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Abstract 

Over 55,000 people in the US are diagnosed with pancreatic ductal adenocarcinoma (PDAC) yearly, and fewer 

than 20% of these patients survive a year beyond diagnosis. Chemotherapies are considered or used in nearly 

every PDAC case, but there is limited understanding of the complex signaling responses underlying resistance 

to these common treatments. Here, we take an unbiased approach to study protein kinase network changes 

following chemotherapies in patient-derived xenograft (PDX) models of PDAC to facilitate design of rational 

drug combinations. Proteomics profiling following chemotherapy regimens reveals that activation of JNK-JUN 

signaling occurs after 5-fluorouracil plus leucovorin (5-FU) and FOLFOX (5-FU plus oxaliplatin (OX)), but not 

after OX alone or gemcitabine. Cell and tumor growth assays with the irreversible inhibitor JNK-IN-8 and 

genetic manipulations demonstrate that JNK and JUN each contribute to chemoresistance and cancer cell 

survival after FOLFOX. Active JNK1 and JUN are specifically implicated in these effects, and synergy with 

JNK-IN-8 is linked to FOLFOX-mediated JUN activation, cell cycle dysregulation, and DNA damage response. 

This study highlights the potential for JNK-IN-8 as a biological tool and potential combination therapy with 

FOLFOX in PDAC and reinforces the need to tailor treatment to functional characteristics of individual tumors. 
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Introduction 

Pancreatic ductal adenocarcinoma (PDAC) is the 3rd leading cause of cancer deaths in the United States, in 

part because over 80% of patients are diagnosed at the outset with locally advanced or metastatic disease for 

which surgical resection is not an option (1,2). Targeted inhibitors have revolutionized clinical care for many 

cancers, but not for PDAC, a heterogeneous and aggressive disease that has failed to meaningfully respond to 

any targeted therapies despite increasing understanding of its genetic and biologic drivers. Significant efforts 

have instead been taken to evaluate combinations of existing chemotherapies as treatment regimens, and 

several of these combinations have demonstrated improved patient survival over individual agents and 

become preferred treatments for PDAC. Despite these successes and new combinations under evaluation, 

functions of specific signaling networks in mediating response and resistance to these treatments remain 

incompletely understood. There is an urgent need for new methods and approaches for determining rational 

drug combinations with these widely used chemotherapies. 

FOLFOX is one of the recommended chemotherapy combinations for PDAC and consists of 1) 5–fluorouracil 

(5-FU), a pyrimidine analog which blocks thymidine synthesis and thereby DNA replication, 2) leucovorin 

(LEU), a vitamin B9 derivative that improves efficacy of 5-fluorouracil, and 3) oxaliplatin (OX), a platinum-based 

chemotherapy agent that creates DNA cross links to interfere with DNA replication and repair. FOLFOX was 

shown to be more effective than 5-FU or OX individually, and the combination has been generally well-

tolerated in clinical settings (3-5). Retrospective studies have indicated that patients respond similarly to 

FOLFOX as they do to other recommended combinations, including regimens containing the mechanistically 

similar, often prescribed chemotherapeutic agent gemcitabine (6,7). Current guidelines recommend FOLFOX 

as an option for patients with GEM refractory PDAC (8). 

FOLFOX itself is also a promising candidate for further drug combination, as it has been combined with the 

chemotherapy irinotecan to form FOLFIRINOX, the first-line treatment for both adjuvant chemotherapy and 

metastatic PDAC (9,10). This combination’s greatly increased efficacy was a breakthrough in PDAC, but the 

addition of the cytotoxic irinotecan leads to increased frequency and severity of side effects (9-11). Therefore, 
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at many centers it is currently only recommended to healthier, younger patients, which may exclude as many 

as 75% of metastatic PDAC patients (12). 

While many drug uptake and metabolic mechanisms for resistance to 5-FU and GEM are known (13,14), there 

is much less understanding of the signaling pathway changes, especially in the global set of protein kinases 

(i.e. the “kinome”) that mediate cell response and survival after treatment with these widely used chemotherapy 

regimens in PDAC (13,15). Here, we describe an unbiased approach to assessing potential kinase targets for 

inhibition in combination with FOLFOX. We subsequently validate JNK1 and JUN as kinase mediators of 

FOLFOX resistance that can be therapeutically exploited with irreversible JNK inhibition by the recently 

developed drug JNK-IN-8 (16). 

Roles for JNK in specific cancer types remain elusive and complex, as JNK regulates both tumor-suppressive 

responses to UV response and apoptosis (17-19) as well as oncogenic proliferative and invasive functions 

through phosphorylation of its main substrate, the transcription factor c-JUN (17,19-22). JNK possesses 

similarly multifaceted roles in PDAC, with verified tumor suppressive (23,24) and tumor-promoting functions 

(25-27) that may be dependent upon a number of factors, including the stage of tumor initiation/development 

being assessed and whether JNK is being studied in the context of another treatment. JUN has been found to 

be overexpressed in PDAC (28), prompting testing of JNK inhibition as a therapeutic approach in PDAC 

(25,29,30), but most of these studies have relied upon the reversible inhibitor SP600125 that has been proven 

to be highly non-specific. SP600125 inhibits a wide range of kinases, including p38, CDK1, and MEK/ERK, all 

pathways with connections to JNK signaling that could be confounding (31-33). Moreover, lack of inhibitor 

specificity has hindered understanding of individual roles in PDAC biology for JNK1 and JNK2, which are 

known to act both in concert and direct opposition in different cancer types. 

In this study, we assessed contributions of JNK1, JNK2, and JUN in the response to 5-FU and FOLFOX 

chemotherapies in PDAC by evaluating signaling and phenotypic consequences of pharmacological inhibition 

of JNK with JNK-IN-8. We determined that JNK-IN-8 is highly specific, rapidly effective, and able to durably 

inhibit JUN phosphorylation in PDAC cells and patient-derived tumors. JNK-IN-8 enhanced FOLFOX inhibition 

of PDAC tumor and cell growth, synergy that may be facilitated by FOLFOX-induced DNA damage response 
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and cell cycle dysregulation. Genetic manipulations of PDAC cell lines demonstrated that JUN is necessary for 

mediating resistance to FOLFOX and sensitivity to JNK-IN-8. Furthermore, JNK1 and JUN, unlike JNK2, are 

sufficient to induce further resistance to FOLFOX and abrogate synergy between FOLFOX and JNK-IN-8, 

establishing the JNK1-JUN pathway as a critical and therapeutically vulnerable mediator of chemotherapy 

response in PDAC. 
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Results 

5-FU and FOLFOX chemotherapy regimens induce druggable activation of JNK and JUN 

Comprehensive signaling responses and vulnerabilities following chemotherapy treatments in PDAC have not 

been unraveled. 5-FU is frequently used as the backbone for combinatorial therapies and is part of both first- 

and second-line treatments, including FOLFOX (3-5,8-10). Therefore, we performed unbiased profiling of the 

expression and functional activation state of the kinome following FOLFOX and single cytotoxic agents (5-FU, 

OX, and GEM) in PDAC patient-derived xenograft (PDX) tumors. The functional kinome following 

chemotherapies was analyzed using multiplexed-kinase inhibitor bead chromatography with mass 

spectrometry (MIB-MS), a technique in which endogenous kinases are captured and quantified from cell or 

tumor lysates (Figure 1A) (34,35). Over 300 unique kinases were captured across all tumors. Among 

upregulated kinases compared to pre-treatment biopsies for 5-FU or vehicle-treated tumors for FOLFOX, there 

was a marked enrichment for signaling components involved in JNK signaling, including JNK1 (MAPK8), JNK2 

(MAPK9), and multiple upstream kinases that activate JNK such as MAP4K4, MAP3K1, TAOK1 (MAP3K16), 

and TAOK2 (MAP3K17) (19,36-39). In contrast, treatment with OX alone or GEM, a mechanistically similar 

chemotherapy to 5-FU, did not lead to widespread upregulation of JNK1/2 or known JNK activators. 

As an orthogonal approach, we performed an unbiased compound library synergy screen in combination with 

FOLFOX in the P422-T1 PDX-derived cell line (PDX-CL) to identify druggable molecular targets for inhibition in 

combination with FOLFOX. Growth inhibition over 72 h was quantified after FOLFOX alone and in combination 

with 176 kinase and other small molecule inhibitors by CellTiter-Glo, and hits were ranked by ΔBliss analysis to 

reveal several compounds with synergy across a range of dose combinations (Table 1). The irreversible JNK 

inhibitor JNK-IN-8 demonstrated the second highest overall synergy with FOLFOX (16), while the nonspecific 

JNK inhibitor SP600125 ranked outside of the top 100 compounds with a positive ∑ΔBliss score, indicating 

overall antagonism rather than synergy between the drugs. 

To further evaluate JNK signaling following FOLFOX at the transcriptional level, we performed RNA 

sequencing (RNA-seq) on matched pre-treatment biopsies and FOLFOX-treated P411-T1 PDX tumors. 

FOLFOX led to upregulation of expression of a curated set of predicted JUN transcription factor binding targets 
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such as STAT3, BRAF, and EPHA2 (40,41), linking the JNK pathway upregulation identified by MIB-MS to 

increased JUN transcription factor activity (Figure 1B). These results were validated in vitro with P411-T1 and 

P422-T1 PDX-CL, as well as CFPAC-1 and MIA PaCa-2 established PDAC cell lines. All of these lines showed 

overexpression of phosphorylated JUN (p-JUN) and, in some cases, total JUN protein 12-48 h after FOLFOX 

doses with minimal growth inhibitory effects (Figure 1C).  

 

JNK-JUN inhibition with the highly specific irreversible inhibitor JNK-IN-8 is an attractive therapeutic 

strategy in PDAC  

JNK-JUN overexpression has been observed in PDAC (28) but this overexpression has not been linked to 

differences in patient survival. Therefore, we examined the link between patient survival and expression of 

JNK1, JNK2, and JUN using data from 146 patients with primary PDAC in The Cancer Genome Atlas dataset 

(42). High tumor expression of JNK1 and of the JUN signature shown to be upregulated by FOLFOX were 

associated with significantly shorter patient survival; in contrast, there was little association between JNK2 

expression and patient survival (Figure 2A and Supplemental Figure 1). 

Our library compound screen linked the irreversible JNK inhibitor JNK-IN-8, but not the well-studied non-

specific SP600125 inhibitor, to synergy with FOLFOX, prompting us to characterize the signaling effects and 

specificity of JNK-IN-8 in PDAC. Irreversible inhibitors like JNK-IN-8 permanently inhibit targets through 

formation of covalent bonds and are attractive biological tools and drug candidates due to their specificity and 

durable effects at relatively low doses (43). JNK-IN-8 led to strong decreases in p-JUN by 24 h at 1 μM JNK-

IN-8 with complete disappearance of p-JUN at a higher 10 μM JNK-IN-8 dose (Figure 2B). As reported 

previously, JNK-IN-8 covalent binding resulted in a complete and easily visible electrophoretic shift in the 

JNK1/2 protein population that allowed for direct visualization of inhibitor binding (Figure 2B) (16). JNK-IN-8 did 

not reduce JNK expression or decrease its ability to be phosphorylated by upstream activators, and in fact led 

to a compensatory increase in phosphorylated JNK (p-JNK). 
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Next, we assessed the kinase binding profile of JNK-IN-8 using MIB-MS after a short 1 h treatment with DMSO 

vehicle or 1 μM JNK-IN-8. Decreases in levels of functional kinases by MIB-MS following drug treatment 

indicate inhibitor binding and/or kinase inactivation that prevent capture by bead-bound inhibitors and reduce 

detection by MS. Across 218 kinases that were detected in both samples, only JNK1 and JNK2 expression 

were considerably decreased by JNK-IN-8, indicating extremely high specificity (Figure 2C). 

JUN transcription factor activity has been linked to invasive phenotypes (44), so we compared cell invasion 

through basement membrane matrix after low doses of JNK-IN-8 that knock down p-JUN but do not affect cell 

viability, revealing dose-dependent decreases in invasion after JNK-IN-8 (Figure 2D). 

 

JNK-IN-8 enhances FOLFOX growth inhibition and reverses FOLFOX-induced JUN activation in vitro 

Evaluation of JNK-IN-8 in PDAC is still limited to well-characterized cell lines and JNK-IN-8 has not been 

studied in combination with chemotherapies (30). Therefore, we assessed the therapeutic potential of JNK-IN-

8 in combination with FOLFOX and its components in vitro with 72 h MTT assays across a wide range of 

constant-ratio dose combinations (Figure 3A), as well as with longer-term 14 d colony formation assays dosed 

with drugs every 3 d and visualized by crystal violet stain (Figure 3B). In both 3 d and 14 d growth assays, 

there was striking enhancement of growth inhibition following treatment with combinations of FOLFOX and 

JNK-IN-8 compared with individual drugs, especially in P411-T1 and CFPAC-1, while there was less robust 

synergy in P422-T1 and less still in MIA PaCa-2. Interestingly, there was no relationship between the strength 

of synergy and sensitivity to FOLFOX or JNK-IN-8 alone, with CFPAC-1 and MIA PaCa-2 being the most 

sensitive to FOLFOX and JNK-IN-8 individually, but having the most divergent synergy profiles. 

We then evaluated corresponding changes in p-JUN expression after each treatment, observing complete 

reversal of FOLFOX-mediated p-JUN activation with the addition of JNK-IN-8 across all lines (Figure 3C). 

Synergy appeared to be correlated with activation of p-JUN expression following FOLFOX alone, with MIA 

PaCa-2 showing the weakest synergy and the least upregulation of p-JUN after FOLFOX, while CFPAC-1 

displayed both the most synergy and the strongest FOLFOX-induced activation of p-JUN (Figure 3D). In all 
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lines, synergy was observed across a wide range of doses as quantified by the combination index method 

(Figure 3E and Supplemental Table 1) (45). Notably, synergy between FOLFOX and JNK-IN-8 was driven by 

5-FU, while viability after OX in P411-T1 was unaffected by the addition of JNK-IN-8 (Supplemental Figure 2). 

 

JNK-IN-8 effectively inhibits JUN in organoids and in vivo to enhance FOLFOX growth inhibition 

There continues to be an urgent need for new approaches to PDAC treatment given the still limited options 

available to patients. JNK-IN-8 is from the emerging class of covalent, irreversible inhibitors and has not yet 

been studied in 3D organoid cultures or in vivo models of PDAC that are thought to be representative of patient 

tumor biology and treatment responses (46,47). Therefore, we evaluated JNK-IN-8 in combination with 

FOLFOX in PDX-derived P319-T1 organoids and in four PDX and cell line xenograft tumors in NOD SCID 

gamma (NSG) immunodeficient mice. 

Organoids were generated from dissociated PDX tumors in suspensions of basement membrane matrix, then 

treated for 5 d with a range of doses of FOLFOX, JNK-IN-8, and the combination. Organoid growth was 

markedly stunted by the combination as compared to either individual drug, producing strong synergy at low 

doses at which neither individual drug affected growth (Figure 4A). 

Subcutaneously implanted PDX tumors were biopsied for pre-treatment control samples, then mice were 

randomly assigned to be treated for 28 d in 4 groups: saline, JNK-IN-8 (30 mg/kg 2x/wk), FOLFOX (50:5:100 

mg/kg 5-FU:OX:LEU 1x/wk), and the combination of JNK-IN-8 and FOLFOX. FOLFOX dosing was chosen to 

mirror clinical pharmacokinetics while not approaching previously determined maximum tolerated doses in 

mice (48). Intraperitoneal dosing of JNK-IN-8 (30 mg/kg 2x/wk) with and without FOLFOX was tolerated 

without weight loss or significant toxicity in tumor-bearing mice from all lines tested and led to strong inhibition 

of tumor p-JUN expression after 8 d treatment courses (Supplemental Figures 3A and 3B). 

Consistent with in vitro data, JNK-IN-8 in combination with FOLFOX led to p-JUN inhibition and enhanced 

tumor growth inhibition to varying degrees in combination with FOLFOX in P319-T1, CFPAC-1, and MIA PaCa-

2 xenograft tumors (Figure 4B and Supplemental Figure 3C). Interestingly, addition of JNK-IN-8 to FOLFOX 



Lipner et al. 10 
 

did not consistently inhibit tumor growth in P411-T1, a line with strong in vitro synergy (Figure 4C). This lack of 

tumor growth response corresponded to a lack of sustained p-JUN inhibition in these tumors after 28 d 

treatment with JNK-IN-8 alone and in combination with FOLFOX (Supplemental Figure 4). In aggregate, the 

combination of FOLFOX and JNK-IN-8 led to stabilization of tumor growth near the end of the study period 

across lines, with week over week shrinkage in many tumors and marked regression in one P319-T1 tumor, 

suggesting that continuing treatment beyond 28 d might further enhance synergy (Supplemental Figure 3D). 

 

Synergy between FOLFOX and JNK-IN-8 is linked to FOLFOX-mediated DNA damage and cell cycle 

responses 

Chemosensitivity to antineoplastic agents like 5-FU is often facilitated by failure to sustain ongoing DNA 

replication and progression through S-phase of the cell cycle. Therefore, we assessed whether the varying 

strengths of synergy between FOLFOX and JNK-IN-8 observed across lines was related to altered DNA 

damage response and cell cycle dysregulation. Cells were treated for 72 h with doses chosen such that the 

individual drugs caused minimal growth inhibition, no synergy occurred with the combination in MIA PaCa-2, 

and strong synergy was observed in the other three lines (Figure 3A). Propidium iodide (PI) staining and flow 

cytometry of these treated cells revealed visible S-phase arrest after FOLFOX in P411-T1, P422-T1, and 

CFPAC-1, but not in MIA PaCa-2 (Figure 5A). MIA PaCa-2 cells treated with JNK-IN-8 alone and in 

combination with FOLFOX displayed an increased population of cells in S-phase, while little change occurred 

with JNK-IN-8 in the other three lines, suggesting that JNK-IN-8 facilitates ongoing replication and S-phase 

progression in MIA PaCa-2, even in the face of FOLFOX treatment. 

To examine transcriptional changes in JUN activity and DNA damage pathways, we performed RNA-seq on 

CFPAC-1 and MIA PaCa-2 cells treated for 72 h with vehicle, a low FOLFOX dose, a moderate FOLFOX dose, 

and combinations of both FOLFOX doses with 1 µM JNK-IN-8. Consistent with these lines’ disparate strengths 

of JUN activation following FOLFOX and opposing effects of JNK and JUN overexpression on sensitivity to 

FOLFOX (Figures 3C, 3E, 5, and Supplemental Figure 5), FOLFOX led to strong, dose-dependent 

upregulation of a curated set of predicted JUN targets in CFPAC-1, but not in MIA PaCa-2 (Figure 5B) (40,41). 
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We next took an unbiased approach to isolating other pathways that were differentially affected by the 

combination of FOLFOX and JNK-IN-8 between CFPAC-1 and MIA PaCa-2 using the DESeq2 program (49). 

These genes were functionally classified using Gene Set Enrichment Analysis (GSEA) (41), revealing the base 

excision repair (BER) DNA damage pathway as one of the most highly differentially expressed gene sets 

(adjusted p = 1.77x108) (MSigDB: DACOSTA_UV_RESPONSE_VIA_ERCC3_UP) (40). In MIA PaCa-2, JNK-

IN-8 caused marked reversal in FOLFOX-induced downregulation of many of these BER-related genes known 

to promote survival after DNA damage (Figure 5C). Conversely, in CFPAC-1, both FOLFOX and the 

combination resulted in decreased expression of many of these genes at a strongly synergistic dose 

combination. High BER pathway activity has been associated with poor patient outcomes and resistance to 

both 5-FU and platinum chemotherapies (50)[58], and inhibitors of this pathway have been evaluated in PDAC 

(51). Thus, JNK-IN-8-mediated BER activation in MIA PaCa-2 may prevent synergy from occurring in this line 

despite decreased JUN activity, and BER inhibition could represent a previously undescribed mechanism for 

resistance to JNK inhibition. 

Finally, we examined mediators of DNA damage response with immunoblots in these treated CFPAC-1 and 

MIA PaCa-2 cells following cell fractionation into cytosolic and chromatin-bound fractions, revealing a robust 

DNA damage response after FOLFOX in CFPAC-1 but not in MIA PaCa-2 (Figure 5D). p-CHK1, a marker for 

the active response to replication stalling and DNA damage caused by cytotoxic drugs like 5-FU, was strongly 

upregulated at every time point by FOLFOX and the combination in CFPAC-1, but was completely unaffected 

in MIA PaCa-2. Similarly, the same expression pattern was found for ubiquitinated FANCD2, which is produced 

in response to DNA cross-linking by platinum chemotherapies like oxaliplatin and other DNA damage. These 

responses support the cell cycle profiles showing profound S-phase accumulation after FOLFOX in CFPAC-1 

without corresponding changes in MIA PaCa-2. Despite a known role for JNK in activating double-stranded 

break (DSB) repair (52,53), JNK inhibition with and without FOLFOX led to only gradual accumulation of DSBs, 

as indicated by late expression of p-ATM, a marker for DNA DSBs, and no change in the ATM effector p-

CHK2. Taken together, these results suggest that JUN activation, DNA damage response, and cell cycle 

dysregulation following FOLFOX may each be critical for facilitating synergy when combined with JNK-IN-8. 
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JUN is necessary for facilitating resistance to FOLFOX and for maintaining sensitivity to JNK-IN-8 

Thus far, our results indicated that JUN contributes to resistance to FOLFOX and sensitivity to JNK-IN-8, but 

JNK is also known to activate several transcription factors in order to carry out its myriad of intracellular 

functions (17-19). Therefore, to isolate the role of JUN in mediating drug effects, we compared cell growth after 

treatment with FOLFOX and JNK-IN-8 in CFPAC-1 cells following lentiviral-mediated transduction of shRNA 

directed against JUN (shJUN) compared to CFPAC-1 cells transduced with the corresponding empty vector 

(shEV). While residual levels of activated p-JUN and total JUN remained after shRNA transduction (Figure 6A), 

JUN knockdown led to reproducibly increased sensitivity to FOLFOX at all experimental doses, indicating that 

JUN is necessary for facilitating resistance to FOLFOX in this line (Figure 6B). Moreover, JUN knockdown 

consistently promoted resistance to JNK-IN-8, especially at low doses found to lead to the greatest synergy 

when JNK-IN-8 was combined with FOLFOX (Figure 3), confirming that JUN inhibition is responsible for at 

least part of the cytotoxic effects of JNK-IN-8 (Figure 6C). 

 

JUN and JNK1 are sufficient to induce FOLFOX resistance and abrogate synergy between FOLFOX and 

JNK-IN-8 

The individual roles for JNK1 and JNK2 have not been separated in PDAC, but high JNK1 expression was 

more strongly associated with shorter patient survival than high JNK2 expression (Figure 2A). Therefore, we 

sought to investigate the distinct contributions of JNK1, JNK2, and JUN in mediating sensitivity to FOLFOX and 

synergy with JNK-IN-8 through genetic manipulation of CFPAC-1 and MIA PaCa-2, cell lines with strong and 

weak in vitro synergy, respectively (Figure 3). 

Lentiviral-mediated plasmid transduction was carried out to allow for doxycycline (dox) inducible expression of 

a GFP-tagged empty vector (EV-pCW57-GFP) cloned to contain individual JUN and JNK constructs with 

varying protein activation states: 1) wild type JUN, JNK1, and JNK2 transgenes (JUN and JNK1/2-WT); 2) 

constitutively active JNK1 or JNK2 fused to the upstream MAP2K7 (JNK1/2-CA); and 3) phosphorylation dead 
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JNK1 or JNK2 that are unable to be activated due to T183/Y185A183/F185 mutations in the critical dual 

phosphorylation site (JNK1/2-PD) (17,21). We confirmed that treatment with 1 µg/µL dox for as little as 4 h led 

to expression of GFP by microscopy (Figure 7A) and of JUN transgene without expression in the absence of 

dox or under any conditions in the EV-infected line (Figure 7B). As expected, induction of JNK1-WT and JNK2-

WT expression were not accompanied by increased p-JNK or p-JUN activation, while JNK1-CA and JNK2-CA 

led to rapid upregulation of both p-JNK and p-JUN (Figure 7C, 7D, and Supplemental Figure 5A). Importantly, 

JNK1-CA led to visibly higher expression of activated p-JUN than did expression of JNK2-CA with similar 

expression of total JNK1-CA vs JNK2-CA, suggesting that JNK1 more robustly activates JUN. 

Next, the effect of expression of these transgenes on sensitivity to FOLFOX and synergy between FOLFOX 

and JNK-IN-8 was assessed by MTT assays. Both dox-induced and no dox control cells were seeded from a 

single population of plasmid-transduced cell lines that had not been exposed to dox, allowing for quantitative 

comparisons between growth in transgene expressing and control cells at each dose. After cells adhered, half 

were treated with 1 µg/mL dox for 8 h to allow for complete induction of transgene protein expression, then 

cells were treated with FOLFOX and/or JNK-IN-8 for 72 h followed by quantification of viability by MTT assay. 

Expression of active JUN significantly increased resistance to FOLFOX and reduced synergy between 

FOLFOX and JNK-IN-8 (Figure 7B). Similarly, inducible expression of JNK1-CA, but not JNK1-WT or JNK1-

PD, resulted in reduced sensitivity to FOLFOX and synergy with FOLFOX plus JNK-IN-8 (Figure 7C). JNK1-PD 

appeared to increase sensitivity to FOLFOX with and without JNK-IN-8, highlighting the necessity of JNK 

phosphorylation for these effects and suggesting that this mutant JNK1 possesses dominant negative 

functions. In contrast to JNK1, JNK2 did not exert these strong effects, with JNK2-CA only modestly increasing 

resistance to FOLFOX and having no effect on synergy between FOLFOX and JNK-IN-8 (Figure 7D). These 

same induction experiments were also performed in MIA PaCa-2, cells with limited synergy between FOLFOX 

and JNK-IN-8. In this line, JUN and JNK1 did not lead to changes in sensitivities to FOLFOX or synergy with 

JNK-IN-8, further supporting that MIA PaCa-2 is less reliant upon JNK-JUN signaling in response to FOLFOX 

(Supplemental Figure 5B). 
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Discussion 

Chemotherapies and chemotherapy combinations are widely used in the treatment of PDAC and almost all 

malignancies, but insufficient consideration has been placed on the signaling responses that underlie intrinsic 

tumor resistance to these treatments. In this study, we took parallel, unbiased approaches in patient-derived 

models of PDAC to assess specific kinase signaling pathways that facilitate resistance to 5-FU and FOLFOX. 

Global changes in the functional kinome between matched pre- and post-treatment tumors were evaluated by 

MIB-MS kinome profiling, revealing upregulation of the JNK1/JNK2 signaling cascades after treatment with 5-

FU and FOLFOX that did not occur after other chemotherapy regimens. Similarly, a synergy screen assessing 

growth inhibition after a compound library and FOLFOX prompted us to study the irreversible JNK inhibitor 

JNK-IN-8 for its ability to enhance FOLFOX efficacy. Together, these screens and our confirmatory 

experiments show that JNK activation by FOLFOX meaningfully contributes to pro-survival signaling that can 

be exploited by specific JNK inhibition. 

Covalent inhibitors like JNK-IN-8 are steadily being developed, but evaluation of their biological effects in 

different tissues and cancers lags far behind. These inhibitors are attractive experimental tools and potential 

drugs because they result in rapid, permanent inhibition of target proteins, and as we demonstrated for JNK-

IN-8, can exhibit incredibly high specificity that stands in stark contrast to the non-specific effects of reversible 

inhibitors like SP600125 long used to interrogate JNK functions (16,43). In PDAC, JNK-IN-8 has been studied 

sparingly to validate SP600125 effects in combination with TNF-related apoptosis-inducing ligand (TRAIL) 

therapy (30), but until now had not been examined in combination with chemotherapies.  

To our knowledge, our study is the first to report in vivo effects of JNK-IN-8 in any patient-derived cancer 

model. We demonstrate the high specificity, rapid onset, and durability of JNK-IN-8 to inhibit JUN 

phosphorylation and enhance FOLFOX-induced tumor growth inhibition in a PDAC patient-derived organoid 

and tumor line at tolerable dosing and frequency of administration. Despite less marked synergy in vivo, across 

lines the combination of FOLFOX and JNK-IN-8 led to tumor growth arrest and in some cases tumor 

regression near the end of the study period, indicating that longer treatment periods and additional dose 

combinations with alternative administration schedules may enhance in vivo synergy. Discrepancies between 
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observed synergy cell line compared to tumor xenografts highlight the known deficiencies in using 2D cell 

culture as a proxy for in vivo responses in mouse models and human cancers (46,47). Moreover, our studies in 

two patient-derived tumor lines cannot adequately capture the intertumoral heterogeneity characteristic of 

PDAC. The tumor line-dependent variation in durability of response to JNK-IN-8 suggests that, as with other 

kinase inhibitors, adaptive signaling varies between lines following kinase inhibitor treatment. Comprehensive 

profiling of a larger number of patient-derived tumors and cell lines is crucial to detect associations between 

treatment response, pharmacodynamics, and baseline tumor kinome and transcriptome profiles such as PDAC 

tumor subtypes (61). Moreover, our studies did not assess the effects of the tumor microenvironment of 

immune and stromal cells that promote tumor progression via JNK signaling and may play important roles in 

determining in vivo treatment responses to the combination of chemotherapies with targeted kinase inhibitors 

(27). 

Unlike in other cancers, specific roles for JNK1 and JNK2 had not been elucidated in PDAC, so we 

interrogated specific functions of these genes with lentiviral-mediated doxycycline-inducible expression of JNK 

and JUN transgenes with different capacities for activity. Constitutively active JNK1 and JUN, but not JNK2, 

were able to heighten resistance to FOLFOX and abrogate synergy with JNK-IN-8, consistent with patient 

survival data that showed a much stronger association between patient survival and JNK1 expression 

compared to JNK2. Selective inhibitors for JNK1 (54,55) and JNK2 (56) are emerging that will further clarify 

JNK1- and JNK2-specific effects and their potential as therapeutic targets. 

Our results propose links between FOLFOX-mediated DNA damage, cell-cycle responses, and synergy with 

JNK-IN-8. Low doses of FOLFOX led to profound S-phase arrest in lines displaying synergy, and 

correspondingly robust activation of markers for DNA damage in CFPAC-1. Conversely, JUN activation, the 

cell cycle profile, and expression of DNA damage markers were less affected by FOLFOX in MIA PaCa-2 in 

association with limited synergy with JNK-IN-8. JUN is known to modulate cell cycle progression by 

transcriptionally repressing p53 and p21 tumor suppressor gene expression (22), but consistent with prior 

research in SP600125 (57), cell cycle effects of JNK-IN-8 were largely p21-independent, as evidenced by a 

lack of G1 arrest characteristic of p21-induced CDK2 inhibition after JNK-IN-8. These findings suggest that 
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JNK is necessary for preserving cell cycle arrest in the context of DNA damage caused by 5-FU and FOLFOX, 

and that JNK inhibition allows these damaged cells to progress through mitosis and ultimately undergo cell 

death.  

This study establishes JUN activity downstream of JNK1 as a strong promoter of chemoresistance, but other 

JNK targets may also be important in the interaction between FOLFOX and JNK-IN-8, as indicated by residual 

resistance to FOLFOX following JUN knockdown and incomplete abrogation of synergy between FOLFOX and 

JNK-IN-8 following overexpression of JNK1 and JUN. JNK is known to cooperate with p38 stress-response 

signaling and mediate reactive oxygen species generation after cell stress (29,33,39), and JNK activates 

STAT3 and ATF2 along with other pathways involved in PDAC tumorigenesis and treatment responses (58-

60). Further study is needed to isolate the pathways that interact to prime FOLFOX-treated cells for death 

when JNK and its downstream effectors are inhibited by JNK-IN-8. 

In addition to encouraging study of JNK, our results also point to roles in chemoresistance for specific 

upstream kinases, many of which are sparsely studied in PDAC. For example, we found that MAP4K4, a 

canonical activator of the JNK signaling cascade (19,36), was upregulated after 5-FU and FOLFOX by MIB-

MS. MAP4K4 has been linked to PDAC cell invasion and proliferation (62), is overexpressed in PDAC tumors, 

and has been found to be associated with worse patient prognosis (63). Interestingly, the most upregulated 

family of kinases after 5-FU and FOLFOX were the TAOK family (TAOK1/2/3 = MAP3K16/17/18), kinases 

known to regulate p38-mediated stress response that also have poorly defined roles in JNK activation (19,36-

39). Recently discovered, specific inhibitors for MAP4K4 (64) and TAOK1/2 (65) merit further study for their 

JNK-dependent and -independent functions in PDAC chemoresistance.  

Collectively, this study presents an unbiased methodology for identifying kinase signaling pathways involved in 

response and resistance to chemotherapies and identifies JNK1 and JUN as druggable drivers of 

chemoresistance to 5-FU and FOLFOX in PDAC. In the near future, such identification of tumor-specific 

signaling networks contributing to cancer progression and treatment responses has the exciting potential to 

allow for patient-tailored treatments that can ultimately improve outcomes for this deadly disease.  
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Methods 

Drugs and reagents 

For in vivo studies, 5-FU, OX, and GEM were diluted in sterile 0.9% saline, and LEU was dissolved in sterile 

water. JNK-IN-8 (SelleckChem) was dissolved in sterile DMSO for in vitro studies, then further dissolved in 

15% Tween80 in sterile water for in vivo studies. 

PDX tumor expansions and treatments 

PDAC tumors from de-identified patients with resected PDAC were stained with hematoxylin and eosin (H&E) 

to confirm histology, engrafted subcutaneously into the flanks of 6-8 wk old female NSG mice, and passaged 

as described previously (66). Pre-treatment biopsies were taken when tumors reached 1 cm in any dimension. 

Treatment was initiated when biopsied tumors reached a median volume of 117 mm3 (68.75 – 239.06 mm3). 

Treatments were assigned by rotation through all four experimental arms as tumors became available. 

FOLFOX (100 mg/mL LEU, 50 mg/mL 5-FU, and 5 mg/mL OX) and 0.9% saline vehicle treatments were 

administered IP 1x/wk. GEM (80 mg/kg), JNK-IN-8 (30 mg/kg), and 15% Tween80+ 5% DMSO vehicle 

treatments were administered IP 2x/wk. FOLFOX and GEM dosing was based on prior pharmacokinetics 

analyses (48). Animal body weights and tumor volumes (V) were both measured 1x/wk, with V = 

(length×width2)/2. Treatment was continued for 28 d or when tumors reached 2 cm in any dimension. 

Harvested tumors were cut, with half snap frozen in liquid nitrogen and stored at −80°C until protein and/or 

RNA isolation and half fixed in 10% formalin and paraffin embedded (FFPE). FFPE tissue blocks were 

sectioned and stained with H&E for histopathological evaluation.  

Cell and organoid culture 

PDX-CLs and organoids were established from freshly harvested PDX tumor tissue, which was washed with 

DMEM/F12 media containing 1X antibiotic-antimycotic solution (Gibco), mechanically dissociated using a 

gentleMACS dissociator (Miltenyi Biotec), and incubated at 37˚C in DMEM/F12 with collagenase+dispase 

(Sigma). Tumor suspensions were divided for organoid culture and PDX-CL establishment.  
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For organoid culture, dissociated tumor was resuspended in 90% Matrigel basement membrane matrix 

(Corning) and plated in ~120 μL domes in 12-96 well plates. Organoid media consisted of: 1) 40% DMEM/F12 

growth media, 2) 10% FBS, and 3) 50% L-WRN conditioned DMEM/F12 media (+HEPES, +GlutaMAX, 

conditioned with Wnt-3A, R-spondin, and mNoggin) containing growth factors: 0.2 µg/ml A83-01 (Tocris), 1X B-

27 supplement (Invitrogen), 50 ng/mL mEGF (Gibco), 100 ng/mL hFGF-10 (Gemini), 0.2 µg/ml Gastrin I 

(Tocris), 0.2 mg/mL N-acetylcysteine (Sigma), 1.22 mg/mL nicotinamide (Sigma), and 3.4 µg/mL Y-27632 Rho 

kinase inhibitor (Sigma). Organoid media was replaced every 2-4 d for passaging or drug treatments (46).  

For PDX-CLs, dissociated tumor was resuspended in warm 45% DMEM/F12 media, 5% FBS, and 50% L-

WRN conditioned organoid media as described above but excluding Y-27632 Rho kinase inhibitor. Media was 

replaced daily for 1 wk with decreasing concentrations of L-WRN conditioned organoid media and passaged 

when cells reached 70-80% confluence. PDX-CL were confirmed as epithelial by positive 

immunohistochemistry for cytokeratin 18. 

PDAC cell lines CFPAC-1 and MIA PaCa-2 were obtained from the American Type Culture Collection (ATCC) 

and authenticated via short–tandem repeat (STR) profiling (Genetica). All cell lines tested negative for 

mycoplasma monthly using MycoAlert (Lonza). Cell lines were cultured in DMEM/F12 (for patient-derived) or 

DMEM (for ATCC) medium with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 μg/ml 

streptomycin (Invitrogen) at 37°C in humidified 5% CO2 atmosphere. 

MIB chromatography and mass spectrometry 

MIB preparation and LC/MS was carried out as previously described (34). Briefly, cell lysates were passed 

through columns containing broad-spectrum Type I kinase inhibitors (CTx-0294885, VI-16832, PP58, 

Purvalanol B, UNC-2147A, and UNC-8088A) covalently attached to ECH- or EAH-activated Sepharose beads 

to purify functional kinases. For assessing adaptive changes after chemotherapy treatments, peptides were 

labeled with iTRAQ then MS data were acquired with a MALDI TOF/TOF 5800 (ABSciex) and analyzed by 

ProteinPilot Software Version 3.0 (ABSCIEX) using the UniProtKB/Swiss-Prot database. Proteins were 

accepted when ≥2 unique peptide was identified at 99% confidence. MIB/MS profiles were performed for 2 

biological replicate tumors or cell lines in each treatment arm. Changes in kinase binding between pre-
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treatment and treated tumors and cell lines were plotted in R 3.5.1 as mean±SEM. For MIB-MS competition 

studies to assess the JNK-IN-8 binding profile, peptide samples were analyzed by LC/MS/MS using an Easy 

nLC 1000 coupled to a QExactive mass spectrometer (Thermo). Data was analyzed using label-free 

quantification in MaxQuant version 1.5.1.2 with the integrated Andromeda search engine. False discovery rate 

was set at 5% and excluded kinases with only one unique peptide. 

RNA-sequencing 

Total RNA (200-1,000 ng) from pancreatic PDX tumors or cell lines was extracted using AllPrep DNA/RNA mini 

kit (Qiagen) and cDNA libraries were prepared with the TruSeq Stranded mRNA Sample Prep kit (Illumina). 

Sequencing of 75 bp paired end reads was completed on a NextSeq 500 high-output v2 flow cell kit 

(Illumina). BCL files were converted to FASTQ using bcl2fastq2 Conversion Software 2.20.0 and compiled into 

one FASTQ for each sample. Total read counts per gene were quantified using Salmon 0.9.1 using arguments 

"--gcBias --seqBias" (67). 

For gene-level differential expression analysis, differential synergistic effects between FOLFOX and JNK-IN-8 

were analyzed between CFPAC-1 and MIA PaCa-2 by constructing a negative binomial regression model for 

each gene to specify mean on a log scale and assessing differential expression across treatments using 

DESeq2 1.20.0 on R 3.5.1 (49,68). 

Immunoblotting 

Cells in culture were washed with PBS, harvested by scraping, and prepared as whole-cell lysates or 

fractionated into cytosolic and chromatin-bound fractions. Whole cell lysates were prepared using PierceTM 

RIPA buffer (Thermo) containing phosphatase inhibitor cocktail sets I/II (Calbiochem) and complete protease 

inhibitor (Sigma). Fractionation was performed with CSK buffer (pH=7, 10 mM PIPES sodium salt, 100 mM 

NaCl, 300 mM sucrose, 3 mM MgCl2, 1 mM EGTA, 0.1% Triton X-100) containing phosphatase inhibitor 

cocktail sets I and II and complete protease inhibitor. Cytosolic fractions were collected after mixing whole cell 

lysates with CSK buffer and centrifuging at 1,500 x g for 4 min at 4oC. The remaining chromatin-bound pellet 

was cleaned by resuspension in CSK buffer followed by centrifugation and resuspension in CSK buffer with 
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0.1% benzonase (Fisher). p-ATM, PCNA, FANCD2, p-H3, and p-H2AX were assessed in chromatin-bound 

fractions. 

Lysate protein concentrations were measured with 2 mg/mL albumin standard (Thermo) and Bradford reagent 

(Sigma). Whole cell lysates (20-40 μg) or chromatin-bound fractions (5-40 μg) were electrophoresed on 8-10% 

SDS polyacrylamide gels and electrotransferred to PVDF membranes. Transferred membranes were blocked 

with 5% non-fat dried milk in 1X Tris-buffered saline with 0.1% Tween20 (1X TBST) and incubated overnight at 

4oC with 1:500 dilutions of p-JNK (Thr183/Tyr185) antibody, or 1:1,000 dilutions of other primary antibodies in 

5% BSA in 1X TBST. Following washing, membranes were incubated with a 1:10,000 dilution of HRP-

conjugated goat anti-rabbit (#31462) or anti-mouse (#31432) secondary antibody (Invitrogen) in 5% non-fat 

dried milk in 1X TBST for 1 h. Immunoreactive bands were detected using Amersham ECL Prime detection 

agent (GE Healthcare). Intensity of immunoreactive bands were quantified by densitometry using Imagelab 

6.0.1 (Bio-Rad) and normalized to vehicle-treated controls. Stripping of bands between detection of proteins of 

similar sizes was accomplished by 15 min incubation with Restore Stripping Buffer (Thermo) followed by 

washing and blocking as above. Antibodies against p-JNK1/2 (Thr183/Tyr185 #4668S), JNK1 (mouse 

#3708S), JNK2 (#9258S), p-JUN (Ser63 #2361S), JUN (#9165S), p-CHK1 (Ser317 #2344), p-CHK2 (Thr68 

#2197), and CHK2 (#6334) were from Cell Signaling, while p-ATM (mouse #47739), ATM (#377293), PCNA 

(mouse #56), FANCD2 (#20022), cyclin E (#247), CHK1 (#8408), and ACTB HRP (#4778) antibodies were 

from Santa Cruz. KU80 (#GTX70485) was from GeneTex. 

Transwell invasion assays 

24-well plate inserts with 8-μm pores (Greiner) were coated with 100 μL Matrigel, incubated at 37°C for 2 h, 

and placed into wells containing 750 μL normal culture media. 5x104 (CFPAC-1) or 2x105 (MIA PaCa-2) cells 

were added to each coated insert by suspending cells in 200 μL DMEM with 1% FBS and the indicated dose of 

JNK-IN-8. Cells were allowed to invade through the matrix and underlying pores for 16 h, then were fixed and 

stained using Diff-Quik kit (Fisher). Invasion was quantified as the percent of the insert covered by invading 

cells as determined by imaging stained cells and filtering by color of stained nuclei with a BZ-X710 fluorescent 

microscope (Keyence). 
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Synergy screen 

Growth inhibition following combinations of FOLFOX with and without a library of kinase and other small 

molecule inhibitors was performed by plating PDX-derived cell lines in 384 well plates in 40 µL at 2,000 

cells/well, allowing cells to adhere overnight, then treating with 176 individual drugs at 5 doses alone and in 

combination with 3 doses of FOLFOX (2 µM 5-FU + 0.2 µM OX; 20 µM 5-FU + 2 µM OX; and 200 µM 5-FU + 

20 µM OX). After 72 h, cell viability was quantified using CellTiter-Glo Luminescent Cell Viability Assay 

(Promega). Growth was normalized to wells treated with DMSO vehicle (100% viability) and Bortezomib (0% 

viability). Synergy was scored using Bliss independence modelling as described below. 

MTT growth assay 

For drug studies and dox inducible expression experiments, 1-5x103 cells were plated in 90 μl culture medium 

and cultured overnight in quadruplicate. For drug studies, media containing PBS vehicle (for FOLFOX), DMSO 

vehicle (for JNK-IN-8), FOLFOX (0-40 μM), and JNK-IN-8 (0-40 μM) were added to the indicated final 

concentrations. After 72 h incubation, 50 μl 5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide (MTT) (Sigma) dissolved in PBS at pH 7.4 was added to each well. After 1 h, culture medium and 

MTT reagent was discarded, and 200 μL dimethyl sulfoxide was added to each well and mixed thoroughly. 

Absorbance at OD560 nm was measured using a Synergy 2 plate reader (BioTek). Cell viability at each drug 

concentration was calculated according to the formula: 100%*(experimental OD560 / vehicle OD560). All 

assays performed in triplicate. 

For dox inducible expression experiments, both dox-induced and no dox control cells were seeded from a 

single population of plasmid-transduced cell lines. After cells adhered, half were treated with dox, then after 8 h 

all cells were treated with FOLFOX and/or JNK-IN-8. Viability was assessed after 72 h by MTT assay as 

described above. 

Crystal violet growth assay 

1-5x103 cells were plated in triplicate at very low density in 6-well plates overnight, then treated with indicated 

drugs every 3 d for 15 d total. Colonies were visualized by methanol fixation followed by 20 min rocking 
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incubation with filtered 20% methanol in distilled water containing 0.5% crystal violet powder (Sigma), repeated 

gentle washing with water, air drying, and imaging (Canon LiDE 90). 

Organoid CellTiter-Glo growth assay 

Organoids were grown in Matrigel domes in 24-well plates until they reached about 70% confluence. 

Organoids were collected by resuspension of domes with normal culture media, fragmentation with a 25 gauge 

needle, and centrifugation at 2,000 x g for 5 min. Media was aspirated, the resulting organoid pellet was diluted 

by a factor of 4 in fresh Matrigel containing 20% organoid media, and 50 µL of resuspended organoids was 

plated in 96-well plates in triplicate for each dose. After 30 min at 37oC, 70 µL of fresh organoid media was 

added and organoids were cultured overnight, after which indicated doses were added to a final volume of 100 

µL/well. After 5 d growth, images were captured with a BZ-X710 fluorescent microscope (Keyence) and 

organoid viability was assessed with CellTiter-Glo 3D (Promega) and Synergy 2 plate reader (BioTek).  

Flow cytometry 

After 72 h of the indicated treatments, cells in culture were pulsed with 10 µM BrdU (Sigma) for 1 h at 37oC, 

trypsinized, and fixed in 65% DMEM / 35% ethanol solution for 1-4 d. DNA was denatured by 20 min 

incubation at room temperature in 1 mL 2M HCl. Cells were washed in 0.1 M sodium borate pH 8.5 followed by 

PBS, then incubated in the dark for 30 min in FITC-conjugated anti-BrdU (BD Pharmingen #347583) in PBS 

with 0.3% Tween-20 and 0.3% BSA. Cells were resuspended in PBS containing 8 µg/mL RNAse A (Qiagen) 

and 10 µg/mL propidium iodide (BioLegend) and incubated in the dark for 30 min. Flow analysis was 

conducted on an Accuri C6 flow cytometer with C6 Plus software (BD Biosciences). 

Cloning inducible expression vectors 

To generate cell lines with inducible, reversible expression of JUN and JNK constructs, cloning was performed 

using the In-Fusion HD Cloning Kit (Takara). For inducible overexpression, the backbone plasmid pCW57-

GFP-P2A-MCS-neo (Addgene #89181) was digested with BamHI-HF (New England Biolabs) and coding 

sequences (CDS) were PCR amplified from the following plasmids from Addgene (JNK1a1: #13798, JNK2a2: 

#13755, MKK7b2-JNK1a1: #19726, MKK7b2-JNK2a2: #19727, MKK7b2-JNK1a1-APF: #19730, MKK7b2-
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JNK2a2-APF: #19726 and #13761, JUN: #40348) using the following primers to generate CDS sequences with 

homologous regions with the cut backbone (5’ JNK1a1: 

ACGCGTTGTACAGGATCCAGCAGAAGCAAGCGTGACAACA, 3’ JNK1a1: 

AACCCCAACCCCGGATCCTCACTGCTGCACCTGTGCTAA, 5’ JNK2a2: 

ACGCGTTGTACAGGATCCAGCGACAGTAAATGTGACAGTCAGT, 3’ JNK2a2: 

AACCCCAACCCCGGATCCTCATCGACAGCCTTCAAGGG, 5’ MKK7b2-JNK1a1: 

ACGCGTTGTACAGGATCCGCGGCGTCCTCCCTG, 3’ MKK7b2-JNK1a1: same as for JNK1a1, 5’ MKK7b2-

JNK2a2: same as for MKK7b2-JNK1a1, 3’ MKK7b2-JNK2a2: same as for JNK2a2, 5’ MKK7b2-JNK1a1-APF: 

same as for MKK7b2-JNK1a1, 3’ MKK7b2-JNK1a1-APF: same as for JNK1a1, 1st 5’ MKK7b2-JNK2a2-APF: 

same as for MKK7b2-JNK1a1, 1st 3’ MKK7b2-JNK2a2-APF: ACTGTCGCTCATGGATCCTTTACGGTAACTC, 

2nd 5’ MKK7b2-JNK2a2-APF: GGATCCATGAGCGACAGTAAATGTGACAGT, 2nd 3’ MKK7b2-JNK2a2-APF: 

same as for JNK2a2, 5’ JUN: ACGCGTTGTACAGGATCCACTGCAAAGATGGAAACGACCTT, 3’ JUN: 

AACCCCAACCCCGGATCCTCAAAATGTTTGCAACTGCTGCGT). All cloned plasmids were verified by 

Sanger sequencing (Eton Biosciences). 

Lentivirus production and transduction 

Cloned plasmids were delivered to cells by generating replication-incompetent lentivirus in 293T cells with 

transfection of X-tremeGENE 9 (Sigma), psPAX2, and pCMV VSV-G along with the corresponding reporter 

plasmid. For inducible overexpression experiments, reporter plasmids were recombinant pCW57-GFP 

plasmids as described above. For shRNA experiments, a validated shRNA against the 3’UTR of the JUN 

mRNA (Sigma #TRCN0000355647) and empty vector control (EV) pLKO.1-puro (Addgene # 8453) were used 

as reporter plasmids. Following 24 h incubation, media was replaced with DMEM supplanted with 30% FBS. 

Lentivirus was harvested at both 48 h and 72 h after transfection by collecting media, centrifugation at 2,000 x 

g for 5 min to remove 293T cells and debris, filtration through 0.45μm sterile PES membranes, and storage at -

80oC. For transduction with lentivirus, 1.5×106 CFPAC-1 or MIA PaCa-2 cells were seeded in 100mm plates 

and transduced with lentivirus containing the appropriate overexpression plasmid along with 8μg/mL polybrene 
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(Sigma). After 24 h, medium was replaced and cells were cultured for another 4 d with 2μg/ml puromycin 

(Corning) or 14 d with 800μg/ml geneticin (Gibco) before cryopreservation and experimentation. 

Statistics 

Library compound screen ∑ΔBliss values were calculated assuming Bliss independence between drugs, where 

responses to combinations of two drugs equal the sum of the two fractional responses of individual drugs 

minus their product where (Fa+Fb)-(Fa*Fb). ΔBliss is zero for a given dose combination when there is no 

overall synergy or antagonism, while negative ΔBliss values indicate synergy at that combination. Overall 

synergy score for a drug combination was calculated by ∑ΔBliss. 

Patient survival analysis was performed using the previously published cohort of 146 patients in The Cancer 

Genome Atlas (TCGA) pancreatic adenocarcinoma (PAAD) dataset, excluding patients with evidence of 

metastatic disease (M1) at diagnosis (42). Patients expressing distinctly high levels (top 10%) of JNK1 or JNK2 

were classified as the high expression group with survival compared to remaining patients using the 'survminer' 

package in R 3.5.1. Survival was plotted using the Kaplan-Meier product-limit method and significance of 

tumor gene expression differences measured by Mantel-Cox log-rank test with statistical significance defined 

as p<0.01. Hazard ratio (HR) was determined by Cox proportional-hazards model. To assess the association 

of JUN transcription factor activity with patient outcome, a JUN signature for each samples in the TCGA PAAD 

dataset was calculated as mean of expression rankings of predicted JUN target genes (MSigDB 

CREBP1CJUN_01) (40). Samples were then divided by median JUN signature scores and subjected to 

survival analysis as described above. 

Statistical significance in MTT assays for synergy and overexpression-mediated changes was determined 

across replicate experiments using one-way ANOVA analysis with Tukey’s multiple comparisons test. Data 

were normalized and plotted in Prism as mean±SEM (Graphpad), and synergy was assessed using Compu-

syn (45). For transwell invasion assays, significance was determined using one-way ANOVA with Holm-Sidak’s 

multiple comparisons test. 
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For in vivo tumor growth inhibition studies, sample sizes were estimated to detect a 30% difference in volumes 

between treatment arms with 95% confidence interval based on variances in historical growth of each tumor 

line. Volume changes were analyzed for significance using one-way ANOVA analysis with Dunnett’s multiple 

comparisons test in Prism (Graphpad).  

Determination of differentially expressed genes following RNA-seq was performed using DESeq2 1.20.0 on 

R 3.5.1 with a mean structure involving a linear combination of intercepts, main effects, and second-order 

interactions between cell lines, FOLFOX, and JNK-IN-8 (49,68). Third-order interactions were not assessed 

due to insufficient power. To model the two doses of FOLFOX while retaining maximum degrees of freedom, 

the low dose was set to have 80% of the effect on gene expression changes as the high dose. Other 

coefficients besides 80% did not meaningfully affect results by a sensitivity analysis. Next, pathway-level 

significance was assessed using goseq 1.32.0, which performs GO analysis while accounting for selection bias 

introduced by enrichment of longer genes among significantly differentially expressed genes (69). Plots were 

made with normalized expression of genes changed by the second-order FOLFOX*JNK-IN-8 effect (with FDR 

< 0.2 without independent filtering in DESeq2). Heatmaps and consensus clustering, when shown, were 

performed via row-normalized gene expression with heatmap.3 

(https://www.rdocumentation.org/packages/GMD/versions/0.3.3/topics/heatmap.3).  

Statistical significance is represented throughout as: 1) * p < 0.05; 2) ** p < 0.01; 3) *** p < 0.001; **** p < 

0.0001; and 4) n.s. = not significant. 

  

https://www.rdocumentation.org/packages/GMD/versions/0.3.3/topics/heatmap.3
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Figure legends 

 

Figure 1. 5-FU and FOLFOX chemotherapy regimens induce druggable activation of JNK and JUN. (A) 

MIB-MS performed on PDX tumors biopsied before and after treatment with individual chemotherapy regimens 

(5-FU: 8d 100 mg/kg 5-FU+LEU in P108-T1 PDX tumors; OX: 8d 5 mg/kg in P108-T1 PDX tumors; GEM: 3d 

80 mg/kg in P108-T1 PDX tumors) or FOLFOX compared to vehicle-treated PDX tumors (3d 100 mg/kg 5-

FU+LEU and 5 mg/kg OX in P319-T1 PDX tumors). JNK1 (MAPK8) and JNK2 (MAPK9) shaded red, and 

kinases known to activate JNK shaded blue. Biological replicate values indicated by cyan and yellow dots 

(n=2). (B) RNA-seq expression of predicted JUN transcriptional target genes (MSigDB: CREBP1CJUN_01) in 

FOLFOX-treated and matched pre-treatment biopsy tumors, with labeled genes with known roles in cancer 

signaling. (C) Representative immunoblots showing upregulation of p-JUN after indicated doses of FOLFOX in 

PDX-derived lines P411-T1 (top left) and P422-T1 (bottom left), and ATCC cell lines CFPAC-1 (top right) and 

MIA PaCa-2 (bottom right). Vertical line indicates noncontiguous samples that were treated and collected 

simultaneously and run on the same gels. KU80 used as loading control. 

 

Figure 2. JNK-JUN inhibition with the highly specific irreversible inhibitor JNK-IN-8 is an attractive 

therapeutic strategy in PDAC. (A) Kaplan-Meier plots comparing survival of patients with resected PDAC 

from the TCGA RNA-seq dataset after splitting the cohort by expression of JNK1 (left) or JNK2 (middle), or by 

the mean of rankings of 257 predicted JUN transcriptional targets (right; MSigDB: CREBP1CJUN_01). 

Significance determined by log-rank test shown with p-values and hazard ratios (HR) determined by Cox 

proportional-hazards model. (B) Representative immunoblot after 12 h treatment with DMSO or the covalent 

JNK inhibitor JNK-IN-8 in P411-T1 PDX-derived cell line. KU80 used as loading control (n=2). (C) MIB-MS 

analysis 1 h after 1 μM JNK-IN-8 treatment in CFPAC-1 cells relative to DMSO-treated controls. JNK1 and 

JNK2 highlighted in red. 218 total kinases detected in both treatment and control; only kinases with |fold 

change| > 1.5 shown. (D) Invasion through Matrigel transwells with representative images (left) and quantified 

growth analyzed by one-way ANOVA with Holm-Sidak’s multiple comparisons test (n=2-3). * p<0.05; ** p < 

0.01, *** p < 0.001. 



Lipner et al. 34 
 

 

Figure 3. JNK-IN-8 enhances FOLFOX growth inhibition and reverses FOLFOX-induced JUN activation 

in vitro. (A) Dose-response curves for JNK-IN-8 (red), FOLFOX (blue), and two constant ratio combinations of 

the pair (purples). Results shown are mean±SEM normalized % viability (n=3). (B) Crystal violet stained cell 

colonies after 14 d of twice weekly dosing of the indicated drug regimen (5-FU:OX:JNK-IN-8 [nM]: P411-T1: 

400:40:1000; P422-T1: 200:20:200; CFPAC-1: 200:20:200; MIA PaCa-2: 1000:100:1000). (C) Representative 

immunoblots for (top to bottom) P411-T1, P422-T1, CFPAC-1, and MIA PaCa-2 cells treated for 72 h with the 

designated regimen (JNK-IN-8 = 1 μM; +FOLFOX = IC10 dose by MTT; ++FOLFOX = IC25 dose by MTT). KU80 

used as loading control, for 422-T1 run on parallel gel. (D) Synergy represented by log2(CI) plotted against p-

JUN/KU80 immunoblot expression at 1 and 2 µM doses. Trendline with correlation coefficient R² shown. (E) 

Synergy as log2(CI) across doses from 72 h MTT assay shown in (A), where negative log2(CI) values indicate 

synergy. 

 

Figure 4. JNK-IN-8 enhances growth inhibition by FOLFOX in PDX organoids and tumors 

corresponding to sustained p-JUN inhibition. (A) Organoid viability by bright field microscopy at 1 μM 

doses of indicated treatments (left) and quantified across a broad range of doses by CellTiter-Glo 3D with 

normalization to DMSO vehicle (right) in 319-T1 organoids (n=2). Scale bar represents 500 µm. (B) in vivo 

319-T1 PDX tumor growth displayed as box plots of log2(tumor volume fold change at 28 d endpoint vs. 

treatment initiation) (left) and Kaplan-Meier survival plots with a tumor volume cutoff of 800 mm³ (middle). Log 

transformed ratio of p-JUN / ACTB protein levels by immunoblot from the same 319-T1 PDX tumors harvested 

before and after 28 d treatments of respective drug regimens. Data normalized to pre-treatment biopsy tumors. 

ACTB used as loading control. (C) in vivo 411-T1 PDX tumor growth data and p-JUN inhibition by immunoblot 

as above. Each group contained at least 5 mice. Significance determined by ANOVA with Tukey multiple 

comparisons tests. * p<0.05; ** p < 0.01, *** p < 0.001. 

 

Figure 5. Synergy between FOLFOX and JNK-IN-8 may be facilitated by cell cycle dysregulation and 

DNA damage response. (A) Representative flow cytometry assessing PI staining (x-axes) after indicated 
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treatments in each cell line (n=2). At least 50,000 gated events were recorded per condition (y-axes) (n=3). 

FOLFOX: 1 μM 5-FU + 0.1 μM OX + 10 μM LEU; JNK-IN-8: 1 μM. (B) RNA-seq expression of predicted JUN 

transcription factor targets (MSigDB: CREBP1CJUN_01) after two doses of FOLFOX normalized to DMSO 

vehicle in CFPAC-1 (top) and MIA PaCa-2 (bottom) cells. Each gene with mean expression greater than 1 

transcript per million total transcripts (TPM) is represented by a single dot for low FOLOX (light blue) and high 

FOLFOX (dark blue). (C) RNA-seq expression of base excision repair (BER) DNA damage pathway genes in 

CFPAC-1 (left) and MIA PaCa-2 (right) (MSigDB: DACOSTA_UV_RESPONSE_VIA_ERCC3_UP), as 

identified by DESeq2 analysis for differentially expressed genes between lines in individual drug and 

combination treatments. (D) Immunoblots assessing DNA damage response genes 24, 48, and 72 h after 

indicated treatments. KU80 and ACTB used as loading controls. 

 

Figure 6. JUN is necessary for facilitating resistance to FOLFOX and for maintaining sensitivity to JNK-

IN-8. (A) Immunoblots in parental CFPAC-1 and CFPAC-1 cells transduced with shJUN or shEV. KU80 and 

ACTB shown as loading controls. (B) FOLFOX dose-response curves in CFPAC-1 cell lines transduced with 

shJUN (triangles) or shEV (circles) and analyzed by two-way ANOVA with Fisher’s multiple comparison’s test 

(mean±SEM shown, n=3). (C) JNK-IN-8 dose-response curves in the same two shRNA-transduced CFPAC-1 

lines. *p<0.05, **p<0.01, ***p<0.001. 

 

Figure 7. JUN and JNK1 are sufficient to induce FOLFOX resistance and abrogate synergy between 

FOLFOX and JNK-IN-8. (A) Representative images of CFPAC-1 cells transduced with pCW57-GFP-P2A-neo 

after 24 h without (top) or with (bottom) 1 μg/mL dox. Scale bar represents 100 µm. (B) Representative 

immunoblot (left) showing dox induction of JUN transgene or control cells infected with empty vector (EV). 

Δ(Normalized growth +dox vs -dox) values (right) for each line after FOLFOX (blue) or FOLFOX+JNK-IN-8 

(purple), as calculated by subtracting growth after FOLFOX (2 µM 5-FU + 0.2 µM OX + 10 µM LEU) without 

dox from growth with FOLFOX with 1 µg/µL dox induction. Independent treatments and MTT assays were 

performed for FOLFOX vs FOLFOX+JNK-IN-8. Values shown are mean±SEM (n=3). (C) JNK1 transgene and 

(D) JNK2 transgene overexpression in similar experiments to (B). KU80 used as loading control. 
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Supplemental Figure 1. p-value profiles and expression distributions for survival analyses. (A) p-value 

profiles for survival analyses for JNK1 (top), JNK2 (middle), and the JUN signature (bottom) as described for 

Figure 2. Samples were ordered by expression (JNK1 or JNK2) or by mean ranked expression (JUN 

signature). Survival analysis for each possible binary classification of samples into high and low expressing 

groups and associated p-values were plotted. Horizontal dashed lines show p-values of 0.01 and 0.05. Vertical 

dashed lines show the minimum p-value sample cut-off as well as the top 10% (JNK1 and JNK2) or median 

expression (JUN signature). (B) Normalized expression distribution for JNK1 (top) and JNK2 (bottom). Dotted 

vertical lines show potential cut-offs at the 10th percentile and at the geometric inflection point for each 

expression curve. 

 

Supplemental Figure 2. Dose-response data for JNK-IN-8 with 5-FU (left) or OX (right) in P411-T1 PDX-

CL. Dose-response curves for JNK-IN-8 (red), 5-FU or OX alone (blue), and constant ratio combinations 

(purple), shown as mean±SEM normalized % viability (n=2). 

 

Supplemental Figure 3. Tolerance and kinetics data from in vivo tumor studies. (A) Average weights of 

NSG mice before and after treatments with 30 mg/kg twice weekly JNK-IN-8 alone (left) and in combination 

with FOLFOX (100 mg/mL LEU, 50 mg/mL 5-FU, and 5 mg/mL OX once weekly) (right). Mean±SEM with 

range shown, along with significance by one-way ANOVA with Kruskal-Wallis multiple comparisons test shown 

(n.s. non-specific; **** p<0.0001). (B) Immunoblots in matched tumors before treatment (Pre-tx) and after 8 d 

JNK-IN-8 (JNKi) in 411-T1 PDX tumors. (C) in vivo tumor growth depicted as box plots of log2(tumor volume 

fold change at 28 d endpoint vs. treatment initiation) and as Kaplan-Meier survival plots with a tumor volume 

cutoff of 800 mm³ in CFPAC-1 (left) and Mia-PaCa-2 (right) cell line xenografts treated for 28 d with indicated 

treatments. Each group contained at least 7 mice. Significance determined by ANOVA with Tukey multiple-

comparison’s tests. (D)  Individual tumor growth kinetics across designated 28 d treatment regimens. * p<0.05; 

** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Supplemental Figure 4. Immunoblot images from in vivo tumor studies. (A) Immunoblots in matched 319-

T1 (top) and 411-T1 (bottom) PDX tumors before (-) and after (+) respective 28 d treatments. All tumors were 

harvested 4 h after final treatment. ACTB used as loading control. 

 

Supplemental Figure 5. Additional data for cell lines with dox inducible expression of JUN, JNK1, and 

JNK2. (A) Immunoblots after inducible expression of JUN (left), JNK1 (middle), and JNK2 (right) in lentiviral-

infected CFPAC-1 cells. ACTB used as loading control. (B) Effects of overexpression on sensitivity to FOLFOX 

and FOLFOX+JNK-IN-8 in MIA PaCa-2 cells overexpressing JUN (left), JNK1 (middle), and JNK2 (right) 

transgenes (n=2).  
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Table 1. Top ranked synergistic drug combinations in a synergy screen between FOLFOX and 176 small 

compounds in P422-T1 PDX-derived cells treated for 72 h and assessed by CellTiter-Glo relative to DMSO 

controls. Synergy score calculated with Bliss independence modeling where negative ∑ΔBliss scores indicate 

synergy. 

Rank Compound Target(s) ∑ΔBliss 

1 THZ1 CDK7 -0.818 

2 JNK-IN-8 JNK -0.722 

3 GSK-J4 JMJD3/UTX -0.660 

4 CDK9 inhibitor 2 CDK9 -0.593 

5 AT7519 CDK9/CDK5 -0.549 

6 PF-3758309 PAK4/1/6/5 -0.494 

7 Flavopiridol HCl CDK1/2/4/6 -0.402 

8 Dinaciclib (SCH727965) CDK1/2/5/9 -0.402 

9 CHIR-99021 (CT99021) HCl GSK-3 -0.396 

10 MK-8776 (SCH 900776) CHEK1 -0.374 

. . . . 

. . . . 

. . . . 

107 SP600125 JNK 0.565 
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Supplemental Table 1. Calculated IC50 doses and combination index (CI) values for constant ratio dose 

combinations of FOLFOX and JNK-IN-8 in four PDAC cell lines as determined by CompuSyn software (45) 

(n=3). 

Cell line Drug/Combo Calculated IC50 (µM) CI at 1 µM CI at 10 µM 

P411-T1 

JNK-IN-8 58.9 - - 
FOLFOX 61.9 - - 

COMBO 10:1:5 5.79 0.41 0.070 
COMBO 10:1:10 5.25 0.13 0.074 

CFPAC-1 

JNK-IN-8 47.7 - - 
FOLFOX 13.7 - - 

COMBO 10:1:5 2.30 0.077 0.043 
COMBO 10:1:10 2.25 0.038 0.031 

P422-T1 

JNK-IN-8 111 - - 
FOLFOX 31800 - - 

COMBO 10:1:5 17.4 0.037 0.085 
COMBO 10:1:10 16.2 0.046 0.15 

MIA PaCa-2 

JNK-IN-8 8.06 - - 
FOLFOX 10.7 - - 

COMBO 10:1:5 18.0 7.9 0.47 
COMBO 10:1:10 7.42 6.2 0.12 

 



  Figure 1. 5-FU and FOLFOX chemotherapy regimens induce druggable activation of JNK and JUN. (A) 
MIB-MS performed on PDX tumors biopsied before and after treatment with individual chemotherapy regimens (5-FU: 
8d 100 mg/kg 5-FU+LEU in P108-T1 PDX tumors; OX: 8d 5 mg/kg in P108-T1 PDX tumors; GEM: 3d 80 mg/kg in 
P108-T1 PDX tumors) or FOLFOX compared to vehicle-treated PDX tumors (3d 100 mg/kg 5-FU+LEU and 5 mg/kg 
OX in P319-T1 PDX tumors). JNK1 (MAPK8) and JNK2 (MAPK9) shaded red, and kinases known to activate JNK 
shaded blue. Biological replicate values indicated by cyan and yellow dots (n=2). (B) RNA-seq expression of predict-
ed JUN transcriptional target genes (MSigDB: CREBP1CJUN_01) in FOLFOX-treated and matched pre-treatment 
biopsy tumors, with labeled genes with known roles in cancer signaling. (C) Representative immunoblots showing 
upregulation of p-JUN after indicated doses of FOLFOX in PDX-derived lines P411-T1 (top left) and P422-T1 (bottom 
left), and ATCC cell lines CFPAC-1 (top right) and MIA PaCa-2 (bottom right). Vertical line indicates noncontiguous 
samples that were treated and collected simultaneously and run on the same gels. KU80 used as loading control.

5-FUFOLFOX

OX

GEM

A B

Pre-treatm
ent

FO
LFO

X, 1x/w
k

8d

−1 1
Row Z−Score

Color Key

ATG5
AREG

BRAF

EPHA2

MCAM
RELB
STAT3
HOXB9

Pre-treat FOLFOX

C
PBS

FOLFOX
1 μM 5-FU
1 μM OX

2 μM 5-FU
2 μM OX

CFPAC-1

MIA PaCa-2

p-JUN(Ser63)

Total  JUN

KU80

PBS

FOLFOX
50 μM 5-FU
5 μM OX

100 μM 5-FU
10 μM OX

p-JUN (Ser63)

Total  JUN

KU80

P411-T1

P422-T1



*p =0.015
HR =1.769

p =0.56
HR =1.259

***p =0.0003
HR =3.037

-6 -4 -2 0 2

JNK1
JNK2
IPMK
PRPF4B
RPS6KB1
DMPK
CAMKK2
CHKA
CSNK1G1
PRKACB
CSNK2A1
SIK1
PRKACA

Log2(fold change
JNK-IN-8/DMSO)

Kinase

A

B

Figure 2. JNK-JUN inhibition with the highly specific irreversible inhibitor JNK-IN-8 is an attractive therapeutic strategy in PDAC. 
(A) Kaplan-Meier plots comparing survival of patients with resected PDAC from the TCGA RNA-seq dataset after splitting the cohort by 
expression of JNK1 (left) or JNK2 (middle), or by the mean of rankings of 257 predicted JUN transcriptional targets (right; MSigDB: 
CREBP1CJUN_01). Significance determined by log-rank test shown with p-values and hazard ratios (HR) determined by Cox proportion-
al-hazards model. (B) Representative immunoblot after 12 h treatment with DMSO or the covalent JNK inhibitor JNK-IN-8 in P411-T1 
PDX-derived cell line. KU80 used as loading control (n=2). (C) MIB-MS analysis 1 h after 1 μM JNK-IN-8 treatment in CFPAC-1 cells relative 
to DMSO-treated controls. JNK1 and JNK2 highlighted in red. 218 total kinases detected in both treatment and control; only kinases with |fold 
change| > 1.5 shown. (D) Invasion through Matrigel transwells with representative images (left) and quantified growth analyzed by one-way 
ANOVA with Holm-Sidak’s multiple comparisons test (n=2-3). * p<0.05; ** p < 0.01, *** p < 0.001.
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A Figure 3. JNK-IN-8 enhances FOLFOX 
growth inhibition and reverses FOLF-
OX-induced JUN activation in vitro. (A) 
Dose-response curves for JNK-IN-8 (red), 
FOLFOX (blue), and two constant ratio 
combinations of the pair (purples). Results 
shown are mean±SEM normalized % 
viability (n=3). (B) Crystal violet stained 
cell colonies after 14 d of twice weekly 
dosing of the indicated drug regimen 
(5-FU:OX:JNK-IN-8 [nM]: P411-T1: 
400:40:1000; P422-T1: 200:20:200; 
CFPAC-1: 200:20:200; MIA PaCa-2: 
1000:100:1000). (C) Representative 
immunoblots for (top to bottom) P411-T1, 
P422-T1, CFPAC-1, and MIA PaCa-2 
cells treated for 72 h with the designated 
regimen (JNK-IN-8 = 1 μM; +FOLFOX = 
IC10 dose by MTT; ++FOLFOX = IC25 
dose by MTT). KU80 used as loading 
control, for 422-T1 run on parallel gel.
(D) Synergy represented by log2(CI)
plotted against p-JUN/KU80 immunoblot
expression at 1 and 2 µM doses. Trend-
line with correlation coefficient R² shown.
(E) Synergy as log2(CI) across doses from 
72 h MTT assay shown in (A), where
negative log2(CI) values indicate synergy.
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Figure 4. JNK-IN-8 enhances 
growth inhibition by FOLFOX 
in PDX organoids and tumors 
corresponding to sustained 
p-JUN inhibition. (A) Organoid 
viability by bright field microsco-
py at 1 μM doses of indicated 
treatments (left) and quantified 
across a broad range of doses 
by CellTiter-Glo 3D with normal-
ization to DMSO vehicle (right) 
in 319-T1 organoids (n=2). 
Scale bar represents 500 µm. 
(B) in vivo 319-T1 PDX tumor 
growth displayed as box plots of 
log2(tumor volume fold change 
at 28 d endpoint vs. treatment 
initiation) (left) and Kaplan-Mei-
er survival plots with a tumor 
volume cutoff of 800 mm³ 
(middle). Log transformed ratio 
of p-JUN / ACTB protein levels 
by immunoblot from the same 
319-T1 PDX tumors harvested 
before and after 28 d treatments 
of respective drug regimens. 
Data normalized to pre-treat-
ment biopsy tumors. ACTB 
used as loading control. (C) in 
vivo 411-T1 PDX tumor growth 
data and p-JUN inhibition by 
immunoblot as above. Each 
group contained at least 5 mice. 
Significance determined by 
ANOVA with Tukey multiple 
comparisons tests. * p<0.05; ** 
p < 0.01, *** p < 0.001.
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Figure 5. Synergy between FOLFOX and JNK-IN-8 may be facilitated by cell cycle dysregulation and DNA damage 
response. (A) Representative flow cytometry assessing PI staining (x-axes) after indicated treatments in each cell line (n=2). At 
least 50,000 gated events were recorded per condition (y-axes) (n=3). FOLFOX: 1 μM 5-FU + 0.1 μM OX + 10 μM LEU; 
JNK-IN-8: 1 μM. (B) RNA-seq expression of predicted JUN transcription factor targets (MSigDB: CREBP1CJUN_01) after two 
doses of FOLFOX normalized to DMSO vehicle in CFPAC-1 (top) and MIA PaCa-2 (bottom) cells. Each gene with mean expres-
sion greater than 1 transcript per million total transcripts (TPM) is represented by a single dot for low FOLOX (light blue) and high 
FOLFOX (dark blue). (C) RNA-seq expression of base excision repair (BER) DNA damage pathway genes in CFPAC-1 (left) and 
MIA PaCa-2 (right) (MSigDB: DACOSTA_UV_RESPONSE_VIA_ERCC3_UP), as identified by DESeq2 analysis for differentially 
expressed genes between lines in individual drug and combination treatments. (D) Immunoblots assessing DNA damage 
response genes 24, 48, and 72 h after indicated treatments. KU80 and ACTB used as loading controls.
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Figure 6. JUN is necessary for facilitating resistance to FOLFOX and for maintaining sensitivity 
to JNK-IN-8. (A) Immunoblots in parental CFPAC-1 and CFPAC-1 cells transduced with shJUN or 
shEV. KU80 and ACTB shown as loading controls. (B) FOLFOX dose-response curves in CFPAC-1 cell 
lines transduced with shRNA against JUN (triangles) or empty vector (circles) and analyzed by two-way 
ANOVA with Fisher’s multiple comparison’s test (mean±SEM shown, n=3). (C) JNK-IN-8 dose-response 
curves in the same two shRNA-transduced CFPAC-1 lines. *p<0.05, **p<0.01, ***p<0.001.
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Figure 7. JUN and JNK1 are 
sufficient to induce FOLFOX 
resistance and abrogate synergy 
between FOLFOX and JNK-IN-8. (A) 
Representative images of CFPAC-1 
cells transduced with 
pCW57-GFP-P2A-neo after 24 h 
without (top) or with (bottom) 1 μg/mL 
dox. Scale bar represents 100 µm. (B) 
Representative immunoblot (left) 
showing dox induction of JUN 
transgene or control cells infected with 
empty vector (EV). Δ(Normalized 
growth +dox vs -dox) values (right) for 
each line after FOLFOX (blue) or 
FOLFOX+JNK-IN-8 (purple), as 
calculated by subtracting growth after 
FOLFOX (2 µM 5-FU + 0.2 µM OX + 10 
µM LEU) without dox from growth with 
FOLFOX with 1 µg/µL dox induction. 
Independent treatments and MTT 
assays were performed for FOLFOX vs 
FOLFOX+JNK-IN-8. Values shown are 
mean±SEM (n=3). (C) JNK1 transgene 
and (D) JNK2 transgene overexpres-
sion in similar experiments to (B). 
KU80 used as loading control.
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