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Abstract

Objective: Pancreatic ductal adenocarcinoma (PDAC) displays a remarkable propensity towards 

therapy resistance. However, molecular epigenetic and transcriptional mechanisms enabling this 

are poorly understood. In this study we aimed to identify novel mechanistic approaches to 

overcome or prevent resistance in PDAC.

Design: We utilized in vitro and in vivo models of resistant PDAC and integrated epigenomic, 

transcriptomic, nascent RNA and chromatin topology data. We identified a JunD-driven subgroup 

of enhancers, called interactive hubs (iHUBs), that mediate transcriptional reprogramming and 

chemoresistance in PDAC.

Results: iHUBs display characteristics typical for active enhancers (H3K27ac enrichment) in 

both therapy sensitive and resistant states but exhibit increased interactions and production 

of enhancer RNA (eRNA) in the resistant state. Notably, deletion of individual iHUBs was 

sufficient to decrease transcription of target genes and sensitize resistant cells to chemotherapy. 

Overlapping motif analysis and transcriptional profiling identified the Activator Protein 1 (AP1) 

transcription factor JunD as a master transcription factor of these enhancers. JunD depletion 

decreased iHUB interaction frequency and transcription of target genes. Moreover, targeting either 

eRNA production or signaling pathways upstream of iHUB activation using clinically tested 

small molecule inhibitors decreased eRNA production and interaction frequency, and restored 

chemotherapy responsiveness in vitro and in vivo. Representative iHUB target genes were found 

to be more expressed in patients with poor response to chemotherapy compared to responsive 

patients.

Conclusion: Our findings identify an important role for a subgroup of highly connected 

enhancers (iHUBs) in regulating chemotherapy response and demonstrate targetability in 

sensitization to chemotherapy.
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INTRODUCTION

Less than half of patients with advanced pancreatic ductal adenocarcinoma (PDAC) survive 

longer than 12 months after diagnosis [1]. This dismal survival is accompanied by a 

steady rise in PDAC incidence across the world [2]. Two-thirds of PDAC tumors are 

resistant to current standard therapies [3]. Nab-Paclitaxel is a chemotherapy that targets 

microtubules and used in combination with gemcitabine as first-line palliative therapy in 

PDAC patients with poor performance status [4]. Paclitaxel significantly increases long-term 

survival [5]. Mechanisms of resistance to gemcitabine in PDAC have been extensively 

studied [6]. In contrast, fewer studies investigated resistance mechanisms for paclitaxel. 

Resistance to paclitaxel was linked to aberrant gene activation [7]. A transcriptionally 
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permissive state perpetuates high adaptability in PDAC, enabling cells to thrive in 

chemotoxic environments and ultimately rendering most therapies ineffective. Thus, 

therapeutic targeting of transcriptional and epigenetic regulators may hinder adaptability 

and block evasion mechanisms.

Enhancers are distal regulatory elements that physically loop in 3D to interact with promoter 

regions and activate target genes [8]. Deregulated enhancers mediate transcriptional 

reprogramming in resistant leukemia [9], breast [10] and ovarian cancer [11]. Acetylation of 

histone 3 at lysine 27 (H3K27ac) is tightly linked to enhancer activation with a positive 

correlation between H3K27ac intensity and enhancer activity [12]. Enhancer-promoter 

interactions (EPI) determine enhancer-regulated gene activation and are highly tissue 

specific [13]. Rewiring of enhancer interactions occurs in various contexts including 

metastatic PDAC [14]. Architectural proteins such as CCCTC-binding factor (CTCF) and 

cohesin regulate genome compartmentalization, where interactions are enriched within 

topologically associating domains (TADs) [15]. Loss of CTCF has limited effects on 

TADs but leads to unfettered activation of gene transcription [16, 17]. On the other hand, 

cohesin perturbation leads to a loss of all 3D looping [18]. Thus, to date, there is no 

known mechanism to specifically disrupt enhancer-promoter interactions without inducing 

catastrophic events.

Super enhancers (SEs) are a subgroup of enhancers containing clusters of active elements 

that promote transcription of lineage-specific and oncogenic gene programs [19]. SEs play a 

crucial role in driving aggressiveness in PDAC [20, 21]. SEs are enriched for transcriptional 

activators such as bromodomain protein containing 4 (BRD4) and Mediator [19]. BRD4 

promotes transcription at enhancers leading to enhancer RNA (eRNA) production [22]. 

While eRNA function has not yet been fully characterized, eRNAs are reported to strengthen 

enhancer-promoter interactions (EPIs) in estrogen-mediated transcription [23]. Additionally, 

eRNAs can interact with various structural proteins such as Mediator and cohesin [24,25] 

and have been reported to promote activation of transcriptional elongation by binding to 

Cyclin T1, thereby activating the Positive Transcription Elongation Factor-b complex [26]. 

However, specific targeting of eRNAs is challenging due their extremely short half-lives, 

making them essentially impervious to induction of premature termination by antisense 

oligonucleotide-mediated RNAseH-dependent degradation [27, 28].

To evaluate the role of enhancer reprogramming in PDAC, we established a highly resistant 

derivative of the L3.6pl pancreatic cancer cell line. This model allowed us to uncover a 

subgroup of enhancers called interactive hubs (iHUBs) that gain EPIs without necessarily 

displaying significant changes in H3K27ac enrichment. iHUBs produced higher levels of 

eRNA in resistant cells and patient-derived xenografts (PDXs) treated with chemotherapy. 

Deletion of a single iHUB using CRISPR/Cas9-mediated genome editing was sufficient 

to partially restore chemosensitivity. Additionally, we identified the Activator Protein 

1 (AP1) transcription factor JunD as a major driver of iHUB-mediated transcriptional 

reprogramming and were able to sensitize a paclitaxel-resistant PDX by targeting iHUBs 

using low concentrations of a Cyclin-Dependent Kinase-9 inhibitor (CDK9i) or the MEK 

inhibitor trametinib. In conclusion, we uncovered that altered H3K27ac poorly correlates 

with resistance-associated enhancer rewiring. Instead, enhancers required for resistance-
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specific gene expression were associated with increased chromosomal interactions and 

targeting these iHUBs may provide a promising new approach to attenuate transcriptional 

reprogramming and promote or maintain sensitivity to chemotherapy.

RESULTS

Aberrant transcriptional activation in chemoresistant PDAC is not mediated by de novo 
activation of enhancers.

In order to establish an experimental model of chemotherapy-resistant PDAC, we 

maintained L3.6pl cells in increasing concentrations of paclitaxel for 100 days (Fig. 1A). 

While the parental L3.6pl cells (Par) had a half-maximal inhibitory concentration (IC50) of 

1.6nM [95% CI 0.91–2.7nM] (Fig.S1A), paclitaxel-resistant cells (PacR) thrived in 64nM 

paclitaxel and exhibited a 100-fold increase in IC50: 158.6nM [95% CI 83.16–305nM] 

(Fig. 1B, Fig.S1B). Subsequently, we injected parental and resistant cells subcutaneously in 

NOD/SCID mice and after one week treated mice with 30mg/kg paclitaxel i.p. twice weekly 

for a total of three weeks (Fig. 1C). The weights and volumes of Par-derived xenograft 

tumors significantly decreased while there was no significant effect of paclitaxel treatment 

on PacR-derived tumors, confirming that this cell system represents a relevant model system 

for studying chemotherapy resistance in vivo (Fig. 1D, Fig.S1C–E).

To understand the mechanisms involved in resistance, we characterized the transcriptional 

changes in PacR by performing mRNA-seq for Par and PacR cells. We identified 1,887 

genes that were significantly differentially regulated in PacR compared to Par [FDR < 0.05, 

Log2 Fold Change > 0.7 or =<−0.7] (Fig.S1F). Of these genes 1,264 were significantly 

upregulated and 623 were significantly downregulated. To validate that the transcriptional 

changes observed in PacR are representative of transcriptional reprogramming in patients, 

we utilized PDXs derived from two PDAC patients (PDXGo13, PDXBo103) and treated 

tumor-bearing mice with gemcitabine/paclitaxel or vehicle for multiple cycles before 

performing mRNA-seq. Genes identified to be activated in PacR were significantly 

upregulated upon chemotherapy treatment in both PDXs, supporting the existence and 

relevance of a common paclitaxel-induced transcriptional gene signature (Fig. 1E). The 

enrichment was observed when comparing the treated and control PDXs together and 

separately with common genes upregulated in both treated PDXs (Fig.S1G,H). Given that 

the PDXs were treated with gemcitabine/paclitaxel, we compared the PacR signature to the 

previously published GemR signature [56] and observed minimal overlap (~7.5% of PacR 

Up genes) and ~20% of the changes shared between PacR and the treated PDX (Fig.S2A–B, 

Table S1). This suggests that the transcriptional changes underlying the overlap between 

treated PDX and PacR cells are mainly mediated by the effects of paclitaxel.

Given the major transcriptional reprogramming observed in resistance, in addition to the 

significant role that epigenetic mechanisms play in regulating transcription, we investigated 

the epigenetic mechanisms driving aberrant transcriptional activation in resistance. Thus, we 

linked transcriptomic data with the genome-wide localization of the active epigenetic mark 

H3K27ac, which denotes active transcriptional start sites and enhancer regions. Interestingly, 

differential binding analysis identified more than 7,000 H3K27ac-enriched regions that were 

significantly changed in PacR [7,215 regions, FDR < 0.05] (Fig. 1F). GREAT analysis 
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showed that most of these regions are distal from transcriptional starting sites (TSS) and 

thereby represent putative enhancers (Fig. 1G).

In order to evaluate the effect of these putative enhancers on transcription in resistant 

cells, we identified the target genes interacting in 3D with these enhancers. Enhancers are 

usually marked by H3K27ac but devoid of histone 3 trimethylated at lysine 4 (H3K4me3), 

while active TSS are marked by both [H3K27ac+, H3K4me3+]. Thus, we performed TSS-

centric HiChIP for H3K4me3 as we observed minimal changes in H3K4me3 enrichment 

in Par and PacR (Fig.S2C). We expected that many upregulated genes would interact with 

activated enhancers that gain H3K27ac (evaluated by H3K27ac ChIP-seq). Alternatively, 

we expected that other upregulated genes will exhibit copy number variation either directly 

(TSS of gene) or indirectly (enhancer interacting with gene). To evaluate copy number 

variation (CNV), we performed CNV and differential binding analysis using input DNA 

(Fig.S2D,E). Surprisingly, only 16.5% of genes upregulated in resistance displayed either 

copy number gains at TSS of the gene, interacted with an enhancer with copy number gain, 

or interacted with an enhancer that gained H3K27ac in PacR compared to Par (Fig. 1H). 

This is in contrast to significantly downregulated genes where 39% of the genes interacted 

with regions losing H3K27ac (Fig.S2F). As enhancer activation is identified by a gain 

in H3K27ac enrichment, we evaluated the differential intensity of H3K27ac enrichment 

at the enhancers interacting with the activated genes with an unaccounted regulatory 

mechanism (the 83.5% of upregulated genes in blue in Fig. 1H). These enhancers displayed 

no significant changes in H3K27ac, meaning that they would not be defined as activated 

when using the standard paradigm of differential enrichment of H3K27ac to define de novo 

activated enhancers. Together, we established a representative system for studying enhancer 

reprogramming in chemotherapy-resistant PDAC. This is supported by the convergent gene 

programs activated in vitro and in PDXs treated with chemotherapy. Chromatin topology 

studies allowing for the identification of interacting distal enhancers and their associated 

target genes revealed that the majority of genes activated in PacR do not interact with an 

enhancer that gained H3K27ac.

Highly interactive enhancer hubs (iHUBs) mediate aberrant transcriptional activation in 
chemoresistant PDAC.

To investigate potential mechanisms underlying the unaccounted aberrant gene activation in 

resistance, we focused on the enhancers interacting with upregulated genes in resistant cells, 

but not displaying a gain of H3K27ac enrichment. Due to the established role of BRD4 

as a crucial mediator of enhancer activity [19], we performed ChIP-seq for BRD4 in Par 

and PacR and evaluated the enrichment of BRD4 at these enhancers. Notably, despite the 

lack of change in H3K27ac enrichment at enhancers interacting with upregulated genes, 

BRD4 enrichment was significantly increased at these enhancers in resistant cells (Fig. 2A). 

Indeed, differential binding analysis identified a significant gain of BRD4 at 891 enhancer 

regions (H3K27ac+, H3K4me3−) and differentially separated Par and PacR in PCA analysis 

(Fig.S3A–B). Importantly, the gain of BRD4 is not due to a global increase in BRD4 protein 

levels (Fig.S3C). Interestingly, consistent with its potential role in chromatin organization 

[29], we observed a strong correlation between BRD4 signal at enhancers and enhancer 

interaction frequency (Fig. 2B, Fig.S3D).
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Given the role of BRD4 in driving enhancer RNA (eRNA) transcription [22] and the 

reported link between eRNA and enhancer-promoter interaction [23], we examined nascent 

RNA production by length extension chromatin run-on sequencing (leChRO-seq) in Par 

and PacR. leChRO-seq allows for the detection of short-lived RNAs including eRNA. 

Interestingly, we observed that the regions that gain BRD4 in PacR and produce high levels 

of enhancer RNA interact 5.6 times more frequently than non-transcribed enhancers (Fig. 

2C). To identify enhancer regions that produce eRNA, we performed ATAC-seq in Par 

and PacR cells and focused on regions that produce one-sided transcripts or transcripts in 

the opposite strand of mRNA transcription. We further overlapped these enhancers with 

significantly gained BRD4 regions in PacR (Fig. 2D). This focused approach identified 

423 enhancers of interest. We evaluated the frequency of interactions for these regions 

using aggregate plot analysis (APA) in our H3K4me3 HiChIP data. Notably, we observed 

focal enrichment only in PacR, indicating that these 423 enhancers are highly interactive 

in PacR compared to Par, where they are not as interactive [P2LL 6.97:0.74, Z score LL 

22: −1] (Fig. 2E). Therefore, based on their high interaction frequency, we termed this set 

of enhancers “interactive hubs” (iHUBs). Indeed, iHUB target genes showed significant 

enrichment in PacR with 332 genes significantly enriched in PacR compared to Par 

(Fig.S3E). We observed that these iHUBs are specific to paclitaxel as their target genes were 

not significantly enriched in gemcitabine-resistant cells (Fig.S3F). Consistent with the gain 

of BRD4, we observed a significant gain of the BRD4-bound epigenetic mark, H4K5ac [30], 

at iHUBs (Fig.S3G). To rule out that these regions are an artifact of the HiChIP method, we 

ensured that there was no significant change in H3K4me3 enrichment at the associated TSS 

of the genes interacting with these 423 enhancers (Fig.S3H). Additionally, we investigated 

the intensity of leChRO-seq at iHUBs. Interestingly, we observed a significant gain of eRNA 

production in resistance (Fig. 2F, Fig.S3I).

Based on the established role of SE in controlling cell fate-determining genes, we 

investigated whether iHUBs are variants of SE. To this end, we identified SE in PacR 

using the ROSE algorithm (Fig. 2G) and found that only 168 of the 423 iHUBs intersected 

with SE, while 73 SE intersected with iHUBs (Fig. 2H, Fig.S3J). The smaller number of 

SE overlapping with iHUBs suggests that some SE contained multiple iHUBs within them. 

Importantly, it also suggests that iHUBs represent a potentially meaningful subgroup of 

enhancers largely independent of SE. We further confirmed the clinical and in vivo relevance 

of our findings related to iHUB transcription by performing leChRO-seq in vehicle and 

Gem/Pac-treated PDX samples (PDXBo103 and PDXGo13; Fig. 2I). By inferring iHUBs 

from our in vitro findings, we observed increased eRNA transcription at iHUBs in treated 

PDX compared to vehicle (Fig. 2J).

In conclusion, we identified a subgroup of highly interactive enhancers termed iHUBs 

that mediate transcriptional activation in resistance and are characterized by high BRD4 

localization and eRNA production that is not necessarily coupled to changes in the 

enrichment of H3K27ac.
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iHUBs mediate chemoresistance in PDAC.

After identifying a crucial role of iHUBs in mediating transcriptional activation, we sought 

to determine the role of iHUBs in mediating resistance. In order to identify iHUBs 

potentially relevant to patients, we integrated gene expression data from PDAC patients 

from the TCGA database with CancerRxTissue [31] to predict PDAC patient tumors that 

are more sensitive to paclitaxel (Fig.S4A). We focused on patient samples that cluster 

based on their expected IC50 and performed differential expression analysis (Fig.S4B). 

Subsequently, we plotted genes based on their differential enrichment in resistant patient 

tumors and identified LIF, IGFBP6, CLDN1, GPX4, and PON2 as expressed genes that have 

preferential enrichment in less responsive patient tumors (Fig.S4C).

Leukemia inhibitory factor (LIF) has previously been reported to play an oncogenic role 

in KRAS-induced PDAC. Moreover, LIF is upregulated in paclitaxel-resistant endometrial 

cancer [32]. Insulin-Like Growth Factor Binding Protein 6 (IGFBP6) was reported to be 

upregulated in PDAC tissue [33]. Additionally, Glutathione Peroxidase 4 (GPX4) has a 

crucial protective role in oxidative stress and its inhibition is associated with overcoming 

resistance [34]. On the other hand, Paraoxonase 2 (PON2) was reported to promote growth 

and metastasis of PDAC [35]. Less is known about the role of Dehydrogenase/Reductase 3 

(DHRS3) in PDAC, but it has been linked to lymphocyte infiltration of the pancreas [36]. 

Claudin 1 (CLDN1) promotes proliferation of PDAC cells in response to tumor necrosis 

factor-alpha [37]. Based on their reported roles in cancer [38] and therapeutic response 

[39], as well as their amenability to pharmacological targeting, we specifically focused 

on LIF and GPX4. Both LIF- and GPX4-interacting iHUBs showed increased interaction 

in PacR compared to Par (Fig. 3A–B). They also showed a significant gain in BRD4 

occupancy (Fig.S4D). This is in contrast to enhancers that are not iHUBs, which show 

comparable interaction frequency in Par and PacR (Fig.S4E–G). To validate this in a group 

of comparable size, we used bedtools to identify random enhancers that are active in PacR 

and are similar in size to iHUBs. In contrast to iHUBs, no significant change in interaction 

frequency was found in two independent sets of random enhancers active in PacR (Fig.S5A).

To evaluate the functional contribution of iHUBs to resistance, we employed CRISPR/Cas9-

mediated genome editing to specifically delete individual enhancers. In each, we deleted 

regions encompassing the ATAC peak (~180bp for LIF iHUB and ~450bp for GPX4 iHUB) 

and validated the loss of the deleted region (Fig.S5B–E). Consistent with an essential role in 

transcriptional activation of target gene expression, the deletion of either the LIF- or GPX4-

iHUBs specifically decreased the expression of the respective target gene (Fig. 3C, Fig.S5F). 

Notably, the effect of deleting individual iHUBs on target gene expression was specific to 

the PacR cells where LIF and GPX4 expression was only dependent on the iHUB in the 

resistant state. The deletion did not cause downregulation of other nearby genes (Fig.S5G). 

Remarkably, the deletion of either the LIF- or GPX4-iHUB alone was sufficient to partially 

re-sensitize PacR to paclitaxel (Fig. 3D, Fig.S6A). Consistently, the LIF-LIFR signaling 

inhibitor EC330 significantly sensitized PacR cells (Fig.S6B). In addition, knockdown of 

GPX4 sensitized PacR cells (Fig.S6C). Low concentration of the GPX4 inhibitor ML-162 

also sensitized PacR and Capan-1 cells (Fig.S6D–E).
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Together, we confirmed the role of iHUBs in mediating transcriptional activation and 

paclitaxel resistance in pancreatic cancer whereby deletion of a single iHUB was sufficient 

to elicit an appreciable chemosensitizing effect.

iHUB function requires AP-1 transcription factor activity.

After identifying a crucial role of iHUBs in mediating resistance, we sought to identify 

transcription factors responsible for directing iHUB function. Therefore, we used HOMER 

to identify the top transcription factor binding motifs enriched at iHUBs and integrated 

this information with gene expression and regulation patterns in PacR vs. Par (Fig. 4A). 

Using this approach, we identified the AP-1 transcription factor JunD as a putative iHUB-

enriched transcription factor. Accordingly, we performed ChIP seq for JunD in Par and PacR 

and observed that JunD binds at iHUB regions (Fig. 4B). We also observed a significant 

increase in JunD binding in PacR compared to Par (Fig.S7A–B). Given the essential role 

of upstream MEK-MAPK signaling in activating AP-1 transcription factor activity via 

direct phosphorylation [40], we investigated whether inhibition of MAPK signaling with 

the clinical MEK inhibitor trametinib can sensitize PacR cells. Indeed, when combined 

with paclitaxel, trametinib significantly sensitized PacR cells to paclitaxel treatment (Fig. 

4C). To study the effects of JunD depletion on the expression of iHUB targets, we 

knocked down JunD for 24 h and performed RNA-seq (Fig.S7C). Thereby, we observed 

that JunD depletion significantly downregulated both iHUB-associated eRNA and mRNA 

in PacR (Fig. 4D–E; Fig.S7D). To confirm that the decrease in expression is due to loss 

of enhancer interactions at iHUBs, we performed H3K4me3 HiChIP in PacR and observed 

a significant decrease in interaction frequency at iHUBs upon JunD depletion (Fig. 4F, 

Fig.S8A–C). We hypothesized that JunD promotes interactions at iHUBs by recruiting 

Mediator to increase interaction with target genes. Therefore, we performed ChIP seq for the 

Mediator Complex Subunit 1 (MED1). Consistently, we observed that MED1 occupancy is 

significantly upregulated at iHUBs in PacR compared to Par and this increase is reversed by 

JunD depletion in PacR cells (Fig. 4G).

In conclusion, our data reveal a central importance of JunD in driving iHUB activity and 

that JunD depletion impairs iHUB target gene expression by leading to decreased MED1 

occupancy and interaction frequency.

Perturbation of iHUB transcription decreases interaction frequency and reverses 
resistance.

As eRNA production is a main characteristic of iHUBs, we investigated whether 

transcription of iHUBs is necessary for the high interaction frequency or is a bystander 

effect. To further validate the gain of eRNA production at iHUBs, we performed ChIP-seq 

for RNA Polymerase II (Pol II) in Par and PacR. Consistent with our leChRO-seq data, Pol 

II occupancy at iHUBs was increased in PacR compared to Par (Fig 5A–B). Consistently, 

we were able to detect higher levels of eRNA produced by iHUB-LIF and iHUB-GPX4 
in PacR compared to Par (Fig.S9A). Inhibition of CDK9 activity was previously shown 

to particularly affect eRNA synthesis [41]. Thus, we used low concentrations of the 

specific CDK9 inhibitor and clinical candidate, Enitociclib [formerly known as VIP152 

and BAY1251152] to perturb transcriptional elongation at iHUB enhancers. Indeed, 
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Enitociclib led to a significant decrease in iHUB eRNA and target gene expression (Fig. 

5C). Interestingly, this concentration (100nM) was specific since it had no effect on the 

expression of eRNA and mRNA in Par cells (Fig.S9B). Moreover, we found that Enitociclib 

is synergistic with paclitaxel in PacR [ZIP synergy score of 6.8] (Fig. 5D). Additionally, 

low concentrations of Enitociclib were able to sensitize other pancreatic cancer cells such as 

MIAPaCa-2 to paclitaxel treatment (Fig.S9C).

Based on these results, we next examined the potential role of CDK9-dependent eRNA 

production in controlling enhancer-gene interactions by performing 4C-Seq for the LIF- and 

GPX4-iHUBs in PacR treated with Enitociclib and compared to PacR and Par. Remarkably, 

the low concentration of Enitociclib led to a decrease of interaction frequency between the 

iHUB (the viewpoint in the 4C-Seq experiment) and the TSS of the target gene (Fig. 5E, 

Fig.S9D).

Thus, our results show that low concentrations of a clinical candidate CDK9 inhibitor, 

Enitociclib, specifically inhibit resistance-associated eRNA expression thereby decreasing 

enhancer-target gene interaction frequency and reversing chemotherapeutic resistance in 
vitro. This supports a general model where iHUBs activate specific detrimental pathways in 

resistance.

Targeting iHUBs reverses resistance in vivo.

While our in vitro results suggested that CDK9 inhibition may be sufficient to induce 

chemotherapeutic sensitivity, we next sought to determine the potential clinical implications 

of our findings using a relevant translational model. For this purpose, we utilized a PDX 

derived from a Mayo Clinic PDAC patient tumor that was not responsive to paclitaxel 

treatment (PDX298). We performed a four-arm treatment study in which mice were either 

treated with vehicle, Enitociclib, paclitaxel, or a combination of Enitociclib and paclitaxel 

(Fig. 6A). As expected, paclitaxel and Enitociclib did not significantly decrease tumor size 

compared to vehicle (Fig. 6B–C). In contrast, the combination of Enitociclib and paclitaxel 

not only significantly decreased tumor size but also led to tumor shrinkage compared 

to pretreatment size. Additionally, Enitociclib treatment led to a significant decrease in 

the expression of iHUB eRNAs such as eLIF, eGPX4, and eTRIM62 (Fig.S10A). Thus, 

combinatorial Enitociclib and paclitaxel therapy was effective in sensitizing a resistant 

patient-derived xenograft in vivo.

Given the essential role of the MEK/MAPK-activated AP1 transcription factor in controlling 

resistance-associated gene expression and enhancer activation, we also tested the ability 

of trametinib to reverse resistance in vivo. Using the same therapy-resistant PDX model 

system described above (Fig. 6D), we observed that combining trametinib treatment with 

paclitaxel dramatically decreased tumor size compared to individual therapies (Fig. 6E–F). 

Thus, inhibition of iHUB transcription factor activity by trametinib treatment sensitizes 

resistant PDAC PDX tumors via targeting iHUB function.

To evaluate if expression of iHUB targets is increased in patients with poor response 

to chemotherapy, we performed immunohistochemistry (IHC) for GPX4 and LIF in nine 

pancreatic cancer samples from tumors with variable response. Response was defined 
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based on clinical and radiologic information or pathologic criteria (Table.S2). Patients were 

stratified in three groups (three patients with poor response, three with partial response and 

three with good response). We observed a general tendency where tumors from patients with 

poor response highly express LIF and GPX4 (Fig. 7A, Fig.S10B).

In conclusion, our results identify a novel mechanism of chemoresistance in PDAC whereby 

genes required for therapy resistance are activated by enhancers that gain interaction 

frequency which we refer to as iHUBs (Fig. 7B). These iHUBs are dependent on JunD 

and induce transcriptional changes due to their highly interactive state. Notably, targeting of 

either eRNA production (by the CDK9 inhibitor Enitociclib) or transcription factor activity 

essential for iHUB function (by inhibiting MEK/MAPK signaling upstream of the AP1 

transcription factor JunD with trametinib) provide two promising mechanistically distinct, 

but functionally related, approaches to overcome or prevent therapeutic resistance in PDAC.

DISCUSSION

SEs are functionally important drivers of aberrant transcription in disease [19]. Similarly, 

we identified a subgroup of enhancers that gain interaction frequency (iHUBs) and act as 

major mediators of chemoresistance in PDAC. This is in concordance with Huang et al. who 

identified highly interactive subgroups of SEs, as well as other reports identifying highly 

interactive enhancers in other systems [42, 43, 44]. In contrast, iHUBs are not exclusively 

located in SEs. iHUBs are activated by gaining EPIs and driven by JunD. Notably, the 

deletion of a single iHUB is sufficient to sensitize resistant cells to chemotherapy. Moreover, 

targeting of iHUBs by decreasing EPI was sufficient to sensitize a PDX derived from a 

clinically chemoresistant PDAC patient tumor to chemotherapy.

It is important to note that the definition of iHUBs is not necessarily linked to enhancer 

regions that are the most interactive in resistance, but rather the differential interaction 

frequency that promotes resistance-associated gene programs. In this study, BRD4 

occupancy and eRNA production showed more correlation to gained interaction frequency 

compared to H3K27ac. Thus, our results demonstrate that using increased H3K27ac as 

the only proxy for enhancer activity is not sufficient for identifying many functionally 

relevant enhancers. This is consistent with recent reports showing that while active histone 

modifications are highly correlative and predictive of transcription activity, particular open 

chromatin regions do not necessarily follow this rule. It is likely that iHUBs belong to these 

distinct regions [45].

Notably, not all regions which gained BRD4 were iHUBs as seen by the fact that super 

enhancers called based on BRD4 signal did not encompass all iHUBs. Given that BRD4 was 

reported to be dispensable for retaining EPIs [46], it is most probable that sequence-specific 

transcription factors, such as JunD, are necessary to promote interaction. Based on this, 

incorporation of 3D dimensional data when studying enhancers will be important in order to 

identify functionally relevant regulatory elements that can be targeted in disease.

Our findings confirm that eRNAs have stabilizing effects on EPI, which was previously 

suggested for estrogen-dependent transcription [23]. Indeed, as shown in our 4C-seq data, 
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perturbation of eRNA production leads to decreased EPIs at iHUBs. We defined the CDK9 

perturbation as specific because it did not affect eRNA synthesis at these enhancers in 

parental cells. This is also consistent with the reported role of high levels of eRNA 

promoting local EPIs in the brain [47]. However, it contrasts with Rahman et al. reporting 

that eRNA production is not important in sustaining target gene transcription [48]. Given 

the strong link between eRNA and EPI, we suggest that eRNA can be used as a proxy for 

interaction frequency in samples where interrogating 3D chromatin looping is technically 

challenging. Consistently, we can detect increased eRNA production at iHUBs in PDX 

tissue from PDAC patients. Thus, detection of certain eRNAs in tumor samples by semi-

quantitative PCR or RNA in situ hybridization is a feasible approach that can be used to 

evaluate the EPI status of certain enhancers in patients. This will allow for the prediction 

of acquired or intrinsic resistance in patients and identify the optimal adjunct therapies that 

can prevent or attenuate resistance. Additionally, targeting of eRNA can also be a promising 

therapeutic approach. It is possible that the sensitizing effects of CDK9 inhibition may 

include non-iHUB targets and it will be necessary to validate if their use will lead to higher 

toxicity and side effects in clinical applications.

In this study, the AP1 transcription factor JunD was observed to be highly enriched at 

iHUBs. As motif analysis cannot differentiate between different AP1 transcription factors 

we focused on JunD as it was one of the most highly expressed transcription factors in our 

system. Indeed, JunD was reported to promote LPS-induced DNA looping in macrophages 

[49]. Consistently, AP1 factors were reported to regulate CTCF-independent DNA looping 

[50]. AP1 also recruits the SWI/SNF chromatin remodeling complex and is thereby tightly 

linked to enhancer activation and DNA looping [51]. This may explain the high adaptability 

at AP1-enriched enhancers, priming their conversion to highly interactive iHUBs in disease, 

thereby mediating aberrant transcriptional activation.

Promising therapies to overcome PDAC resistance are currently under investigation in 

clinical trials. However, these are limited to specific resistance-promoting pathways in 

PDAC, such as GSK3β [NCT03678883] and EGFR [NCT01505413]. Our findings that 

iHUB formation via gained EPI can be a major mechanism of treatment evasion in PDAC, 

suggests that effective therapeutic iHUB targeting can be a very promising approach to 

increase the efficacy, not only of other chemotherapy regimens, but also of targeted therapy 

approaches in PDAC. Due to the high tissue specificity of EPIs, which exceeds that of 

differential enhancer markings [13], targeting iHUBs is expected to spare non-tumor cells 

due to the lack of effects on gene expression programs where iHUBs are in their minimally 

interactive configuration. In this study, we demonstrate that the transcriptional effects of 

iHUB deletion are exclusive to cells where these are in the highly interactive configuration. 

Additionally, we suggest that altered patterns of enhancer interactions activate genes that 

promote resistance, metastasis, or aggressiveness in different cancer types. Thus, iHUB 

targeting has the potential to widely prevent transcription-mediated resistance in other 

cancer types.

We focused our efforts on therapeutic agents that are already in clinical phase trials 

to increase the translational potential of our work. Both trametinib and Enitociclib are 

currently in clinical trials including two studies with Enitociclib currently recruiting cancer 
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patients [NCT02635672, NCT04978779] and 11 studies in PDAC examining the effects 

of trametinib. A previous Phase II trial using trametinib showed promising results in 

locally recurrent pancreatic cancer after surgery [52]. Conversely, trametinib did not show 

improvement in untreated metastatic PDAC when combined with gemcitabine [53]. This 

can be due to inadequate combination partners (paclitaxel vs gemcitabine) or inappropriate 

dosing. Given the good safety profile of these agents, a wider evaluation of their use in 

resistant PDAC patients may provide a promising outlook.

It is important to note that slight changes of H3K4me3 intensity at promoters could 

potentially introduce bias in interaction detected by HiChIP in this study. However, the 

finding that a ChIP-independent approach (4C-Seq) confirmed these data suggests that 

that the observed gained 3D chromatin conformational changes are robust. In conclusion, 

our results reveal the fundamental importance of EPI in enhancer-mediated activation of 

resistance-associated gene expression. This new paradigm of enhancer activation was seen 

irrespective of when resistance was attained and was seen in acquired resistance in cell lines, 

in xenografts, or directly in the patient (prior to PDX generation). Thereby, we identify 

an important subgroup of enhancers which control the transcription of a set of important 

genes that allows tumor cells to withstand chemotoxicity. Importantly, treatment with 

low concentrations of clinical candidates targeting the involved mechanisms specifically 

attenuates EPI at these enhancers and reverses resistance, thereby providing viable and 

promising new approaches to increase PDAC patient survival.

METHODS

Establishment of Resistant Cells

L3.6pl pancreatic cancer cells were maintained in minimum essential media (MEM; Thermo 

Fisher Scientific) supplemented with 10% FBS (Thermo Fisher Scientific), 1% penicillin/

streptomycin (Sigma-Aldrich), and 1% L-Glutamine (Sigma-Aldrich). For establishment 

of resistant cells, paclitaxel (T7191; Sigma-Aldrich) was diluted in dimethyl sulfoxide 

(DMSO) (Roth) and added the cells starting from 2 nM (the estimated IC50). Once the 

cells started to thrive, the concentration of paclitaxel was doubled until the cells were able 

to grow in 64 nM after 100 days. Subsequently, resistant cells were maintained in 64 nM 

of paclitaxel in MEM media at all times. Detailed protocols are available in supplementary 

materials and methods.

HiChIP and ChRO-seq

H3K4me3 HiChIP was performed using the protocol for absolute quantification of 

architecture (AQuA-HiChIP) [54]. Nascent RNA was detected using length extension 

ChRO-seq (leChRO-seq) [55]. Please refer to supplementary materials and methods for 

more details.

Establishment of Patient-derived Xenografts

All details are in supplementary materials and methods.
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Statistical Analysis

Significance was evaluated using the unpaired t-test if samples passed the Shapiro–Wilk 

test. Otherwise, the Mann-Whitney statistical test was used. For paired comparisons that 

failed the Shapiro-Wilk test, we used wilcoxon matched pairs signed rank test. p-values are 

indicated by **** for =< 0.0001, *** for =< 0.001, ** for =< 0.01 and * for =< 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PDX Patient-Derived Xenograft

SE Super Enhancer
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What is already known on this topic

Changes in cell fate are usually accompanied by de novo activation of distal enhancer 

regions characterized by changes in H3K27ac enrichment. Enhancer reprogramming 

mediates transcriptional changes in metastatic PDAC.

What this study adds

We identified a subgroup of enhancers called iHUBs that do not necessarily exhibit a 

change in H3K27ac enrichment, but rather become transcriptionally active and display 

increased interaction frequency with target genes required for therapy resistance in 

PDAC. These enhancers are driven by the AP1 transcription factor JunD.

How this study might affect research, practice or policy

Changes in enhancer activity may not necessarily be coupled to changes in enrichment 

of H3K27ac. Since iHUB activity can be inhibited to restore therapeutic responsiveness 

using clinically relevant small molecule inhibitors, targeting iHUBs may represent a 

promising new approach to reverse and prevent resistance in PDAC.
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Fig. 1. Aberrant transcriptional activation in chemoresistant PDAC is largely independent of de 
novo enhancer activation
(a) A scheme depicting the establishment of paclitaxel resistant L3.6pl cells. Sensitive 

cells were treated with increasing concentrations of paclitaxel for 100 days. (b) Crystal 

Violet staining for proliferation assay where sensitive (Par) and paclitaxel resistant (PacR) 

cells are treated with increased concentrations of paclitaxel every 48 hours for 6 days. 

(PacR) are 100 times more resistant than sensitive cells (Par) (c) A scheme depicting 

experiment where xenografts are derived from Par and PacR. Cells were injected into 
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immune-deficient mice and allowed to grow for 1 week before beginning treatment with 

paclitaxel or vehicle twice/weekly for 4 weeks. (d) Representative tumor sizes from Par 

and PacR derived xenografts showing that the PacR-derived xenografts are resistant in vivo. 

(e) Gene set enrichment analysis for activated genes in PacR (1,264 genes, FDR <0.05, 

log2 fold change >0.7) in 2 patient-derived xenografts treated with Gem/Pac for multiple 

cycles compared to the same patients-derived xenografts treated with vehicle. Plot shows 

a significant upregulation of activated PacR genes in treated patient-derived xenografts 

compared to vehicle. (f) MA plot shows differentially enriched regions for H3K27ac in PacR 

compared to Par. Significant regions are colored in pink. (g) GREAT analysis of regions 

gaining H3K27ac in PacR showing the distance to TSS for the group of regions that gain 

H3K27ac. Most of these regions are enriched at distal regions. (h) Pie chart showing that 

111 out of 1264 PacR activated genes exhibit copy number gain either at TSS or interacting 

enhancer [red]. Only 97 genes out of 1264 activated genes interact with enhancers that 

significantly gain H3K27ac [orange]. The majority of genes (1054; 83.4%) interact with 

enhancers that display no significant change in H3K27ac enrichment [blue]. Heatmaps are 

showing H3K27ac binding profile at amplified regions [red], activated enhancers [orange], 

enhancers interacting with 1054 upregulated genes in blue. Box plots show intensity of 

H3K27ac at enhancers in RPKM.

Hamdan et al. Page 19

Gut. Author manuscript; available in PMC 2023 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Highly interactive enhancer hubs (iHUBs) mediate aberrant transcriptional activation in 
chemoresistant PDAC
(a) Heatmap and box plot for intensity of BRD4 occupancy [RPKM] at enhancers 

interacting with upregulated genes of unaccounted mechanism. (b) Box plot showing the 

number of interactions for regions classified into 4 groups based on their BRD4 intensity. 

Darker blue represents more BRD4 intensity. The regions that are enriched by higher 

BRD4 intensity significantly exhibit more interaction frequency. (c) Heatmap of leChRO-seq 

signal at enhancers in PacR cells. Number of interactions are shown for the enhancers that 

produce more eRNA compared to enhancers that do not produce eRNA (blue, plus strand 

signal; orange, minus strand signal). Number of interactions are higher by 5.7 folds when 

comparing eRNA rich enhancers vs eRNA poor enhancers. (d) Schematic diagram depicting 

the identification of enhancers that gain eRNA and BRD4 in resistance. Regions are centered 

at ATAC summits and H3K27ac regions that are not defined as TSS and are not enriched 

for H3K4me3 are picked if they produce eRNA (sense, antisense or the opposite strand 

of a gene direction) and gain BRD4 in PacR. (e) APA analysis for regions identified in 

2d to evaluate interaction frequency for these regions. Plots show more focal enrichment 
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(higher EPIs) in PacR at enhancers that interact with activated genes in resistance and 

do not gain H3K27ac. A higher P2LL indicates higher enrichment. These enhancers are 

termed interactive hubs (iHUBs). (f) Plot profile of leChRO-seq signal in RPKM showing 

that iHUBs are more transcribed in PacR compared to Par. (g) ROSE algorithm plot 

identifying SEs in PacR. (h) Pie chart indicating that only a portion of the identified 

iHUBs (168 out 423) overlap with super enhancers. (i) Scheme depicting leChRO-seq from 

patient-derived xenografts. (j) Box plot showing significant gain of leChRO-seq signal in 

RPKM in two independent patient-derived xenografts that were treated with multiple cycles 

of chemotherapy compared to vehicle-treated xenografts. iHUBs identified from cell lines 

were used.
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Fig. 3. iHUBs mediate chemoresistance in PDAC
(a,b) Occupancy profiles of H3K27ac, H3K4me3, ATAC at LIF and GPX4 iHUBs in Par 

and PacR cells showing minimal changes in H3K27ac and H3K4me3, but significant gain 

of BRD4 occupancy [RPKM]. Arcs in the HiChIP data show an increase in interaction 

frequency in PacR (pink) compared to Par cells (gray). (c) Quantitative PCR for LIF and 

GPX4 mRNAs in control cells (MOCK) or following deletion of LIF or GPX4 iHUBs. 

Both LIF and GPX4 mRNAs were significantly downregulated upon the deletion of their 

respective iHUBs in PacR. Deletion of iHUBs in Par did not affect LIF and GPX4 mRNA 

levels, supporting a specific role of iHUBs in resistance. (d Crystal violet staining for 

proliferation assay upon deletion of LIF or GPX4 iHUBs compared to MOCK showing 

sensitization of PacR cells when they lose one iHUB.
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Fig. 4. JunD drives iHUB formation in chemoresistance in PDAC
(a) Cleveland plot depicting the top motifs enriched at iHUBs (defined by HOMER) coupled 

with expression base mean and regulation patterns in PacR compared to Par. JunD is the top 

hit for transcription factors that are enriched at iHUBs. JunD is expressed and upregulated 

in PacR compared to Par. (b) Binding profile for JunD in PacR cells at iHUB regions 

[peaks center is the ATAC summit; extended for −/+5kb]. (c) Relative showing significant 

sensitization upon treatment with low concentrations of the trametinib when combined with 

paclitaxel. (d) Gene set enrichment analysis for iHUB interacting activated genes in PacR 

(322 genes) in PacR with JunD knockdown (24 hours) compared to Non targeting. Plot 

shows a significant downregulation of iHUB activated PacR genes in JunD knockdown. 

(e) Volcano plot for differentially regulated genes upon JunD knockdown in PacR cells. 

[Blue: significantly downregulated, Red: significantly upregulated]. Notably, GPX4 is not 

significantly downregulated. (f) Box plot showing number of interactions at IHUBs in PacR 
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when comparing non-targeting to JunD knockdown. It shows a significant decrease in the 

number of iHUB interactions upon JunD depletion. (g) Plot Profile and box plots showing 

localization intensity of Med1 at iHUB regions. Plots show a significant upregulation of 

Med1 enrichment in PacR cells compared to Par cells and a significant downregulation of 

Med1 enrichment upon JunD knockdown.

Hamdan et al. Page 24

Gut. Author manuscript; available in PMC 2023 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. Perturbation of iHUB transcription decreases interaction frequency and reverses 
resistance.
(a) Heatmap and box plot showing a significant increase in Pol II enrichment at iHUBs in 

PacR. Regions are centered at ATAC summits and extended −/+1kb (b) Binding profile of 

Pol II at the iHUBs associated with the LIF and GPX4 genes showing increased enrichment 

in PacR. (c) Quantitative PCR data showing significant decrease of LIF mRNA and eRNA 

upon treatment with 100nM of the CDK9i Enitociclib for 4 hours. (d) Plot showing the 

inhibition of cell growth upon treatment with different concentrations of paclitaxel and 

Enitociclib displaying significant synergy [ZIP synergy score of 6.8]. (e) Plot showing 

interaction frequencies detected by 4C-seq with the LIF iHUB as a focal viewpoint. 

Increased normalized 4C-seq counts represents higher interaction of the regions to the 

LIF iHUB. Interaction frequency of the LIF TSS to the LIF iHUB region is significantly 

increased in PacR compared to Par. These gained interactions are significantly decreased 

upon treatment with Enitociclib (100nM for 4 h).
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Fig. 6. Targeting iHUBs reverses resistance in vivo.
(a) To test the utility of Enitociclib in vivo, a patient-derived xenograft was established 

from a patient that progressed under paclitaxel treatment (PDX298). Tumor-bearing mice 

were treated with vehicle, Enitociclib (10mg/kg i.v. once weekly), paclitaxel (30mg/kg i.p. 

twice weekly) or a combination of paclitaxel (30mg/kg i.p. twice weekly) and Enitociclib 

(10mg/kg i.v. once weekly). (b) Representative tumor sizes after treatment with paclitaxel, 

Enitociclib or combination therapy leading to decreased tumor size. (c) Delta tumor 

size plot for the four arms of therapy for the resistant PDX298 showing no significant 

decrease of tumor size in both monotherapies compared to tumor shrinkage in the arm with 

combination. (d-f) An experiment analogous to (a-c) performed with the resistant PDX298, 

but with trametinib (0.3mg/kg) instead of Enitociclib.

Hamdan et al. Page 26

Gut. Author manuscript; available in PMC 2023 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. LIF and GPX4 expression in pancreatic tumors with variable response to chemotherapy 
[Pac/Gem]
(a) H&E staining and immunohistochemistry for LIF and GPX4 in 9 tumor sections from 

pancreatic cancer patients. Patients were stratified based on their response to treatment based 

on clinical, radiologic or pathologic criteria. Samples from patients with poorer response to 

therapy show higher staining intensity for GPX4 and LIF. (b) Graphical scheme showing 

enhancers that gain enhancer-promoter interaction frequency in resistance, thereby forming 
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interactive hubs (iHUBs). iHUBs can be targeted by preventing the release of promoter 

proximal pausing (CDK9i) or directly targeting the activation of JunD by MEKi.
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