A549 cells > 0.1 and fold change of average RPKM (MSR-A549 

cells/A549 cells) > 1.5, and shown in Table S1 as resistance-related genes. Lung 

adenocarcinoma cell lines in CCLE repository are subdivided into 2 classes, KP (n = 9, 

H2009, H358, H1792, CALU6, H441, RERFLCAD2, HCC2108, HCC1171 and H2291) 

harboring KRAS and TP53 mutation/deletion with intact LKB1, and KL (n = 10, H1734, 

HCC44, H647, H2122, H1573, H1355, A549, H2030, H23 and H1944) harboring KRAS 
and LKB1 mutation, respectively. The RPKM values for each cell line was obtained from 

CCLE repository, and then 386 differentially expressed genes between KP and KL cell lines 

(p < 0.05 and FDR q < 0.25) were identified using R platform and TCC package (Sun et al., 

2013). Of those genes, 168 genes were upregulated specifically in KP cell lines (M > 0, A > 

0), and shown in Figure 7B (Top 30 genes) and Table S2 (168 genes). The level3 RNA-seq 

V2 datasets for lung adenocarcinoma samples were downloaded from TCGA data portal and 

classified into KP samples or KL samples according to their mutation status (See Table S3). 

Samples having mutations on both LKB1 and TP53 were excluded. TCGA ID: TCGA-78–

7160,TCGA-78–7166 andTCGA-78–7540 were further eliminated because they were 

previously identified as a different subtype from KP or KL (Skoulidis et al., 2015). Then 

differentially expressed genes between KP samples (n = 21) and KL samples (n = 17) were 

analyzed by Gene Set Enrichment Analysis (GSEA) with YAP1 signature (Dupont et al., 

2011) and MSigDB C3 signature TEAD1 target.

Immunofluorescence—Cells were fixed with 4% paraformaldehyde for 10 minutes and 

washed by PBS 3 times. Cells were then blocked and permeabilized with 1% BSA and 0.3% 

Triton X-100 in PBS for 1 hour at room temperature, and incubated with rabbit polyclonal 

anti-YAP1 (Cell signaling technologies). Cells were then stained with Goat anti-rabbit IgG 

conjugated Alexa Fluor 555 (Thermo Fisher Scientific, Cat.# A-21429) and mounted with 

Prolong Gold antifade reagent with DAPI (Thermo Fisher Scientific, Cat.# P-36935).

Crystal Violet Staining—1×105 cells were plated onto 6-well type plates, and then 

cultured in the presence of MMB, Tram, and/or JQ1 for 12 days. Media was changed every 

day with the indicated drugs. For JQ1 treatment, this was only included in the media on 

Kitajima et al. Page 16

Cancer Cell. Author manuscript; available in PMC 2019 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



alternating days, to mimic intermittent JQ1 exposure in vivo. After 12 days of culture, cells 

were fixed with 4% paraformaldehyde, and then stained with 0.1% crystal violet as 

previously described (Zhu et al., 2014a). After washing excessive dye, crystal violet was 

extracted by using 10% acetic acid for 20 min incubation with shaking, diluted in water as 

necessary, and then measured at 590 nm in a spectrometer.

Statistical Analysis—Statistical significance was assessed using unpaired two-tailed 

Student’s t-test, one-way ANOVA followed by Tukey’s post-hoc test, or two-way ANOVA 

followed by Tukey’s or Sidak’s post-hoc test. p values less than 0.05 were considered 

significant. Asterisks used to indicate significance correspond with: *p<0.05, **p<0.01. 

Columns represent means ± standard deviation (SD). In one-way or two-way ANOVA 

followed by post-hoc tests, we showed * only in pairs of interest. GraphPad Prism7 was used 

for all statistical analysis, data processing and presentation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• LKB1 regulates innate immune signaling in KRAS-driven NSCLC cells

• IGF1 and YAP1 promote resistance to TBK1/JAK/MEKi therapy in KL cells

• BETi suppresses IGF1, YAP1 signaling and a therapy-induced secretome

• Combination therapy with intermittent BETi achieves durable efficacy in KL 

models
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Significance

Targeted therapy for oncogenic KRAS-driven cancers remains a major unmet clinical 

need. Here we explore KRAS directed combination therapy targeting TBK1 and MEK 

signaling, two of the major outputs downstream of RAL and MAPK. We uncover 

KRAS;LKB1 mutant NSCLC cells as particularly sensitive to this combination, but with 

YAP activation/transcriptional plasticity as a major resistance mechanism. Blocking this 

feedback at the root via BET inhibition overcomes acquired and intrinsic resistance, and 

can achieve long-term tumor control in aggressive Kras lung cancer GEMMs regardless 

of Lkb1 or Trp53 status. Furthermore, the set of targets identified (TBK1, MEK, and 

BRD4) are all being optimized with more potent and selective inhibitors, thus 

highlighting the clinical potential of this combination strategy.
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Figure 1. LKB1 Regulates Innate Immune Signaling and Sensitivity to MMB/MEK Inhibitor 
Therapy in KRAS-Driven NSCLC
(A) Percentage growth inhibition (x axis) of KL (red, A549 and H1944 cells), KLP (purple, 

HCC44, H23, H2122, and H2030 cells), and KP (blue, H2009, H441, and H358 cells) 

human NSCLC lines treated for 72 hr with 2.5 μM momelotinib or 10 nM trametinib plotted 

versus degree of baseline IL-6 secretion in conditioned medium (y axis). R2 values and p 

values for the correlation shown.

(B) Immunoblot (IB) ofthe indicated proteins in A549, H2009, HCC44, and H1792 cells 

treated with indicated concentration of momelotinib (MMB) for24 hr. Red cell lines, KL; 

blue cell lines, KP.
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(C) qRT-PCR of IL-6 in A549, HCC44, H23, and H1355 transduced with the indicated 

vector (n = 4).

(D) Relative cell growth of A549 and H23 cells transduced with the indicated vector in the 

presence of 2.5 μM MMB for 96 hr (n = 3).

(E) qRT-PCR of IL-6 in H2009, H1792, and H441 cells transduced with the indicated single 

guide RNA (sgRNA) (n = 4).

(F) Relative cell growth of H2009 and H1792 cells transduced with the indicated sgRNA in 

the presence of 2.5 μM MMB for 96 hr (n = 3).

(G) Percentage change in MRI tumor volume of LSL-KrasG12D;Lkb1f/f-induced lung cancer 

following daily treatment of vehicle, 2 mg/kg trametinib (Tram), or 10 mg/kg MMB + 2 

mg/kg Tram (left), with representative MRI images before treatment and 4 weeks following 

MMB and Tram therapy (right). H, heart.

(H) Percentage change in MRI tumor volume of LSL-KrasG12D;Trp53f/f-induced lung 

cancer following daily treatment of vehicle, 2 mg/kg Tram, or 10 mg/kg MMB + 2 mg/kg 

Tram.

All quantitative data are represented as mean ± SD; **p < 0.01; see also Figure S1.
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Figure 2. Inhibition of IGF1/IGF1R Pathway Is Effective in KL Cells but Fails to Achieve 
Prolonged Therapeutic Effect In vivo
(A) IB of the indicated proteins in A549 cells treated with 5 μM MMB ±1 μM selumetinib 

(Selu) ± 1 μM linsitinib (Lin) for 48 hr.

(B) qRT-PCR of IGF1 in A549 treated with 1 μM rapamycin (Rapa), 1 μM Ruxo, 5 μM 

MMB, 1 μM Selu, and/or 10 nM Tram for 12 days (n = 4).

(C) qRT-PCR of IGF1 in tumor nodules (n = 4) from KL mice treated with 10 mg/kg MMB 

+ 2 mg/kg Tram for 6 weeks.

(D) Schematic of resistant cell line generation over 2 months of MMB and Selu treatment. 

A549 cells were cultured in the presence of 5 μM MMB and 1 μM Selu over 4 days (ON), 

and then in the absence of these inhibitors over 3 days (OFF). This 7-day cycle was repeated 

over 2 months (upper). Representative phase-contrast images of A549 and MSR-A549 cells 

(lower). Scale bars: 100 μm.
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(E) qRT-PCR of IGF1 in A549, MSR-A549, MSR-A549 drug withdrawal and drug re-

addition cells (n = 4) (See STAR Methods).

(F) IB of the indicated proteins in A549 and MSR-A549 cells in the presence of 1 μg/mL 

anti-IGF1 antibody treatment for 24 hr.

(G) Relative cell growth of A549, MSR-A549, MSR-A549 withdrawal, and MSR-A549 re-

addition cells in the presence of 5 μM MMB for 72 hr (n = 3).

(H) qPCR of IGF1 promoter and gene desert on chromosome 12 (see STAR Methods) on 

DNA purified from ChIP-H3K27 acetylation in A549, MSR-A549, and MSR-A549 

withdrawal cells (n = 3).

(I) Relative cell growth of A549 treated with 2.5 μM MMB, 1 μM Selu, 1 μM Lin, and/or 1 

μM Ruxo for 48 hr (n = 3).

(J) IB of the indicated proteins in A549 cells treated with 2.5 μM MMB, 1 μM Selu, 1 μM 

Lin, and/or 1 μM Ruxo for 24 hr.

(K) Representative MRI images from LSL-KrasG12D;Lkb1f/f mice treated with MMB + 

Tram + Lin therapy for the indicated time. H, heart.

(L) Percentage change in MRI tumor volume of LSL-KrasG12D;Lkb1f/f-induced lung cancer 

4 weeks following MMB + Tram or MMB + Tram + Lin therapy. MMB 10 mg/kg, Tram 2 

mg/kg, Lin 7.5 mg/kg. n.s., not significant.

All quantitative data are represented as mean ± SD; *p < 0.05, **p < 0.01; see also Figure 

S2.
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Figure 3. YAP1 Activation in MSR-A549 Cells Abrogates the Synergy between MMB and 
Linsitinib
(A) Heatmap of reads per kilobase of exon per million mapped fragments (RPKM) values of 

YAPI target genes (Dupont et al., 2011) in A549 and MSR-A549 cells.

(B) qRT-PCR of SERTAD4, ANKRD1, THBS1, CTGF, and CYR61 in A549 and MSR-

A549 cells transduced with the indicated small hairpin RNA (shRNA) (n = 4).

(C) IB of the indicated proteins in A549 and MSR-A549 cells.

(D) Immunofluorescence of YAPI in A549 and MSR-A549 cells. Scale bars: 100 μm.

(E) Relative cell growth (left) and phase-contrast images (right) of A549 and MSR-A549 

cells transduced with the indicated shRNA (n = 3). Scale bars: 100 μm.

(F) Relative cell growth (left) and phase-contrast images (right) of A549 cells transduced 

with the indicated vector in the presence of 2.5 μM MMB and/or 1 μM Lin for 96 hr (n = 3). 

Scale bars: 100 μm.

(G) IB of the indicated proteins in A549 cells transduced with the indicated shRNA and 

treated with 2.5 μM MMB and/or 1 μM Lin for 24 hr.
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All quantitative data are represented as mean ± SD; *p < 0.05, **p < 0.01; see also Figure 

S3.
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Figure 4. BET Inhibitor Abrogates Broader Transcriptional Activation during Acquisition of 
Resistance to MMB/MEK Inhibitor Treatment
(A) Venn diagram showing overlap of genes upregulated by RNA-seq and enriched by 

histone H3K27 acétylation ChIP-seq in MSR-A549 cells compared with A549 cells.

(B) ChIP-seq signals visualized by integrative genome viewer (IGV) for histone H3K27 

acetylation at IGF1, SERTAD4, KIT, PDGFB, and WNT5A loci in A549 and MSR-A549 

cells.

(C) qRT-PCR of IGF1 in A549 and MSR-A549 cells treated with 200 nM JQ1 for the 

indicated time (n = 4).

(D) IB of the indicated proteins in A549 and MSR-A549 cells treated with 200 nM JQ1 for 

the indicated times.

(E) qRT-PCR of SERTAD4, THBS1, TNS1, GLIS2, CDKN2C, SGK1, MYO1C, FGF2, 
PHGDH, CTGF, ANKRD1, and CYR61 in A549 and MSR-A549 cells treated with or 

without 200 nM JQ1 for 24 hr (n = 4).

(E) IB of the indicated proteins in A549 and MSR-A549 cells treated with or without 200 

nM JQ1 for 24 hr.
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(G) Relative cell growth of MSR-A549 cells in the presence of 5 μM MMB and/or 500 nM 

JQ1 for 96 hr (n = 3).

(H) Phase-contrast images of A549 transduced with sgControl (Scramble) or sgBRD4 and 

treated with 5 μM MMB, 1 μM Selu, and/or 200 μM JQ1 for 96 hr. Scale bars: 100 μm.

(I) Relative cell growth of A549 transduced with the indicated sgRNA in the presence of 5 

μM MMB and 1 μM Selu for 96 hr (n = 3).

All quantitative data are represented as mean ± SD; *p < 0.05, **p < 0.01; see also Figure 

S4 and Table S1.
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Figure 5. YAP1 Downregulation Following BET Inhibitor Treatment Sensitizes KP Cells to 
MMB/MEK Inhibitor Treatment
(A) IB of the indicated proteins in A549, H1944, HCC44, H2009, H441, and H358 cells 

treated with or without 500 nM JQ1 for 24 hr. Red cell lines, KL; blue cell lines, KP.

(B) Venn diagram showing differentially expressed genes between KL and KP in Cancer 

Cell Line Encyclopedia (CCLE). Analysis of transcription factor motif gene sets from 

Molecular Signatures Database (MSigDB) and significantly enriched in KP lung 

adenocarcinoma cell lines (See STAR Methods).

(C) Gene set enrichment analyses of published YAP1 signature (Dupont et al., 2011) (left) 

and TEAD1 target genes (WGGAATGY_V$TEF1_Q6) (right) in KRAS;TP53 versus 
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KRAS;LKB1 lung adenocarcinomas (see STAR Methods). NES, normalized enrichment 

score; NOM, nominal; FDR, false discovery rate.

(D) Relative cell growth of H2009 and H1792 cells transduced with the indicated shRNA in 

the presence of 2.5 μM MMB for 96 hr (n = 3).

(E) Phase-contrast images of H2009 cells treated with 2.5 μM MMB and/or 200 nM JQ1 for 

96 hr. Scale bars: 100 μm.

(F) Relative cell growth of MSR-A549 cells in the presence of 2.5 μM MMB and/or 200 nM 

JQ1 for 96 hr (n = 3).

(G) Phase-contrast images of H2009 transduced with the indicated sgRNA and treated with 

5 μM MMB for 96 hr. Scale bars: 100 μm.

(H) Relative cell growth of H2009 transduced with the indicated sgRNA in the presence of 5 

μM MMB for 96 hr (n = 3).

(I) IB of the indicated proteins in A549, H2009, H23, and H1792 cells treated with 2.5 μM 

MMB, 1 μM Lin, and/or 500 nM JQ1 for 24 hr. Red cell lines, KLand KLP; blue cell lines, 

KP.

All quantitative data are represented as mean ± SD; *p < 0.05, **p < 0.01; see also Figure 

S5 and Tables S2 and S3.
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Figure 6. Triple Combination Therapy Shows Durable Therapeutic Effect both in KL and KP 
GEMMs
(A) Crystal violet staining of A549, H1944, HCC44, H23, H2009, H1792, H441, and mouse 

embryonic fibroblast (MEF) cells In the presence of 2.5 μM MMB and 10 nM Tram each 

day and/or 500 nM JQ1 every other day (intermittent) for 12 days (See STAR Methods). Red 

cell lines, KL and KLP; blue cell lines, KP (upper). Quantification of extracted crystal violet 

in MMB + Tram + JQ1 treated cells was normalized to Tram + JQ1 treated cells (n = 3) 

(lower).

(B) Schematic of in vivo MMB + trametinib + JQ1 combination therapy schedule in 

GEMMs.

(C) Percentage change in MRI tumor volume of LSL-KrasG12D;Lkb1f/f-induced lung cancer 

2 weeks following JQ1, MMB + Tram, or MMB + Tram + JQ1 therapy. n.s., not significant.

(D) Representative MRI images from LSL-KrasG12D;Lkb1f/f mice treated with MMB + 

Tram therapy (upper) and MMB + Tram + JQ1 therapy (lower) for the indicated time. H, 

heart.

(E) Percentage change in MRI tumor volume of LSL-KrasG12D;Trp53f/f-induced lung cancer 

2 weeks following JQ1, MMB + Tram, or MMB + Tram + JQ1 therapy.
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(F) Representative MRI images from LSL-KrasG12D;Trp53f/f mice treated with MMB + 

trametinib therapy (upper) and MMB + trametinib + JQ1 therapy (lower) for the indicated 

time. H, heart.

All quantitative data are represented as mean ± SD; **p < 0.01; see also Figure S6.
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Figure 7. Development of Combination Therapy Using Optimized TBK1 and BET Inhibitors in 
KL PDX Model
(A) Schematic of in vivo compound 1 (TBK1 inhibitor) + trametinib + GS-626510 (BET 

inhibitor) combination therapy schedule in KL PDX model. BETi, BET inhibitor.

(B) Percentage change in tumor volume over time of DFCI366 PDX following daily 

treatment of vehicle, 40 mg/kg compound 1 ± 2 mg/kg Tram ±10 mg/kg GS-626510. n.s., 

not significant (each group, n = 10).

(C) Percentage tumor growth inhibition at the end of treatment of DFCI366 PDX following 

each therapy for 3 weeks. n.s., not significant.

(D) Schematic of pharmacodynamics (PD) study of GS-62510 in NSG mice. (E) qRT-PCR 

of Ccr2 in blood samples derived from mice treated with the indicated amount of 

GS-626510 (n = 6). mpk, mg/kg.
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(F) Schematic of alternating doublet compound 1, trametinib, and GS-626510 combination 

therapy schedules in KL PDX model.

(G) Percentage change in tumor volume over time of DFCI366 PDX following pulse 

treatment of 40 mg/kg compound 1, 2 mg/kg Tram, and/or 40 mg/kg GS-626510 in 

accordance with the indicated schedule (See Figure 7F) (each group, n = 8).

(H) Percentage tumor growth inhibition after drug withdrawal of DFCI366 PDX following 

each therapy for 3 weeks and then 10 days off treatment. n.s., not significant.

All quantitative data are represented as mean ± SD; *p < 0.05, **p < 0.01; see also Figure 

S7.
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