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Abstract

Pancreatic ductal adenocarcinoma (PDAC) typically presents as metastatic disease at diagnosis 

and remains refractory to treatment. Next generation sequencing efforts have described the 

genomic landscape, classified molecular subtypes, and confirmed frequent alterations in major 

driver genes, with coexistent alterations in KRAS and TP53 correlating with the highest metastatic 

burden and poorest outcomes. However, translating this information to guide therapy remains 

a challenge. By integrating genomic analysis with an arrayed RNAi druggable genome screen 

and drug profiling of a KRAS/TP53 mutant PDAC cell line derived from a patient-derived 

xenograft (PDCL), we identified numerous targetable vulnerabilities that reveal both known and 

novel functional aspects of pancreatic cancer biology. A dependence on the general transcription 

and DNA repair factor TFIIH complex, particularly the XPB subunit and the CAK complex 
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(CDK7/CyclinH/MAT1), was identified and further validated utilizing a panel of genomically 

subtyped KRAS mutant PDCLs. TFIIH function was inhibited with a covalent inhibitor of 

CDK7/12/13 (THZ1), a CDK7/CDK9 kinase inhibitor (SNS-032), and a covalent inhibitor of 

XPB (Triptolide), which led to disruption of the protein stability of the RNA polymerase II subunit 

RPB1. Loss of RPB1 following TFIIH inhibition led to downregulation of key transcriptional 

effectors of KRAS mutant signaling and negative regulators of apoptosis, including MCL1, 

XIAP, and CFLAR, initiating caspase-8 dependent apoptosis. All three drugs exhibited synergy 

in combination with a multivalent TNF-related apoptosis inducing ligand (TRAIL), effectively 

reinforcing mitochondrial-mediated apoptosis. These findings present a novel combination therapy 

with direct translational implications for current clinical trials on metastatic pancreatic cancer 

patients.
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Introduction

PDAC is the third leading cause of cancer death in the United States, and the current 5-year 

survival rate for all patients diagnosed with pancreatic cancer is 8 percent (1). Surgical 

resection offers the best hope for long-term survival with a 17 percent survival rate, and 

while current first-line radiotherapy and chemotherapeutic regimens with gemcitabine plus 

nab-paclitaxel, and Folfirinox provide benefits, patients typically succumb to this disease 

within 1 year of diagnosis (2–6). Approximately, 80% of PDAC patients have regional 

and distant metastasis at time of diagnosis (1), and once detectable, clinical progression is 

extremely rapid (7). Signature genomic alterations in KRAS, TP53, CDKN2A, and SMAD4 
are associated with metastatic dissemination and a poor prognosis (8–10). Given the lack of 

major improvements in the clinical outcome of PDAC over the past five decades, innovative 

approaches are clearly called for to discover and develop novel therapeutic targets (11).

Genomic sequencing efforts on PDAC have revealed a complex mutational landscape, 

confirmed the high prevalence of mutations in the KRAS oncogene (91%), and TP53 
(61%), CDKN2A (27%), and SMAD4 (28%) tumor suppressors with the majority of 

genomic alterations in KRAS co-occurring with TP53, and defined four pancreatic cancer 

subtypes based on structural genomic variation (SV subtype-Stable, Focal, Scattered, 

Unstable) (12). Transcriptional studies have defined two distinct primary lineage molecular 

subtypes, namely, classical pancreatic and squamous (13). While these biologically based 

classifications of pancreatic cancer are associated with outcome, and numerous clinical 

trials based on genomic and molecular features have been performed on other cancer types, 

clinical management for the majority of pancreatic cancer patients is not currently guided by 

this information (14).

Historically, targeting the KRAS mutant oncogene directly has proven difficult, but recent 

efforts have led to the first-in-human trial and FDA approval of sotorasib, a covalent 

inhibitor that binds the mutated cysteine residue, for patients with KRAS G12C-driven 
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non-small cell lung cancer (NCT04933695). Unfortunately, since PDAC patients almost 

exclusively harbor KRAS G12D/G12V mutations the efficacy of this targeted therapy is 

limited, and efforts have primarily focused on targeting downstream signaling (i.e., RAF-

MEK-ERK) with MEK inhibitors in combination chemotherapy regimens (NCT01016483, 

NCT01251640). Previous studies have demonstrated that transcription factors STAT3, 

FOSL1, and MYC are important mediators of KRAS signaling and “drive” major elements 

of pancreatic cancer biology including progression, invasion, metastasis, and stromal 

remodeling in vivo (15–22). However, these transcription factors are challenging to target 

with small molecules. TP53, a key regulator of intrinsic apoptosis, is not currently druggable 

in its mutant form, but targeting underlying genomic instability and the DNA damage 

response (DDR) may have promise (23). For example, an inhibitor to the WEE1 kinase, in 

the context of locally-focused radiotherapy has recently been shown to increase progression-

free survival in combination chemotherapy regimens in pancreatic cancer patients (24). 

Recently, a small subgroup of patients with metastatic disease and germline mutations 

in BRCA 1/2 (i.e., DDR-deficient), showed improved progression-free survival upon 

treatment with the PARP inhibitor Olaparib in a maintenance therapy regimen (POLO 

Study) (NCT02184195), suggesting a group of patients may benefit from genome guided 

therapy (25). These examples illustrate how patient selection and novel targeted agents, 

in clinical context with current therapy, may benefit patients. However, systemic and 

combination strategies to effectively treat most PDAC patients will depend on a more 

thorough understanding of the targetable vulnerabilities engendered in the context of 

signature genomic alterations in KRAS, TP53, CDKN2A, and SMAD4.

In this study, we demonstrate the application of a functional precision medicine approach 

(26,27) on a patient derived PDAC culture to identify therapeutic targets and potentially 

effective drugs. By integrating genomic analysis with high throughput genome-scale RNAi 

and drug profiling we generated a comprehensive map of targetable vulnerabilities and 

associated druggable signaling nodes. Subsequent functional genetic and drug profiling of 

these targets on a panel of genomically characterized KRAS mutant PDX PDAC cell lines 

(PDCLs) confirmed the efficacy of known targets and drugs, and revealed a dependency of 

KRAS mutant PDAC on the CDK7 transcriptional kinase, and the XPB (ERCC3) subunit 

of the general transcription and DNA repair factor TFIIH, essential for RNA polymerase II 

transcription. We show that TFIIH inhibition with the covalent CDK7/12/13 inhibitor THZ1, 

the CDK7/9 inhibitor SNS-032, and a covalent XPB inhibitor Triptolide, downregulate 

the expression of known transcriptional effectors of KRAS mutant signaling, STAT3 and 

FOSL1. We demonstrate that TFIIH inhibitors disrupt the protein stability of the RNA 

polymerase II Subunit B1 (RPB1), the largest subunit of RNA polymerase II, resulting 

in the downregulation of the CASP and FADD-Like Apoptosis Regulator, CFLAR, and 

critical inhibitors of apoptosis (IAPs), MCL1 and XIAP, to initiate a caspase-8 dependent 

apoptosis specifically in KRAS mutant PDCLs. We demonstrate that these TFIIH inhibitors 

in combination with a multivalent TNF-related apoptosis inducing ligand (TRAIL) exhibit 

a synergistic effect in vitro, essentially amplifying a programmed cell death response in a 

panel of KRAS mutant PDCLs, and suggest a novel combination strategy that could have 

direct translational implications on current clinical trials in PDAC patients.
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Materials and Methods

Human research ethical approvals

The authors acknowledge that all research studies utilizing human specimens have been 

performed in accordance with the principles stated in the Declaration of Helsinki, and 

ethical approval has been obtained for all protocols from an Institutional Review Board 

(IRB) and/or ethics committee to meet national and international guidelines for human 

research.

Cell Culture - Patient-derived cell line PancVH1 and HPNE

A surgical pancreatic tumor specimen was obtained during a pancreaticoduodenectomy 

(Whipple procedure) performed on a 75-year-old female patient diagnosed with pancreatic 

adenocarcinoma (histology grade 3) and a patient-derived xenograft (PDX) mouse model 

was generated, and a low-passage cell culture was isolated at Translational Genomics 

Research Institute (TGEN). Patient data and tissue were obtained with written informed 

consent in accordance with the Declaration of Helsinki and were acquired through the 

Biospecimen Repository Core of a Program Project (P01 CA109552) at TGEN under 

the Western Institutional Review Board (WIRB) protocol #20040832. This pancreatic 

adenocarcinoma low-passage cell culture (PancVH1) was established and propagated in 

growth medium including RPMI1640 (30-2001 ATCC), ITS supplement (354351-Corning): 

insulin (5μg/ml), transferrin (5μg/ml), selenium (5ng/ml), IGF-I (10ng/ml) (PHG0071-

ThermoFisher Scientific), IGF-II (10ng/ml) (PHG0084 ThermoFisher Scientific), 10% fetal 

bovine serum (Atlas Biologicals). HPNE (CRL-4023), an hTERT-immortalized normal 

pancreas ductal epithelial cell line was obtained from ATCC as a non-tumorigenic 

control, and propagated in base medium that is 75% DMEM (D5030 Sigma), 2 mM 

L-glutamine (25030-081 ThermoFisher Scientific), 1.5 g/L sodium bicarbonate (25080-094 

ThermoFisher Scientific), and 25% Medium M3 Base (M300F500 InCell Corp.), 5% fetal 

bovine serum, 10ng/ml human recombinant EGF (PHG0311L-Gibco), 5.5 mM D-glucose 

(1g/L) (G7021 Sigma), 750 ng/ml puromycin (P8833 Sigma).

Patient-derived cell lines (PDCLs) from The Kinghorn Cancer Center

The PDX-derived primary cell lines (PDCLs), named The Kinghorn Cancer Center (TKCC) 

cell lines were generated in the laboratory as part of the Australian Pancreatic Cancer 

Genome Initiative - International Cancer Genome Consortium (ICGC) (12). All human 

research ethical approvals were granted and written informed consent of patients obtained in 

accordance with the Declaration of Helsinki and a ICGC approved process. Fourteen TKCC 

cultures were cultured: TKCC-02 was propagated in RPMI media: RPMI1640 (30-2001 

ATCC), 10% FBS, 20 ng/ml EGF (PHG0311L-Gibco) and Primocin (Cat. ant-pm-1-

InvivoGen). TKCC-05 and TKCC-06 were propagated in HPACmod media: DMEM/F12 

(11320-033 – ThermoFisher Scientific), 15mM HEPES (15630-106- ThermoFisher 

Scientific), 8% FBS (Atlas Biologicals), 10ng/ml EGF (PHG0311L- Gibco), 40 ng/ml 

hydrocortisone (H0888 Sigma), Insulin (0.1 IU/ml) (12585-014 –ThermoFisher Scientific), 

0.12% glucose (G8644 Sigma), 100 μg/ml Primocin and Gentamycin (15750-060 

-ThermoFisher Scientific). TKCC-09, TKCC-10, TKCC-12, TKCC-14, TKCC-15-LO, 

TKCC-16-LO, TKCC-17-LO, and TKCC-27-LO were propagated in M199/F12 media: 
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M199/F12 (1:1) (11150-059/11765-054 ThermoFisher Scientific), 15 mM HEPES, 2mM 

glutamine (25030-081 ThermoFisher Scientific), 20 ng/ml EGF, 40 ng/ml hydrocortisone, 

Insulin (0.1 IU/ml), 5 μg/ml apo-transferrin (T1147 Sigma), 0.06% glucose, 7.5% FBS, 

0.5 pg/ml tri-iodotyronine (T6397-Sigma), MEM vitamins (11120-052 ThermoFisher 

Scientific), 2 μg/ml O-phosphoryl-ethanolamine (P0503 Sigma), 100 μg/ml Primocin and 

Gentamycin. TKCC-18-LO, TKCC-19-LO, TKCC-22-LO were propagated in IMDMrich 

media: IMDM (12440-053 ThermoFisher Scientific), 20% FBS, 20 ng/ml EGF, 2.5 

μg/ml apo-transferrin, Insulin (0.2 IU/ml), 0.5x MEM vitamins, 100 μg/ml Primocin and 

Gentamycin. TKCC cultures designated with the label (LO) were propagated in low-oxygen 

incubators at 37°C in 5%O2, while all additional TKCC cultures were propagated in 

incubators at 37°C with 5% CO2 in air. Waddell et al. 2015 utilized whole-genome 

sequencing (WGS) and copy number variation (CNV) data on 99 patient samples to 

identify somatic structural variants (qSV tool), and classify pancreatic cancer samples 

into 4 subtypes according to the frequency and distribution in somatic variation of the 

genome: Stable - tumors that contain few structural rearrangements (<50) which are 

located randomly through the genome, Focal (locally rearranged) - The intra-chromosomal 

rearrangements in these tumors are not randomly positioned through the genome, instead 

they are clustered on one or few chromosomes, Scattered - These tumors contain 50–200 

structural rearrangements which are scattered throughout the genome, Unstable - These 

tumors are massively rearranged as they contain > 200 structural rearrangements which are 

scattered throughout the genome (12,28). PDX mouse models were generated from a subset 

of these samples and propagated, and TKCC PDX derived lines (PDCLs) were isolated and 

established. Cross reference of patient samples (ICGC number), and corresponding isolated 

TKCC PDCL with structural variant subtype (SV subtype) classification for all 14 lines is 

shown. TKCC PDCL molecular subtype is also noted with two distinct primary lineages, 

classical pancreatic (orange), and squamous (blue). It should be noted that of the 14 TKCC 

PDCLs, only one representative line is classified as classical pancreatic (TKCC-22-LO), and 

nine TKCC PDCLs classified as squamous, and four TKCC PDCLs unclassified.

Whole exome sequencing

DNA was isolated from both PancVH1 cell culture and peripheral blood mononuclear cells 

(PBMC) from the same patient as a normal reference control utilizing the Wizard SV 

Genomic Purification Kit (Promega). Quantity of double stranded DNA was determined 

by Quant-iT™ PicoGreen® dsDNA Assay Kit (P11496 Thermo Fisher Scientific). Whole 

exome sequencing was performed at the University of Washington Northwest Genomics 

Center (NWGC) (http://nwgc.gs.washington.edu/) using the Nimblegen SeqCap probes 

on an Illumina platform. WES-Variant Annotation. We used an automated pipeline 

for annotation of variants derived from exome data, the SeattleSeq Annotation Server 

137 (http://snp.gs.washington.edu/SeattleSeqAnnotation137/). This publicly accessible 

server returns annotations including dbSNP rsID (or whether the coding variant is 

novel), gene names and accession numbers, predicted functional effect (e.g., splice-site, 

nonsynonymous, missense, etc.), protein positions and amino-acid changes, PolyPhen 

predictions, conservation scores (e.g., PhastCons, GERP), ancestral allele, dbSNP allele 

frequencies and known clinical associations. The annotation process has also been 

automated into our analysis pipeline to produce a standardized, formatted output (VCF-
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variant call format, described above). Variant calls and annotation were also generated using 

VarScan (v2.3.6) (29) and MuTect (v1.1.4) (30) with default parameter settings. SNP and 

indel calls were generated in reference to human genome build hg19 (SI Dataset S1).

Array comparative genomic hybridization (aCGH)

DNA was isolated from PancVH1 and aCGH was performed as previously described (31), 

log2ratio > 0.584, and log2ratio < −1.0 was used to call gene level amplifications and 

deletions, respectively. Gene level amplifications (amplicons) were cross referenced to 

PancVH1 Druggable Genome RNAi Screen (FDR<0.3); (SI Dataset S1).

Arrayed druggable genome RNAi screen on patient-derived cell line PancVH1

The MISSION® Human Druggable Genome siRNA library (SI00100 Sigma) consists 

of three distinct siRNAs per gene targeting 6,659 genes. The human druggable 

genome siRNA working library was constructed and arrayed in a 384-well format with 

pools of the three independent siRNAs targeting each gene, in a one gene per well 

approach. A druggable genome RNAi screen was performed on PancVH1 at University 

of Washington Quellos High-Throughput Screening Core facility utilizing an array-

based siRNA screening platform (https://iscrm.uw.edu/research/core-resources/quellos-high-

throughput-screening-core/). PancVH1 cells were arrayed in 384-well plates in 50μl per well 

of complete medium using a Matrix WellMate Dispenser (ThermoFisher Scientific) and 

cultured for 24 hours at 37°C in a 5%CO2 incubator. Liposomal siRNA complexes were 

generated using Lipofectamine RNAiMAX Reagent (13778500 ThermoFisher Scientific) 

and Opti-MEM (31985-062 Thermo Scientific), with three siRNAs targeting the same 

gene pooled at equal molarities and the druggable siRNA library arrayed/transfected in 

triplicate in independent plates with the CyBio CyBi-Well Vario Liquid Handler (CyBio, 

Germany). Pancreatic cell cultures/siRNA liposomal complexes were incubated at 37°C in 

a 5% CO2 incubator for 96 hours and cell viability was measured as a phenotypic endpoint 

using the CellTiterGlo assay (Promega) and raw luminescence detected and quantified with 

an Envision Multilabel plate reader (PerkinElmer). Raw luminescence signal was mock 

normalized per plate to calculate the percent viabilities for each gene and a library-based 

homoscedastic t-test p-value was computed. Replicate signals were summarized into a mean 

value, Z-transformed and plotted for distribution and data mining using a negative control 

siRNA (non-targeting siRNA) and a positive control siRNA targeting the motor protein, 

kinesin family member 11 (KIF11). Statistical analysis of the druggable genome RNAi 

screen was performed utilizing both library-based and plate-based median absolute deviation 

(MAD) to generate high confidence hit calls (32,33). Library-based and plate-based metrics 

were used to select 327 high confidence targets (327/6659 – 5%) for validation. RNAi 

screen metrics and selection criteria of targets: library based (Zscore, q-value (FDR)), 

and plate-based (MAD) to select High Confidence siRNA hits: (1) FDR <0.15, MAD >2 

(All 3 siRNA replicates scoring positive) - MAD set at 95% Kif11 (Positive control); (2) 

PancVH1 Somatic Mutations (FDR<0.3); (3) PancVH1 CGH Amplifications (FDR<0.3, 

MAD>1); (4) Cross reference of PancVH1 screen with top 298 gene target mean rank 

differentials from 7 KRAS mutant JHU PDAC cell line extended kinome screens vs. HPNE 

(FDR<0.3); (5) Drug Availability Prioritization – Ingenuity Pathway Analysis (FDR<0.3); 

(6) TCGA (cBioPortal) mutation frequency > 5% (FDR <0.3, MAD>1); (7) PDAC Cherry 
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Pick (FDR<0.3). Pancreatic pathway internal controls KRAS, TP53, CDKN2A, SMAD4 

(Gene Solution Qiagen) and pancreatic-pathway genes (46 genes Qiagen) were also 

included as spike-in siRNAs for biological context (SI Dataset S2). Data is deposited in 

CTD2 Dataportal - functional exploration of the druggable genome in pancreatic ductal 

adenocarcinoma (https://ocg.cancer.gov/programs/ctd2/data-portal)).

Arrayed RNAi extended kinome screens on PDAC cell lines and HPNE

The MISSION® Human Kinome siRNA library (Sigma) consists of three siRNAs per gene 

targeting (713 genes) kinases. The human kinome siRNA working library was constructed 

and arrayed in a 384-well format with pools of the three independent siRNAs targeting each 

gene, in a one gene per well approach. We also designed a custom KempMoser Pancreatic 

OncoLibrary (267 genes) consisting of a pancreatic-specific oncolibrary [pancreatic-specific 

biomarkers (81 genes) (34), pancreatic-specific extracellular/membrane associated genes 

from SAGE expression analysis (44 genes) (9), pro- and anti-apoptotic and autophagic 

genes (90 genes), pancreatic pathway controls (46 genes), and select chromatin modifying 

enzymes (6 genes)], and a DNA damage and repair (DDR) library (318 genes) were 

also added to this kinome screen (SI Dataset S3). Data is deposited in CTD2 Dataportal 

- functional exploration of the kinome in pancreatic ductal adenocarcinoma (https://

ocg.cancer.gov/programs/ctd2/data-portal)). RNA interference (RNAi) extended kinome 

screens were performed utilizing an array-based siRNA platform on seven PDAC cell 

lines: Johns Hopkins University (JHU) set including Panc02.03 (CRL-2553), Panc03.27 

(CRL-2549), Panc04.03 (CRL-2555), Panc05.04 (CRL-2557), Panc08.13 (CRL-2551), 

PancPL45 (CRL-2558), Panc10.05 (CRL-2547)] (35), and HPNE (CRL-4023) an hTERT 

immortalized normal pancreas ductal epithelial cell line obtained from ATCC (36). RNAi 

extended kinome screens were performed in 384-well format in triplicate, in independent 

plates, utilizing robotics instrumentation. PDAC and HPNE cell lines were plated in 384-

well plates in 50μl per well of complete medium using a WellMate (Matrix Technologies, 

Canada) and transfected with siRNAs 24 hours later using Lipofectamine RNAiMAX 

Reagent (ThermoFisher Scientific, MA, USA), with three siRNAs targeting the same gene 

pooled at equal molarities. Plates were incubated at 37°C in a 5% CO2 incubator for 72–96 

hours and cell viability was measured as a phenotypic endpoint using the CellTiterGlo assay 

(Promega) and raw luminescence detected and quantified with an Envision Multilabel plate 

reader (PerkinElmer). Raw luminescence values were mock normalized per plate and plotted 

for distribution and data mining using a negative control siRNA (non-targeting siRNA) and 

a positive control siRNA targeting the motor protein, kinesin family member 11 (KIF11). 

Methods of analysis of RNAi screens were performed as previously described (26,32). Mean 

rank differential analysis was performed with library-based Z-scores of RNAi gene targets 

for each of 7 KRAS mutant PDAC cell lines and rank differentials were generated versus the 

HPNE cell line with 298 targets with mean rank differentials greater than the KRAS gene 

target (SI Dataset S3). Top mean rank differentials (298 gene targets) were cross-referenced 

to select RNAi gene targets from the druggable genome RNAi screen (criteria for selection).

Arrayed secondary RNAi screen on patient-derived cell line PancVH1 and HPNE

Library-based and plate-based metrics were used to select 327 high confidence ‘hits’ 

(327/6659 – 5%) for validation from the druggable genome RNAi screen (SI Dataset 
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S3). A custom RNAi secondary library was designed, constructed, and arrayed utilizing 

independent pools (3 siRNAs/gene) ordered from Qiagen in a Flexiplate siRNA format 

(1027422). A secondary RNAi screen was performed in a 384-well format as above but in 

quadruplicate on both PancVH1 and HPNE cells. Briefly, PancVH1 and HPNE cells were 

arrayed in 384-well plates in 50μl per well of complete medium using a Matrix WellMate 

Dispenser (ThermoFisher Scientific) and cultured for 24 hours at 37°C in 5%CO2 incubator. 

Liposomal siRNA complexes were generated using Lipofectamine RNAiMAX Reagent 

(13778500 ThermoFisher Scientific) and Opti-MEM (31985-062 Thermo Scientific), with 

three siRNAs targeting the same gene pooled at equal molarities and the small-scale siRNA 

library arrayed/transfected in quadruplicate in independent plates with the CyBio CyBi-Well 

Vario Liquid Handler (CyBio, Germany). Cells/siRNA liposomal complexes were incubated 

at 37°C in a 5% CO2 incubator for 96 hours and cell viability was measured as a 

phenotypic endpoint using the CellTiterGlo assay (Promega) and raw luminescence detected 

and quantified with an Envision Multilabel plate reader (PerkinElmer). Cellular viabilities 

were calculated using raw luminescence values normalized to the mock condition on a per 

plate basis and plotted for distribution and data mining using a negative control siRNA (non-

targeting siRNA). Statistically significant ‘hits’ were determined via unpaired two-tailed 

t-test vs. negative control siRNA condition with -log10P-value >1 deemed significant. Rank 

differential analysis was performed as above on PancVH1 and HPNE secondary screen 

results and targets prioritized by cross reference to mean rank differentials (298 gene targets) 

from the arrayed RNAi extended kinome screens (SI Dataset S3).

Molecular Signatures Database (MSigDB)

For geneset identification, the hypergeometric overlap statistic tool was used to calculate the 

overlap between significant candidate RNAi gene targets (-log10P-value >1) and pathways 

in MSigDB v6.2 (Molecular Signatures Database) (http://software.broadinstitute.org/gsea/

msigdb/annotate.jsp) (37); significant pathways defined as FDR<0.05 (SI Dataset S3).

Confirmation of CDK-activating kinase (CAK) complex both in PancVH1 and HPNE

Biochemical purification of the CAK complex in PancVH1 and HPNE was performed via 

immunoprecipitation (IP) and immunoblotting (IB) with antibodies to CDK7 (2916), Cyclin 

H (2927), Mat1 (sc-135981), and Protein A/G PLUS-Agarose (sc-2003 Santa Cruz) via 

standard protocol.

Gene target validation of CAK complex (CDK7, Cyclin H) and CFLAR in PancVH1 and 
HPNE

PancVH1 and HPNE cells were seeded at 3 × 103 per/well (80μl) in a 96-

well plate and incubated at 37°/5% CO2 for 12–18 hours. TriFECTa dsiRNAs 

for CFLAR (hs.Ri.CFLAR.13.1–13.3), CDK7 (hs.Ri.CDK7.13.1–13.3), and Cyclin H 

(hs.Ri.CCNH.13.1–13.3) with negative control dsiRNA duplex (NC1) (Integrated DNA 

Technologies), and AllStars Hs Cell Death (siDeath) positive control (SI04381048 Qiagen) 

were used per manufacturers protocol with pooled dsiRNAs and individual dsiRNA per 

gene target showing the largest phenotypic effect via colony assay (see below) and on-target 

effect via immunoblot (see below). Cells were transfected with liposomal dsiRNA/siRNA 

complexes in Opti-MEM (20μl/well) resulting in a final concentration of 10nM (0.05μl 
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of 20μM dsiRNA/well) / Lipofectamine RNAiMax (0.2μl/well). All transfections were 

performed in triplicate with pooled dsiRNA, individual dsiRNAs per target with negative 

(NC_dsiRNA) and positive controls (AllStars siDeath or siDeath). Cell viability at 96 hrs 

post-transfection was measured using the CellTiterGlo luminescence assay (Promega) and 

the Synergy H4 (Biotek). Raw luminescence signal was normalized to mean negative control 

dsiRNA (NC_dsiRNA) per transfection condition, and statistical significance (P<0.05) was 

assessed via unpaired two-tailed t-tests vs. NC_dsiRNA condition. Differential viabilities 

were calculated for each dsiRNA knockdown (CDK7, CCNH), and CFLAR between 

PancVH1 and HPNE and an unpaired two-tailed t-test was utilized to determine significant 

selective dependency of gene target knockdown.

DsiRNA gene target validation in PDCLs

TriFECTa dsiRNA kits for CFLAR (hs.Ri.CFLAR.13.1–13.3), CDK7 (hs.Ri.CDK7.13.1–

13.3), Cyclin H (hs.Ri.CCNH.13.1–13.3), CDK13 (hs.Ri.CDK13.13.1–13.3), CDK9 

(hs.Ri.CDK9.13.1–13.3), and XPB (hs.Ri.ERCC3.13.1–13.3) with negative control dsiRNA 

duplex (NC1) (Integrated DNA Technologies), and AllStars Hs Cell Death (AllStars 

siDeath) positive control (SI04381048 Qiagen) included in all experiments to assess 

phenotypic endpoints and quality of transfection. A colony assay was utilized to assess 

individual dsiRNAs (n=3) per gene target: CDK7, CCNH, CFLAR, CDK13, CDK9, XPB 

on cellular viability in PancVH1. PancVH1 were plated at 2 × 104 cells per well in 12-well 

plates, 25nM dsiRNAs were transfected with Lipofectamine RNAiMax at 24 hours and 

plates were incubated at 37°/5% CO2 for 7 days, washed with PBS, and stained for 10 

minutes with crystal violet dye (125mg dye/50ml Methanol(20%)/H20), rinse, and imaged. 

dsiRNA engagement of target was assessed by protein target knockdown in PancVH1. Cells 

were transfected with 25nM negative control dsiRNA, pooled dsiRNAs, and individual 

dsiRNAs per target. Transfections were performed with 2 × 105 cells in 6-well plates for 

24 hrs, cells were then washed with PBS, trypsinized, and reseeded in 60mm plates for 24 

hrs and a second transfection was performed and protein extracts harvested at 48 hours. 

Protein extracts were quantitated using the BCA assay (ThermoFisher Scientific). Protein 

extracts were separated via PAGE, transferred to PVDF membrane, and immunoblotted. 

Protein knockdown of CFLAR, CDK7, Cyclin H, CDK13, CDK9, and XPB with dsiRNAs 

was confirmed with antibodies to CDK7 (2916), Cyclin H (2927), CFLAR (ALX-804-961 

ENZO), CDK13 (ABE1860 Millipore), CDK9 (2316), and XPB(ERCC3) (8746). PDCLs 

(PancVH1, TKCC_02, TKCC_05, TKCC_06, TKCC_09, TKCC_15_LO, TKCC_16_LO, 

TKCC_17_LO, TKCC_18_LO, TKCC_27-LO) were used to validate knockdown efficacy 

on cellular viability for all six gene targets. Cells were transfected with liposomal dsiRNA/

siRNA complexes in Opti-MEM (20μl/well) resulting in a final concentration of 25nM/

Lipofectamine RNAiMax (0.2μl/well). All transfections were performed in sextuplicate 

(n=6) with pooled dsiRNAs and negative (-ve control) and positive control (+ve control). 

Cellular viability at 120 hrs post-transfection was measured using the CellTiterGlo 

luminescence assay (Promega) and the Synergy H4 (Biotek). Raw luminescence signal was 

normalized to mean negative control dsiRNA (-ve control) per transfection condition, and 

statistical significance was assessed via one-way ordinary ANOVA with Dunnett’s post-test 

for multiple comparisons vs. negative control (-ve control) dsiRNA condition.
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Drug profiling with CTD2 Network Informer Set (CNIS) library

PancVH1 cells were propagated in growth medium including RPMI1640 (30-2001 

ATCC), ITS supplement: insulin (5μg/ml), transferrin (5μg/ml), selenium (5ng/ml), 

IGF-I (10ng/ml), IGF-II (10ng/ml), 10% fetal bovine serum. HPNE (CRL-4023), 

an hTERT-immortalized normal pancreas ductal epithelial cell line obtained from 

ATCC as a non-tumorigenic control was propagated under ATCC conditions. High-

throughput robotic drug screening was performed at the University of Washington 

Quellos High Throughput Screening Core (https://iscrm.uw.edu/research/core-resources/

quellos-high-throughput-screening-core/). Briefly, 1×103 cells per line (PancVH1, HPNE) 

were plated in 384-well format in 50μl of complete medium per well using a WellMate 

(Matrix Technologies, Canada) and CTD2 320 informer set drug library was added 24 hours 

later with a CyBio Well Vario (Analytik Jena AG, Germany). All 320 drugs were tested in 

duplicate using a series of 10-point dilutions ranging from 0.5nM to 10μM. Cell cultures 

were propagated and drug profiling performed at 37°C in a 5% CO2-humidified incubator. 

Cell viability was quantified 72 hours after drug treatment using CellTiterGlo luminescence 

assay (Promega). Raw luminescence signals were normalized to vehicle control for each 

drug. Drug curves were fitted with XLfit (IDBS, Alameda, CA) utilizing a 4-parameter 

logistic dose response model; y = (Y min + (Y max/(1 + ((x/EC50)Slope)))) where Ymin 

is constrained from −2 >< 2, Ymax is constrained from 80><120, slope is constrained to 

>0.2; single site model. IC50, AUC, and R-squared were calculated for each compound (SI 

Dataset S4). Data is deposited in CTD2 Dataportal (https://ocg.cancer.gov/programs/ctd2/

data-portal)).

Drug profiling of RNAi targets, RAS signaling/pancreatic cancer specific and epigenetic 
targets

Ingenuity Pathway Analysis (IPA) on the druggable genome RNAi library was utilized 

to select RNAi targets for further validation based on the availability of small molecule 

inhibitors (i.e., Drug Prioritization (FDR<0.3) see above and investigator curated) (SI 

Dataset S4). Dose response curves on both PancVH1 and HPNE were generated for select 

small molecule inhibitors in 96-well format singleton 10-point dilutions, and 384-well 

format quadruplicate,10-point dilutions ranging from 3nM - 100μM. Cell cultures were 

propagated and drug profiling performed at 37°C in a 5% CO2-humidified incubator. Cell 

viability was quantified 72 hours after drug treatment using CellTiterGlo luminescence 

assay (Promega). Raw luminescence signals were normalized to vehicle control for 

each drug. Drug curves were fitted with non-linear regression utilizing a 3-parameter 

logistic dose response model (Prism 7, GraphPad Software Inc.) and nplr package in 

R to generate IC50 and AUC-trapezoid method estimates for each compound. RNAi 

targets: Gemcitabine (S1149), SNS-032 (S1145), AZD1775 (S1525), AZD7762 (S1532), 

BYL719 (S2814), BMS536924 (S1012), OSI-906 (S1091), (5Z)-7-Oxozeaenol (3604 

Tocris), AZ628 (S2746), PF-06465469 (4710 Tocris), Dabrafenib (S2807), GDC-0879 

(S1104), Saracatinib (S1006), NVP-AEW541(S1034), LY441575 (S2714), Zoledronic 

acid monohydrate (SML0223 Sigma), Lonafarnib (S2797), Tadalafil (S1512), SB590885 

(S2220), AZD4547(S2801), PF05263555 (WAY-399478 - Pfizer), Tofacitinib (S5001). 

RAS signaling/PDAC small molecule: Oncrasin-1 (3427 Tocris), Triptolide (3253 Tocris), 

Trametinib (A-1258 ActiveBiochem), Ibrutinib (S2680), ML281 (4880 Tocris), LDE225 
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(S2151), MRT 67307 (SML0702 Sigma), AZD2281 (S1060), ML323 (S7529), AG879 

(2617 Tocris), Sorafenib (8705 Cell Signaling Technology), Celecoxib, (3786 Tocris), 

Arcyriaflavin A (2457 Tocris), Ganetespib (STA-9090) (S1159), PD173074 (S1264), 

Embelin (2156 Tocris). Epigenetic Tool Compounds: JQ1 (4499 Tocris), IOX1 (4464 

Tocris), SGC-CBP30 (4889 Tocris), PFI-1 (4445 Tocris), EPZ6438 (S7128), I-CBP 112 

(4891 Tocris), IOX2 (4451 Tocris), GSK343 (SML0766 Sigma), UNC1999 (SML0778 

Sigma), SGC0946 (4541 Tocris), PFI-3 (SGC), GSK126 (S7061).

TP53 Consensus Coding Sequence (CCDS) of variants in The Kinghorn Cancer Center 
(TKCC) PDCLs

TP53 consensus coding sequence (CCDS) of variants in the TKCC PDX PDAC cell cultures 

(PDCLs): TKCC-02, TKCC-05, TKCC- 06, TKCC-09, TKCC-10, TKCC-12, TKCC-14, 

TKCC-15-LO, TKCC-16-LO, TKCC-17-LO, TKCC-18-LO, TKCC-19-LO, TKCC-22-LO 

and TKCC-27-LO – Seshat (http://p53.fr/tp53-database/seshat) (SI Dataset S5).

Drug profiling of The Kinghorn Cancer Center (TKCC) PDCLs

The 14 TKCC cell lines were propagated in their respective medias (see above) and 

dose response curves were generated with 22 select small molecule inhibitors in 96-well 

format with singleton 10-point dilutions ranging from 0.1pM - 100μM. Cell cultures were 

propagated and drug profiling performed at 37°C in a 5% CO2-humidified incubator. Cell 

viability was quantified 72 hours after drug treatment using CellTiterGlo luminescence 

assay (Promega). Raw luminescence signals were normalized to vehicle control for each 

drug. Drug curves were fitted with both non-linear regression utilizing a 3-parameter 

logistic dose response model (Prism Version 7 GraphPad Software Inc.), and the nplr 

package in R. IC50, and AUC estimates were calculated for each compound. TKCC Drug 

Profiling: Gemcitabine (S1149), Romidepsin (S3020), MK1775 (S1525), JQ1 (4499 Tocris), 

Cdk/Crk inhibitor (219491 EMD Millipore), BML-277 (BML-EI388 Enzo), THZ1 HCL 

(B4736 ApexBio), DASA-58(HY-19330 Medchem Express), Bortezomib (S1013), YM-155 

(S1130), Bardoxolone Methyl (1772 Axon Medchem), Mitomycin C (S8146), FK866 

(S2799), Erlotinib HCl (S1023), Trametinib (A-1258 ActiveBiochem), SNS-032 (S1145), 

SGC-CBP30 (4889 Tocris), PFI-1 (4445 Tocris), AZD7762 (S1532), Triptolide (3253 

Tocris), BYL719 (S2814), BMS-536924 (S1012), OSI-906 (S1091), (5Z)-7-Oxozeaenol 

(3604 Tocris), AZ628 (S2746), PF-06465469 (4710 Tocris), GSK343 (SML0766 Sigma), 

and UNC1999 (SML0778 Sigma). Additional drug profiling was performed utilizing 11 

TKCC cell lines propagated in their respective medias (see above) and dose response 

curves (8 drugs: THZ1, SNS-032, Triptolide, AZD1775, JQ1, Romidepsin, Bardoxolone 

Methyl, FK866) were generated with select small molecule inhibitors in 384-well format 

in quadruplicate with 10-point dilutions ranging from 1.5nM - 30μM. Cell cultures were 

propagated and drug profiling performed at 37°C in a 5% CO2-humidified incubator. Cell 

viability was quantified 72 hours after drug treatment using CellTiterGlo luminescence assay 

(Promega). Raw luminescence signals were normalized to vehicle control for each drug. 

Drug curves were fitted with non-linear regression utilizing a 3-parameter logistic dose 

response model (Prism Version 7 GraphPad Software Inc.) and nplr package in R to generate 

IC50, and AUC-trapezoid method estimates for each compound (SI Dataset S6).
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Immunoblotting and RAS-GTP Assay

Whole cell lysates for immunoblotting were prepared with RIPA buffer (50mM Tris pH 

8.0, 150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 5mM EDTA) 

and/or Cell Lysis Buffer (Cell Signaling Technology 9803) with addition of both protease 

inhibitor cocktail (Roche Cat. No. 04 693 159 001) and phosphatase inhibitor cocktail 

(Roche Cat. No. 04 906 837 001). Whole cell lysates were collected and snap-frozen 

in liquid nitrogen before being stored at −80C. Protein concentrations were determined 

with BCA protein assay kit (Thermofisher Cat no. 23225). Protein extracts were loaded 

on NuPAGE 4%–12% and 12% Bis-Tris Mini Gels (Invitrogen, Carlsbad, CA) and 

separated by electrophoresis at 150 V for 2 hrs, and transferred onto PVDF membranes 

(Immobilon-FL Cat. No. IPFL00010, Millipore) and blocked by incubation with 5% non-fat 

dry milk in TBS. Membranes were probed using primary antibodies raised against the 

indicated proteins, and with appropriate near-infrared fluorescent secondary antibodies, 

and detected with the Odyssey CLx infrared imaging system (Li-COR Biosciences). For 

the RAS-GTP assay, GST-Raf1-RBD fusion protein was used to bind the activated form 

of GTP-bound Ras, immunoprecipitated with glutathione resin, and Ras activation levels 

determined by western blot with a Ras Mouse mAb as per manufacturer’s protocol (Active 

Ras Detection Kit-Cell Signaling Technology). For immunoblotting, unless otherwise 

indicated, all antibodies listed with only catalog numbers were obtained from Cell 

Signaling Technology: CFLAR (ALX-804-961 ENZO), Rb (554136 BD Pharmingen), 

Caspase-8 (9746), Caspase-3 (9665), Mcl-1 (sc-12756), PARP (9542), XIAP (2042), 

Bcl-xL (2764), Cleaved Caspase-3 (9664), p53 Ab-5 (DO-7) (MS-186-P ThermoFisher 

Scientific, p53 (DO-7) (MA5-12557 Thermofisher Scientific), Phospho-Histone H2A.X 

(9718), Phospho-Rb (Ser608) (2181), p21 (556430 BD Pharmingen), c-MYC (61075-Active 

Motif), GAPDH (5174), cdc2 (CDK1) (9116), XPB (8746), XPD (11963), CDK2 (2546), 

Phospho-cdc2 (CDK1) (Thr161) (9114), Phospho-CDK2 (Thr160) (2561), Cleaved PARP 

(9546), Anti-RNA polymerase II subunit B1 (phospho-CTD Ser-2) clone 3E1 (04-1571-I 

Millipore), RNA pol II CTD phospho-Ser5 (61701-Active Motif), RPB1/Pol II (A-10) 

(sc-17798 Santa Cruz), TRAIL R1/TNFRSF10A (NB100-56747 Novusbio), TRAIL R2/

TNFRSF10B (NB100-56618 Novusbio), MEK1/2 (4694), Phospho-MEK1/2 (Ser217/221) 

(9154), RAS (ab55391 Abcam), SMAD4 (sc-7966 Santa Cruz), AKT (pan) (4691), Beta-

Actin (3598R-100 Biovision), STAT3 (9139), FOSL1 (5281), FOSL2 (19967), and E2F1 

(3742). For immunoprecipitation and immunoblotting, CDK7 (2916), Cyclin H (2927), 

Mat1 (sc-135981), BID (2002), and Protein A/G PLUS-Agarose (sc-2003 Santa Cruz).

Caspase-8 activity assay

PancVH1 and HPNE cells were plated in 96-well plates and allowed to grow to near 

confluency as per manufacturer’s protocol CaspaseGlo-8 (Promega). Cell lines were treated 

with vehicle (DMSO) and 500nM THZ1, 500nM SNS-032, and 500nM Triptolide for 24 

hrs in a 37°C incubator at 5%CO2 in air. Equal volumes of the CaspaseGlo-8 reagent were 

added to cells and mixed for 1hr on rotator, and luminescence signal measured utilizing a 

Synergy H4 (Biotek). Caspase-8 Inhibition Assay. PancVH1 and HPNE cells were plated 

in 96-well plates at 5×103 cells/well and incubated for 24 hrs at 37°C in 5%CO2. Cell 

lines were treated with vehicle (DMSO) and 500nM THZ1, 500nM SNS-032, and 500nM 

Triptolide with and without a cysteine protease/effector caspase inhibitor as a control (Z-
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FA-FMK) (S7391 Selleckchem) and a specific caspase-8 inhibitor (Z-IETD-FMK) (S7314 

Selleckchem) for 24 hrs in a 37°C incubator at 5%CO2 in air. Raw luminescence signals 

were measured with the CellTiterGlo assay (Promega) utilizing a Synergy H4 (Biotek).

Cell cycle analysis

PancVH1 and HPNE cells were treated with DMSO (v/v) vehicle or 500nM THZ1 for 

24, 48 and 72 hrs in a 37°C incubator at 5%CO2. Cells were harvested and aliquoted at 

1×106 cells per well in a 96-well round bottom plate, centrifuged at 400 × g (1500rpm), 

media decanted, and washed (3x) with 2%FCS/PBS (pH 7.2). Cells were then fixed and 

permeabilized (200μl/well) with ice-cold 70% ethanol and stored at −20°C until all time 

points were collected. Cells were subsequently centrifuged and washed/decanted (3X) with 

2%FCS/PBS (pH 7.2), and stained with 50μg/ml propidium iodide (P4170 Sigma) in 

PBS (pH 7.2) with 100 μg/ml RNaseA for 3 hours at 4°C. Flow cytometric analysis was 

performed with the BD FACS Canto II (BD Biosciences) and at least 10,000 gated events 

were acquired per sample. Cell cycle analysis was performed using the FlowJo version 10 

(FlowJo LLC).

Bliss independence drug synergy assay

PDCLs - 3 × 103 cells/well were plated in a 6×6 matrix in a 96-well plate and incubated 

for 24 hours at 37°C in 5% CO2 in air. Drug curve serial dilutions were created for 

single drugs (THZ1, SNS-032, Triptolide), and izTRAIL (AG-40B-0069-C010 Adipogen) 

with ranges of concentrations covering the median effect of each agent, and vehicle (no 

drug) in a 2X format in complete media and applied to matrix layout of cells with 

single and combinations drug curves and incubated at 37°C in 5%CO2 for 72 hours. Cell 

viability was then measured with CellTiterGlo assay (Promega) and raw luminescence was 

normalized to vehicle condition. Drug synergy was evaluated using the Bliss independence 

model (38). Briefly, the predicted fractional growth inhibition of the drug combination is 

calculated using the equation FA + FB − (FA × FB), where FA and FB are the fractional 

growth inhibitions of the individual drugs A and B at a given dose. Bliss excess is the 

difference between the expected growth inhibition and the observed inhibition from the drug 

combination. Bliss scores greater than zero, close to zero, and less than zero denote synergy, 

additivity, and antagonism, respectively. Bliss sum is the sum of individual Bliss scores in 

the 25-point (5 × 5) combination matrix of drug doses.

TRAIL sensitivity assay

PDCLs and HPNE cells were seeded in 96-well plates at 3×103 cells/well and incubated 

at 37°C/5%CO2 for 24 hrs. Cells were treated with vehicle (H2O) or TRAIL agonists 

(0–400 mg/ml): izTRAIL (AG-40B-0069-C010 Adipogen), and cell viability measured at 

72 hours post-treatment with CellTiterGlo luminescence assay (Promega) and Synergy H4 

(Biotek). Cell viabilities were calculated using raw luminescence signals normalized to 

vehicle condition. Fitted curves generated with non-linear regression in Prism 7 (Graphpad 

Software Inc.).
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Drug profiling of PDAC Patient-derived tumor organoids with the CTD2 Network Informer 
Set (CNIS)

Pancreatic ductal adenocarcinoma patient-derived tumor organoids (PDTO: OPTR 3793 

(ID 323793), OPTR 7021 (ID 357021), OPTR 3560 (ID 323560), OPTR 3578 (ID 

323578)) were derived and sequenced at the Brenden-Colson Center for Pancreatic 

Care. Patient data and pancreatic tumor specimens recovered as surgical explants were 

obtained with written informed consent in accordance with the Declaration of Helsinki 

and were acquired through the Oregon Pancreas Tissue Registry (OPTR) under Oregon 

Health & Science University Institutional Review Board protocol #3609. PDTOs were 

propagated in Advanced DMEM/F12, 10mM HEPES (1M), B-27 (Gibco-17504044), 

N-2 (Gibco-17502048), 50 ng/ml huEGF (R&D Systems 236EG200), 50 ng/ml FGF10 

(Peprotech 100–2), 10mM Nicotinamide (Sigma N0636), R-spondin conditioned media, 100 

ng/ml huNoggin (StemRD NOGG-050), 100 ng/ml huWnt3A (R&D Systems 5036-WN), 

1.25 mM N-acetyl-L-cysteine (Sigma A7250), 6 μM SB431542 (Tocris1614), Glutamax, 

Pen/Strep/Amphotericin, 1% Geltrex (ThermoFisher A1569601). High-throughput robotic 

drug screening was performed at the University of Washington Quellos High Throughput 

Screening Core (http://depts.washington.edu/iscrm/quellos/small-molecule-screens). Briefly, 

1–2 × 103 cells per line were plated in 384-well format in 50μl of complete medium 

per well using a WellMate (Matrix Technologies, Canada) and CNIS informer set drug 

library was added 24 hours later with a CyBio Well Vario (Analytik Jena AG, Germany). 

All 320 drugs were tested in duplicate using a series of 10-point dilutions ranging from 

0.5nM to 10μM. Cell cultures were propagated and drug profiling performed at 37°C in a 

5% CO2-humidified incubator. Cell viability was quantified 72 hours after drug treatment 

using CellTiter-Glo® luminescent assay. Raw luminescence signals were normalized to 

vehicle control for each drug. Drug curves were analyzed as outlined in methods above 

for CNIS. CNIS results on PDAC PDTOs are deposited in the CTD2 Dataportal (https://

ocg.cancer.gov/programs/ctd2/data-portal)).

Preclinical PDAC Organoid Screening Platform

Patient data and tissue were obtained with written informed consent in accordance with 

the Declaration of Helsinki and were acquired through the Stanford University School of 

Medicine Institutional Review Board protocol #28908. Utilizing patient-derived pancreatic 

ductal adenocarcinoma tumor organoids (PDTOs: PDO 227, PDO 735, PDO 056) and a 

normal pancreas organoid (NPO-AS008N) from Stanford University, and (PDTOs: OPTR 

3793, OPTR 7021) from the Brenden-Colson Center for Pancreatic Care, a preclinical 

PDAC organoid high-density platform was developed to generate high confidence dose 

response curves with novel agents and chemotherapeutics. Briefly, PDAC PDTOs and 

NPO were propagated in a modified Wnt-conditioned media in a 24 well culture plate 

format with Matrigel™ matrix at 37°C in a 5% CO2-humidified incubator based upon 

published methods for in vitro expansion of gastrointestinal stem cells and subsequent 

studies on patient-derived organoid culture (39,40) (20170523_OrganoidProtocols.pdf). 

PDAC PDTOs were passaged in a single cell format and combined with Matrigel™ matrix 

and arrayed in 96-well plate format at ~3 × 104 patient derived cells in 6μl Matrigel/

well and treated at 24hr with FDA-approved drugs for PDAC: gemcitabine, irinotecan, 

oxaliplatin, paclitaxel, everolimus, 5-fluorouracil, mitomycin c, and erlotinib (Selleckchem), 
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and novel investigative agents: Triptolide, Trametinib, SNS-032, THZ1, THZ531, AZD1775 

(vendors listed above). Normal pancreas organoids (NPO) were allowed to establish for 168 

hours after plating and prior to treatment protocol to model the in vivo condition. For all 

drugs, serial dilutions were performed to generate singleton 10-point dose response data 

with concentrations ranging from 1.5nM-50μM on all organoid models. Organoids were 

incubated at 37°C in 5% CO2 and cell viabilities were quantified 144 hours after drug 

treatment using CellTiterGlo 3D luminescent assay (Promega). Raw luminescence signals 

were normalized to vehicle control (v/v) for each drug. Drug curves were fitted and IC50s 

were calculated via non-linear regression utilizing a 3-parameter logistic dose response 

model in Prism version 9 (GraphPad Software Inc.).

Statistical Analysis

All statistical analysis on RNAi screens is described under specific methods sections. 

Data between two groups were compared using a two-tailed unpaired t-test or the Mann–

Whitney test as appropriate for the type of data (normality of distribution). Unless otherwise 

indicated, a P-value less than or equal to 0.05 was considered statistically significant for all 

analyses. Multiple groups were compared using the Kruskal-Wallis with Dunn’s post-test 

or one-way ordinary ANOVA with Dunnett’s post-test. All group results are represented as 

mean ± s.d., if not stated otherwise. Prism version 7–9 (GraphPad Software Inc.) was used 

for all these analyses.

Data availability

The authors declare that all the data supporting the findings of this study are available within 

the article and the supporting information files, and from the corresponding authors upon 

reasonable request.

Results

Pancreatic cancer models for functional investigations

A surgical pancreatic tumor specimen was obtained during a pancreaticoduodenectomy 

performed on a 75-year-old female patient diagnosed with pancreatic adenocarcinoma 

(Histology - Grade 3). Information regarding subsequent treatment of this patient was 

not available, but the outcome of this treatment failed and the patient was deceased 

within a year. A patient-derived xenograft (PDX) of the tumor specimen was established 

in an immunodeficient NOD SCID gamma (NSG) mouse, and a low passage culture 

(referred to as PancVH1 PDCL or PancVH1) was subsequently established from this 

model. Genetic and pharmacological profiling was performed on this PancVH1 PDCL 

utilizing whole exome sequencing (WES), array CGH, a druggable genome RNAi screen, 

and comprehensive drug profiling (Fig.1A, Fig.S1A). Initial characterization performed on 

PancVH1 demonstrated KRAS activation (KRAS-GTP), increased downstream signaling 

via MEK phosphorylation, TP53 protein truncation, and decreased expression of CDKN2A 

(p16Ink4a), and SMAD4 in comparison to HPNE cells (Fig.1B). The HPNE cell line was 

derived from the intermediary cells formed during acinar-to-ductal metaplasia (ADM) of the 

normal exocrine pancreas by transduction with a retroviral expression vector containing the 

catalytic subunit of human telomerase (hTERT). HPNE cells are diploid, fail to senesce, 
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are positive for telomerase, and express wildtype KRAS, TP53, CDKN2A (p16Ink4a), and 

SMAD4, thus leaving intact cancer-associated somatic changes effecting key oncogenic 

and tumor suppressor pathways (36) (Fig.1B). The HPNE cell line is therefore a unique 

and tractable (i.e., immortalized but non-tumorigenic) pancreas epithelial cell line used 

extensively in this report to identify and prioritize potential therapeutic vulnerabilities in 

PDAC (Fig.S1A).

Genomic characterization of PancVH1 identify alterations in KRAS, TP53, CDKN2B, and 
SMAD3

Whole-exome sequencing (WES) of PancVH1 identified 117 consensus coding sequence 

(CCDS) variants including genomic alterations in KRAS G12V effecting GTP hydrolysis, 

a truncating TP53 R342* mutation compromising the p53 tetrameric complex, and a 

c-terminal MH2 domain loss in SMAD3 C316* potentially disrupting the stability of 

the SMAD3/4 cofactor complex downstream of TGF-beta signaling. The PTPN11 Y197* 
(Shp2) phosphatase was also identified as a potential driver gene via comparative analysis 

to cancer genome landscapes (41) (Fig.1C, Fig.S1B–C, SI Dataset 1A–F). Gene level 

comparative analysis of the 117 CCDS coding variants from PancVH1 to pancreatic cancer 

public genomic datasets (TCGA, ICGC, UTSW) show 14 genes in common with only 7 

at a frequency >5% in at least one dataset including KRAS, TP53, MUC4, RYR1, RYR2, 
CSMD1 and MUC16 (CA125), a known cancer biomarker and neoantigen associated with 

long-term survival and with MHC/HLA reveal potential defects in antigen-processing and 

immune evasion (42) (Fig.S1D, SI Dataset S1A). In summary, this histological grade 3 

PDAC patient has two signature genomic alterations in KRAS and TP53, and two genomic 

alterations which have the potential to phenocopy signature genomic alterations in SMAD4, 

with loss of interacting domain in SMAD3 cofactor complex, and CDKN2A, as array CGH 

results show a deep deletion in CDKN2B (p15Ink4b), a gene that lies adjacent to CDKN2A 

(p16Ink4a), and also encodes for a CDK4/6 inhibitor (SI Dataset S1G). This genomic 

signature of PancVH1 PDCL represents a poor prognosis, and as stated above this patient 

was deceased within a year (i.e., representative of a typical PDAC patient).

Functional screening identifies CFLAR, the CDK-activating kinase (CAK) complex, and the 
CDK13 transcriptional kinase as potential targets in KRAS TP53 mutant PancVH1

Functional genomics is a powerful tool to discover cancer targets (26,27,43,44). High-

throughput arrayed RNA interference (RNAi) phenotypic screening of a patient’s cancer 

cells provides a complementary strategy to DNA sequencing for nominating potential driver 

mutations and identifying cancer-specific vulnerabilities. A druggable genome arrayed 

RNAi screen targeting 6659 genes was performed on PancVH1 cells (Fig.1D, Fig.S2A–C, 

SI Dataset S2A–F, CTD2 Dataportal (https://ocg.cancer.gov/programs/ctd2/data-portal)). A 

custom pancreatic pathway control sublibrary targeting 50 genes was included to confirm 

the fidelity of the screen as well as to nominate high confidence druggable signaling nodes 

(Fig.1D). Screen results were integrated with PancVH1 somatic coding variants, PancVH1 

CGH results, PDAC TCGA data (cBioportal), drug prioritization (i.e., availability of known 

drugs to targets), and RNAi screening results on KRAS mutant PDAC cell lines (JHU) 

to select 327 genes (5% - 327/6659) for subsequent testing (FDR <0.3) (Fig.1D, Fig.S2B–

D, SI Dataset S2A–C). A custom RNAi secondary library was designed, constructed, and 
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arrayed utilizing independent siRNA pools (n=4) to these 327 selected gene targets with 

controls to KRAS, TP53, CDKN2A, and SMAD4, and a secondary screen was performed on 

PancVH1 and HPNE cells to confirm results from the primary screen and further prioritize 

PDAC specific targets (SI Dataset S3A–F). Forty-percent (132/331) of the selected gene 

targets in the secondary RNAi screen were validated in the secondary RNAi screen in 

PancVH1 cells (gene target siRNA pool vs. negative control siRNA); -log10 Pvalue >1 

as significant (Fig.1E, SI Dataset S3A–B), a subset of which are currently druggable. 

Geneset overlap analysis of significant hits from the secondary screen with the molecular 

signatures database (MSigDB) was performed and revealed significant overlap of the 

KRAS_SHP2 (PTPN11) pathway including KRAS effectors RAF1 and RHOA (Fig.S3A), 

the MYC pathway including RRM1, apoptosis including CFLAR (CASP8 and FADD Like 

Apoptosis Regulator), cell cycle including CCNH (Cyclin H), WEE1, CHEK1, and CDK13, 

as well as the MAP kinase and TNF signaling pathways (FDR<0.05) (Fig.1E. SI Dataset 

S3C). Gene target rank differentials of the secondary RNAi screen results (inset) between 

PancVH1 and HPNE cells were calculated to identify and prioritize significant selective 

dependencies (i.e., preferential lethality, Pvalue <0.05) in the KRAS mutant PancVH1 cells. 

Gene target rank differentials between PancVH1 and HPNE cells were also cross referenced 

with mean rank differentials from RNAi extended kinome screens (1302 genes) on seven 

KRAS mutant PDAC cell lines (JHU) and HPNE cells (Fig.S2D, SI Dataset S3D), to 

further prioritize high confidence druggable signaling nodes including CDK13, CFLAR, and 

WEE1 (Fig.1F, Fig.S3B, SI Dataset S3E). As CCNH was a significant gene target hit and 

selectively dependent in PancVH1 cells we reasoned that CDK7, its corresponding kinase 

partner in the CDK activating complex (CAK), could also be a target and dependency. To 

address this, all three known protein partners of CAK: Cyclin H, CDK7, and MAT1 were 

independently immunoprecipitated from protein extracts, and immunoblotted to confirm 

CAK as a complex in PancVH1 and HPNE cells (Fig.S3C). CDK7 was subsequently shown 

to be a selectively dependent target in PancVH1 cells utilizing dicer-substrate siRNAs 

(dsiRNAs) (Fig.S3D). CFLAR was also further credentialed as a selectively dependent target 

(Fig.S3D).

Drug profiling identifies the TFIIH complex as a potential target in KRAS mutant PDAC 
PDCLs

To identify active compounds and prioritize drug targets, we used dose-response assays 

to screen PancVH1 and HPNE cells with a 320-compound oncology-focused drug library 

known as the CTD2 Network Informer set (CNIS). Active compounds with high potency 

in PancVH1 and with preferential activity compared to HPNE cells are shown (Fig.2A, 

SI Dataset S4A–E, CTD2 DataPortal (https://ocg.cancer.gov/programs/ctd2/data-portal)). 

In parallel, low throughput drug profiling using dose-response assays were performed on 

PancVH1 and HPNE cells with 50 drugs/tool compounds curated from significant gene 

targets from the secondary RNAi screen, literature-based targets on PDAC biology, and 

epigenetic tool compounds from the Structural Genomics Consortium (SGC) (Fig.2B, SI 

Dataset S4F–G). This combination of unbiased and rational drug profiling of PancVH1 

provided orthogonal evidence for gene targets identified from the druggable genome RNAi 

screen and also identified/confirmed known chemotherapeutics and targeted agents in 

preclinical/clinical development for PDAC, such as Gemcitabine (RRM1), YM155 (BIRC5), 
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AZD1775 (WEE1), Trametinib and PD0325901 (MEK1/MEK2), AZD7762 (CHEK1), 

CDDO-Me (MTOR), FK866 and GMX-1778 (NAMPT; NAD+ biosynthesis), OSI-906 

and NVP-AEW541 (IGFR), Romidepsin (HDAC1/2), PIK-75 and BYL719 (PI3K), and 

JQ1(BRD2/3/4). In addition, Triptolide and SNS-032 were identified as potentially novel 

drugs for PDAC. These small molecules target XPB (45–47), and CDK7/CDK9 (48,49) 

respectively, which are part of the TFIIH complex, a ten-subunit complex involved in 

general transcription and DNA repair including the transcriptional and cell cycle CDK-

activating kinase (CAK) subcomplex (50,51) (Fig.2B, SI Dataset S4).

From this comprehensive drug profiling, differential potencies observed between PancVH1 

and HPNE cells, biochemical IC50/Ki(s) of specific compounds, and preclinical/clinical 

relevance to PDAC biology was utilized as criteria to select 22 known and novel targeted 

agents including a newly developed covalent CDK7/12/13 inhibitor, THZ1 (52) for further 

evaluation. Low throughput drug profiling was performed with these compounds, on a 

panel of 14 genomically (SV subtyped-Stable, Focal, Scattered, Unstable) and molecularly 

subtyped (classical pancreatic, squamous) PDCLs obtained from The Kinghorn Cancer 

Centre (TKCC) through the International Cancer Genome Consortium (ICGC) (Fig.2C, 

Fig.S4A–C). TKCC PDCLs were derived from tumor tissue isolated for genomic analysis 

in Waddell et al. 2015 (12), and genomic subtypes and molecular subtypes are further 

clarified in Chou et al. 2018 (28) and Dreyer et al. 2021 (53), respectively. TP53 CCDS 

coding variants in TKCC PDCLs were further clarified in this report (SI Dataset S5). 

Results from drug profiling TKCC PDCLs showed that while known compounds such 

as romidepsin, YM155, and bortezemib display broad cytotoxicity in the in vitro setting, 

and the MEK1/2, WEE1, and CHEK1 inhibitors display single-agent activity in KRAS 

mutant PDCLs as expected, potentially novel polypharmacological agents for PDAC, 

targeting the cyclin-dependent kinases (CDK), and specifically the transcriptional cyclin-

dependent kinases, such as THZ1 (CDK7/12/13), SNS-032 (CDK7/9), and Triptolide 

(XPB/TFIIH) all show single-agent activity in KRAS mutant TKCC PDCLs (Fig.2C, 

SI Dataset S6A). Subsequent drug profiling was performed on an abridged panel of 11 

KRAS mutant TKCC PDCLs for seven targeted agents using dose-response assays to 

validate the efficacy and potency of these agents. Sensitivity to all three TFIIH inhibitors 

[ THZ1 potency range: 41.7nM–1.1μM; median (145 nM); SNS-032 potency range:128–

581nM; median (296 nM); Triptolide potency range: 1.4–24.5nM; median (7.3 nM)] was 

confirmed and all demonstrated broad single agent activity (<1μM) (Fig.2D). Sensitivity 

to all three TFIIH inhibitors was independent of the specific KRAS mutation (G12D, 

G12V, Q61H), TP53 mutational status, and genomic structural variant subtype (Stable, 

Scattered, and Unstable) (Fig.2D, SI Dataset S6B). The high potency and differential 

sensitivity of the TFIIH inhibitors between KRAS mutant PancVH1 PDCL and HPNE cells 

was again confirmed with fitted dose-response curves (Fig.2E). Together, this suggests a 

transcriptional dependency in KRAS mutant PDAC and a potential therapeutic vulnerability 

(i.e., therapeutic window) as all three compounds have an overlapping target.
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CFLAR, CDK7, and XPB were further credentialed as therapeutic targets in KRAS mutant 
PDAC PDCLs

CFLAR, CDK7, CCNH, XPB (ERCC3), CDK9 and CDK13 were subsequently investigated 

as potential targets utilizing dsiRNAs. PancVH1 was utilized initially to assess the efficacy 

of dsiRNAs in colony assays and protein target expression via immunoblots (Fig.S4D). 

DsiRNA pools to all six targets were next assessed on a panel of ten KRAS mutant 

TKCC PDCLs including PancVH1 with knockdown of CFLAR, CDK7, and XPB showing a 

significant effect on cellular viability in 10/10 cell lines, CCNH in 8/10, CDK9 in 4/10, and 

CDK13 in 3/10 cell lines (Fig.S4E).

TFIIH inhibition initiates a CFLAR-mediated caspase-8 dependent apoptotic response in 
KRAS TP53 mutant PancVH1

Since CFLAR, a negative regulator of the extrinsic apoptotic pathway, scored as a top 

hit from our druggable genome RNAi screen (2/6659, Pvalue = 3.57 × 10−4, qvalue 

= 0.014) (SI DataSet S2C), was validated as the top significant hit in the secondary 

RNAi screen (Pvalue = 8.306 × 10−12) (Fig.1E, SI Dataset S3B), and was observed to 

be selectively dependent (i.e., preferentially lethal) in PancVH1 vs. HPNE cells (Pvalue 

= 7.664 × 10−5) (Fig.1F, SI DataSet S3A, Fig.S3D), we asked whether the sensitivity 

to compounds targeting transcriptional cyclin-dependent kinases and the TFIIH complex, 

namely, CDK7/12/13 (THZ1), CDK7/9 (SNS-032), and Triptolide (XPB) (Fig.2), operated 

through a CFLAR-mediated mechanism of cell death. We found that treatment with these 

transcriptional CDK inhibitors, including THZ531, a CDK12/13 inhibitor (54), and TFIIH 

inhibitors reduced CFLAR expression in a concentration dependent manner in PancVH1 

cells, with the TFIIH covalent inhibitors THZ1 and Triptolide showing the highest potencies 

(Fig.3A). Treatment of HPNE cells with these inhibitors did reduce CFLAR expression, but 

not in a concentration dependent manner. In corresponding immunoblots, we show that this 

concentration dependent reduction in CFLAR expression correlates with the induction of 

DNA damage and the activation of a caspase-8 apoptotic response (i.e., caspase-3 cleavage, 

PARP cleavage) in KRAS mutant PancVH1 cells. In contrast, no such apoptotic response 

was seen in HPNE cells, which instead upregulated p53-p21 with resolution of DNA 

damage, indicating cell cycle arrest and cellular survival (Fig.3B).

Cell cycle analysis further confirmed the apoptotic/antiproliferative effects of THZ1 on 

PancVH1 cells, which initiated a cell death response primarily at the G1/S transition with 

subsequent accumulation of sub-G1 DNA content (i.e., indicative of dead cells), while in 

HPNE cells, THZ1 treatment resulted in a G2 phase cell cycle arrest (Fig.S5A). Apoptotic 

and antiproliferative responses to THZ1 treatment were further confirmed via immunoblot 

in PancVH1 and HPNE cells (Fig.S5B). We also confirmed the known mechanism of 

action of THZ1 via dose dependent inhibition of phospho-substrates of CDK7, namely, 

CDK2Thr160, CDK1Thr161, and Serine 2 residues on the carboxy terminal domain (CTD) 

of RPB1 (also known as Pol II, RNA Pol II CTD, POLR2A), the largest subunit of RNA 

polymerase II, which is essential for the transcription of protein-coding genes (Fig.S5C). In 

addition, we confirmed that TFIIH inhibitors reduce CFLAR expression in a concentration 

and time-dependent manner with a concomitant increase in PARP cleavage in KRAS mutant 

PancVH1 PDCL (Fig.S5D, Fig.S6A). In contrast, CFLAR expression was not reduced 
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following treatment with AZD1775, a WEE1 kinase inhibitor with similar cytotoxicity in 

KRAS mutant PDCLs, suggesting a specific mechanism of action for transcriptional CDK/

TFIIH inhibitors (Fig.S5D).

Using short-term cellular viability assays and caspase-8 specific inhibitors we demonstrate 

that compounds targeting the transcriptional cyclin-dependent kinases and the TFIIH 

complex, namely, CDK7/12/13 (THZ1), CDK7/9 (SNS-032), CDK12/13 (THZ531) and 

Triptolide (XPB) all induce cell death in a caspase-8 dependent manner in KRAS 

mutant PancVH1 PDCL, with no significant effect observed in HPNE cells (Fig.3C). In 

corresponding assays, all compounds induce caspase-8 activity in KRAS mutant PancVH1 

PDCL, while having minimal effect on HPNE cells, all suggesting a shared mechanism 

of cell death through caspase-8 dependent apoptosis (Fig.3D). In both assays, and in 

agreement with immunoblotting results above, TFIIH inhibition directly, either with the 

CDK7/12/13 (THZ1), CDK7/9 (SNS-032), or Triptolide (XPB) inhibitor, as opposed to 

the transcriptional kinase CDK12/13 inhibitor (THZ531), have a more significant effect 

on CFLAR downregulation and caspase-8 activation. In sum, TFIIH inhibition initiates 

CFLAR-mediated caspase-8 dependent apoptosis in KRAS mutant PDCLs.

TFIIH inhibition disrupts the protein stability of RPB1 resulting in the downregulation of 
IAPs and transcriptional effectors of oncogenic signaling in KRAS TP53 mutant PDAC 
PDCLs

Since TFIIH is an essential factor of RNA polymerase II transcription initiation (50,55), 

and transcriptional CDK inhibitors are under clinical investigation in multiple cancer types 

(56), we examined whether TFIIH inhibition could downregulate key protein regulators 

of cellular survival and transcriptional effectors that maintain an oncogenic phenotype 

in KRAS mutant PDAC. Here we show that TFIIH inhibition results in concentration-

dependent downregulation of RPB1, CFLAR, and IAPs MCL1 and XIAP (Fig.4A). The 

TFIIH covalent inhibitors THZ1 and Triptolide showed the greatest effects on protein 

expression in all four KRAS TP53 mutant PDCLs tested. Gemcitabine, tested alongside 

these TFIIH inhibitors at concentrations that result in similar amount of DNA damage 

(H2A.X Ser139), did not lead to a similar downregulation of these key protein regulators 

of cellular survival, demonstrating a distinction in the mechanism(s) of action of these 

inhibitors in both gemcitabine sensitive (top), and gemcitabine resistant (bottom) PDCLs 

(Fig.4A, Fig.2A–C). These results are also supported by time-dependent assays with THZ1, 

SNS-032, and Triptolide (Fig.S6A).

Since transcriptional effectors of KRAS mutant signaling such as STAT3, FOSL1 and 

MYC are involved in tumor maintenance and progression in PDAC (15,16,18–22) and 

inhibitors to TFIIH can clearly affect expression of RPB1 (Fig.4A), we reasoned that 

these transcriptional effectors could also be affected. Here we show that TFIIH inhibition 

results in a concentration dependent downregulation of STAT3 and FOSL1 transcription 

factors in four KRAS TP53 mutant PDCLs, with the covalent inhibitor Triptolide having 

the broadest and most potent effects in both gemcitabine sensitive (top) and resistant 

(bottom) PDCLs (Fig.4B, Fig.2A–C). These results are also supported by time-dependent 

assays with THZ1, SNS-032, and Triptolide and demonstrate some shared and distinct 
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time-dependent reductions in expression of STAT3, E2F1, FOSL1, FOSL2, and MYC in 

KRAS TP53 mutant PancVH1 PDCL (Fig.S6A). RPB1 expression was further examined via 

immunoblot upon treatment with THZ1, SNS-032, THZ531, and Triptolide in KRAS mutant 

PancVH1 and HPNE cells to demonstrate RPB1 transcriptional dependency was specific 

to KRAS mutant PDCL (Fig.S6B). To further elucidate the mechanism of action of these 

TFIIH inhibitors on RPB1 protein stability, we treated PancVH1 with THZ1, SNS-032, and 

Triptolide in combination with MG132, which inhibits the proteolytic activity of the 26S 

complex. Results show that RPB1 protein stability is in part regulated by the 26S complex 

upon treatment with THZ1, or SNS-032, but the effect of Triptolide on RPB1 protein 

stability appears to be mediated independently of the 26S proteasome complex (Fig.S6C).

TFIIH is an essential factor for RNA polymerase II transcription initiation, and these results 

support a model whereby inhibition of TFIIH, including the CAK subcomplex with THZ1, 

SNS-032, and Triptolide disrupts the protein stability and coordinated phosphorylation 

of Serine2, Serine5, Serine7 residues of the 52 heptapeptide repeat (Y1S2P3T4S5P6S7) 

carboxy-terminal domain (CTD) of RPB1, thereby disrupting the spatiotemporal code 

(57) that instructs ordered engagement of RNA polymerase II transcription. CDK7 also 

phosphorylates the activating T-loop of the CDK9 transcriptional kinase component of the 

positive transcriptional elongation factor (P-TEFb), which in turn phosphorylates RPB1 

CTD required for transcriptional elongation (58), so inhibition of the TFIIH complex 

could also regulate CDK9 activity and transcriptional elongation. The transcriptional kinase 

CDK13 also phosphorylates RPB1/RNA Pol II CTD and is involved primarily in regulating 

pre-mRNA splicing in RNA polymerase II transcription (59) (Fig.4C). In summary, TFIIH 

and transcriptional CDK inhibitors disrupt the largest subunit of RNA polymerase II, RNA 

polymerase II Subunit B1 resulting in the downregulation of IAPs and transcriptional 

effectors of KRAS mutant signaling in PDAC.

TFIIH inhibition in combination with TRAIL as a potential therapeutic strategy for PDAC

Since CFLAR, a negative regulator of the death receptor induced signaling complex, 

was identified as a top druggable signaling node and potential therapeutic target, and 

TFIIH inhibitors transcriptionally downregulate CFLAR, and key IAPs, namely, MCL1 and 

XIAP that regulate critical steps in the execution of mitochondrial-mediated apoptosis, we 

reasoned that a combination treatment with TRAIL (TNF-related apoptosis inducing ligand), 

which selectively kills cancer cells via death-receptor-mediated apoptosis (60,61), could 

cooperate with TFIIH inhibitors to optimize and amplify a programmed cell death response 

in pancreatic ductal adenocarcinoma (Fig.5A).

One of the hallmarks of cancer is evading apoptosis, and in pancreatic ductal 

adenocarcinoma, frequent mutations in the p53 gene likely disable the intrinsic 

mitochondrial-mediated apoptotic pathway (62). Using genomic and copy number variation 

data compiled in cBioPortal public datasets (QCMG, UTSW, ICGC) on pancreatic 

adenocarcinoma patients, we confirm the high frequency of p53 mutation, and the low 

incidence (≤ 0.5% for all 17 genes examined) of somatic mutations (591 patients) and 

deep deletions (i.e., copy number variations, 293 patients) in genes involved in the extrinsic 

apoptosis pathway (Fig.5B). Therefore, the fidelity of the extrinsic apoptotic pathway likely 
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remains intact in PDAC patients and the response to treatment with TRAIL, and the 

modulation of key apoptotic regulators through TFIIH inhibition, may not be compromised 

by somatic alterations. Even so, TNFRSF10A and TNFRSF10B, genes coding for the 

TRAIL-R1 (DR4), and TRAIL-R2 (DR5) receptors respectively, show a 2.0% incidence 

of deep deletion in this dataset, and represent a distinct subset in which this combination 

therapy in patients could be contraindicated (Fig.5B). All PDCLs used in this study were 

examined for somatic mutations in 17 extrinsic apoptotic pathway genes with only one of 

these, TKCC-05, harboring a reported missense mutation in one gene, BIRC5 (Fig.S7A, 

SI Dataset S1). Protein expression of both TRAIL-R1 (DR4) and TRAIL-R2 (DR5) 

receptors were confirmed via immunoblot in all PDCLs and HPNE cells utilized in these 

investigations (Fig.S7B).

As TRAIL has been shown to selectively induce apoptosis in tumor cells (60,61), we 

performed dose response assays with TRAIL on HPNE, KRAS mutant PancVH1 PDCL, 

and ten KRAS mutant TKCC PDCLs to show that indeed, TRAIL (izTRAIL) selectively 

kills KRAS mutant PDCLs compared to HPNE cells (Fig.5C). BID (BH3 interacting domain 

death agonist) cleavage, the target of caspase-8 activity that is induced upon treatment with 

TRAIL, is a critical event that generates tBid which in turn oligomerizes with pro-apoptotic 

Bak/Bax family members at the outer mitochondrial membrane to facilitate the release of 

cytochrome c (i.e., apoptosome formation), during death receptor-mediated apoptosis (63–

65) (Fig.5A). Here we show that treatment of KRAS mutant PancVH1 with TRAIL at 

25 ng/ml (~EC50 concentration) engages death receptor mediated apoptosis but does not 

cleave BID, and as expected, no such effect is seen in TRAIL treated HPNE cells (Fig.5D). 

However, in combination with TFIIH inhibitors THZ1, SNS-032, and Triptolide, TRAIL 

treatment results in the complete cleavage of BID with a concomitant increase in apoptosis 

as measured by PARP cleavage in PancVH1 (Fig.5D). As expected, and as a control for 

mechanism of action, TRAIL treatment in combination with gemcitabine, does result in 

increased cell death, but no BID cleavage is observed (Fig.5D). We further show the broader 

efficacy of this combination treatment with TRAIL and Triptolide, resulting in BID cleavage 

and an amplified apoptotic response in three additional KRAS mutant PDCLs, while no 

equivalent response was observed in HPNE cells (Fig.5E).

These results suggest that TRAIL and TFIIH inhibitors would exhibit a synergistic effect 

if used in combination in KRAS mutant pancreatic cancer. To test this hypothesis, we 

treated a panel of eleven KRAS mutant PDCLs with a 36-point dose response matrix 

(6 × 6 - TRAIL × TFIIH inhibitors). We examined the synergy between TRAIL and 

TFIIH inhibitors (THZ1, SNS-032, Triptolide) by computing the excess growth inhibition 

over the Bliss independence model (38), for each combination of TRAIL and TFIIH 

inhibitor concentrations. A synergy score (Bliss Sum) was computed for each combination 

experiment in each of the 11 KRAS mutant PDCLs by summing the excess over Bliss 

independence across all combinations. Indeed, TRAIL and TFIIH inhibitors exhibit a 

synergistic effect in combination in 10/11 KRAS mutant PDCLs examined (Fig.5F).
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Preclinical Pancreatic Cancer Patient-derived Tumor Organoid Models

Here we also demonstrate the utility of pancreatic cancer patient-derived tumor organoids 

(PDTOs) in a high throughput screening format with the CTD2 Network Informer Set 

(CNIS) drug library and confirm the efficacy of Triptolide in KRAS mutant PDAC organoid 

models (Fig.S8A–B, CTD2 DataPortal (https://ocg.cancer.gov/programs/ctd2/data-portal)). 

We also demonstrate the utility of a novel preclinical organoid screening platform on five 

KRAS mutant PDAC PDTO models and a normal pancreas organoid (NPO) model to 

validate the efficacy of these TFIIH/XPB/transcriptional cyclin-dependent kinase inhibitors 

alongside FDA approved agents for pancreatic cancer (Fig.S8C–D).

Discussion

In this report, we utilized a functional approach integrating genomic, functional genetic, 

and pharmacological profiling on a patient-derived tumor cell culture with signature 

genomic alterations indicative of a metastatic phenotype and poor prognosis, to nominate 

key druggable signaling nodes and potential therapeutic targets for pancreatic ductal 

adenocarcinoma. This functional genetic approach identified CFLAR, the CAK complex, 

and the CDK13 transcriptional kinase as potential vulnerabilities in KRAS mutant PDAC. 

These results are consistent with CFLAR as a critical regulator of apoptosis in pancreatic 

cancer cells (66), and a transcriptional dependency in cancer (56). Drug profiling confirmed 

the efficacy of known targets and drugs for PDAC and revealed a therapeutic vulnerability 

and dependence on the general transcription and DNA repair factor TFIIH, particularly the 

XPB subunit and CAK ternary complex, essential for RNA polymerase II transcription. 

TFIIH inhibition with a covalent inhibitor of CDK7/12/13, THZ1, a CDK7/CDK9 kinase 

inhibitor, SNS-032, a covalent inhibitor of XPB, Triptolide, all displayed broad single agent 

activity, and in the case of Triptolide, high potency in KRAS mutant PDCLs, presumably 

owing to its additional role in nucleotide excision repair (67,68).

We show that TFIIH inhibition broadly effects RNA polymerase II transcription by 

disrupting protein stability and signaling to RPB1 to downregulate key protein regulators 

of cellular survival, namely CFLAR, IAPs (MCL1, XIAP), and transcriptional effectors 

(STAT3, FOSL1) that maintain an oncogenic phenotype in KRAS mutant PDAC, with 

the covalent inhibitors THZ1 and Triptolide showing the most profound effects. As 

transcriptional effectors of KRAS mutant signaling are involved in tumor maintenance 

and progression in PDAC, and current investigations (69) are focused on identifying and 

targeting transcriptional programs to remodel stroma, extracellular matrix, inflammatory 

signaling, and an immune suppressive microenvironment in PDAC, these results could have 

direct translational potential in support of these efforts.

Since TFIIH inhibition could concomitantly downregulate CFLAR, the negative regulator 

of death receptor-mediated apoptosis, and critical inhibitors of mitochondrial-mediated 

apoptosis, namely, MCL1, and XIAP, we hypothesized that a combination therapy with 

TRAIL and TFIIH inhibitors could amplify a programmed cell death response in KRAS 

mutant PDAC. Indeed, this is the case, as TRAIL and TFIIH inhibitors exhibit a synergistic 

effect in combination in KRAS mutant PDCLs. It should be noted, that all results reported 

here utilized izTRAIL (stable trimer-AdipoGen), a highly active recombinant form of 
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soluble human TRAIL designed with a trimerizing N-terminal isoleucine zipper motif that 

induces apoptosis in human cancer cells in vitro, with no observed activity in primary 

human hepatocytes. Consistent with our results, a recently developed hexavalent TRAIL 

agonist (ABBV-621) has demonstrated combination efficacy with a metabolite of irinotecan, 

SN-38, an inhibitor of DNA topoisomerase I with an important role in transcription, and a 

selective inhibitor of BCl-XL in preclinical pancreatic PDX models (70), and is currently in 

Phase I trials in chemotherapy combination cohorts for metastatic KRAS mutant colorectal 

and pancreatic cancer patients (NCT03082209). These results and others are consistent with 

a model of TRAIL-induced apoptosis in which multimeric variants of a TRAIL agonist, in 

combination with TFIIH/transcriptional CDK inhibitors as potent sensitizers, can optimize a 

programmed cell death response, even in the context of KRAS TP53 mutations (71, 72).

Preclinical investigations have previously demonstrated the efficacy of Triptolide 

(Minnelide) in multiple preclinical pancreatic cancer models (73). Our results utilizing 

novel patient-derived xenograft tumor cell culture (PDCL) models and patient-derived tumor 

organoid (PDTO) models are consistent with these investigations, and demonstrate the utility 

of these novel preclinical models for validating and prioritizing novel therapeutic agents for 

pancreatic cancer patients.

Clinically, Phase I trial results with Minnelide have shown promising activity in patients 

(74), and currently, a Phase II International open label clinical trial of Minnelide in patients 

with chemotherapy refractory metastatic pancreatic cancer (MinPAC) (NCT03117920) is in 

progress (75), results of which are highly anticipated by the pancreatic cancer community. 

Our results suggest a novel combination therapy in which systemic and acute treatment with 

the hexavalent TRAIL agonist (ABBV-621), in the context of the TFIIH inhibitor Triptolide 

or transcriptional CDK inhibitors could have direct translational implications on current 

clinical trials in PDAC patients.
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Significance Statement

This study utilizes functional genetic and pharmacological profiling of KRAS mutant 

pancreatic adenocarcinoma to identify therapeutic strategies and finds that TFIIH 

inhibition synergizes with TRAIL to induce apoptosis in KRAS-driven pancreatic cancer.
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Figure 1. Molecular and functional profiling identifies CFLAR, the CAK complex, and the 
transcriptional kinase CDK13 as potential therapeutic targets in KRAS TP53 mutant PancVH1 
PDCL.
A. Schematic overview of molecular and functional profiling of PancVH1 cells. B. PancVH1 

immunoblot characterization of KRAS signaling - KRAS-GTP, MEK activation (MEK 

Ser217/221), truncation of the p53 protein, and reduction in expression of CDNK2A 

(p16Ink4a), and SMAD4 (DPC4). HPNE cell line used as a non-tumorigenic control. C. 

PancVH1 candidate driver genes as defined by cross reference to cancer landscapes. D. 

Left panel: schematic of druggable genome RNAi arrayed screen; 93 cell seeded plates; 
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31 siRNA library plates (hDG1-hDG31) with transfection reagents arrayed in triplicate on 

93 cell seeded plates. Right panel: PancVH1 Druggable Genome RNAi screen results as 

mean (n=3) percent viability (y -axis) and library index of 6659 targeted genes (x-axis) 

with 327 (5%) RNAi selected hits (red). Lower panel; pancreatic pathway siRNA controls 

sublibrary to KRAS (n=108), TP53 (n=93), CDKN2A (n=93), SMAD4 (n=93) and 46 genes 

(n=18–21) compiled from the literature, KIF11 positive control (n= 744). E. PancVH1 RNAi 

secondary screen significant hits (-log10P-value > 1; dotted line denotes - log10P-value=1); 

color coded by MSigDB significantly overlapping genesets (FDR <0.05): KRAS_SHP2 

(PID) (red), MYC_Targets_V1 (green), cell cycle (blue), and apoptosis (orange); CCNH 

(CyclinH); also includes MAPK and TNF signaling. F. Differential analysis of PancVH1 

vs. HPNE secondary RNAi screen results; preferential lethality (P-value <0.05) and cross 

reference to KRAS mutant PDAC cell line RNAi screens (JHU) differential with HPNE 

(red) and PancVH1-HPNE (black).
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Figure 2. Drug profiling identifies the TFIIH complex as a potential therapeutic target in KRAS 
mutant PDAC PDCLs.
A. CNIS drug screen of PancVH1 and HPNE; heatmap of 318 drug sensitivities shown 

as log10IC50; Bivariate plot of PancVH1 log10IC50 vs. potency fold change (HPNEIC50/

PancVH1IC50); SI Dataset S4A–E. B. Bivariate plot of PancVH1 log10IC50 vs. potency fold 

change (HPNEIC50/PancVH1IC50) from low-throughput drug screen with 50 selected drugs 

targeting RNAi targets nominated from druggable genome RNAi screen and associated 

PDAC biology; SI Dataset S4F–G. C. Heatmap of log10IC50 values from fitted dose-

response curves of 22 drugs on 14 TKCC PDAC PDCLs; 72hr; 10-point; singleton; 
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normalized to vehicle (DMSO) condition; AUC values and additional data in SI Dataset 

S6; TKCC PDCL structural variant (SV) subtypes (Stable, Focal, Scattered, Unstable); 

molecular subtypes: classical (orange), squamous (blue); and KRAS, TP53, CDKN2A, and 

SMAD4 status (top) are shown. D. Heatmap of log10IC50 values from fitted dose-response 

curves of 7 drugs including THZ1, SNS-032, and Triptolide on 11 TKCC PDAC PDCLs; 

72hr assay; 10-point; 4 technical replicates; normalized to vehicle (DMSO) condition; AUC 

values and additional data in SI Dataset S6. E. Fitted dose response curves of THZ1, 

SNS-032, and Triptolide on PancVH1 and HPNE cells; 72hr assay; 10-point; 3 technical 

replicates; range; 50μM −1.4nM; response data are presented as a fitted curve to the 

mean fractional viability of vehicle condition (DMSO); AUC (area under the curve) values 

were calculated via trapezoid method with n-parameter logistic regression (nplr); R2 value 

indicates goodness of fit (0–1).
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Figure 3. TFIIH inhibition initiates a CFLAR-mediated caspase-8 dependent apoptotic response 
in KRAS TP53 mutant PancVH1 PDCL.
A. Immunoblot of dose dependent response to THZ1, SNS-032, THZ531, and Triptolide on 

CFLAR (cFLIPL / cFLIPS) expression in PancVH1 and HPNE cells; drug concentrations 

(nM); 24hr; GAPDH loading control. B. Corresponding immunoblot probed for caspase-8, 

caspase-3 (cleaved), PARP, H2A.X Ser139, p53, and p21; drug concentrations (nM); 24hr; 

GAPDH loading control. C. Caspase-8 inhibition rescues cell death/apoptotic phenotype 

upon treatment with THZ1, SNS-032, THZ531, and Triptolide in PancVH1 with no 

significant effect on HPNE; bar graphs of relative cellular viability at 24 hrs post-treatment 
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with vehicle (solvent), drugs [500nM], drugs with Z-FA-FMK (selective inhibitor of 

caspases-2,−3,−6,−7 as control), and drugs with Z-IETD-FMK (specific inhibitor of 

caspase-8); mean ± s.d., n=3; unpaired t-test; significance: ****P<0.0001, ***P<0.001, 

**P<0.01, *P<0.05. D. Caspase-8 activity measured in PancVH1 and HPNE at 24 hrs post-

treatment with vehicle (solvent) and THZ1, SNS-032, THZ531, and Triptolide at 500nM; 

bar graph, mean ± s.d., n=3; unpaired t-test; significance: ****P<0.0001, ***P<0.001, 

**P<0.01, *P<0.05.
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Figure 4. TFIIH inhibition disrupts the protein stability of RPB1 resulting in the downregulation 
of IAPs and transcriptional effectors of oncogenic signaling in KRAS TP53 mutant PDCLs.
A. Immunoblots of dose dependent TFIIIH inhibition on the expression of RPB1, CFLAR, 

and IAPs: MCL1, and XIAP in PDCLs: PancVH1, TKCC18-LO (Stable), TKCC16-LO 

(Scattered), TKCC27-LO (Unstable); drug concentrations (μM); 24hr; GAPDH loading 

control. B. Immunoblots of dose dependent TFIIIH inhibition on the expression of RPB1, 

FOSL1, and STAT3 in PDCLs; drug concentrations (μM); 24hr; GAPDH loading control. 

C. Proposed model of TFIIH inhibition on RNA polymerase II transcription. TFIIH 

complex: GTF2H1 (p62), GTF2H2 (p44), GTF2H3 (p34), GTF2H4 (p52), GTF2H5 (p8), 
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ATP-dependent DNA helicase subunits XPD (ERCC2), and XPB (ERCC3), and the CAK 

that includes CDK7, Cyclin H, and MAT1, and inhibition via the covalent CDK7/12/13 

inhibitor THZ1, the dual kinase CDK7/CDK9 inhibitor SNS-032, and XPB (subunit of 

TFIIH) inhibitor Triptolide. In this model, TFIIH inhibition results in the disruption of the 

spatiotemporal phosphorylation of the RNA polymerase II Subunit B1 carboxy terminal 

domain (CTD) heptapeptide repeat as well as the stability of the RPB1 protein. RNA 

polymerase II transcription initiation is therefore arrested leading to the downregulation 

of CFLAR, IAPs and transcriptional effectors of the KRAS mutant signaling cascade; 

RPB1 also acts as a substrate for transcriptional kinases CDK9/CyclinT (P-TEFb), essential 

to RNA polymerase II transcription elongation, and CDK13/CyclinK, involved in the 

coordination of RNA splicing.
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Figure 5. TRAIL in combination with TFIIH inhibitors demonstrate synergy of response in 
KRAS mutant PDAC PDCLs.
A. Proposed model for combination therapeutic strategy where TFIIH/RPB1 inhibition 

decreases the expression of CFLAR, the negative regulator that competes with caspase-8 

for binding to the death inducing signaling complex (DISC) and inhibits the execution of 

the extrinsic apoptotic pathway. TFIIH inhibition also decreases expression of IAPs MCL1 

and XIAP, both with key roles in the execution of mitochondrial-mediated apoptosis. In this 

model, TRAIL could potentially synergize with TFIIH inhibition to optimize the extrinsic 

and intrinsic mitochondrial-mediated apoptotic pathway in KRAS mutant PDAC. B. Public 
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datasets (QCMG, ICGC, UTSW) genomic data on PDAC patients (cBioPortal). C. izTRAIL 

dose response curves on KRAS mutant PDCLs and HPNE; izTRAIL concentrations 

range (0–400 ng/ml); fitted dose response curve, nonlinear regression; PDCL izTRAIL 

sensitivity divided into two groups (red < 50% at 100ng/ml < blue). HPNE cell line 

(black). D. Immunoblot of combination treatment with TFIIH inhibitors (THZ1 (500nM), 

SNS-032 (500nM), Triptolide (25nM)) and izTRAIL(25 ng/ml); 24hr assay; PARP, BID, 

TRAIL-R1 (DR4), TRAIL-R2 (DR5) expression via immunoblot in both PancVH1 and 

HPNE; GAPDH loading control; vehicle (DMSO); gemcitabine (25nM). E. Immunoblot 

of combination treatment with izTRAIL(25ng/ml) and TFIIH inhibitor Triptolide (25nM); 

24hr assay; PARP, BID, TRAIL-R1 (DR4), and TRAIL-R2 (DR5) protein expression in 

PDCLs; GAPDH loading control. F. Bar graphs of Bliss sum demonstrating drug synergy 

of response to TFIIH inhibition (THZ1, SNS-032, and Triptolide) in combination with 

izTRAIL in KRAS mutant PDCLs (10/11); 72 hr post-treatment assay endpoint; Bliss 

sum calculated by excess over Bliss independence model across the combination matrix: 

synergistic>0, additive=0, antagonistic <0.
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