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SUMMARY

To identify therapeutic targets for KRAS mutant pancreatic cancer, we conduct a druggable 

genome small interfering RNA (siRNA) screen and determine that suppression of BCAR1 
sensitizes pancreatic cancer cells to ERK inhibition. Integrative analysis of genome-scale 

CRISPR-Cas9 screens also identify BCAR1 as a top synthetic lethal interactor with mutant 

KRAS. BCAR1 encodes the SRC substrate p130Cas. We determine that SRC-inhibitor-mediated 

suppression of p130Cas phosphorylation impairs MYC transcription through a DOCK1-RAC1-β-

catenin-dependent mechanism. Additionally, genetic suppression of TUBB3, encoding the βIII-

tubulin subunit of microtubules, or pharmacological inhibition of microtubule function decreases 

levels of MYC protein in a calpain-dependent manner and potently sensitizes pancreatic cancer 

cells to ERK inhibition. Accordingly, the combination of a dual SRC/tubulin inhibitor with an 

ERK inhibitor cooperates to reduce MYC protein and synergistically suppress the growth of 

KRAS mutant pancreatic cancer. Thus, we demonstrate that mechanistically diverse combinations 

with ERK inhibition suppress MYC to impair pancreatic cancer proliferation.

Graphical Abstract
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In brief

Using integrated analysis of genome-scale screens, Waters et al. identify BCAR1 and TUBB3, 

encoding p130Cas and βIII-tubulin, as two pancreatic cancer vulnerabilities that, when inhibited, 

sensitize KRAS mutant PDAC cells to ERK inhibition. Mechanistically, inhibition of p130Cas, 

βIII-tubulin, and ERK converges on and drives MYC loss to inhibit pancreatic cancer growth.

INTRODUCTION

Activating mutations in KRAS are initiating events in pancreatic ductal adenocarcinoma 

(PDAC) and are required for tumor maintenance (Collins et al., 2012; Ying et al., 2012). 

Although at least five approaches, spanning over three decades, have been investigated to 

target KRAS, no clinically evaluated targeted therapies have been approved (Papke and Der, 

2017; Ryan and Corcoran, 2018), which has led to the dubious distinction of KRAS being 

termed “undruggable” (Cox et al., 2014; McCormick, 2015). This is especially disconcerting 

because the KRAS mutation frequency in PDAC is 88%–95% (Prior et al., 2020; Waters and 

Der, 2018), and pancreatic cancer has the lowest 5-year survival rate (10%) of the major 

causes of cancer deaths in the United States (Siegel et al., 2020).

Current directions for anti-RAS therapeutic development include direct inhibitors of mutant 

RAS, inhibitors of RAS effector signaling, and identification of genes whose loss of 

function is synthetic lethal for mutant RAS (Papke and Der, 2017). While direct inhibitors of 

one KRAS mutant, G12C, have shown promising activities in early clinical evaluation 
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(Canon et al., 2019; Hallin et al., 2020), G12C comprises only 1%–2% of KRAS mutations 

in PDAC (Cox et al., 2014; Waters and Der, 2018). Thus, indirect strategies targeting 

proteins that critically support the oncogenic driver function of mutant KRAS remain the 

best approach for PDAC.

Inhibitors of the key KRAS effector signaling network, the RAF-MEK-ERK mitogen-

activated protein kinase (MAPK) cascade, have been pursued intensively (Papke and Der, 

2017; Waters and Der, 2018). However, RAF inhibitors are plagued by ERK reactivation and 

promotion of oncogenesis (Hatzivassiliou et al., 2010; Poulikakos et al., 2010; Yen et al., 

2018). Inhibitors of MEK have been limited by loss of ERK-dependent feedback inhibition, 

leading to ERK reactivation and bypass of inhibitor action (Duncan et al., 2012; Little et al., 

2011). Furthermore, ERK reactivation drives resistance to KRASG12C inhibitors (Hallin et 

al., 2020; Ryan et al., 2020; Xue et al., 2020). Addressing these limitations, we showed that 

inhibitors of the terminal node of the pathway, ERK, can block PDAC tumorigenic growth 

(Hayes et al., 2016). However, we found that ~50% of KRAS mutant PDAC cell lines 

exhibited de novo resistance to ERK inhibition, and ERK inhibitor sensitivity correlated 

with ERK-inhibitor-mediated loss of the MYC transcription factor, a well-established 

dependency for KRAS-driven cancer growth (Ozkan-Dagliyan et al., 2020; Soucek et al., 

2008; Soucek et al., 2013; Vaseva et al., 2018). Thus, some PDAC cells must regulate MYC 

in an ERK-independent manner. ERK phosphorylates MYC at residue S62 (pMYCS62) and 

primes it for GSK3β-mediated phosphorylation at residue T58 (pMYCT58) (Farrell and 

Sears, 2014). Canonically, phosphatase-mediated loss of pMYCS62 then allows FBXW7 E3-

ligase-dependent recognition of pMYCT58, leading to MYC degradation. We showed 

previously that ectopic overexpression of ERK-inhibitor-insensitive phosphodeficient MYC 

mutants (T58A and/or S62A) rescued ERK1/2 small interfering RNA (siRNA)-mediated 

loss of MYC and partially rescued ERK-inhibitor-mediated growth suppression in PDAC 

(Vaseva et al., 2018).

Another indirect therapeutic strategy for targeting RAS proteins is based on synthetic 

lethality (Huang et al., 2020). However, early genetic loss-of-function screens to identify 

synthetic lethal genetic interactors with mutant KRAS were limited in scope (Cox et al., 

2014; Downward, 2015). Recognizing these limitations, ongoing efforts have employed 

CRISPR-Cas9-based genetic screens that utilize large panels of KRAS mutant and wild-type 

(WT) cancer cell lines (Huang et al., 2020), thus yielding hope for the identification of 

synthetic lethal targets for KRAS mutant cancers (Aguirre et al., 2016; Meyers et al., 2017; 

Wang et al., 2017).

In the present study, we identified BCAR1 and TUBB3 as top sensitizers to ERK inhibition. 

BCAR1 encodes the p130Cas signaling scaffold protein, a key substrate for the SRC 

tyrosine kinase oncoprotein (Barrett et al., 2013; Camacho Leal et al., 2015; Nikonova et al., 

2014; Reynolds et al., 2014). TUBB3 encodes βIII-tubulin, a subunit of microtubules 

normally only expressed in the brain and testes but overexpressed in PDAC (De Gendt et al., 

2011; Lee et al., 2007; McCarroll et al., 2015). Unexpectedly, suppression of either BCAR1 
or TUBB3 resulted in ERK-independent loss of MYC. Taking advantage of these 

observations, we determined that combined inhibition of ERK and one or both of two 

functionally distinct proteins, p130Cas and/or microtubules, caused synergistic loss of MYC 
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through distinct mechanisms and resulted in apoptotic cell death. Our identification of MYC 

loss as a mechanistic basis for ERKi-based sensitization, and the efficacy of the triple 

combination of ERKi + SRC/p130Casi + microtubule inhibition, emphasize the key role of 

MYC as a therapeutic target and Achilles heel of KRAS in PDAC.

RESULTS

Identification of genes that modulate sensitivity to ERK inhibition

We previously determined that ~50% of KRAS mutant PDAC cell lines exhibit de novo 
resistance to ERK inhibitor treatment and that ERKi-mediated MYC loss was a marker of 

ERK inhibitor sensitivity (Hayes et al., 2016; Vaseva et al., 2018). To determine genetic 

mechanisms that modulate the sensitivity of KRAS mutant PDAC to ERK1/2 inhibition 

using the ERK1/2-selective inhibitor SCH772984 (ERKi) (Morris et al., 2013), we applied a 

genetic loss-of-function siRNA screen targeting 6,992 genes of the druggable genome 

(Figures S1A and S1B; Table S1).

Hits were defined as genes in which at least two siRNAs reduced the ERKi GI50 ≥3-fold 

compared to control. The 116 genes that met this criterion were enriched for genes encoding 

proteins that are involved in ERK MAPK signaling (ARAF, MAP2K1, DUSP6, and 

DUSP14; p = 1.5 × 10−5) and in regulation of the cell-cycle G2/M DNA damage checkpoint 

(CHK1 and AURKA; p = 3.4 × 10−5) (Figures S1C) (Krämer et al., 2014; Szklarczyk et al., 

2015). We did not identify any desensitizers to ERK inhibitor treatment, nor did any hits 

enhance the growth of KRAS mutant PDAC cells under vehicle treatment. The top 38 of the 

116 hits shifted the GI50 ≥5-fold relative to controls in both biological replicates or ≥10-fold 

in at least one replicate (Figure 1A). Of these 38 genes, which encode proteins with highly 

diverse functions (Table S2), we pursued BCAR1 and TUBB3 for further analysis.

Identification of BCAR1 as a synthetic lethal interactor in KRAS mutant PDAC

To identify synthetic lethal interactions with oncogenic KRAS mutants, we analyzed 

genome-scale CRISPR-Cas9 loss-of-function screens from over 500 cancer cell lines from 

the Cancer Dependency Map (https://www.depmap.org/). We identified preferential genetic 

dependencies in KRAS mutant versus KRAS-WT cancer cell lines (Figure 1B). As 

expected, knockout of KRAS was the most significant preferential dependency between 

KRAS mutant and WT cancer cell lines. Two additional hits, RAF1 and FOSL1, are well-

validated dependencies for KRAS-driven cancer growth (Blasco et al., 2011; Karreth et al., 

2011; Vallejo et al., 2017; Wang et al., 2017). Loss of BCAR1, also identified in our ERKi 

sensitivity screen (Figure 1A), was among the top synthetic lethal interactors with mutant 

KRAS. Finally, we compared CRISPR-Cas9 dependencies in KRAS-dependent PDAC 

cancer cell lines with those observed in KRAS-independent cancer cell lines of all lineages. 

We identified BCAR1 among the most preferential dependencies in KRAS-dependent 

PDAC cell lines (Figure 1C), indicating that PDAC may be especially vulnerable to BCAR1 
suppression. We determined BCAR1 appears to be synthetic lethal specifically for KRAS 
mutant pancreatic cancer, and no clear trend emerges for most of the other cancer types, 

including other cancer types with RAS mutation frequencies (Figure S1D). Integrated 

analyses of these data and the ERKi sensitization data suggested a mechanistic role in which 
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BCAR1 may be a synthetic lethal target of KRAS mutant PDAC because of its role in 

sensitizing PDAC cells to ERK inhibition.

To understand how BCAR1 dependency may relate to other genetic dependencies, we 

performed a Pearson correlation analysis of BCAR1 dependency with all other gene 

dependencies across the Cancer Dependency Map dataset (Figure 1D). We observed that 14 

of the top 25 genetic dependencies most correlated with BCAR1 dependency in CRISPR-

Cas9 screening data had previously been associated with BCAR1, including SRC and 

RAC1. These observations further support a crucial role for p130Cas in coordinating 

essential tumorigenic signaling processes.

p130Cas suppression reduces MYC and inhibits proliferation in a subset of PDAC cell lines

p130Cas, the protein product of BCAR1, is a critical scaffold/adaptor protein implicated in 

spatiotemporal regulation of focal adhesion turnover, migration, cell-cycle progression, 

invasion, and mechanotransduction (Barrett et al., 2013; Camacho Leal et al., 2015; 

Nikonova et al., 2014; Reynolds et al., 2014). Moreover, BCAR1 has been identified twice 

as a susceptibility locus for pancreatic cancer in genome-wide association studies (Childs et 

al., 2015; Wolpin et al., 2014), and overexpression of BCAR1 has been identified as a 

marker for pancreatic cancer in a transcriptome-wide association study (Zhong et al., 2020). 

Concordantly, we observed KRAS-driven transformation of hTERT-immortalized human 

pancreatic cells (HPNE-RAS) was associated with increased p130Cas protein, and KRAS 
mutant PDAC cell lines expressed more p130Cas than untransformed HPNE-DT cells 

(Figure S1E).

We then determined the consequences of BCAR1 suppression on the proliferation of a panel 

of KRAS mutant PDAC cell lines. siRNA-mediated BCAR1 suppression (siBCAR1), as 

measured by loss of p130Cas expression (Figure 2A), was sufficient to reduce proliferation 

and clonogenic growth in three of the nine KRAS mutant PDAC cell lines (Figures 2B and 

S2A). Since we previously found that loss of MYC was a key marker of ERKi sensitivity 

(Hayes et al., 2016), we examined whether BCAR1 suppression, like ERKi, decreased MYC 

protein levels. We found that BCAR1 suppression caused a reduction in MYC protein in the 

three cell lines that were growth inhibited (Figure 2A). We previously determined that MYC 

was essential for PDAC growth in vitro and in vivo (Vaseva et al., 2018). To determine 

whether MYC loss was contributing to the growth inhibition in Pa16C cells, we genetically 

suppressed BCAR1 and overexpressed hemagglutinin (HA)-tagged MYC from a 

heterologous promoter (Figure 2C). Restoring MYC levels partially rescued the proliferative 

defect upon BCAR1 genetic suppression, indicating siBCAR1-dependent loss of MYC is 

partially responsible for the growth defect (Figure 2D).

To determine the consequences of BCAR1 suppression on the activity/expression of the 

kinome, we applied multiplexed kinase inhibitor bead/mass spectrometry (MIB/MS) 

analyses (Duncan et al., 2012) to Pa16C cells treated with siBCAR1 (Figure S2B). One 

downregulated kinase was CDK9, a regulator of MYC gene transcription (Blake et al., 

2019). We also found that BCAR1 suppression downregulated the critical G1 cell-cycle 

regulators CDK4 and CDK6, suggesting one mechanism of siBCAR1-treatment-induced 

growth suppression may be CDK4/6-mediated G1 arrest. We next determined that BCAR1 
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suppression resulted in hypophosphorylation and activation of the CDK4/6 substrate, the RB 

tumor suppressor protein (Figure S2C), and in G1 cell-cycle arrest (Figure S2D). Thus, these 

analyses identified an unanticipated role for p130Cas in proliferation via regulation of 

CDK4/6 activity/expression and RB inactivation.

To evaluate whether BCAR1 suppression also inhibited growth through promoting 

apoptosis, we stably infected PDAC cells with small hairpin RNAs (shRNAs) targeting 

BCAR1. Stable suppression of p130Cas expression was associated with reductions in MYC 

protein, proliferation, clonogenic growth, and increased apoptosis (Figures S3A–S3C). In 

PANC-1 cells, we observed reductions in MYC protein and proliferation upon shRNA-

mediated, but not siRNA-mediated, suppression of BCAR1, indicating temporal BCAR1-
mediated MYC regulation. We conclude that p130Cas-dependent growth is mediated, in 

part, by maintaining MYC protein levels.

p130Cas suppression sensitizes PDAC cells to ERK inhibition by increasing apoptosis in a 
MYC-dependent manner

Our MIB/MS results showed that siRNA suppression of BCAR1 significantly dysregulated 

MAPK signaling (MAP2K1, MAP2K3, IGF1R, EGFR, MAP3K4, INSR, TAOK1, EPHA2, 

and PRKACB; p = 7.36 × 10−7), suggesting that MAPK signaling may compensate for 

BCAR1 loss (Figure S2B). This could contribute to the basis for our identification of 

BCAR1 in an ERKi sensitization screen.

As we described previously (Hayes et al., 2016; Vaseva et al., 2018), the dose-dependent 

reduction in phosphorylated ERK (pERK) upon ERKi treatment correlated with loss of 

phosphorylation of two key ERK substrates, MYC at S62 and RSK at T359/S363 (Figure 

S3D). This was associated with an increased level of the cyclin-dependent kinase inhibitor 

protein and G1 cell-cycle marker p27 KIP1 and a significant G1 cell-cycle arrest (Figure 

S3E), but not a substantial increase in apoptotic cells (Figure S3F). Therefore, ERKi 

treatment causes cytostatic rather than cytotoxic growth suppression.

We next determined if BCAR1 suppression enhanced sensitivity to ERKi treatment in a 

panel of PDAC lines. We found that with siBCAR1 treatment, the GI50 for ERKi treatment 

was reduced in five of seven PDAC cell lines evaluated (Figure S4A). Similarly, cells stably 

infected with shRNA targeting BCAR1 (shBCAR1) were growth inhibited and underwent 

significant further growth reduction that was enhanced with ERKi (Figure S4B). The 

enhanced growth suppression was due to increased apoptosis, with BCAR1 suppression 

alone promoting apoptosis that was enhanced synergistically by co-treatment with ERKi in 

three of five cell lines (Figure 2E), as indicated by combination indexes <1 using the Bliss 

independence model (Foucquier and Guedj, 2015). To verify the on-target activity of 

SCH772984, we determined that a chemically and mechanistically distinct ERK1/2-selective 

inhibitor, ulixertinib/BVD-523, caused synergistic and apoptotic growth suppression when 

combined with BCAR1 genetic suppression (Figure S4C).

Because either ERKi treatment or BCAR1 suppression alone can reduce MYC levels, we 

determined if loss of MYC may contribute to the enhanced growth suppression seen upon 

concurrent treatment with ERKi and BCAR1 silencing. Whereas either ERKi treatment or 
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BCAR1 silencing alone reduced MYC in four of five PDAC cell lines (Figure 2F), 

concurrent ERKi and BCAR1 genetic suppression further reduced MYC in all the cell lines. 

Likewise, ulixertinib caused MYC loss that was potentiated with BCAR1 genetic 

suppression (Figure S4D). These results suggest BCAR1 genetic suppression and ERK 

inhibition cooperate to impair PDAC growth through loss of MYC.

To determine the basis for BCAR1-suppression-induced loss of MYC protein, we performed 

qRT-PCR on Pa16C cells treated with shBCAR1 and observed a >2.5-fold decrease in MYC 
transcription that was not reduced further upon ERKi treatment (Figure S4E). We showed 

previously that ERK inhibition causes loss of MYC primarily through increased MYC 

protein degradation and, to a lesser degree, through suppression of MYC transcription 

(Vaseva et al., 2018). Treatment with the proteasome inhibitor MG132 did not prevent the 

loss of MYC protein observed upon suppression of BCAR1 (Figure S4F). Furthermore, 

MYC protein half-life was unchanged upon BCAR1 suppression (Figure S4G). These 

observations indicate that concurrent suppression of p130Cas expression and ERK activity 

enhances loss of MYC through complementary mechanisms of decreasing gene transcription 

and protein stability, respectively.

We then further investigated the mechanism behind the synergistic apoptosis induced by 

concurrent suppression of ERK and p130Cas. We found that while ERKi treatment dose-

dependently reduced MYC in both BCAR1-suppressed and control cells as expected, the 

reduction was more substantial upon concurrent suppression of BCAR1 (Figure 2G). 

Inversely correlated with MYC levels, ERKi caused a modest dose-dependent increase in 

PARP cleavage and apoptosis that was enhanced in shBCAR1-treated cells (Figures 2G and 

2H). These data support a mechanism whereby concurrent suppression of ERK and p130Cas 

function more effectively reduces MYC levels and results in a shift from cytostatic to 

cytotoxic impairment of PDAC growth.

SRC inhibition transcriptionally reduces MYC and synergizes with ERKi in a subset of 
PDAC cell lines

Phosphorylation of p130Cas by SRC creates recognition sites for SH2-domain-containing 

proteins. Loss of SRC was also identified in our correlation analysis as a genetic signature 

that mimicked loss of BCAR1 (Figure 1D). Therefore, we determined if pharmacologic 

inhibition of SRC would impair p130Cas function and cause loss of MYC. Treatment of 

Pa16C and Pa02C cell lines with the SRC inhibitor saracatinib (SRCi) caused a dose-

dependent reduction in p130Cas phosphorylation (pp130Cas) at Y249, a major SRC 

phosphorylation site, and concurrent loss of MYC protein (Figure 3A). The loss of MYC in 

Pa02C cells upon SRCi treatment was not expected, because shBCAR1 treatment increased 

rather than decreased MYC (Figure 2F). Resolving this apparent discrepancy, we found that 

although shBCAR1 treatment suppressed total p130Cas in both lines, it conversely increased 

pp130Cas in Pa02C cells (Figure 3B). Thus, we found a strong correlation between the 

levels of MYC protein and phosphorylated rather than total p130Cas.

We further evaluated whether SRCi can serve as a pharmacologic inhibitor of p130Cas and 

phenocopy genetic suppression of BCAR1. As we observed upon si/shBCAR1-mediated 

suppression of total p130Cas protein levels, SRCi-treatment-induced reduction in MYC was 
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also associated with a reduction in MYC transcription and G1 cell-cycle arrest (Figures 3C 

and S5A). Similar to what we observed upon BCAR1 genetic suppression, SRCi-induced 

MYC loss was incompletely rescued by MG132 treatment (Figure S5B), and MYC protein 

half-life was not reduced (Figure S5C). These results indicate that the major mechanism by 

which SRCi regulates MYC is transcriptional and that SRCi phenocopies p130Cas 

suppression. Additionally, similar to combining genetic suppression of BCAR1 with ERKi, 

concurrent SRCi and ERKi treatment caused synergistic growth suppression (Figure S5D) 

that was associated with synergistic suppression of MYC (Figure 3D) and increased 

apoptosis (Figures 3E and 3F). Increased apoptosis was also seen with SRCi in combination 

with ulixertinib, supporting on-targeting activity of SCH772984 (Figure S5E). These data 

support the use of SRCi as a pharmacologic inhibitor of p130Cas-dependent regulation of 

MYC.

To establish a mechanism for p130Cas-dependent regulation of MYC levels, we determined 

whether genetic suppression of known p130Cas-associated proteins phenocopies genetic 

suppression of p130Cas and causes loss of MYC protein. We found that shRNA suppression 

of DOCK1, ZNF384, PIK3CA (encodes PI3K p110α), or BCAR3 (a hit in the ERKi 

sensitizer screen; Figure 1A) caused loss of MYC (Figure 3G). Knockdown of ZNF384, 

BCAR3, or PIK3CA also reduced phosphorylated p130Cas, indicating the encoded proteins 

may regulate MYC indirectly through regulation of p130Cas phosphorylation. In contrast, 

genetic suppression of DOCK1 reduced MYC without a concomitant reduction in 

pp130Cas. Therefore, we speculated that DOCK1 (DOCK180), which associates with 

p130Cas upon phosphorylation by SRC (Smith et al., 2008), may regulate MYC by acting 

downstream of pp130Cas. Specifically, we propose a pathway whereby DOCK1 can regulate 

MYC expression through the small GTPase RAC1 and the transcription factor β-catenin. 

DOCK1 is a guanine nucleotide exchange factor and activator of RAC1 (Kiyokawa et al., 

1998). RAC1 activation enhances nuclear accumulation of β-catenin (Wu et al., 2008). β-

Catenin binds to the MYC promoter and its 3′ enhancer to stimulate MYC gene expression 

(He et al., 1998; Yochum et al., 2008). In agreement, we found nuclear-localized activated β-

catenin (S33A/S37A/T41A/S45A, “4A”) (Figure S5F) increased MYC protein (Figure S5G) 

and transcriptional activity (Figure S5H). Additionally, we determined from our correlation 

analysis that RAC1 loss has a genetic signature like BCAR1 loss (Figure 1D). Furthermore, 

like BCAR1, we identified CTNNB1, the gene that encodes β-catenin, as a genetic 

dependency in KRAS mutant cancers (Figure 1B).

Consistent with an association between p130Cas and DOCK1-RAC1 signaling, we found 

that shBCAR1 treatment of Pa16C cells decreased activated RAC1-GTP (Figure S6A). 

Moreover, we found this led to a reduction in active-β-catenin. We next determined that 

shRNA-mediated suppression of DOCK1 or RAC1 phenocopied shBCAR1-associated 

alterations in cell morphology (Figure S6B). Further, shDOCK1 and shRAC1 treatment also 

caused loss of MYC that was restored by overexpressing activated β-catenin (Figure S6C). 

Importantly, shDOCK1 and shRAC1 treatment resulted in clonogenic and proliferative 

defects that could be partially rescued by overexpressing activated β-catenin (Figures S6D 

and S6E). Taken together, these data support a mechanism whereby SRC-dependent 

phosphorylation of p130Cas regulates MYC transcription through a DOCK1-RAC1-β-

catenin pathway.
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Microtubule inhibition degrades MYC protein half-life in a calpain-dependent manner and 
synergizes with ERKi in PDAC cell lines

We next evaluated a second hit from our screen. TUBB3, encoding βIII-tubulin, was one of 

the 38 strongest ERKi sensitizers (Figure 1A), and the related gene TUBB6 was among our 

top 116 hits (Figure S1C). β-Tubulin and α-tubulin form heterodimers that comprise 

microtubules, and their dynamic assembly/disassembly are essential for proper mitotic 

spindle function and completion of mitosis (Jouhilahti et al., 2008). One reason we pursued 

the evaluation of βIII-tubulin was because G2/M DNA damage checkpoint regulation was 

the most dysregulated pathway in our screen (p = 3.4 × 10−5). Additionally, βIII-tubulin 

overexpression in pancreatic cancer has been described and shown to promote growth and 

resistance to chemotherapy (Lee et al., 2007; McCarroll et al., 2015).

βIII-Tubulin is normally expressed in terminally differentiated neurons and in the testes (De 

Gendt et al., 2011). However, in agreement with a prior study that identified TUBB3 
overexpression in pancreatic cancer and a correlation between βIII-tubulin expression and 

KRAS activation (Lee et al., 2007), we detected high levels of βIII-tubulin in six of eight 

KRAS mutant PDAC cell lines, and we found an increase in βIII-tubulin protein upon 

KRAS mutant transformation of HPNE-DT cells (Figures 4A and S7A). Using siRNAs 

targeting TUBB3, we observed growth inhibition in all PDAC lines tested (Figure S7B), in 

agreement with previous studies that found TUBB3 suppression caused a proliferative defect 

in pancreatic cancer cells (Lee et al., 2007; McCarroll et al., 2015). Unexpectedly, we again 

found that growth inhibition was associated with loss of MYC (Figure S7C), as well as with 

an increase in phospho-histone H3 S10 (pHistone H3), a marker of mitotic arrest (Figure 

S7D). Finally, TUBB3 depletion increased apoptosis (Figure S7E).

We next utilized pharmacologic inhibitors to block β-tubulin function. The taxanes baccatin 

III and paclitaxel bind to β-tubulin, enhancing microtubule stability and disrupting 

microtubule dynamics, causing G2/M arrest and apoptosis (Perez, 2009). As expected, 

baccatin III and paclitaxel caused a dose-dependent increase in microtubules (Figure S7F) 

and pHistone H3 (Figures 4B and 4C), as well as G2/M arrest (Figure S7G) and apoptosis 

(Figure 4D). Similarly, we found that treatment with vinblastine, which binds to β-tubulin 

and destabilizes microtubules (Figure S7H), increased pHistone H3, G2/M arrest, and 

apoptosis (Figures S7I–S7K).

As observed previously with paclitaxel treatment (Dai et al., 2001; MacKeigan et al., 2000; 

McDaid and Horwitz, 2001; Okano and Rustgi, 2001; Orr et al., 2003; Schmid-Alliana et al., 

1998; Shinohara-Gotoh et al., 1991), we found that paclitaxel, baccatin III, and vinblastine 

all caused a dose-dependent increase in pERK (Figures 4B, 4C, and S7I). Although a 

previous study found that MEK inhibition blocked paclitaxel-induced activation of ERK 

(MacKeigan et al., 2000), suggesting that this activation was due to increased upstream 

signaling, we observed no increase in phosphorylated MEK (pMEK). Instead, we observed 

downregulation of the ERK phosphatases DUSP4 and DUSP6 (Figure 4C), suggesting that 

paclitaxel activation of ERK is mediated by loss of negative regulation.

Our previous work showed ERK activity promotes MYC protein stability in PDAC cells 

(Vaseva et al., 2018); therefore, we were surprised to see that β-tubulin inhibitor treatment 
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increased ERK activation and yet concomitantly decreased MYC protein (Figures 4B, 4C, 

and S7I). Because loss of MYC has not been described previously as a consequence of β-

tubulin inhibitors, we next investigated a mechanism for loss of MYC. Paclitaxel and 

baccatin III stimulated a limited increase in MYC transcription that was abrogated upon 

concurrent ERK inhibitor treatment (Figure S8A). Conversely, we determined that paclitaxel 

and baccatin III caused a >2-fold reduction in MYC protein half-life (Figure 4E), indicating 

that the overall reduction in MYC levels induced by β-tubulin inhibitor treatment is driven 

by a reduction in protein stability.

To determine the mechanism by which microtubule inhibitors shortened MYC protein half-

life, we speculated that this activity may involve phosphorylation-regulated protein 

modification. To address this possibility, we generated a panel of 10 phospho- or lysine-

deficient HA-tagged MYC mutants based on MYC modifications we identified previously 

(Dingar et al., 2018) (Table S3). We established PDAC cells stably expressing WT MYC, 

MYCT58A, MYCS62A, and the 10 different MYC mutants. After confirming WT- and 

mutant-MYC expressing cells expressed comparable levels of MYC protein (Figure S8B), 

we determined that MYC mutant 5 (S151/159/161A) was resistant to paclitaxel-mediated 

MYC degradation (Figure S8C). Notably, we observed a ~33-kDa degradation species in the 

WT-MYC-overexpressing cells that we did not observe in the Mut-5-MYC-overexpressing 

cells (Figure S8C).

We speculated that the 33-kDa MYC fragment may correspond to a previously described 

“MYC-nick” fragment that binds to and stabilizes microtubules (Conacci-Sorrell et al., 

2010). To address this possibility, we determined if the 33-kDa fragment shared properties 

with MYC-nick. MYC-nick is formed through calpain-dependent cleavage at amino acid 

298, generating a MYC-nick fragment that can be inhibited by using calpain inhibitors such 

as calpeptin. Consistent with a previous study (Boehmerle et al., 2007), we determined that 

calpain activity increased in a dose-dependent manner in paclitaxel-treated cells (Figure 

S8D). Second, we observed that treatment with the calpain inhibitor calpeptin impaired 

paclitaxel treatment-induced MYC loss (Figure S8E) and apoptosis (Figure S8F). Further, 

the compensatory pERK upregulation seen with paclitaxel treatment was not observed in the 

calpain inhibitor-treated samples. Ectopic Mut 5 expression impaired siTUBB3-induced 

MYC loss (Figure S8G), growth suppression (Figure S8H), and paclitaxel-mediated 

apoptosis (Figures S8I and S8J). Finally, consistent with previous observations (Conacci-

Sorrell et al., 2010), confluency stimulated formation of the 33-kDa fragment with WT-

MYC-expressing cells, but not Mut-5-MYC-expressing cells (Figure S8K). Taken together, 

these observations support a mechanism where β-tubulin-inhibition-mediated MYC 

degradation and apoptosis involve induction of a calpain-mediated MYC degradation 

mechanism.

We further determined that concurrent treatment with two distinct ERK inhibitors 

(SCH772984 and ulixertinib) and either baccatin III or paclitaxel caused synergistic loss of 

MYC and increased apoptosis (Figures 4F–4H, S9A, S9B, and S5E). In summary, these data 

support a model where β-tubulin inhibition causes calpain-mediated loss of MYC but also 

induces a DUSP4/6-mediated compensatory ERK activation that drives increased MYC 
transcription, and concurrent ERK inhibition then facilitates synergistic apoptosis.
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KX2-391 phenocopies concurrent SRC and β-tubulin inhibition and potently suppresses 
MYC expression

Because we determined that inhibition of SRC or β-tubulin function enhanced ERK 

inhibitor activity, we next addressed whether combined inhibition of both would further 

enhance ERKi efficacy. We evaluated the consequences of concurrent treatment with SRCi 

and paclitaxel at sublethal concentrations (~GI35). Treatment with the SRCi + paclitaxel 

combination caused drastic changes in cell morphology that were not observed with 

treatment with either inhibitor alone, with cells exhibiting a rounded, highly refractile 

appearance (Figure 5A). Additionally, consistent with our findings that each inhibitor alone 

caused loss of MYC through distinct mechanisms, the combination treatments potentiated 

MYC loss (Figure 5B) and caused synergistic apoptosis (Figure 5C). As a complementary 

approach, we utilized KX2-391 (tirbanibulin), a clinical candidate non-ATP-competitive 

dual SRC-selective and β-tubulin inhibitor (Niu et al., 2019; Smolinski et al., 2018). We 

determined if KX2-391 treatment phenocopied concurrent SRCi and paclitaxel treatment of 

KRAS mutant PDAC cells. Like SRCi (Figure 3A), KX2-391 caused a dose-dependent 

reduction in pp130Cas that correlated directly with a reduction in MYC protein (Figure 5D). 

However, compared with the SRCi saracatinib, KX2-391 was >10-fold more potent.

Similarly, as we observed with β-tubulin inhibitors (Figures 4B, 4C, and S7I), KX2-391 

increased both pHistone H3 (Figure 5D) and G2/M cell-cycle arrest (Figure S9C). 

Additionally, as with β-tubulin inhibitors (Figures 4B, 4C, and S7I), KX2-391 caused a 

paradoxical increase in pERK that was associated with loss of DUSP4/6 and decreased 

levels of MYC protein (Figure 5D). Furthermore, KX2-391 treatment exhibited greater 

potency in causing loss of MYC protein (Figure 5E) compared with SRCi or β-tubulin 

inhibitor treatment alone. We conclude that KX2-391 treatment phenocopies the combined 

signaling and cellular consequences seen with SRCi and paclitaxel treatment and that its two 

distinct low-potency inhibitory activities against SRC and β-tubulin combine to form the 

mechanistic basis underlying its ability to drive loss of MYC.

The taxanes baccatin III and paclitaxel enhance microtubule assembly, whereas KX2-391, 

like vinblastine, inhibits microtubule assembly (Antonarakis et al., 2013; Smolinski et al., 

2018). In agreement, we found that KX2-391 reduced microtubule organization (Figure 

S9D). Similar to baccatin III and paclitaxel (Figure 4E), KX2-391 substantially reduced 

MYC protein half-life (Figure 5F). We found that MG132 prevented MYC loss induced by 

paclitaxel alone but only partially rescued the loss of MYC induced by concurrent SRCi and 

paclitaxel treatment or single-agent KX2-391 (Figure 5G). KX2-391 also caused a limited 

reduction in MYC transcription (Figure S9E). Thus, KX2-391 alone phenocopies concurrent 

SRCi and paclitaxel treatment and causes loss of MYC through both transcriptional and 

post-translational mechanisms.

To further evaluate a mechanism for the loss of MYC induced by KX2-391, we performed a 

time course of KX2-391 treatment. Unlike what we found with ERK inhibition (Figure 

S3D), we observed that KX2-391 caused an increase in pMYCS62 and a decrease in 

pMYCT58 phosphorylation (Figure 5H). However, paradoxically, instead of promoting MYC 

stability, these phosphorylation changes were instead associated with a reduction in total 
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MYC protein. These data suggest that KX2-391, like the β-tubulin inhibitors, induced MYC 

loss through a mechanism distinct from that regulated by FBXW7.

Because KX2-391 exhibits both SRC and β-tubulin-inhibitory activities, it possesses two 

distinct mechanisms by which it can drive loss of MYC. However, offsetting these 

mechanisms, β-tubulin-inhibitor-induced compensatory ERK activation prevents FBXW7-

dependent MYC degradation and stimulates MYC gene transcription. Consistent with a dual 

mechanism driving MYC loss, we observed biphasic regulation of MYC, such that its 

abundance was substantially decreased after 4 h of treatment, partially rebounded by 8 h, 

and was then lost again at 16 and 24 h (Figure 5H). SRCi caused loss of MYC within 1 h 

(Figure S9F) through suppression of MYC transcription (Figure 3C), whereas β-tubulin 

inhibition caused MYC loss in a more delayed fashion, occurring by 24 h (Figure S9G). We 

therefore speculate that the initial KX2-391-mediated loss of MYC is likely due to its SRC 

inhibitory activity. The rebound at 8 h is likely driven by compensatory ERK activation and 

MYC phosphorylation, which prevents MYC degradation. The subsequent loss of MYC is 

then likely mediated by β-tubulin inhibition.

KX2-391 synergizes with ERKi to drive robust apoptosis in PDAC and a subset of other 
cancer types

Despite the potent ability of KX2-391 to drive loss of MYC, its induction of ERK activation 

through its tubulin-inhibitory function can act as a compensatory resistance mechanism and 

promote restoration of MYC. Therefore, we evaluated whether concurrent treatment with 

ERKi could block KX2-391-induced ERK activation and potentiate loss of MYC. KX2-391 

alone caused a dose-dependent compensatory increase in pERK activity, as measured by 

phosphorylation at MYC residue S62 (Figure 6A). This compensatory MYC 

phosphorylation impaired apoptosis in KX2-391-treated cells (Figure 6B, white bars). 

Blocking compensatory pERK signaling was associated with a decrease in pMYCS62 and a 

stronger reduction in MYC protein levels (Figure 6A), which resulted in significantly 

increased apoptosis over single-agent KX2-391 treatment (Figure 6B). A range of KX2-391 

and ERKi combinations potently caused both MYC loss and significant, synergistic 

apoptosis (Figures 6C and 6D). Consistent with both mechanisms of KX2-391, we observed 

that similar levels of increased apoptosis could be induced by the triple combination of SRCi 

+ paclitaxel + ERKi or the dual combination of KX2-391 + ERKi (Figure 6E). 

Comparatively, we observed significantly less apoptosis by the dual combination of SRCi + 

ERKi or the dual combination of paclitaxel + ERKi. The KX2-391 + ERKi combination 

caused synergistic apoptosis in a panel of KRAS mutant PDAC cell lines (Figure 6F) but 

variable activities when evaluated in breast, head and neck, and lung carcinoma cell lines 

(Figures S9H–S9J), consistent with the strong BCAR1 dependency seen in KRAS mutant 

PDAC.

KX2-391 synergizes with ERKi in human PDAC organoids and a syngeneic, orthotopic 
mouse model of pancreatic cancer

We next evaluated the KX2-391 + ERKi combination in patient-derived KRAS mutant 

PDAC organoids (Tiriac et al., 2018). We performed a matrix dose-response proliferation 

assay in four patient-derived organoid cultures, and consistent with our observations in 
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adherent cultures, KX2-391 + ERKi combinations led to synergistic growth suppression by 

shifting the GI50 >2-fold in three out of four organoid lines (Figures 7A and 7B; Table S4).

Next, we transitioned our studies to an in vivo setting using a syngeneic, orthotopic mouse 

model of Kras-driven PDAC (Collisson et al., 2012). Tumor-bearing mice were treated for 

14 days with vehicle, ERKi (35 mg/kg), KX2-391 (15 mg/kg), or the combination. We note 

that there may be toxicities observable only in longer-term studies not feasible in this 

aggressive model, potentially limiting clinical relevance. In particular, targeting the ERK 

MAPK pathway with MEK inhibitors leads to an increased risk of cardiomyopathy (Flaherty 

et al., 2012; Kim et al., 2013). However, we found no difference in heart mass in any of the 

study arms, and the treatment was generally well tolerated, with no significant weight loss 

(Figures 7C and S10A). Both in vivo and ex vivo bioluminescence imaging revealed that the 

combination of KX2-391 and ERKi significantly inhibited pancreatic cancer growth 

(Figures 7D, 7E, and S10B). Additionally, the size and mass of resected tumors from the 

single-agent groups were decreased, and the resected tumors from the combination-treated 

mice were significantly smaller than either single-agent group (Figures 7F and 7G). As we 

observed using traditional 2D and organoid assays, the combination of KX2-391 and ERKi 

also induced synergistic growth inhibition in these tumor-bearing mice. Consistent with our 

in vitro observations, KX2-391 alone caused an increase in pHistone and an increase in 

pERK that was suppressed by concurrent ERK inhibition in vivo (Figure S10C). 

Additionally, while each single-agent treatment reduced MYC, the combination most 

effectively decreased MYC protein. Thus, we conclude that the observed inhibition of tumor 

growth was based on the proposed mechanism.

DISCUSSION

Our previous work determined that ERK-independent regulation of MYC is one mechanism 

of resistance to ERKi (Hayes et al., 2016; Vaseva et al., 2018). In the current study, we 

identified two such mechanisms. We determined that p130Cas regulates MYC 

transcriptionally through a SRC-p130Cas-DOCK1-RAC1-β-catenin pathway. We further 

determined β-tubulin regulates MYC post-translationally through calpain-dependent 

degradation, and this mechanism is independent of MYCS62. Despite the disparate roles of 

p130Cas and βIII-tubulin, their mechanisms of supporting PDAC growth converged on 

regulating MYC, highlighting the critical role of MYC in supporting the KRAS-dependent 

growth of pancreatic cancer. Exploiting these roles, we established a “triple”-combination 

therapeutic strategy that concurrently disrupts ERK and p130Cas signaling and microtubule 

function to potently suppress the tumorigenic growth of PDAC.

In agreement with previous studies, we observed that treatment with microtubule inhibitors 

caused an increase in phosphorylated and activated ERK. Treatment-induced ERK activation 

is speculated to drive resistance to microtubule inhibitors. However, there is limited 

understanding of how microtubule inhibition causes ERK activation. While previous studies 

suggested ERK activation is mediated through upstream activation of MEK (MacKeigan et 

al., 2000), our studies here support a mechanism involving loss of the DUSP4/6 protein 

phosphatases that dephosphorylate and inactivate ERK.
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KX2-391 was developed originally as a peptidomimetic-based SRC kinase non-ATP-

competitive inhibitor that binds selectively to the SRC peptide substrate domain (Smolinski 

et al., 2018). Whereas the currently approved ATP-competitive SRC inhibitor dasatinib has 

activities against at least 68 other protein kinases (Hantschel et al., 2008), KX2-391 is both a 

more potent and more selective SRC inhibitor. Because KX2-391 is a non-ATP-competitive 

inhibitor that interferes with the ability of SRC to interact with protein-binding partners 

(Smolinski et al., 2018), this mode of action helps to mitigate the off-target activities that 

limit all ATP-competitive protein kinase inhibitors. In agreement with the literature (Liu et 

al., 2013), we found that KX2-391 is ~30 times more potent than another clinical ATP-

competitive SRC inhibitor, saracatinib. Subsequent studies determined a second mode of 

action for KX2-391, which was disruption of α/β-tubulin heterodimer formation via direct 

binding to tubulins at a site distinct from conventional microtubule inhibitors (Smolinski et 

al., 2018; Tu et al., 2012). Therefore, a compound such as KX2-391 provides a unique 

opportunity to develop a triple combination that utilizes only two pharmacological 

inhibitors. KX2-391 blocks SRC and microtubule function by mechanisms distinct from the 

ATP-competitive SRC family inhibitor saracatinib or the microtubule inhibitor paclitaxel. 

Despite these distinct mechanisms, we found that the two-drug combination of KX2-391 and 

ERKi largely phenocopied the three-drug combination of saracatinib, paclitaxel, and ERKi 

in blocking PDAC growth through a MYC-dependent mechanism. Clinical evaluations of 

KX2-391 have not focused on KRAS mutant cancers (Antonarakis et al., 2013; Naing et al., 

2013). However, in a phase 1 trial for advanced solid tumors, six patients with PDAC were 

treated with KX2-391 as monotherapy, and one patient experienced an astounding drop in 

CA 19–9 levels from 38,838 U/mL to 267 U/mL (Naing et al., 2013).

The interdependency of KRAS and MYC in driving cancer growth is well established 

(Dang, 2012). Using unbiased genetic screens, we identified functionally divergent 

vulnerabilities that modulate either KRAS or ERK dependency and converged on the 

regulation of MYC expression, providing further support that MYC is a key vulnerability of 

KRAS. Despite the currently undruggable nature of MYC (Dang et al., 2017), our studies 

suggest that pharmacologic inhibitors of proteins that support MYC expression can be an 

effective therapeutic strategy to target KRAS-dependent PDAC.

STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-p130Cas Cell Signaling Technology Cat # 13383

RRID: AB_2798198

Rabbit polyclonal anti-phospho-p44/42 MAPK (pERK1/2) 
(Thr202/Tyr204)

Cell Signaling Technology Cat # 4370

RRID: AB_2315112

Rabbit polyclonal anti-p44/42 MAPK (ERK1/2) Cell Signaling Technology Cat # 9102

RRID: AB_330744
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REAGENT or RESOURCE SOURCE IDENTIFIER

Rabbit monoclonal anti-c-MYC (D84C12) XP Cell Signaling Technology Cat # 5605

RRID: AB_1903938

Mouse monoclonal anti-vinculin Sigma-Aldrich Cat # V9131

RRID: AB_477629

Mouse monoclonal anti-KRAS Sigma-Aldrich Cat # WH0003845M1

RRID: AB_1842235

Rabbit monoclonal anti-HA-Tag Cell Signaling Technology Cat # 3724

RRID: AB_1549585

Rabbit polyclonal anti-phospho-RB (Ser780) Cell Signaling Technology Cat # 9307

RRID: AB_330015

Mouse monoclonal anti-phospho-p130Cas (Tyr249) BD Biosciences Cat # 558401

RRID: AB_647286

Rabbit monoclonal anti-p27 Kip1 Cell Signaling Technology Cat # 3688

RRID: AB_2077836

Mouse polyclonal anti-PARP Cell Signaling Technology Cat # 9542

RRID: AB_2160739

Mouse monoclonal anti-β-tubulin Sigma-Aldrich Cat # T4026

RRID: AB_477577

Mouse monoclonal anti-β-actin Sigma-Aldrich Cat # A5441

RRID: AB_476744

Rabbit monoclonal anti-phospho-MYC Ser62 Abcam Cat # 185656

Rabbit monoclonal anti-phospho-RSK1 p90 (Thr359/Ser363) Cell Signaling Technology Cat # 9344

RRID: AB_331650

Rabbit monoclonal anti-RSK1/RSK2/RSK3 Cell Signaling Technology Cat # 9355

RRID: AB_659900

Rabbit monoclonal anti-phospho-MEK1/2 (Ser217/221) Cell Signaling Technology Cat # 9154

RRID: AB_2138017

Mouse monoclonal anti-MEK1/2 Cell Signaling Technology Cat # 4694

RRID: AB_10695868

Rabbit monoclonal anti-DUSP4 Cell Signaling Technology Cat # 5149

RRID: AB_2750867

Rabbit polyclonal anti-DUSP6 Cell Signaling Technology Cat # 39441

RRID: AB_2799156

Rabbit monoclonal anti-DOCK180 Cell Signaling Technology Cat # 4846

RRID: AB_659284

Rabbit polyclonal anti-ZNF384 Thermo Fisher Scientific Cat # PA5-52044

RRID: AB_2650099

Rabbit polyclonal anti-PI3-kinase p110α Cell Signaling Technology Cat # 4255

RRID: AB_659888

Rabbit polyclonal anti-BCAR3 Cell Signaling Technology Cat # 24032

RRID: AB_2798871
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse monoclonal anti-RAC1 BD Biosciences Cat # 610650

RRID: AB_397977

Rabbit monoclonal anti-non-phospho (active) β-catenin (Ser45) Cell Signaling Technology Cat # 19807

RRID: AB_2650576

Rabbit monoclonal anti-β-catenin Cell Signaling Technology Cat # 8480

RRID: AB_11127855

Rabbit monoclonal anti-βIII-tubulin Abcam Cat # ab52623

RRID: AB_869991

Mouse monoclonal anti-GAPDH Thermo Fisher Scientific Cat # MA1-22670

RRID: AB_559302

Rabbit monoclonal anti-phospho-Histone H3 (Ser10) Cell Signaling Technology Cat # 53348

RRID: AB_2799431

Rabbit polyclonal anti-phospho-c-MYC (Thr 58) Abcam Cat # ab28842

RRID: AB_731667

Mouse monoclonal anti-α-tubulin Sigma-Aldrich Cat # T6199

RRID: AB_477583

Goat anti-rabbit IgG, HRP-linked Cell Signaling Technology Cat # 7074

RRID: AB_2099233

Horse anti-mouse IgG, HRP-linked Cell Signaling Technology Cat # 7076

RRID: AB_330924

Goat anti-Mouse IgG Alexa Fluor 488 Thermo Fisher Scientific Cat # A-32723

RRID: AB-2633275

Bacterial and virus strains

DH5α Thermo Fisher Scientific Cat# 18258012

Chemicals, peptides, and recombinant proteins

Human Druggable Genome siRNA Library v3 QIAGEN N/A

SCH772984 (ERK1/2 inhibitor) Provided by Merck N/A

Saracatinib (SRC inhibitor) Selleckchem Cat # S1006

Cycloheximide (translation inhibitor) Sigma-Aldrich Cat # C4859

Baccatin III (antimitotic) Sigma-Aldrich Cat # B8154

Paclitaxel (antimitotic) Selleckchem Cat # S1150

Vinblastine (tubulin inhibitor) Selleckchem Cat # S4505

KX2-391 (SRC/tubulin inhibitor) Selleckchem Cat # S2700

MG132 (proteasome inhibitor) Sigma-Aldrich Cat # M7449

DAPI Thermo Fisher Scientific Cat # D3571

RNase A Thermo Fisher Scientific Cat # EN0531

Propidium iodide Thermo Fisher Scientific Cat # P3566

2-hydroxypropyl-β-cyclodextrin Sigma-Aldrich Cat # H107

Matrigel Growth Factor Reduced Basement Membrane Extract, 
Phenol Red-free, LDEV-free

Corning Cat # 356231
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REAGENT or RESOURCE SOURCE IDENTIFIER

Matrigel Basement Membrane Matrix, Phenol Red-free, LDEV 
free

Corning Cat # 356237

XeonLight D-Luciferin -K+ Perkin Elmer Cat # 122799

Critical commercial assays

TACS Annexin V-FITC in situ apoptosis detection kit Trevigen, Inc. Cat # 4830

CellTiter-Glo Luminescent Cell Viability Assay Promega Cat # G7570

CellTiter-Glo 3D Cell Viability Assay Promega Cat # G9683

Calpain Activity Fluorometric Assay Kit BioVision, Inc. Cat # K240

Deposited data

siRNA druggable genome ERKi sensitivity screen This study Table S1

KRAS dependency analysis of CRISPR-Cas9 screening data Tsherniak et al., 2017 Release code 20Q1

Multiplexed kinase inhibitor beads and mass spectrometry with 
siBCAR1 treatment

This study Table S2 Figure S2B

Experimental models: cell lines

Human: Pa01C (pancreatic ductal adenocarcinoma) Jones et al., 2008 N/A

Human: Pa02C (pancreatic ductal adenocarcinoma) Jones et al., 2008 N/A

Human: Pa03C (pancreatic ductal adenocarcinoma) Jones et al., 2008 N/A

Human: Pa04C (pancreatic ductal adenocarcinoma) Jones et al., 2008 N/A

Human: Pa14C (pancreatic ductal adenocarcinoma) Jones et al., 2008 N/A

Human: Pa16C (pancreatic ductal adenocarcinoma) Jones et al., 2008 N/A

Human: AsPC-1 (pancreatic ductal adenocarcinoma) ATCC Cat # CRL-1682

RRID: CVCL_0152

Human: SW 1990 (pancreatic ductal adenocarcinoma) ATCC Cat # CRL-2172

RRID: CVCL_1723

Human: HPAC (pancreatic ductal adenocarcinoma) ATCC Cat # CRL-2119

RRID: CVCL_3517

Human: MIA PaCa-2 (pancreatic ductal adenocarcinoma) ATCC Cat # CRL-1420

RRID: CVCL_0428

Human: PANC-1 (pancreatic ductal adenocarcinoma) ATCC Cat # CRL-1469

RRID: CVCL_0480

Human: HPNE-DT (pancreatic epithelium) Campbell et al., 2007 N/A

Human: HPNE RAS (transformed pancreatic epithelium) Campbell et al., 2007 N/A

Human: MDA-MB-231 (breast adenocarcinoma) ATCC Cat # HTB-26

RRID: CVCL_0062

Human: BT-549 (breast ductal carcinoma) ATCC Cat # HTB-122

RRID: CVCL_1092

Human: HCC70 (breast ductal carcinoma) ATCC Cat # CRL-2315

RRID: CVCL_1270

Human: UM-SCC-4 (tongue squamous cell carcinoma) Brenner et al., 2010 RRID: CVCL_7751
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REAGENT or RESOURCE SOURCE IDENTIFIER

Human: UM-SCC-11A (laryngeal squamous cell carcinoma) Brenner et al., 2010 RRID: CVCL_7715

Human: KYSE30 (esophageal squamous cell carcinoma) ATCC Cat # HTL97022

RRID: CVCL_1351

Human: H2228 (non-small cell lung adenocarcinoma) ATCC Cat # CRL-5935

RRID: CVCL_1543

Human: H358 (non-small cell lung adenocarcinoma) ATCC Cat # CRL-5807

RRID: CVCL_1559

Human: H23 (non-small cell lung adenocarcinoma) ATCC Cat # CRL-5800

RRID: CVCL_1547

Human: HEK293T (embryonic kidney, expressing SV40 T 
antigen)

ATCC Cat # CRL-3216

RRID: CVCL_0063

Mouse: p53 2.1.1syn_Luc (KP) (pancreatic ductal 
adenocarcinoma)

Collisson et al., 2012 N/A

Mouse: INK4.1syn_Luc (KI) (pancreatic ductal adenocarcinoma) Collisson et al., 2012 N/A

Experimental models: organisms/strains

Human: hM1A PDAC organoid Boj et al., 2015 N/A

Human: hT2 PDAC organoid Boj et al., 2015 N/A

Human: hT105 PDAC organoid Tiriac et al., 2018 N/A

Human: hT106 PDAC organoid Tiriac et al., 2018 N/A

Mouse: FVB/n strain The Jackson Laboratory Cat # 001800

p53 2.1.1syn_Luc KrasG12D/p53−/− orthotopic, syngeneic mouse 
model (FVB/n strain)

Collisson et al., 2012 N/A

Oligonucleotides

See Table S5 N/A

Recombinant DNA

Empty Vector Martz et al., 2014 N/A

MYC WT This study N/A

MYC T58A This study N/A

MYC S62A This study N/A

MYC Mutant 1 (S71A, S81A, S159A) This study N/A

MYC Mutant 2 (T58A, S62A, S71A, S81A) This study N/A

MYC Mutant 3 (Δ1-149) This study N/A

MYC Mutant 4 (T343A, S344A, S347A, S348A) This study N/A

MYC Mutant 5 (S151A, S159A, S161A) This study N/A

MYC Mutant 6 (S303A, T304A, S314A, S315A) This study N/A

MYC Mutant 7 (S279A, S281A, S283A, S293A) This study N/A

MYC Mutant 8 (S277A, S279A, S281A, S283A, S288A, 
S293A, S303A, T304A, S314A, T315A)

This study N/A

MYC Mutant 9 (K298R, K317R, K323R, K326R, K340R) This study N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

MYC Mutant 10 (K51R, K52R, K126R, K143R, K148R, 
K157R)

This study N/A

β-catenin 4A (S33A, S37A, T41A, S45A) Martz et al., 2014 N/A

pBV-Luc wt MBS1-4 Hermeking et al., 2000 Addgene Cat # 16564

Software and algorithms

ImageLab version 2.2.4.0 Bio-Rad https://www.bio-
rad.com/en-us/
product/image-lab-
software?
ID=KRE6P5E8Z

MATLAB The Mathworks, Inc. https://
www.mathworks.com

ZEN (blue software) version 2.3 Zeiss https://
www.zeiss.com/
microscopy/us/
products/microscope-
software/zen.html

GraphPad Prism version 6.0 GraphPad https://
www.graphpad.com/
scientific-software/
prism/

Ingenuity Pathway Analysis version 01.12 QIAGEN https://
digitalinsights.qiagen.
com/products-
overview/discovery-
insights-portfolio/
content-exploration-
and-databases/qiagen-
ipa/.

FCS Express version 7.0 De Novo Software https://
denovosoftware.com/

Cytobank version 7.3.0 Kotecha et al., 2010 https://
www.cytobank.org/

FACSDiva v8.0.1 BD Biosciences https://
www.bdbiosciences.c
om/en-us

Python version 3.7.4 Python Software 
Foundation

https://
www.python.org/

ImageJ version 2.0.0-rc-69/1.52n Schneider et al., 2012 https://
imagej.nih.gov/ij/

DEMETER Tsherniak et al., 2017 https://depmap.org/
portal

STRING Szklarczyk et al., 2015 https://string-db.org

R (version 3.5.1) R Core Team, 2013 https://www.R-
project.org/

KRAS dependency volcano plots This study https://github.com/
kkapner/
watersetalmyc

Other

MYC QPCR primer Thermo Fisher Scientific HS00153408_m1

β-actin QPCR primer Thermo Fisher Scientific 4310881E-1711049
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RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Channing J. Der (cjder@med.unc.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—This study did not generate any unique codes.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture—The patient-derived xenograft human pancreatic cancer cell lines Pa01C, 

Pa02C, Pa03C, Pa04C, Pa14C and Pa16C were gifted by Dr. Anirban Maitra (MD Anderson 

Cancer Center). p53 2.1.1syn_Luc (KP) and INK4.1syn_Luc (KI) mouse pancreatic cancer cell 

lines were gifted by Dr. Eric Collisson (University of California – San Francisco). 

Conventional human pancreatic cancer cell lines (AsPC-1, SW 1990, HPAC, MIA PaCa-2, 

PANC-1), breast cancer cell lines (MDA-MB-231, BT-549, HCC70), head and neck cancer 

cell line (KYSE30), and lung cancer cell lines (H2228, H358, H23) were obtained from 

American Type Culture Collection (ATCC). Head and neck cancer cell lines (UM-SCC-4, 

UM-SCC11a) were acquired from the University of Michigan, Ann Arbor, through a 

Material Transfer Agreement. All cell lines were cultured at 37°C and 5% CO2 in a 

humidity-controlled incubator and maintained in Dulbecco’s Modified Eagle medium 

(DMEM), or Roswell Park Memorial Institute medium (RPMI) supplemented with 10% 

fetal bovine serum (FBS). Cell lines were tested negative for mycoplasma and identities 

were authenticated by Short Tandem Repeat (STR) analysis.

Patient derived PDAC organoids—The human pancreatic cancer organoids were 

provided by Dr. David Tuveson (Cold Spring Harbor Laboratory). The patient derived 

PDAC organoids were cultured at 37°C in 5% CO2. Cells were initially seeded in growth 

factor reduced Matrigel (Corning) domes and after reseeding were fed with complete human 

feeding medium: advanced DMEM/F12 (Thermo Fisher Scientific) based WRN conditioned 

medium (L-WRN (ATCC CRL-3276)), 1x B27 supplement (Thermo Fisher Scientific), 10 

mM HEPES (Thermo Fisher Scientific), 0.01 μM GlutaMAX (Thermo Fisher Scientific), 10 

mM nicotinamide (Sigma-Aldrich), 1.25 mM N-acetylcysteine (Sigma-Aldrich), 50 ng/mL 

hEGF (Peprotech), 100 ng/mL hFGF10 (Peprotech), 0.01 μM hGastrin I (TOCRIS), 500 nM 

A83-01 (TOCRIS), and 10.5 μM Y27632 (Selleckchem) (Boj et al., 2015). Organoids were 

tested negative for mycoplasma.

Mice—FVB/N female mice (n = 36, 7 weeks old) were purchased from The Jackson 

Laboratory and cared for according to guidelines set forth by the American Association for 

Accreditation of Laboratory Animal Care and the U.S. Public Health Service policy on 

Human Care and Use of Laboratory Animals. All mouse studies were approved and 

supervised by the Institutional Animal Care and Use Committee of the University of North 

Carolina at Chapel Hill. Animals were allocated to four equal groups based on a baseline 

IVIS imaging 7 days after tumor implantation. Each group had similar average IVIS signals 

prior to the start of treatment.
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METHOD DETAILS

siRNA druggable genome ERKi sensitization screen—Four siRNA sequences for 

each gene from The Human Druggable Genome v3 siRNA Library (QIAGEN) were selected 

for screening in 90 384-well plates. All assay plates included negative control siRNAs (Non-

Silencing, All-Star Non-Silencing, and GFP), and two positive control siRNAs (UBBs1 and 

All-Star Cell Death Control). The siRNAs were printed individually into solid white 384-

well plates (1 μL of 0.667 μM siRNA per well for a total of 9 ng siRNA). Lipofectamine 

RNAiMax (Thermo Scientific) was diluted in serum-free medium and 20 μL was transferred 

into each well of the 384-well plate containing siRNAs. After a 30 min incubation at room 

temperature, 750 Pa16C cells were added in 20 μl into each well. After 24 hr, DMSO or 

various concentrations of ERKi was added. Cells were then incubated at 37°C for 96 hr. Cell 

viability was measured using the CellTiter-Glo.

To normalize raw outputs from the plate reader, raw data values for every plate were divided 

by the median of the same plate’s compound free non-transfected wells and scaled to the 

controls. Effectiveness of siRNA knockdown was assessed by comparing normalized signal 

in wells transfected with positive-control (All-Star Cell Death Control and UBBs1) and 

negative-control (GFP) siRNAs in the absence of compound intervention. Transfection 

efficiency, which was calculated as percent decrease of the median of positive controls 

compared to the median of the negative controls, was above 99%. The screen met previously 

established statistical parameters for rigor, with a coefficient of variance of < 10% in the 

negative controls and a Z-factor above 0.8 (Zhang et al., 1999). Finally, coefficient of 

variation of the negative controls in the absence of compound treatment was below 10%. 

Activity of each siRNA was summarized with slope, top, bottom and GI50 parameters 

calculated by fitting normalized data across 8 compound concentrations to a sigmoidal dose-

response curve using a custom MATLAB script.

We identified 2,336 siRNAs as toxic with either a GI50 below the lowest concentration tested 

or with normalized signal below 70% of the signal level representing wells where the 

compound was absent. 473 genes with at least two toxic siRNAs were excluded from further 

analysis. Redundant siRNA activity (RSA) (König et al., 2007) was applied to integrate the 

activity of multiple siRNAs targeting each gene. Out of 297 selected genes that had p values 

< 0.05, we further prioritized 240 genes for a follow up confirmation screen, based on 

normal or high expression in the screening cell line. All four siRNA sequences for each of 

the 240 genes were selected to create three custom 384-well assay plates. The preparation of 

the confirmation screen plates, the addition of transfection reagent, cells, ERKi, and 

CellTiter-Glo® were all performed in the same manner as described in the primary screen 

and raw plate reader outputs were normalized as described above. Hits were defined as 

genes that had at least two siRNAs with above a threefold shift in the GI50 in the ERKi dose-

response curve compared to controls.

KRAS dependency analysis of CRISPR-Cas9 screening data—To identify KRAS 

synthetic lethal interactions, we analyzed existing data from the Cancer Dependency Map 

(version 20Q1; https://www.depmap.org/portal) (Tsherniak et al., 2017). For the comparison 

of KRAS mutant versus KRAS WT cell lines (Meyers et al., 2017), cell lines were grouped 
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according to KRAS mutant or wild-type status. We then performed a two-tailed t test for 

each gene between the KRAS mutant and KRAS WT groups. The mean CERES score 

(Meyers et al., 2017) for each gene was then found for the KRAS mutant and KRAS WT 

cell lines respectively. As described previously, the CERES score is necessary to account for 

gene-independent proliferative defects inherent in Cas9-mediated DNA cleavage (Meyers et 

al., 2017). For each gene, the difference between the CERES scores between the two groups 

and the −log10 of the p value from the corresponding two tailed t test were plotted on the x- 

and y-axes, respectively. The absolute values of the CERES differences below zero are 

shown.

For the comparison of CRISPR-Cas9 dependencies in the KRAS-dependent pancreatic cell 

lines versus KRAS-independent non-pancreatic cell lines, we used available RNAi 

dependency data (Tsherniak et al., 2017) and defined two groups: 1) KRAS dependent 

pancreatic cell lines (taken as all pancreas lines with an RNAi DEMETER2 score < −0.5 for 

KRAS) and KRAS independent non-pancreatic cell lines (taken as all non-pancreas lines 

with an RNAi DEMETER2 score > −0.5 for KRAS). We again performed a two-tailed t test 

between the groups and plotted the data as a volcano plot. DEMETER2 scores, as described 

previously (McFarland et al., 2018), allow integrated analysis of multiple genome-scale 

viability screens across hundreds of cancer cell lines and account for known RNAi off-target 

seed effects.

For the correlation analysis, all cell lines found in the Cancer Dependency Map dataset 

(Version 20Q1) were used to calculate the Pearson correlation with BCAR1 dependency. All 

Pearson correlations were then z-scored and sorted in descending order. The top 25 

correlated genes with BCAR1 were then used to generate the network diagram using https://

string-db.org and Cytoscape (Szklarczyk et al., 2015).

Gene essentiality analyses—To identify genetic dependencies across cancer types, we 

analyzed existing data from the PICKLES database using the Avana 2018Q4 dataset 

(Meyers et al., 2017; Lenoir et al., 2018). PICKLES “essentiality scores” are generated using 

BAGEL (Hart and Moffat, 2016) to produce Bayes factors (BF) from log-fold fold change 

data obtained through the Cancer Dependency Map. Cell lines were then stratified by cancer 

type and KRAS mutational status. The threshold for essentiality was set at BF = 5 in 

accordance with PICKLES guidelines.

shRNA lentiviral infections and siRNA transfections—All shRNAs were provided 

in glycerol stock form by the UNC School of Medicine Lenti-shRNA Core Facility. After 

purifying the shRNA-containing plasmid DNAs, 12 μg were mixed with psPAX2 (9 μg) and 

pMD2.G (3 μg) and subsequently diluted in 1 mL of Opti-MEM medium. FuGENE HD (62 

μl) was added into the diluted plasmid mixture and incubated for 8–10 min at room 

temperature before the transfection mixture was added to 5 × 106 HEK293T cells that were 

seeded the prior day in a T75 flask. Transfection medium was replaced with DMEM + 10% 

FBS the next day and incubated an additional 48 hr. Virus particles were filtered in a 0.45 

μm filter, collected, and frozen at −80°C. Cells (8 × 105) plated in a T25 flask were infected 

by combining 0.5 mL of virus with 8 μg/ml polybrene in 3 mL of medium. The medium was 

replaced with DMEM + 10% FBS the next day. Puromycin antibiotic selection was started 
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after an additional 24 hr. After 72 to 120 hr of antibiotic selection, cells were collected for 

immunoblotting, proliferation, clonogenic, cell cycle, or apoptosis assays.

siRNAs were purchased from Dharmacon. Before siRNA transfection, 2 × 105 cells were 

seeded into one well of a 6-well plate. The next day, culture medium was replaced. To 

suppress BCAR1, 25 pmol of siRNA were added to 200 μl of Opti-MEM medium followed 

by 2.5 μl of RNAiMax. To suppress TUBB3, 30 pmol of siRNA were added to 200 μl of 

Opti-MEM medium followed by 9 μl of RNAiMax. The mixtures were incubated for 8–10 

min before being added dropwise to cells. The next day, cells were collected for 

immunoblotting, proliferation, clonogenic, or apoptosis assays.

Immunoblotting—Cells were washed twice with ice-cold PBS, lysed with ice-cold 1% 

Triton X-100 buffer (20 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA) supplemented with 

protease (Roche) and phosphatase (Sigma-Aldrich) inhibitors, and incubated 10 min on ice 

before scraping the lysates into pre-chilled tubes. For cycloheximide chase and MG132, for 

half-life and proteasomal degradation experiments, respectively, 2 × 105 cells were seeded 

into 6-well plates. After 20 hr of 10 μg/ml cycloheximide or 5 μM MG132 treatment, 

inhibitors were added for the indicated times before lysing cells and performing 

immunoblots. Cell lysates were centrifuged at 18,213 x g for 15 min at 4°C, and the 

supernatant was collected for determining protein concentration by bicinchoninic (BCA) 

assay (Pierce) using BSA as a standard. Equal protein concentrations were loaded onto each 

gel (15 μg). Standard immunoblotting procedures were followed. Nitrocellulose membranes 

were activated with methanol and membranes were blocked in 3% milk diluted in TBST 

(TBS with 0.05% Tween 20) for 1 hr. Wet transfers were performed at 100V for 75 min at 

room temperature. Protein levels were quantified by densitometric intensity. All 

quantification was performed with ImageJ.

RAC1-GTP pulldown—RAC1-GTP pulldowns were performed using the GST-PAK 

protein binding domain attached to Sepharose beads (Cytoskeleton) essentially as described 

by the manufacturer’s recommended protocol. Each pulldown was performed with 150 μg of 

cell lysate combined with 15 μg of Sepharose beads and rotated for 1 h at 4°C. After 

washing, the samples were suspended in loading dye and analyzed by SDS-PAGE and 

immunoblot.

RT-qPCR—Cells were grown in 6-well plates, treated with drug as indicated, and 

harvested. RNA was extracted using the RNeasy Isolation Kit (QIAGEN) and converted to 

cDNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). RT-

PCR was performed using the TaqMan system (Applied Biosystems) in a 384-well format. 

FAM-labeled target primer and endogenous control (VIC-B-Actin) were mixed with master 

mix and template, and after 40 cycles were analyzed on an Applied Biosystems QuantStudio 

6.

Proliferation assays—For siRNA transfections, cells (3 × 103) were seeded in 96-well 

plates and incubated for 72–120 hr. If necessary, the day after seeding, small molecule 

inhibitors were added alone or in combination, as indicated. Proliferation was measured by 
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incubating each well with 500 nM calcein-AM and incubating for 30 min before reading in a 

SpectraMax i3x multimode plate reader.

Clonogenic assays—PDAC cells were seeded at single-cell density (5 × 103 to 1.5 × 104 

cells per well, according to the cell line) in 6-well plates. After 10–14 days, colonies were 

fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. For siRNA 

experiments, cells were seeded into 6-well plates 24 hr after the transfection.

Organoid proliferation assays—PDAC organoids were dissociated and 3 × 103 cells 

were seeded in 150 μl of 10% growth factor reduced Matrigel (Corning) and 90% human 

organoid feeding media + 10.5 μM Y27632 (Selleckchem) into 96-well clear flat bottom 

plates (Corning) coated with poly(2-hydroxyethyl methacrylate) (Sigma-Aldrich). On the 

second day after seeding, organoids were drugged with ERKi (SCH772984, 0.025 to 2.5 

μM) and/or KX2-391 (15.75 to 62.5 nM) using a Tecan D300e digital dispenser. Seven days 

after drugging, organoids were imaged with a Molecular Devices SpectraMax i3x MiniMax 

300 imaging cytometer. After image acquisition, organoid viability was assessed with the 

CellTiter-Glo® 3D Cell Viability Assay (Promega) on a SpectraMax i3x plate reader, 

according to the manufacturer’s protocol.

Flow cytometry—For apoptosis assays, the TACS Annexin V-FITC Apoptosis Detection 

Kit (Trevigen, Inc.) was used to measure apoptosis according to the manufacturer’s 

instructions. Detached cells in the spent culture medium and the trypsinized cells were 

collected, mixed, and centrifuged at 300g for 5 min at room temperature. The cells were 

washed with PBS and centrifuged at 300g for 5 min before incubating the cell pellet in 

Annexin V Incubation Reagent (1% Annexin V-FITC, 1x propidium iodide solution, in 1x 

calcium-containing binding buffer) in the dark for 15 min at room temperature. Cell mixture 

was diluted 1:5 in 1x binding buffer. For cell cycle analysis, cells were trypsinized and 

centrifuged at 300g for 5 min before washing once in PBS. Cells were pelleted and 

resuspended in PBS before adding 9 volumes of 70% ethanol drop-wise to each tube with 

gentle agitation. Cells were fixed overnight at 4°C. The next day, cells were pelleted, washed 

once in PBS, resuspended in 40 μg/ml propidium iodide (PI), 100 μg/ml RNase A in PBS, 

and incubated at 37°C for 3 hr. A BD LSRFortessa flow cytometer was used for analysis. 

FACSDiva v8.0.1 was used to collect and export 3 × 104 cells. Apoptosis assays were 

analyzed with Cytobank. A FSC-A versus SSC-A dot plot was used to exclude debris and 

generate a “cells” gate. “Cells” were plotted in a FITC-A (x) versus PI-A (y) dot plot and 

apoptotic cells (FITC+) were analyzed. Cell cycle analyses were performed with FCS 

Express. After establishing a “cells” gate, a “singlets” gate was determined using a FSC-A 

(x) versus FSC-H (y) dot plot. Singlets were then analyzed in a histogram for PI-A content 

before employing the Multicycle algorithm to analyze cell cycle.

MYC reporter activity assay—To monitor MYC transcriptional activity, 5 × 103 cells 

were seeded in white, clear-bottomed 96-well plates. After 48 hr, the cells were transfected 

with pBV-Luc wt MBS1-4 MYC-responsive luciferase reporter at a 1:1 ratio of mg 

DNA:TransIT-2020 transfection reagent (Mirus Bio) per well. Proliferation was measured by 

incubating each well with 500 nM calcein AM and incubating for 30 min before reading in a 
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SpectraMax i3x multimode plate reader. Luminescence values were proliferation-normalized 

and then normalized to the empty vector control.

Calpain activity assay—To measure calpain activity, a Calpain Activity Fluorometric 

Assay Kit (Biovision, Inc.) was used. Briefly, 2 × 105 Pa16C cells were seeded into 6-well 

plates and treated with increasing doses of paclitaxel for 48 hr before performing the 

fluorometric calpain activity assay in accordance with the manufacturer’s instructions.

MYC rescue experiments—Virus particles were produced as described above for the 

pCDH MYC constructs. Pa16C cells (5 × 105) plated in a T25 flask were infected by 

combining 0.5 mL of virus with 8 μg/ml polybrene in 3 mL of medium. The medium was 

replaced with DMEM supplemented with 10% FBS the next day. After an additional 24 hr, 

cells were harvested and seeded into T75 flasks in the presence of 2 μg/ml puromycin. After 

72 hr, puromycin concentration was halved (1 μg/ml) and cells were selected for an 

additional 15 days (due to differential toxicity of the constructs to the infected cells) until 

they were seeded into assays.

For BCAR1 and TUBB3 rescue experiments, 2 × 105 Pa16C cells were seeded into 6-well 

plates, and the next day transfected with control nonspecific (NS) siRNA, siBCAR1, or 

siTUBB3. The next day, the growth medium was replaced with fresh grown medium. The 

following day, cells were harvested, and 2 × 105 cells were seeded into 6-well plates for 

immunoblot analyses as described above, and 3 × 103 cells were seeded into 96-well plates 

for 72 hr proliferation assays as described above.

For paclitaxel-mediated MYC rescue experiments, 1.5 × 105 cells for each infected Pa16C 

cell line were plated into 6-well plates before 2.5 nM paclitaxel addition the next day. Cells 

were harvested for apoptosis assays 72 hr after paclitaxel treatment and apoptosis assays 

were performed as described above. For cycloheximide and calpeptin experiments, 2 × 105 

cells were plated into 6-well plates and treated as described above.

Activated β-catenin rescue experiments—Virus particles were produced as described 

above for the pCW317 EV and 4A constructs. Cells (5 × 105) plated in a T25 flask were 

infected the next day by combining 0.5 mL of EV or 4A virus with 8 μg/ml polybrene in 3 

mL of medium. The medium was replaced with DMEM + 10% FBS the next day. After an 

additional 24 hr, cells were harvested and seeded into T75 flasks in the presence of 2 μg/ml 

puromycin. After 72 hr, 5 × 105 EV- or 4A-infected cells were seeded into multiple T25 

flasks. Cells were infected the next day with shRAC1 or shDOCK1 by combining 0.5 mL of 

EV or 4A virus with 8 μg/ml polybrene in 3 mL of medium. The medium was replaced with 

DMEM supplemented with 10% FBS the following day. The following day, cells were 

harvested, and 2 × 105 cells were seeded into 6-well plates for immunoblot analyses, 3 × 103 

cells were seeded into 96-well plates for 72 hr proliferation assays, and 1.5 × 103 cells were 

seeded into 6-well plates for clonogenic assays, as described above.

Multiplexed inhibitor beads/mass spectrometry (MIB/MS)—Pa16C cells were 

treated nonspecific siRNA (siNS) or BCAR1-targeting siRNAs for 72 hr to monitor the 

kinome response. The samples were prepared as described previously (Duncan et al., 2012). 
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Briefly, the cells were lysed on ice with MIB lysis buffer [50 mM HEPES (pH 7.5), 0.5% 

Triton X-100, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10 mM sodium fluoride, 2.5 mM 

sodium orthovanadate, 1 protease inhibitor cocktail (Roche), 1% phosphatase inhibitor 

cocktail 2 (Sigma-Aldrich), and 1% phosphatase inhibitor cocktail 3 (Sigma-Aldrich)]. The 

cell lysates were sonicated (3 × 10 s, 50% pulse) and clarified by centrifugation (> 10,000 x 

g) at 4°C for 10 min. The supernatant was filtered through a 0.2 μm filter. The lysates (~2 

mg protein per sample) were brought to 1 M NaCl and flowed over a column containing 

multiplexed kinase inhibitor beads (MIBs) (Sepharose conjugated to VI-16832, 

CTx-0294885, PP58, Purvalanol B, UNC8088A, UNC21474). MIBs were washed 

sequentially with a high salt buffer [50 mM HEPES (pH 7.5), 0.5% Triton X-100, 1 M NaCl, 

1 mM EDTA, 1 mM EGTA], a low salt buffer [50 mM HEPES (pH 7.5), 0.5% Triton X-100, 

150 mM NaCl, 1 mM EDTA, 1 mM EGTA], and a low salt + 0.1% SDS buffer. The samples 

were boiled with the elution buffer (100 mM Tris-HCl, 0.5% SDS, and 1% β-

mercaptoethanol, pH 6.8) at 100°C for 5 min to elute the bound kinases from MIBs. The 

eluted kinases were reduced [dithiothreitol], alkylated [iodoacetamide] and then 

concentrated with Amicon Ultra-4 (10K cutoff) spin columns (Millipore). Kinases were 

purified by removing the detergent using methanol/chloroform extraction and digested with 

trypsin (Promega) overnight at 37°C. Hydrated ethyl acetate extraction was used to remove 

Triton, and PepClean C-18 spin columns (Pierce, Thermo Fisher Scientific) were used to de-

salt the digested peptides.

LC/MS/MS—The peptide samples were analyzed by LC/MS/MS using a Waters 

nanoAcquity coupled to a Thermo Fusion Lumos mass spectrometer. Samples were injected 

onto a Thermo PepMap C18 trap column, washed, and then loaded onto an Easy Spray 

PepMap C18 analytical column (75 μM id × 25 cm, 2 μM particle size) (Thermo Scientific). 

The samples were separated over a 120 min method, where the gradient for separation 

consisted of 2%–25% mobile phase B at a 300 nl/min flow rate; mobile phase A was 0.1% 

formic acid in water and mobile phase B consisted of 0.1% formic acid in 100% acetonitrile. 

MS1 orbitrap scans were collected at a resolution of 120,000 and 1e6 AGC target. The MS2 

spectra were acquired either in the orbitrap or the linear ion trap depending on peak charge 

and intensity using a 3 s TopSpeed CHOPIN method (Davis et al., 2017). Orbitrap MS2 

scans were acquired at 7500 resolution, with a 5e4 AGC, and 22ms maximum injection 

using HCD fragmentation with a normalized energy of 30%. Rapid linear ion trap MS2 

scans were acquired using a 4e3 AGC, 250 ms maximum injection time, CID fragmentation 

set at 30%. Dynamic exclusion was set to 30 s and precursors with unknown charge or a 

charge state of 1 and ≥ 8 were excluded.

Immunofluorescence—Pa16C cells were plated on glass-bottom 12-well MatTek plates 

and treated as indicated. The cells were fixed and permeabilized with 100% ice-cold MeOH 

and incubated on ice for 15 min. Cells were washed three times with PBS before blocking 

with Odyssey blocking buffer (Li-Cor) for 30 min and incubated overnight with a 1:500 

dilution of anti-α-tubulin antibody in blocking buffer. Cells were washed with blocking 

buffer, incubated for 1 hr in Goat anti-Mouse Alexa Fluor 488, counterstained with DAPI for 

10 min and then washed three times with PBS. Cells were imaged on a Zeiss LSM710 

confocal microscope with a 40x oil objective. For quantitation, 30–60 cells per condition 
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were analyzed using the Zeiss Zen Blue software and ImageJ. Z stacks of each field were 

used to calculate the maximum intensity projection. Tubulin levels were determined based 

on the corrected total cell fluorescence intensity of the maximum intensity projection for 

each cell, corrected for cell size and background. The corrected total cell fluorescence was 

calculated as integrated density of the cell (cell area × mean fluorescence of background 

readings).

Mouse studies—To evaluate concurrent ERKi and KX2-391 treatment in vivo, luciferase-

expressing p53 2.1.1syn_Luc mouse pancreatic tumor-derived cells (KrasG12D, tp53−/−) 

(Collisson et al., 2012) were kindly provided by Eric Collisson (University of California, 

San Francisco). Mice were acclimated for one week prior to implantation. After three 

passages in traditional cell culture, cells were trypsinized, washed, and resuspended in 50% 

Hanks’ balanced salt solution (GIBCO), 50% LDEV-free Matrigel (Corning) at a 

concentration of 25 cells/μl, and kept on ice. Cells (40 μl, 1 × 103 cells/mouse) were then 

implanted into the head of the pancreas of 36 adult mice. Ketamine (80 mg/kg), xylazine (8 

mg/kg), and acepromazine (1 mg/kg) were used to anesthetize the mice prior to surgery. A 

tuberculin syringe with a 30-g needle was inserted into an abdominal incision and used for 

implantation. The incision was closed using surgical staples. After a one-week recovery, 

initial IVIS imaging with D-luciferin substrate (Perkin Elmer) was performed using an IVIS 

Lumina optical imaging system. Mice were separated into four equal groups (n = 9 mice per 

group) based on equal average luciferase signal. The four groups were then treated daily for 

an additional two weeks with vehicle, 35 mg/kg ERKi IP, 15 mg/kg KX2-391 PO, or the 

combination. The vehicle group was treated daily with the solvents for ERKi and KX2-391: 

20% 2-hydroxypropyl-β-cyclodextrin (Sigma-Aldrich), 100 μl IP; and/or 5% DMSO/95% 

distilled water, 200 μl PO, respectively. IVIS imaging was performed in the middle and at 

the end of the study. Mice were sacrificed at the conclusion of the study, the pancreas was 

removed, and ex vivo bioluminescence imaging was performed. Tumors were then excised 

from the pancreas and weighed.

QUANTIFICATION AND STATISTICAL ANALYSIS

Synergy calculations—A Bliss independence model (Foucquier and Guedj, 2015) was 

performed for all assays assessing synergy using the formula CI = (EA + EB – EAEB)/EAB 

(CI = combination index, EA = treatment one effect, EB = treatment two effect, EAB = 

combination effect).

Statistical analysis—Two-tailed Student’s t tests (assuming equal variance) were 

performed for all assays with statistical data, and data are presented as mean values ± 

standard deviation unless otherwise noted. Confidence intervals were denoted with one (p 

value < 0.05), two (p value < 0.01), three (p value < 0.001), or four (p value < 0.0001) 

asterisks in the appropriate figure panels. Statistical details of particular experiments can be 

found in the figure legends.

MIB/MS analysis—Raw data files were processed using MaxQuant and searched against 

the reviewed human database (downloaded Jan 2019, containing 20,414 entries), using 

Andromeda within MaxQuant. Enzyme specificity was set to trypsin, up to two missed 
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cleavage sites were allowed, carbamidomethylation of C was set as a fixed modification and 

oxidation of M and acetyl of N-term were set as variable modifications. A 1% false 

discovery rate was used to filter all data and match between runs was enabled. A minimum 

of two peptides was required for label-free quantitation using the label-free quantitation 

(LFQ) intensities.

Data files were analyzed using R (version 3.5.2). A total of 197 kinases were identified with 

183 kinases present in > 50% of samples and containing two or more peptides. Fifty of 191 

kinases were missing 1 or more values after this filtering and these values were imputed. A 

normal distribution was modeled on the non-missing LFQ intensity values of the kinases 

containing missing intensity values. Imputed values were drawn randomly from this 

distribution. Following filtering and imputation, LFQ intensity values were log2 transformed 

and the fold change over the median vehicle value was calculated for each kinase. 

Significant kinases between siNS, siBCAR1 A, and siBCAR1 D conditions were determined 

using one-way ANOVA (Benjamini-Hochberg adjusted p value < 0.05). Euclidean distance 

and average linkage were utilized for unsupervised hierarchical clustering of log2 fold-

change values for significant kinases.

Supplementary Material

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

• p130Cas and βIII-tubulin support PDAC growth by enhancing MYC 

expression

• p130Cas transcriptionally regulates MYC through SRC-p130Cas-DOCK1-

RAC1-β-catenin

• Microtubules post-translationally regulate MYC stability through calpains

• Triple targeting of ERK/p130Cas/tubulin with ERKi and KX2-391 inhibits 

PDAC growth
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Figure 1. Identification of genes that modulate ERK inhibitor sensitivity and synthetic lethality 
with mutant KRAS
(A) Average ranking of the top 38 hits, stratified by the number of siRNAs that shifted the 

GI50 >5-fold compared to the controls and the average hit strength.

(B) Sensitizing genes from a CRISPR screen enriched in KRAS mutant cancers are shown in 

red (p < 0.05).

(C) Gene dependencies in KRAS mutant PDAC compared to KRAS-independent cancer cell 

lines.

(D) The top 25 correlated genes with BCAR1 from a Pearson correlation were plotted using 

String.

See also Figure S1 and Tables S1 and S2.
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Figure 2. p130Cas suppression transcriptionally downregulates MYC and synergizes with ERKi
(A) Cells were treated with control siRNAs (siNS) or siRNAs targeting BCAR1 (siBCAR1) 

to assess MYC protein levels.

(B) Proliferation assays were performed on PDAC lines treated with siNS or siBCAR1 for 

72 h. Data shown are normalized to siNS.

(C) Empty vector (EV) control or MYC-rescued Pa16C cells were treated with siNS or 

siBCAR1 and p130Cas and MYC levels were assessed.
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(D) Proliferation assays were performed on EV or MYC-rescued Pa16C cells treated with 

siNS or siBCAR1. Data shown are normalized to siNS.

(E) Apoptosis assays were performed on cells treated with shNS or shBCAR1 in the 

presence or absence of ERKi for 48 h.

(F) ERKi was added to cell lines treated with shNS or shBCAR1, and MYC levels were 

assessed.

(G) Pa16C cells stably expressing shNS or shBCAR1 were treated with ERKi, and p130Cas, 

MYC, and cleaved PARP levels were assessed.

(H) Pa16C cells expressing shNS or shBCAR1 were treated with ERKi, and apoptosis 

assays were performed.

Data in all panels are representative of three independent experiments and represented as 

mean ± SD. * = p value < 0.05, ** = p value < 0.01, *** = p value < 0.001, **** = p value < 

0.0001. See also Figures S2–S4.
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Figure 3. SRCi transcriptionally reduces MYC and causes apoptosis when combined with ERKi
(A) Cell lines were treated with SRCi for 48 h, and pp130Cas, MYC, and pERK protein 

levels were assessed.

(B) PDAC cell lines were infected with shNS or shBCAR1 and pp130Cas and MYC protein 

levels were assessed.

(C) MYC mRNA levels were assessed after treatment with 800 nM SRCi for the indicated 

times. Data are representative of two independent experiments and presented as mean ± SD.
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(D) Pa16C cells were treated with ERKi and/or SRCi for 72 h, and pERK, pp130Cas, and 

MYC levels were assessed.

(E) Pa16C cells were treated with ERKi and/or SRCi for 72 h, and apoptosis was assessed. 

“Expected” indicates the presumptive additive effect from the single-agent treatments. 

“Actual” indicates the observed combination effect. Data are averaged from three 

independent experiments and presented as mean ± SD.

(F) Cells were treated with SRCi and/or ERKi for 72 h, and apoptosis assays were 

performed. Data are averaged from three independent experiments and presented as mean ± 

SD.

(G) Pa16C cells were treated with shRNAs and pp130Cas, and MYC levels were assessed.

Unless otherwise noted, data panels are representative of three independent experiments. * = 

p value < 0.05, ** = p value < 0.01. See also Figures S5 and S6.
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Figure 4. Tubulin destabilizers reduce MYC protein half-life and cause apoptosis when combined 
with ERKi
(A) βIII-Tubulin protein levels were assessed in a panel of PDAC and other KRAS mutant 

cancer cell lines.

(B) Pa16C cells were treated with baccatin III for 48 h to assess MYC, pHistone H3 (S10), 

and pERK levels.

(C) Pa16C cells were treated with paclitaxel for 48 h to assess pHistone H3, pERK, pMEK, 

DUSP4/6, and MYC levels.
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(D) Pa16C cells were treated with baccatin III or paclitaxel for 48 h, and apoptosis was 

assessed. Data are averaged from two independent experiments and presented as mean ± SD.

(E) Pa16C cells were treated with DMSO, paclitaxel, or baccatin III for 20 h before adding 

cycloheximide (cyclo) for the indicated times, and MYC protein half-life was determined by 

immunoblotting.

(F) Pa16C cells were treated with ERKi and/or baccatin III (Bacc III) for 72 h, and pERK 

and MYC levels were assessed.

(G) Pa16C cells were treated with ERKi and/or baccatin III for 72 h before assessing 

apoptosis.

(H) Cells were treated with paclitaxel and/or ERKi for 72 h, and apoptosis assays were 

performed. Unless otherwise noted, data panels are averaged from three independent 

experiments and presented as mean ± SD. * = p value < 0.05, ** = p value < 0.01.

See also Figures S7–S9 and Table S3.
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Figure 5. KX2-391 phenocopies SRCi + and β-tubulin inhibition and potently suppresses MYC 
expression
(A) After 20-h treatment with the indicated inhibitors, cells were imaged. Scale bars, 200 

μm.

(B) Cells were treated with SRCi and/or paclitaxel (Pacli) for 48 h, and pp130Cas, pERK, 

and MYC levels were assessed.

(C) Cells were treated with SRCi and/or Pacli for 48 h, and apoptosis was assessed. Data are 

averaged from three independent experiments and represented as mean ± SD.

(D) Cells were treated with KX2-391 for 48 h, and the indicated proteins were assessed.

Waters et al. Page 43

Cell Rep. Author manuscript; available in PMC 2021 August 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(E) Cells were treated with the indicated compounds, and pHistone H3, ERK, and MYC 

abundance/phosphorylation was assessed.

(F) Cells were treated with DMSO or KX2-391 for 20 h before cycloheximide was added for 

the indicated times, and MYC protein half-life was determined.

(G) Cells were treated with the indicated inhibitors for 20 h before MG132 was added for 

the indicated times, and MYC accumulation was assessed.

(H) Cells were treated with KX2-391 (80 nM) for the indicated times to assess temporal 

changes to MYC abundance and phosphorylation.

Unless otherwise noted, data are representative of three independent experiments and 

represented as mean ± SD. See also Figure S9.
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Figure 6. KX2-391 + ERKi combinations drive robust synergistic apoptosis
(A) Pa16C cells were treated with KX2-391 with DMSO or 350 nM ERKi for 72 h, and 

pERK and pMYC S62 protein levels were assessed. Data are representative of three 

independent experiments.

(B) Pa16C cells were treated as in (A), and apoptosis was assessed. Data are averaged from 

two independent experiments and are presented as mean ± SD.
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(C) Pa16C cells were treated with ERKi and/or KX2-391 for 72 h, and pERK, pp130Cas, 

and MYC protein levels were assessed. Data are representative of three independent 

experiments.

(D) Pa16C cells were treated as in (C), and apoptosis was assessed. Data are averaged from 

three independent experiments and presented as mean ± SD.

(E) Pa16C cells were treated with double or triple combinations as indicated for 72 h, and 

apoptosis was assessed. Data are averaged from three independent experiments and 

presented as mean ± SD.

(F) PDAC cell lines were treated with KX2-391 and ERKi for 72 h, and apoptosis was 

assessed. Data are averaged from three independent experiments and presented as mean ± 

SD. * = p value < 0.05, ** = p value < 0.01, *** = p value < 0.001, **** = p value < 0.0001.

See also Figure S9.
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Figure 7. KX2-391 + ERKi combinations inhibit growth in human PDAC organoids and a 
syngeneic, orthotopic mouse model of pancreatic cancer
(A) Patient-derived KRAS mutant PDAC organoids were treated with ERKi and/or KX2-391 

for 7 days, and proliferation assays were performed. Data are averaged from three 

independent experiments.

(B) Organoids from (A) were imaged. Data are representative of three independent 

experiments. Scale bar, 200 μm.

(C) Mice were treated with vehicle, ERKi, KX2-391, or both, and body weight was 

monitored throughout the course of treatment.
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(D) Luminescence of pancreatic tumors in mice from (C) was measured after 7 and 14 days 

of treatment. Data from each treatment group were averaged and are presented as mean ± 

SEM.

(E) Tumor-bearing mice from (C) and (D) were imaged at the end of the study. Data are 

presented as mean ± SEM.

(F) Representative tumors excised from the pancreas of mice in (E) were photographed. 

Scale bar, 0.5 cm.

(G) Tumors excised from each mouse in (E) were weighed and the data averaged within 

each treatment group. Data are represented as mean ± SD. * = p value < 0.05, ** = p value < 

0.01, *** = p value < 0.001, **** = p value < 0.0001.

See also Figure S10 and Table S4.
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