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Abstract

The tumor microenvironment in pancreatic ductal adenocarcinoma (PDAC) is highly heterogeneous, fibrotic, and
hypovascular, marked by extensive desmoplasia and maintained by the tumor cells, cancer-associated fibroblasts
(CAFs) and other stromal cells. There is an urgent need to identify and develop treatment strategies that not only
target the tumor cells but can also modulate the stromal cells. A growing number of studies implicate the role of
regulatory DNA elements called super-enhancers (SE) in maintaining cell-type-specific gene expression networks in
both normal and cancer cells. Using chromatin activation marks, we first mapped SE networks in pancreatic CAFs and
epithelial tumor cells and found them to have distinct SE profiles. Next, we explored the role of triptolide (TPL), a
natural compound with antitumor activity, in the context of modulating cell-type-specific SE signatures in PDAC. We
found that TPL, cytotoxic to both pancreatic tumor cells and CAFs, disrupted SEs in @ manner that resulted in the
downregulation of SE-associated genes (e.g., BRD4, MYC, RNA Pol II, and Collagen 1) in both cell types at mRNA and
protein levels. Our observations suggest that TPL acts as a SE interactive agent and may elicit its antitumor activity
through SE disruption to re-program cellular cross talk and signaling in PDAC. Based on our findings, epigenetic
reprogramming of transcriptional regulation using SE modulating compounds such as TPL may provide means for
effective treatment options for pancreatic cancer patients.

Introduction

Pancreatic cancer (PC), currently the third leading cause
of cancer-related death in the United States’, is projected
to be the second leading cause of cancer-related death
before 2030 Pancreatic ductal adenocarcinoma (PDAC)
accounts for >90% of all PC cases and has a dismal 5-year
survival rate of 9.3%, mainly due to the lack of reliable
methods for early detection and limited treatment
options®. A unique, highly fibrotic, and hypovascularized
tumor stroma or “desmoplastic reaction” (DR) forms a
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major barrier to currently available therapeutics®. Cancer-
associated fibroblasts (CAFs), one of the major cell types
in the PDAC tumor microenvironment (TME), play an
important role in driving and maintaining the DR®.
Although recent genomic analysis reveals the underlying
genetic diversity of PDAC®, the almost uniformly
inflammatory and immunosuppressive stroma in pan-
creatic cancer suggests common mechanisms that drive
its progression and metastasis’. Thus, therapeutic regi-
mens that re-program (or modulate) stromal elements, in
addition to targeting the tumor cells, may potentially
enhance the efficacy of antitumor and immunother-
apeutic agents, which can eventually improve outcomes
for patients with PC.

With advancements in global genomic analyses, new
insights into the transcriptional regulation of gene
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expression implicate the role of super-enhancers (SE) in
maintaining cell-type-specific gene expression networks in
both normal and diseased cells®’. SEs are transcriptional
regulatory elements composed of regular enhancers clus-
tered together in close genomic proximity and bear active
chromatin marks such as H3K27 acetylation (H3K27ac)
and BRD4 occupancy. In addition, SEs are associated with
accessible chromatin regions, DNase hypersensitivity,
RNA Pol II loading, and extensive binding of transcription
factors and mediator proteins, specifically Med1®. Since
the first reports of SEs in human embryonic stem cells,
there is mounting evidence for their role in regulating cell
identity and state in numerous diseases including cancer,
where they promote oncogenic transcriptional dependen-
cies!®, Recently, inhibitors of CDK7, a subunit of the
transcription factor complex TFIIH, were shown to
disrupt SE networks in cancer cells and exert potent
antitumor activity'>™'*, However, the effects of other
TFIIH-targeted molecules have not been reported.

Triptolide (TPL), a natural compound isolated from the
Chinese herb Tripterygium wilfordii (Thunder God vine),
has shown promising preclinical antitumor activity
against a number of cancers'”™” including pancreatic
cancer'®°. The water-soluble pro-drug of triptolide,
Minnelide, was recently reported to show promising
activity in patients with gastrointestinal malignancies in
Phase I clinical trial*"**. Multiple mechanisms underlying
TPL-induced antitumor activity have been described in
the literature including inhibition of NF«B, c-Myc,
HSP70**%°, and XPB (ERCC3)*'. Among them, inhibition
of the ATPase activity of the XPB subunit of the tran-
scription factor complex TFIIH is supported by bio-
chemical evidence, which shows direct covalent binding
of triptolide to XPB*2. However, it is unclear how this
seemingly non-specific inhibition of an essential tran-
scription factor could exert selectivity against the tumor.
This work focused on elucidating the impact of triptolide
on the SE networks in pancreatic tumor cells and CAFs.
Here, we profiled the SE networks in pancreatic CAFs and
epithelial tumor cells and examined the effects of tripto-
lide on the SE signatures of both cell types.

Materials and methods
ChIP-Seq analysis and super-enhancer comparison
ChIP-Seq reads were mapped to the human reference
genome (hgl9) using Bowtie2 with default parameters.
H3K27Ac peak calling was performed using the Model-
based Analysis of ChIP-Seq (MACS) program (version
1.4.2)** with default settings. Peak calling for each sample
was performed separately with their matched input
genomic DNA as a background control. The enrichment
and ranking of super-enhancer regions and identifying
SE-associated genes was performed using ROSE™**,
ROSE-assigned closest genes to the SEs were used as the
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default list for SE-associated genes. H3K27Ac peaks that
fell within the region surrounding +2.5kb of the tran-
scription start site (TSS) were considered as promoter
peaks and excluded from the super-enhancer analysis.
Calling of ChIP peaks and differential signals were also
determined using HOMER modules on the Linux plat-
form®®. BedGraph files representing the mapped read
counts of individual samples were also generated using
Homer and uploaded to the UCSC genome browser for
display. HOMER was also used to generate the scatter plot
comparing SE differential peaks in treated vs untreated
samples using annotatePeaks command with size 2000
and the log options.

Whole transcriptome RNA-sequencing (RNA-seq) and data
analysis

The RNA-seq analysis was performed as previously
described®®. RNA extraction was performed using the
RNeasy® Midi Kit (Qiagen) using protocols recom-
mended by the kit manufacturer. RNA-sequencing
libraries were constructed using the NEB Next® Ultra™
RNA Library Prep Kit (New England Biolabs) by Novo-
gene. The concentration of libraries for RNA-seq from
total RNA was first quantified using a Qubit 2.0 fluo-
rometer (Life Technologies), and then diluted to 1 ng/pl
before checking insert size on an Agilent 2100 and
quantifying to greater accuracy by quantitative PCR (Q-
PCR) (library activity >2 nM). Libraries were sequenced
on an Illumina® HiSeq2500 system.

Raw paired-end reads from the sequencer were then
processed to obtained FPKM (fragments per kilobase of
transcript per million) mapped reads (see Supplementary
Information for details). Different gene expression ana-
lysis was carried out using the DESeq2 R package. To
compare the overall transcription activity between two
samples, normalized counts for each sample were calcu-
lated using DESeq2, which performs an internal normal-
ization where geometric mean is calculated for each gene
across all samples. The counts for a gene in each sample
was then divided by this mean. This procedure corrects
for library size and RNA composition bias, which can
arise for example when only a small number of genes are
very highly expressed in one experiment condition but
not in the other®.

Animal studies

All animal studies were carried out adhering to
recommendations in the NIH Guide for the Care and Use
of Laboratory Animals. The protocols were approved by
the Institutional Animal Care and Use Committee
(IACUC) at the University of Arizona, where the animal
studies were carried out.

Transgenic KPC (LSL-KrasG12D/+; LSL-Trp53R172H/+;
Pdx-1-Cre) mice were obtained based on the breeding
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scheme described by Hingorani and colleagues using
three mouse strains, LSL-Trp53R172H/+, LSL-
KrasG12D/+, and Pdx-1-Cre, which were obtained from
National Cancer Institute Mouse Repository”®. Mice were
fed ad libitum and housed at ambient temperatures
(70-76 °F). Tumor growth in the KPC mice was mon-
itored using three-dimensional high-resolution ultra-
sonography with the Visualsonics Vevo 770 system
(Fujifilm Visualsonics, Ontario, Canada). Mice (both male
and female) were enrolled in the study when the tumor
size reached 120-200 mm?>. Mice (n=05) were treated
with Minnelide via i.p. at 0.42 mg/kg daily for 7 days, after
which tumor volumes were recorded and tumors were
harvested. Total RNA was extracted from representative
tumor pieces for RNA-sequencing (n=3) and immu-
nostaining analyses (n = 3).

The in vivo tumor growth inhibition activity of Min-
nelide alone or in combination with chemotherapy was
evaluated using patient-derived xenograft (PDX) models
derived from two different PDAC patients (U01080713
and P4057). Detailed methods for drug treatment and
endpoint measurements can be found in the Supple-
mentary Information.

Sample size calculation

In the animal study with the KPC mouse model, the
mean difference in tumor volume between the vehicle-
treated group (298.5+45.2) and the Minnelide-treated
group (202.1 +28.1) was 96.3 mm°. To detect this differ-
ence with 90% power, we need three mice per group (@ =
0.05). With five mice per group, our study is sufficiently
powered. Similarly, for the studies with the PDX models,
the differences in tumor volume between the monotherapy
(Minnelide only or triple chemotherapy only) and the
combination treatment were 165 mm? and 127 mm?® for
PDX U01801713 and PDX P4057, respectively. To detect
these differences between the monotherapies and the
combination therapy with the typical variations associated
with PDX models, we needed five mice per group to
achieve 90% detection power (¢ = 0.05). With seven mice
per group, our studies were sufficiently powered.

Data analysis and statistical methods

The statistical analysis for the cytotoxicity assay was
carried out using GraphPad Prism Software (GraphPad,
San Diego, CA, USA) to plot the curves for each cell line.
Statistical significance for the IHC staining between
vehicle and Minnelide-treated groups was evaluated using
a two-tailed Wilcoxon Rank Sum non-parametric test.
The mixed-effects model analysis was used to evaluate the
statistical differences between two drug treatment groups
over a period of time® in the mouse efficacy study. A P-
value < 0.05 was considered to represent statistical
significance.
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Results
Pancreatic tumor cells and cancer-associated fibroblasts
have distinct SE profiles

Using chromatin immunoprecipitation followed by high
throughput sequencing (ChIP-seq), we mapped genomic
loci that represent active super-enhancer (SE) elements. We
carried out SE mapping in a panel of PDAC cell line (MIA
PaCa-2, PANC-1, P4057, PSN1, AsPC1, Capan-1, BxPC-3,
PA-TU8902, and PA-TU8988S), and in a panel of CAFs
isolated from a PDAC patient’s tumor (CW5, CAF08, CW1,
B010A, B010C, B009B, and BF1) along with an activated
immortalized pancreatic stellate cell line (PS-1). We per-
formed ChIP-Seq analyses using well-known marks for
active SEs, acetylation of histone 3 at lysine 27 (H3K27ac)™.
For two of the cell lines (MIA PaCa-2 and CW5), we also
performed ChIP-Seq analysis with a second SE mark, BRD4.
Figure 1 shows the hockey-stick plots of SEs ranked based
on both these chromatin marks. Many of the ChIP signals
overlapped between the H3K27ac and BRD4 marks, which
supports the notion that these elements are active SEs in the
cell lines. A similar number of SE elements in two cell lines
was identified (318 SEs in MIA PaCa-2 tumor cells and 337
SEs in CW5 CAF cells). Genes associated with the SEs in
tumor cells were mostly related to transcription (e.g.,
POLR2E, PARK7, MYC) (Fig. 1a, b). PARK7 and MYC have
both been reported previously to be associated with
PDAC*™, On the other hand, SE-associated genes in
CAFs were mostly associated with processes such as des-
moplasia, fibrosis, or those related to the extracellular
matrix (e.g., COLIAL, COLIA2, TGFBI), which is abundant
in advanced-stage PDAC (Fig. 1c, d).

We then analyzed the SEs that were identified based on
the H3K27ac ChIP-Seq profiling of the two cell line
panels to see whether the cancer cells and the CAF cells
demonstrate similar distinct patterns. A total of 3452 SEs
were identified from the cell lines (SEs being called in at
least one cell line) (Supplementary Table S1). Based on
the Homer program, we identified the genes that were
associated with these SEs and analyzed their expression
using RNA-seq (Supplementary Table S2). Hierarchical-
clustering analysis of the expression of the SE-associated
genes showed that cancer cells and CAFs form clearly
separate clusters (Fig. 2a). The pattern of expression of
these genes in different cell lines closely mirrors whether
or not the corresponding SE is active in the given cell line
(Fig. 2b). The immortalized and activated pancreatic
stellate cell line PS-1** also clustered with the CAF lines
indicating their similar SE profiles (Fig. 2).

The distinct nature of SE signatures in two predominant
cell types in pancreatic tumors led us to investigate the
nature of these signatures and to unravel signaling and
cellular pathways they may be associated with. For this, we
carried out genomic region annotation enrichment analysis
on SE regions that are found in at least 3 of either the
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cancer cell lines or fibroblast cell lines using a web-based
analysis tool GREAT (see Materials and Methods for
details). As shown in Fig. 2¢, d and Supplementary Fig. S1A,
B, SEs from the two cell types enriched for different func-
tional annotations (Gene Ontology terms). Cancer cell-
associated SEs networks (Fig. 2c) seem to be enriched in
biological processes regulating transcription, apoptosis, and
immune function. On the other hand, SE-associated gene
networks in CAFs (Fig. 2d) span biological processes
involved in an extracellular matrix organization, angiogen-
esis, and hypoxia. Interestingly, both cell types contained
SEs that were associated with molecular functions related to
cell adhesion (Supplementary Fig. S1). Our observations
shed light on the diversity and cell-type specificity of the SE
signatures within the pancreatic cancer TME.

Triptolide suppresses super-enhancer activation marks
and causes transcriptional downregulation of associated
genes in pancreatic cancer cells and CAFs

We first assessed the optimal inhibitory concentrations
of TPL for use in in vitro studies in multiple cell lines
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(Supplementary Fig. S2). Based on these results, we
determined the optimal concentrations of TPL to use for
each cell line while performing genomic and tran-
scriptomic assays discussed below.

To evaluate the effects of triptolide on well-known
chromatin activation marks of SEs in cells, we compared
the intensity of the H3K27ac immunoprecipitation signals
before and after treatment in the MIA PaCa-2 cancer cells
and the CW5 CAF cells. ChIP-Seq peaks with a >4-fold
change in H3K27ac signal were considered significantly
altered. At this threshold, we noticed a substantial dif-
ference in the H3K27ac signals between TPL- and vehi-
cle- (DMSO) treated tumor cells and CAFs (Fig. 3a).
While triptolide caused a marked reduction in the num-
ber of H3K27 acetylation peaks in both cell lines, a more
pronounced effect was elicited in CW5 compared with
that that in MIA PaCa-2. H3K27ac signals at some gene-
associated loci seemed to be increased in CW5, with a
slightly higher number of loci showed a decrease in the SE
activation mark. In contrast to CW5 CAF cells, about a
tenth of the loci showed a decrease in signal in MIA PaCa-2
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Fig. 2 Pancreatic tumor cells and cancer-associated fibroblasts harbor distinct super-enhancer networks. A Heatmap for the hierarchically
clustered expression data of SE-associated genes identified in the pancreatic cancer cell lines and CAF cells. PS-1 is an activated immortalized
pancreatic stellate cell line. B Heatmap representing all SE-associated genes as identified by ROSE, clustered according to panel A to show the
presence (blue) or absence (white) of a SE. C Gene Ontology (GO) biological processes enriched in super-enhancer regions in PDAC cancer cell lines.
D GO biological processes enriched in super-enhancer regions in fibroblast cell lines. The P-value scores [shown as —log (P)] and significance directly
correlate with the number of genes contained in each GO term. Each GO term containing more genes tends to have a higher significance P-value.
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tumor cells. Results from the analysis of differential gene
expression in response to TPL treatment in MIA PaCa-2
and CWS5 cells (Fig. 3b) showed similar patterns of larger
changes in the CAFs versus the tumor cells. We also
tested the overall effect of TPL on the transcriptomes of
CAFO08 and PS-1 cells. Similar to that of CW5 cells, TPL
induced greater changes in those stromal cells compared
to MIA PaCa-2 cancer cells. TPL causes overall tran-
scriptional downregulation of gene expression in all three
cell lines as seen by a decrease in the normalized counts
for differential gene expression (Fig. 3c).

Next, we examined the effects of TPL on SE-associated
genes in mouse PDAC tissues using the KPC pancreatic
cancer mouse model. TPL is not very water-soluble and is
not optimal for in vivo experiments. We, therefore, used
Minnelide, a water-soluble pro-drug of triptolide, for
animal studies in this study. Minnelide is rapidly con-
verted to triptolide in the presence of alkaline phospha-
tase in the body (half-life = 2 minutes) and has been
shown to have potent antitumor activity as a single agent
in animal models for pancreatic cancer'”. As shown in
Supplementary Fig. S3, the daily dosing of Minnelide at
0.42 mg/kg significantly (P-value < 0.004) reduced the
tumor growth in the KPC mice. RNA-seq analysis of the
PDAC tumor tissues harvested from Minnelide-treated
mice clearly revealed its effect in deregulating gene
expression (Fig. 3d). In the same mouse tumors, we
noticed that genes related to the TP53 pathway were
upregulated by Minnelide, while those involved in the
KRAS hallmark pathway seem to be inhibited (Fig. 3e).
Immunohistochemical analysis of the tumor tissues
revealed a statistically significant (P-value < 0.05) reduc-
tion in staining for HSP70, MYC, BRD4, and aSMA (Fig.
3f, g) in Minnelide-treated mice. This suggests that
Minnelide downregulated the protein expression of these
SE genes in mouse pancreatic tumors.

Discrete SE targets in tumor and CAF cells are specifically
disrupted by triptolide

To further dissect the effects of triptolide on SEs, we
focused on cell-type-specific SEs and those that were
commonly identified in both cancer and CAF cells. First,
we identified genes that were associated with SEs, inferred
from the ROSE algorithm based on the relative proximity
of the gene to a SE element. Several genes could be under
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the influence of a single SE based on enhancer/chromatin
looping. We identified 315 and 337 SEs in the vehicle-
treated MIA PaCa-2 and CW5 cells, respectively. While
about 30% of the genes associated with these SEs were
common between the two cell lines, a larger proportion
(70%) were uniquely identified in each cell line (Fig. 4a).
We compared the SE-associated genes in both cell lines
with and without triptolide treatment. The number of SE-
associated genes in TPL-treated MIA PaCa-2 and CW5
cells was 215 and 475, respectively. Our observations
indicate that around 56% of the SE-associated genes do
not overlap between the control and TPL-treated groups
in MIA PaCa-2 cells, while the percentage of non-
overlapping genes was close to 69% in CW5 cells. This is
consistent with our findings that TPL had a greater
impact on SEs in the CW5 cells than the MIA PaCa-2
cells (Fig. 3a). Overall, these observations suggest that
TPL disrupts SE elements in both PDAC tumor cells and
CAFs.

We further investigated the effect of triptolide on the
distinct SE activation marks mapped to individual cell
lines. To this end, we compared ChIP signals in the
vehicle and TPL-treated cells at loci representing SE ele-
ments in one or both of the cell lines. In CW5 cells, SEs
associated with POL2RA, COL1A2, and BRD4 loci
exhibited a decrease in the H3K27ac mark for SE activa-
tion upon TPL treatment (Fig. 4b). On the other hand, in
MIA PaCa-2 cells, TPL induced a marked decrease in
H3K27ac marks at the POL2RA locus, but not at COL1A2
and BRD4. The latter two loci were not identified as SEs
in MIA PaCa-2 cells. This observation supports the
notion that TPL acts on and disrupts distinct cell line-
specific SEs to modulate the expression of the
associated genes.

SE-associated genes are downregulated by TPL at the
protein level

To further validate the effects of TPL on the expression
of SE-associated genes, we investigated the expression of
candidate SE genes at the protein level in multiple pan-
creatic cancer and activated fibroblast cell lines. We
performed immunoblotting in vehicle and TPL-treated
pancreatic cancer cells (PANC-1, PSN1, MIA PaCa-2) and
in fibroblast cells (CAF08, PS-1). TPL treatment (20 nM
and 100nM for 24h) reduced the protein expression
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Fig. 3 Triptolide downregulates H3K27ac chromatin marks, overall in vitro gene transcription, and causes deregulation of cancer
pathways in animal models. A Scatter plots of H3K27ac ChIP peak signals are shown for tumor (MIA PaCa-2) and CAF (CWS5) cells, showing a
substantial downregulation of peaks in triptolide (TPL) treated cells. Notably, CW5 show a larger reduction of peaks compared to tumor cells.

B Hierarchical-clustering of differentially expressed genes in CW5 and MIA PaCa-2 cells in response to TPL is shown as a heatmap. The overall
reduction in gene expression expressed as log2 fold change is noted in TPL-treated cells compared to DMSO-treated control cells (CTRL). C The effect
of TPL in inducing downregulation of gene expression (expressed as normalized counts) as seen in tumor cells (MIA PaCa-2) and fibroblasts (CAF08,
PS-1) is shown. D Heatmap of the top 100 differentially expressed genes in pancreatic tumors harvested from the transgenic mouse model of
pancreatic cancer (KPC mice) upon Minnelide (MNL) treatment (n = 3 for each treatment group). E Heatmap of gene sets belonging to TP53 and
KRAS pathways that are differentially regulated in the Minnelide-treated mouse tumors. F Minnelide reduces the expression of SE-associated genes in
mice bearing pancreatic tumors. Representative immunostaining images of SE-associated gene markers (HSP70, MYC, aSMA, BRD4, and COL1) in
control and Minnelide-treated samples. Scale bar = 100 uM. G Quantification of immunostaining in F (n = 3). *P < 0.05; **P < 0.01. Error bars represent
the standard error of the mean (SEM). TPL Triptolide, MNL Minnelide.
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Fig. 4 Triptolide disrupts cell-type-specific SEs by reducing chromatin activation marks and resulting in the downregulation of SE-

associated genes. A \enn diagram summarizing SEs identified in tumor and fibroblast cells and those identified in TPL-treated cells. B Gene tracks of
H3K27Ac-binding density at SEs associated with POL2RA, COL1A2, and BRD4 genes in patient-derived CAF cells (CWS5, top 2 panels) and MIA PaCa-2
cancer cells (bottom 2 panels) treated with DMSO (Vehicle) or 100 nM triptolide (TPL). C, D Triptolide downregulates the expression of genes under
SE regulation at the protein level. Western blotting was used to probe the protein levels of SE-associated genes (BRD4, RNA Pol II, Collagen 1) and
non-SE-associated gene XPB in 3 cancer cell lines (PANC-1, PSN1, MIA PaCa-2) (E) and activated fibroblast cells (CAFO8 and PS-1) (F) treated vehicle,

20 nM, or 100 nM of TPL for 24 h. *P < 0.005; **P < 0.0001.

levels of BRD4, MYC, and RNA Pol II in the tumor cell
lines (Fig. 4c). In fibroblast cells, protein levels of BRD4,
RNA Pol II, and CAF-specific/SE-driven COL1A2 (Col-
lagen 1) did not change at 20 nM but were considerably
reduced at 100 nM in both CAF08 and PS-1 fibroblasts
cells (Fig. 4d). We also looked at the expression of a non-
SE-associated gene, XPB (a direct target of TPL), and did
not notice appreciable changes in its expression in both
tumor and CAF cells (Fig. 4c, d). This was somewhat
expected and used as a control since TPL only inhibits the
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ATPase activity of XPB but does not affect its expression
levels™.

Targeting of super-enhancers by triptolide is similar to
that by CDK7 inhibition

Recent reports show that THZ1, a CDK?7 inhibitor,
suppresses SE-associated oncogenic transcription in
MYC-deregulated cancer models'*'*. Here, we compared
the SE networks and transcriptional effects of TPL to
those of THZ1. Interestingly, we noticed that both THZ1
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Fig. 5 Triptolide targets SE networks similar to that induced by CDK?7 inhibition. A Overlap of SE-associated genes in MIA PaCa-2 and PS-1 cells
treated with TPL or CDK7 inhibitor THZ1. B Clustering analysis of gene expression profiles of MIA PaCa-2 cells treated with TPL and THZ1. C Clustering
analysis of gene expression profiles of PANC-1 cells treated with various epigenetic inhibitors including TPL, THZ1, and THZ2. D A model for the
mechanism of action of TPL and CDK7 inhibitors. Inhibition of one of the components (e.g., XPB and CDK?) of the transcription machinery leads to

the disruption of the activity of a SE, which in turn results in the suppression of the gene associated with that SE.

and TPL, which inhibit the CDK7 and XPB subunits of
the TFIIH complex, respectively, targeted SEs and SE-
associated genes similarly. In terms of SE, we identified
considerable overlaps between SE regions in TPL- and
THZ1-treated tumor (MIA PaCa-2) and fibroblast (PS-1)
cells. We noticed that 52% of SE regions were common to
both treatments in MIA PaCa-2 cells and an even higher
74% of the SE regions were shared between TPL- and
THZ1-treated PS-1 cells (Fig. 5a). This result supports the
proposed mechanism of the two compounds (i.e., inhibi-
tion of TFIIH activity), leading to the disruption of global
super-enhancer activity. When comparing the expression
changes of SE-associated genes in MIA PaCa-2 cells
treated with TPL or THZI1, a high degree of similarity
between the transcriptional profiles in both treatment
groups was noticed (Fig. 5b). RNA-Seq analysis inter-
rogating the transcriptional effects of TPL, THZ1, and
another CKD7 inhibitor THZ2, in a different PDAC cell
line, PANC-1, showed similar gene expression changes
induced by all three compounds. THZ2 showed an over
85% similarity in gene expression profiles in PANC-1 cells
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(Fig. 5c¢). Collectively, these findings suggest that the anti-
SE activity of TPL is a result of its inhibition of XPB,
which leads to the disruption of TFIIH activity as in the
case with CDK?7 inhibitors. Thus, cumulative pressure on
the transcriptional machinery using BET inhibitors,
CDK?7 inhibition, and TPL may hold greater potential in
global disruption of SE elements in tumor cells (Fig. 5d).

Combination of Minnelide and chemotherapy show
improved antitumor activity in vivo

As mentioned earlier, Minnelide is a water-soluble pro-
drug of triptolide with potent single-agent activity in
mouse models of PDAC?®, To test whether Minnelide can
enhance the antitumor activity of chemotherapeutics, we
carried out animal studies using two different patient-
derived xenograft (PDX) models. In both models, treat-
ment with either Minnelide or a triple chemotherapy
combination (gemcitabine, nab-paclitaxel, and cisplatin)
showed very impressive tumor regression (Fig. 6). Treat-
ment with Minnelide alone led to tumor shrinkage in both
models, whereas the triple chemotherapy showed complete
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suppression of tumor growth in one model (Fig. 6a) and
slight tumor shrinkage in the other model (Fig. 6¢c). When
the two treatments were combined, the tumor shrinkage
was marked in both models. Adding Minnelide to the triple
chemotherapy regimen did not seem to increase toxicity
(Fig. 6b—d). The triple chemotherapy has recently been
reported to show promising efficacy in patients with
advanced PDAC with a 71% response rate and a 65% 1-year
survival rate for patients with Stage IV pancreatic cancer
with some 3- and 4-year survivors®. Our results show that
adding Minnelide to the combination therapy could further
improve patient outcomes. This finding awaits further
validation by a clinical trial of that combination (given
concurrently or sequentially).

Discussion

Despite the genetic diversity in PDAC, the commonality
in the mutational and phenotypic signatures of pancreatic
cancer point to master regulatory networks gone awry in
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this devastating illness’. This may provide immense ther-
apeutic potential in targeting oncogenic networks that
drive cellular and molecular cross talk in pancreatic tumors
through the employment of agents that can disrupt,
modulate, or re-engineer these mechanisms. In this study,
we provide evidence supporting the presence of distinct
super-enhancer signatures defining the two predominant
cell types in the cellular milieu of PDAC. By carrying out
genomic analyses and mapping super-enhancers in both
CAFs and tumor cells, we provide insights into the epi-
genetic landscape that shapes and drives tumor supportive
oncogenic networks, which may eventually mediate cellular
cross talk in PDAC. The largely distinct cell-type-specific
nature of SEs allows the investigation of altered pathways
that may be modulated in different compartments of the
pancreas TME to disrupt oncogenic signaling promoting
tumor growth, proliferation, and invasion.

The major theme that emanates from this study is the
effect of triptolide on SE elements per se and on the
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downstream effector gene(s) associated with SE elements.
While triptolide (TPL) has been known to be a general
transcriptional inhibitor and a potent antitumor agent
acting predominantly via the inhibition of MYC, NFkB,
and other pathways to induce cell death?*?>271047 \ve are
the first to report its role in modulating SEs at the chro-
matin level to downregulate mRNA and protein expres-
sion of genes under SE control. One of the most critical
molecular players involved in diverse cellular signaling
pathways in many cancers including pancreatic cancer is
the MYC proto-oncogene®®*’, MYC is overexpressed in
pancreatic cancer®® where it acts as a transcription fac-
tor’' and is also implicated in determining phenotypic
plasticity of pancreatic cancer stem cells®®. Our study
supports MYC to be a SE-associated gene in pancreatic
cancer cells, as also reported by other groups’. TPL
induced downregulation of MYC in a dose-dependent
manner in multiple pancreatic tumor cell lines that we
tested, suggesting that it is one of the major targets of
triptolide. While the use of direct and indirect targeting of
MYC in pancreatic cancer is under development™, tar-
geting SE-regulated gene networks such as those like
MYC with TPL can lead to the elucidation of novel vul-
nerabilities, which may be eventually targeted using
combinatorial therapeutic strategies. The disruption of
the SEs regulating collagen expression in CAF cells in
response to triptolide has profound implications, since
strategies like these which modulate and compromise the
supporting tumor stroma in PDAC may increase ther-
apeutic penetrance and immune infiltration. Clinically,
Minnelide, a water-soluble form of triptolide, has shown
promising activity in pancreatic and gastric cancers®"*
and is currently in Phase II clinical trials for patients with
refractory pancreatic cancer (NCT03117920).

The feasibility of disrupting SEs is in development using
various agents such as those that target CDK7'>'* and
BRD4 proteins®***, TPL-mediated disruption of cell-
specific SEs to downregulate gene expression (MYC,
BRD4, RNA Pol II, COLIA2, etc.), as elucidated here,
implies its therapeutic relevance in targeting both stromal
and tumor compartments of PDAC. Interestingly, our
data suggest that TPL elicits a similar transcriptional
change to that of CDK?7 inhibition by THZ1 or THZ2 in
pancreatic cancer cells. Furthermore, a recent study
implicates XPB as a direct TPL target, which along with
CDK7 and other factors forms part of the TFIIH tran-
scriptional complex to drive constitutive transcription of
genes’'. It is likely that similar to CDK?7 inhibitors, the
inhibition of XPB activity by TPL can disrupt the inter-
actions between SE and transcription factors/co-activa-
tors, which, in turn, leads to the dysregulation of genes
associated with the SEs. Interestingly, XPB was recently
shown to interact with MYC in patient-derived xenograft
models of PDAC®”.
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CDK7, XPB, and BRD4 are components of the basal
transcription machinery. The fact that inhibitors of these
proteins all exhibit SE-disruptive activity and consequently,
antitumor activity, indicates that differences in the tran-
scriptional control mechanisms (SEs in this case) between
normal cells and disease-associated cells (e.g., cancer cells
and the activated fibroblasts) can be exploited ther-
apeutically. The selectivity of such therapeutic agents
against normal and different disease cell types lies in the
differences in SE activity. As illustrated in Fig. 3d, the genes
affected by a SE-disruptive agent were dictated by whether
or not the SEs associated with those genes were active. For
example, in the MIA PaCa-2 cancer cells the majority of
active SEs were associated with oncogenic genes such as
MYC, whereas in CW5 CAFs cells, many SEs associated
with genes related to fibrosis. Disruption of SEs may
therefore selectively affect MYC and other oncogenic genes
in cancer cells and genes regulating fibrosis in CAFs.

In summary, we provide compelling evidence that
pancreatic CAFs and tumor cells harbor distinct SE net-
works that are characteristic of their different cell types
and states. Based on the disruption of active chromatin
marks and concomitant downregulation of SE-associated
genes, triptolide might exert its antitumor activity by
targeting distinct SE networks in different cells. We pro-
pose that epigenetic reprogramming of transcription by
exploiting SE modulating compounds like triptolide alone
or in combination with the current standard of care may
provide more effective treatment options for patients with
pancreatic cancer.
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