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Evasion from drug-induced apoptosis is a crucial mechanism of
cancer treatment resistance. The proapoptotic protein NOXA
marks an aggressive pancreatic ductal adenocarcinoma (PDAC)
subtype. To identify drugs that unleash the death-inducing poten-
tial of NOXA, we performed an unbiased drug screening experi-
ment. In NOXA-deficient isogenic cellular models, we identified an
inhibitor of the transcription factor heterodimer CBF$/RUNX1. By
genetic gain and loss of function experiments, we validated that
the mode of action depends on RUNX1 and NOXA. Of note is that
RUNX?1 expression is significantly higher in PDACs compared to
normal pancreas. We show that pharmacological RUNX1 inhibition
significantly blocks tumor growth in vivo and in primary patient-
derived PDAC organoids. Through genome-wide analysis, we
detected that RUNXT7-loss reshapes the epigenetic landscape,
which gains H3K27ac enrichment at the NOXA promoter. Our
study demonstrates a previously unknown mechanism of NOXA-
dependent cell death, which can be triggered pharmaceutically.
Therefore, our data show a way to target a therapy-resistant
PDAC, an unmet clinical need.
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ancreatic ductal adenocarcinoma (PDAC) is an aggressive

disease often diagnosed at an advanced stage. The inci-
dence of PDAC is steadily increasing, and PDAC is predicted
to be the second leading cause of cancer-related death by 2030
(1). Evasion of apoptosis is a characteristic of PDAC and is
often associated with treatment resistance (2, 3). A dysregu-
lated transcription commonly results in apoptosis resistance
(4). Therefore, the identification of novel concepts to reactivate
apoptosis by disrupting cancerous transcription programs is a
promising approach for the effective elimination of PDAC cells

Comprehensive integrated genome analyses from RNA
expression profiles in recent years revealed different subtypes
of PDAC with variable biology and therapeutic responsiveness
(6-9). NOXA (Latin for damage; also known as PMAIP1 [Phor-
bol-12-myristate-13-acetate-induced protein 1]) is part of an
identifier gene set for the quasi-mesenchymal (QM) subtype of
the disease (8). This subtype overlaps with the described basal-
like and squamous subtype of the disease, which is particularly
resistant to the currently used chemotherapeutics (7, 9).

NOXA belongs to the BCL-2 homology (BH) BH3-only sub-
group of the B cell lymphoma 2 (BCL2) protein family which is
essential for the regulation of cell intrinsic apoptosis (10).
BCL2 proteins are divided into sensor, effector, and protector
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proteins (10). The classical antiapoptotic protector proteins,
including Myeloid cell leukemia 1 (MCL1), inhibit effector pro-
teins (e.g., BCL-2-associated X protein), thereby blocking apo-
ptosis. Proapoptotic sensor proteins, including NOXA, which
directly binds to MCL1, neutralize the antiapoptotic function of
the protector proteins (10), leading to the initiation of apopto-
tic cell death. In PDAC, NOXA is tightly regulated at the tran-
scriptional level, and transcriptional activation of NOXA by
HDAC inhibitors or proteasome inhibitors contributes to
induce the cell intrinsic apoptosis pathway (11-13). Further-
more, NOXA is regulated by multiple transcription factors,
including p53, and is involved in apoptosis under genotoxic
stress (14, 15).

Runt-related (RUNX) proteins are master regulators
involved in a broad range of biological processes, including
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proliferation, differentiation, and apoptosis (16). DNA binding
of these transcription factors is mediated by heterodimerization
of a core DNA binding factor alpha chain (CBFa), composed
of one of the three RUNX family members, RUNXI1 to
RUNX3, to the non-DNA binding core binding factor beta
(CBFp). Each of the three RUNX family members plays
important roles in different stages of tumor development (17).
As has been shown in mouse models, knockouts of any of the
three RUNX transcription factors exhibit significant develop-
mental defects: RUNXI1 plays an important role in hematopoi-
esis (18), RUNX2 plays an important role in bone development
(19), and RUNX3 plays an important role in the gastrointesti-
nal tract (20) and in neurogenesis (21). RUNX expression
patterns are highly dynamic and depend on the stage of differ-
entiation, development, and environmental conditions (22). In
addition, RUNX transcription factors are expressed in almost
all cancers (23). Besides its implication in leukemogenesis (24),
RUNXI1 is strongly expressed in a broad spectrum of solid
tumors (25) and is associated with poor prognosis in PDAC
(26). Depending on the cellular context, RUNX1 can act both
oncogenic and tumor suppressive in solid tumors (27). RUNX1
interacts with various cofactors to shape gene expression.
RUNXI1-dependent activation of target genes is mediated
through an interaction with CBP/p300 (28) and the protein
arginine methyltransferase 1 (PRMT1) (29). The inhibitory
function of RUNX1 is achieved by interaction with corepres-
sors such as the Sin3A-HDAC corepressor complex (30).

In this study, we aimed at identifying strategies affecting the
delicate balance of NOXA expression to drive cell death in an
aggressive subtype of PDAC. We found that inhibition of
RUNX1 led to a global gain of H3K27ac enrichment contribut-
ing to the activation of the proximal NOXA promoter region,
and we suggest a strategy to overcome treatment resistance in
an aggressive subtype of PDAC with inferior prognosis.

Materials and Methods

Cell Culture and Cell Viability Assay. Cell lines were cultured in Dulbecco’s
Modified Eagle’s Medium (Thermo Fisher Scientific, #41965062) or Roswell
Park Memorial Institute 1640 Medium (Thermo Fisher Scientific, #21875091)
supplemented with 10% fetal bovine serum (Thermo Fisher Scientific,
#10270106) and 1% penicillin/streptomycin  (Thermo Fisher Scientific,
#15070063). They were passaged up to 14 times in a 1:10 dilution every 3 d to
4 d. Murine PDAC cell lines were generated from Kras®'?°-driven mouse mod-
els as described (13). For all cell lines used, PCR-based mycoplasma tests were
performed at regular intervals. Cell viability was measured by MTT-Test
(Sigma-Aldrich, #M5655). Detailed information on the procedures for cell via-
bility, drug screening, and colony formation assay are provided in S/
Appendix, Supplementary Materials and Methods.

Patient-Derived Organoids. PDAC biopsies and tissues were received from
endoscopy punctures or surgical resection. Three-dimensional organoids were
collected, propagated, and analyzed in agreement with the declaration of
Helsinki. This study was approved by the ethical committee of the Technical
University of Munich (TUM) (Project 207/15). Written informed consent from
the patients for research use of tumor material was obtained prior to the use.
Detailed information is provided in SI Appendix, Supplementary Materials
and Methods.

In Vivo Drug Efficacy Analysis in Mice and Immunohistochemistry. Xenograft
assays were performed by Experimental Pharmacology and Oncology, Berlin-
Buch. All animal experiments were approved by the local responsible authori-
ties and performed in accordance with the German Animal Protection law.
Detailed information is provided in SI Appendix, Supplementary Materials
and Methods.

Statistical Analysis, Quantitative Chromatin Immunoprecipitation, Chromatin
Immunoprecipitation DNA-Sequencing, RNA-Sequencing, Assay for Transposase-
Accessible Chromatin Using Sequencing, Chromosome Conformation Capture-on-
Chip, Quantitative PCR, Western Blot, and CRISPR Editing. Detailed information
on the procedures and data analyses are provided in S/ Appendix,
Supplementary Materials and Methods and Table S6.
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Results

High NOXA mRNA Expression Is Associated with an Aggressive
PDAC Subtype. As a stress response, tumor cells may express
proapoptotic effectors that can be neutralized by antiapoptotic
counterparts, thus dampening the apoptotic response. Such
tumor cells expose apoptotic potential. To investigate whether
classical proapoptotic BH3-only proteins may contribute to this
phenotype, we analyzed the messenger RNA (mRNA) expres-
sion of BH3-only genes (6) and filtered for transcriptome pro-
files of human PDAC tumors (Fig. 14). From these data, we
extracted indicated classical BH3-only genes, performed a hier-
archical clustering based on the mRNA expression of the BH3-
only genes, and subdividled PDAC patient samples into the
squamous subtype and combined the ADEX, classical, and
immunogenic subtypes as “other” subtypes. We subsequently
determined whether the mRNAs of the listed classical BH3-
only members are significantly enriched in these two groups. Of
note is that specifically high expression of NOXA was signifi-
cantly (P < 0.001) associated with the squamous subtype (Fig.
14 and SI Appendix, Fig. S14), which is in line with the
described expression in QM cancers (8). In accordance with
this finding, high NOXA expression (>75th percentile) charac-
terized a PDAC patient cohort with inferior survival as com-
pared to patients with low NOXA expression (<25th percentile)
in International Cancer Genome Consortium (ICGC)/Bailey
et al. (6) (Fig. 1B and SI Appendix, Fig. S1B) and The Cancer
Genome Atlas (TCGA) datasets (SI Appendix, Fig. S1C). In
addition, we analyzed transcriptome profiles of a larger set of
patients (n = 248), allowing fine-tuning of PDAC subtyping
into A and B subsets of the basal-like and classical-like sub-
types (31). Here, we confirmed that NOXA had a significantly
increased expression in basal-like A and basal-like B subtypes
compared to classical subtypes A and B (Fig. 1C).

We hypothesized that the high expression of NOXA indicates
that these tumors harbor an apoptotic potential, and that shift-
ing the balance of apoptosis regulators to a proapoptotic state
may constitute a therapeutic strategy.

Identification of a Synthetic Lethal Interaction of NOXA and
Inhibition of RUNX1. By analyzing transcriptome profiles, we
selected human PDAC cell lines of the QM subtype (8) (S
Appendix, Fig. S1D) and Kras®'?P-driven murine PDAC cell lines
that exhibit relatively high basal Noxa mRNA expression (S
Appendix, Fig. S1E) for cross-species validation to identify drugs
that affect the apoptotic balance. To investigate vulnerabilities spe-
cifically created by NOXA expression, we generated human and
murine isogenic PDAC cell line models with genetically defined
NOXA status (SI Appendix, Fig. S2 A-D). To prove NOXA defi-
ciency, we performed Western blotting of the two human PDAC
cell lines PSN1 and MiaPaCa-2. NOXA protein was absent in
NOXA* cell lines (Fig. 1D). Importantly, NOXA deficiency did
not influence the proliferation of the isogeneic cell lines (Fig. 1E).

To identify vulnerabilities associated with NOXA, we next per-
formed a drug screening with a total of 1,842 compounds in
NOXA-proficient (parental) and NOXA-deficient (NOXA*) cells
and measured viability (Fig. 1F). Drug testing and viability assays
were performed with a single concentration of 600 nM, as previ-
ously described (13). For identification of effects due of the
NOXA status, we used a cutoff of 10% difference in viability (Fig.
1G). Out of the 1,842 compounds, we identified 50 drugs that
showed higher efficiency in parental cell lines compared to NOX-
A* cell lines. Importantly, within the hits found, we identified
topoisomerase and proteasome inhibitors, which is in line with
data from previous studies (11-13), underlining the robustness of
our screening experiment (SI Appendix, Table S1). From our
screening hits, we selected for specific targeted molecules (target
specificity) and novelty (Fig. 1F) and further validated 12 hits with
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Fig. 1. Screening for NOXA-associated vulnerabilities in PDAC cells. (A) Cluster analysis of mRNA from classical BH3-only proteins, derived from transcrip-
tome profiles of PDAC patients (6). Molecular subtypes have been divided into two groups: The aggressive squamous subtype and all other subtypes have
been merged to others. Histological subtypes are indicated. Upper and lower quartiles of indicated mRNAs were identified. Significant (Fisher exact test)
frequencies of a high mRNA expression of the indicated genes (upper quartile) in the squamous subtype are indicated (*P < 0.05, ***P < 0.001). (B) Sur-
vival of PDAC patients with a low (lower quartile) and a high (upper quartile) NOXA mRNA expression, derived from the dataset described in A (6). Log
rank test: P = 0.006. (C) NOXA mRNA expression analysis in n = 248 PDAC patient samples (31), divided into classical A and B and basal-like A and B sub-
types (Accession ID: EGAD00001006152). (D) Western blot analysis of NOXA protein in PSN1 and MiaPaCa-2 parental and isogenic NOXA*® cell lines. Vin-
culin served as loading control. (E) Growth curves of PSN1 and MiaPaCa-2 parental and isogenic NOXAX® cell lines performed with live-cell imaging. Five
pictures per well were taken every 8 h, and growth was calculated as confluence (percent) normalized to 0-h control. (F) Schematic representation of the
performed high-throughput drug screening strategy. Four human pancreatic cancer cell lines (two parental and two NOXA*°) and four murine cell lines
(two parental and two NOXA*°) were used for screening a total of 1,842 drugs. These compounds were added to each cell line 24 h after seeding at a
concentration of 600 nM, and cell viability was measured by MTT assay after 72 h; n = 3; all biological replicates were performed as technical triplicates.
The inhibitors that differentially reduced viability in parental cell lines up to 10% more in comparison to NOXA*® cells were further followed. Based on
target treatment and or/novelty, 12 drugs were selected out of the first 50 hits. The Glso of the drugs for murine and human cell lines was calculated
from dose-response treatment using MTT assay. (G) Dose—response treatment in eight human and murine pancreatic cancer cell lines (four parental and
four NOXA*°). The fold change of the Glso of the knockout cell lines compared to the parental is depicted; n = 3; all biological replicates were performed
as technical triplicates. Red represents sensitivity in parental cell line in respect to its isogenic counterpart (smaller Glsp). Blue stands for higher sensitivity
in the knockout cell line. R, resistant cell line within the used doses. Dose-response inhibition was calculated with logarithmic regression and tested for
significance with logit model (*P < 0.05, **P < 0.01, ***P < 0.001). (H) FACS analysis of Annexin V/PI stained parental and NOXAK® and cells after 72
h treatment with 3 puM AI-10-49 (++) or dimethyl sulfoxide (DMSO) (-) as vehicle control; n = 3; all biological replicates were performed as technical tripli-
cates. P value of unpaired t test ***P < 0.001. (/) Western blot analysis of NOXA and MCL1 proteins in pancreatic cancer cell lines after 6 h Al-10-49
treatment. Representative Western blot is shown. Vinculin served as loading control; n = 3; all biological replicates were performed as technical triplicates. (-)
DMSO, (+) 1.5 uM Al-10-49, (++) 3 pM Al-10-49. (J) The gPCR of NOXA in PSN1 and MiaPaCa-2 cell lines. (Conditions are as described in H).
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multidose experiments (Fig. 1G). Only one of these 12 com-
pounds analyzed in the validation experiments, Al-10-49, showed
no growth inhibition in NOXA* cell lines, whereas viability of
NOXA-proficient cells was dose-dependently reduced (Fig. 1G).
AI-10-49 was originally designed to inhibit the interaction of the
oncofusion protein CBFp-SMMHC with RUNXI1 (32). The lead
compound of the bivalent AI-10-49 has been shown to inhibit
RUNXI1/CBFp (33). Coimmunoprecipitations with either
RUNXI1 or CBFp revealed AI-10-49 as a RUNX1/CBFp inhibitor
in MiaPaCa-2 cells (SI Appendix, Fig. S2E). Additionally, using
the SwissTargetPrediction tool (34), CBF} was a predicted target
of this compound (SI Appendix, Table S2).

In summary, our data suggest that impairment of RUNX1
activity may affect NOXA-dependent execution of cell death in
PDAC.

Induction of NOXA by CBFB/RUNX1 Inhibition. To investigate
whether the AI-10-49-induced drop in viability is mediated by
induction of the apoptotic process, we performed fluorometric
analysis of Annexin V/PI stained PDAC cells. Indeed, the
reduced viability in parental cell lines upon AI-10-49 treatment
was clearly associated with a significant induction of cell death
in parental cells, whereas only marginal apoptosis induction
was observed in NOXA*° cells (Fig. 1H).

We next investigated whether an altered expression of other
BCL2 family members such as MCL1, BCL2, BCLx;, BIM, BID,
BAK, or BAX mediates Al-10-49-induced apoptosis. We detected
PARP cleavage but did not detect differential expression of these
BCL2 family proteins 6 and 24 h after AI-10-49 treatment (Fig. 1/
and SI Appendix, Fig. S3 A and B); a marked induction of NOXA
protein (Fig. 1) and NOXA mRNA expression (Fig. 1J) was
observed upon treatment with AI-10-49. In HCT116 cells harbor-
ing wild-type p53, a DNA damage stimulus induced both RUNX1
and p53 and activated p53 target genes, including NOXA (35). To
test whether p53 is involved in AI-10-49-induced NOXA expres-
sion, we treated murine cell lines harboring either wild-type,
mutant, or deleted p53 (SI Appendix, Fig. S3C) with AI-10-49 and
the topoisomerase II inhibitor etoposide (SI Appendix, Fig. S3D).
While Noxa induction was highest in wild-type p53 cells upon eto-
poside treatment, we observed a rather uniform induction of Noxa
in each of these cell lines after AI-10-49 treatment (S Appendix,
Fig. S3D). Since p53 is mutated in the human PDAC cell lines
PSN1 and MiaPaCa-2, we also analyzed the expression of the p53
family member p63, but did not detect significant regulation (S/
Appendix, Fig. S3E). Both p63 and mutant p53 showed no differ-
ence in expression at early time points after treatment with AI-10-
49, but they tended to show decreased expression after 48 and 72
h, respectively (S Appendix, Fig. S3 B and E). Our data show that
both p53™" and RUNXI are not induced upon AI-10-49 treat-
ment (SI Appendix, Fig. S3 B and E). Conversely, we rather
observed a decreased expression of RUNX1 after AI-10-49 treat-
ment in MiaPaCa-2 and PSN1 cells (SI Appendix, Fig. S3E).

Next, to substantiate caspase-induced apoptosis, we exam-
ined AI-10-49 together with the pan-caspase inhibitor zVAD-
FMK by Annexin V/PI fluorescence-activated cell sorter
(FACS). Here, we observed a significant rescue in apoptosis
induction (Annexin V*/P1~ fraction) (SI Appendix, Fig. S3F).
Both fractions, that is, Annexin V*/PI" and Annexin V*/PI*,
remained unaffected in NOXA* cells, indicating the relevance
of NOXA in cell death (SI Appendix, Fig. S3F).

To further investigate the role of NOXA in AI-10-49 induced
cell death, we generated MiaPaCa-2 cells stably expressing the
CRISPR activator (CRISPRa) dCas9-MS2-p65-HSF1 (MpH),
and an established NOXA single-guide RNA to endogenously
overexpress NOXA (SI Appendix, Figs. S2E and S3G). NOXA-
CRISPRa cells phenocopied AI-10-49-treated cells in clono-
genic assays, and, more importantly, NOXA-CRISPRa cell
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growth was drastically inhibited when treated with AI-10-49 (SI
Appendix, Fig. S3 H and I).

Together, our data show that inhibition of RUNX1 by AI-10-
49 induces NOXA mRNA and protein expression and thereby
drives NOXA-dependent apoptosis.

RUNX1 Is Up-Regulated in Pancreatic Cancer and Suppresses NOXA
Expression. Understanding the mode of action of drugs is critical
for the implementation of patient stratification strategies. To
address this question, we next investigated how AI-10-49 induces
NOXA expression. Since AI-10-49 inhibits the interaction between
CBFp and a DNA binding o subunit encoded by RUNX proteins
(16), we tested whether loss of RUNX expression affects NOXA
expression in knockouts of all three RUNX genes, RUNXI,
RUNX2, and RUNX3, in MiaPaCa-2 cells (SI Appendix, Fig. S2F).
Remarkably, we observed an induction of NOXA mRNA solely in
RUNXI knockout cells (Fig. 24), arguing for a RUNX1-specific
repression of the NOXA gene. We validated this effect by small
interfering RNA (siRNA)-mediated RUNX! depletion in Pancl,
AsPCl1, and MiaPaCa-2 cells (SI Appendix, Fig. S44). In addition
to the induction of NOX4 mRNA, we also observed a significant
NOXA induction in RUNXI* cells at the protein level (Fig. 2B).
To analyze whether RUNXI® cells have a growth disadvantage,
we compared colony formation of RUNXI* cells to the parental
cell line. Here, we observed significantly reduced formation of col-
onies (Fig. 2C), which phenocopied the effects observed in AI-10-
49—treated cells (SI Appendix, Fig. S3 H and I). In addition, RUN-
X1* cells showed an increased cell death rate at basal levels, as
demonstrated by Annexin V flow cytometry (Fig. 2D). To demon-
strate the speciﬁcitZoof AI-10-49 in this context, we applied AI-10-
49 in two RUNXI" clones as well as in RUNX1 siRNA-treated
MiaPaCa-2 cells. Although we did not observe a consistent effect
in the RUNX1 knockout clones, which is probably related to the
difficult cultivation of these cells, the use of siRNA, on the other
hand, showed reproducible effects equivalent to a doubling of the
drug concentration required for 50% growth inhibition (GlIs)
value, confirming the dependence on RUNXI (SI Appendix, Fig.
S4B). These genetic experiments identify RUNX1 as a negative
regulator of NOXA gene expression.

To further investigate the relevance of RUNXI1 in PDAC, we
analyzed RUNX1 expression in human and murine datasets.
We found that RUNX1 indeed is transcriptionally up-regulated
in pancreatic cancer in all three datasets investigated (Fig. 2E
and SI Appendix, Fig. S4C). In addition, RUNX1 was expressed
in pancreatic cancer, whereas it was not detected in normal
pancreas on the protein level (Fig. 2F). In premalignant
Kras®'?P_driven murine pancreatic epithelial cells, Runxl
mRNA (Fig. 2G) and RUNXI target gene signatures (Fig. 2H)
were significantly enriched compared to normal pancreatic epi-
thelial cells, displaying specificity for RUNX1 expression in
nonstromal tumor-initiating cells. During PDAC progression,
RUNXI1 expression is maintained. Suspecting a RUNXI-
mediated repression of the NOXA gene, we reanalyzed the
ICGC/Bailey et al. (6) and Collisson et al. (8) transcriptome
datasets and, indeed, observed a negative correlation trend of
RUNXI and NOXA expression in the squamous/QM PDAC
subtype (SI Appendix, Fig. S4D). To investigate whether
RUNXI1 expression was the main contributing factor to NOXA
expression, we performed a short hairpin RNA-mediated
knockdown of NOXA in RUNXI*® cells (SI Appendix, Fig.
S4E). Congruent with our initial findings, the basal apoptosis
rates were restored (SI Appendix, Fig. S4F).

Taken together, these data argue for a RUNX1-mediated
repression of NOXA expression.

RUNX1 Inhibition Induces NOXA through Amplification of Active
Chromatin Marks. To understand the immediate effect of AI-10-49
treatment, we performed RNA sequencing (RNAseq) analyses of
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Fig. 2. RUNX1 is up-regulated in pancreatic cancer, and a genetic RUNX1 deletion induces NOXA transcription and apoptosis. (4) The qPCR of NOXA in
parental, RUNX1%°, RUNX2%°, and RUNX3*° MiaPaCa-2 cells. The mRNA fold change was calculated in comparison to parental cell line; n = 3; all biological
replicates were performed as technical triplicates. **P < 0.01. (B) Western blot analysis and quantification of NOXA and RUNX1 proteins in parental, NOX-
Ake and RUNXTX° MiaPaCa-2 cells. Tubulin and actin served as loading controls. The asterisk (*) denotes an unspecific band. P value of t test, P < 0.05. (C)
Representative image and quantification of clonogenic assay in parental and RUNXT7X° cells; n = 3; all biological replicates were performed as technical
triplicates. P value of t test, *P < 0.05. (D) FACS analysis of Annexin V stained parental and RUNXT1%° MiaPaCa-2 cells; n = 3; all biological replicates were
performed as technical triplicates. P value of t test, **P < 0.01. (E) RUNXT mRNA expression of patient samples from normal pancreas and pancreatic can-
cer (50), accessed via the oncomine.org, **P < 0.01. (F) Immunohistochemistry (IHC) of patient samples from normal pancreas and pancreatic cancer
accessed via the human protein atlas (51). Inset: Digital magnification of the section shown. (G) RUNXT mRNA expression of mouse samples from normal

pancreatic epithelial cells and Kras®'?® pancreatic epithelial cells (52), ****P < 0.0001. (H) Gene set enrichment analysis (GSEA) of dataset, described in (52).

MiaPaCa2 cells 6 h after treatment in comparison to vehicle treated
cells. Apart from NOXA, which was up-regulated in treated cells,
less than 300 genes were found to be differentially expressed, sug-
gesting a high specificity of AI-10-49 (Fig. 34). Gene set enrich-
ment analyses revealed a significant apoptosis signature and a nega-
tive enrichment score for RUNXI1 targets (Fig. 3B and S/
Appendix, Table S3) upon AI-10-49 treatment. To analyze the
impact of RUNXI1 inhibition on chromatin accessibility, we per-
formed assays for transposase accessible chromatin with high-
throughput sequencing (ATAC-seq). We observed reduced chro-
matin accessibility after AI-10-49 treatment, compared to the vehi-
cle control 6 h after AI-10-49 treatment (Fig. 3C), and a redistribu-
tion of accessible consensus sequences (SI Appendix, Table S4).

To investigate the association of RUNXI1 inhibition with reg-
ulation of chromatin dynamics, we performed H3K27ac ChIP-
seq experiments to detect transcriptionally active chromatin. A
cross-coverage and fingerprint plot showed adequate signal
strength in enriched regions (SI Appendix, Fig. S5 A and B).
Globally, H3K27ac signal was increased in both replicates (Fig.
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3D and SI Appendix, Fig. S5C), arguing for a neutralization of
the repressor activity of RUNXI1. Additionally, motif discovery
analysis revealed that a redistribution of H3K27ac was observed
after AI-10-49 treatment (SI Appendix, Table S4).

We also performed RUNX1 ChIPseq to assess the impact of
RUNX]1 inhibition on RUNX1 binding. This analysis showed a
peak downstream of the NOXA gene, which we hypothesized to
be an enhancer region and coined it “downstream binding site
1” (dBS1). To substantiate our findings, we analyzed RUNX1
ChIPseq from K562 and MCF10A cells. Indeed, we found an
overlap of our identified peak in both ChIPseq datasets and
were thus able to validate the peak identified in MiaPaCa-2
cells (SI Appendix, Fig. S6A4). In both chromatin immunoprecip-
itation DNA sequencing (ChIPseq) and chromatin immunopre-
cipitation quantified by real-time PCR (qChIP) experiments,
we observed a drop in RUNXI1 binding at dBS1 and an
increased acetylation of H3K27 at the NOXA promoter upon
AI-10-49 treatment (Fig. 3 E and F), indicating an activation of
the gene by acetylation of the proximal promoter region of
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Fig. 3. RUNX1 inhibition induces a global redistribution of active chromatin and activates of the proximal promotor region of the NOXA gene. (A)
(Upper) Sorting and filtering strategy to identify significantly up- and down-regulated genes. (Lower) Volcano plot of differential expressed genes.
MiaPaCa-2 cells were treated with vehicle (DMSO) or Al-10-49 (3 pM) for 6 h (n = 3 biological replicates). (B) Indicated gene signatures of a GSEA from
RNAseq data, described in A. (C) Heatmap representing open chromatin peaks of 12,328 expressed genes by omni-ATAC-seq analysis in DMSO- and Al-10-
49-treated cells (3 pM for 6 h) (n = 2). Aggregate plots are of all significantly up- and down-regulated genes, identified in A. (D) Heatmap representing
H3K27ac peaks in MiaPaCa-2 cells treated for 6 h with vehicle (DMSO) or 3 pM Al-10-49 (n = 2) and input. Aggregate plots display H3K27ac enrichment of
all significantly up- and down-regulated genes, identified in A. (E) Omni-ATAC-seq (DNA accessibility) (n = 2), chromosome conformation capture (4C, spa-
tial chromatin organization) (n = 1) and ChlPseq (n = 2) analysis for RUNX1, H3K27ac, and CTCF in vehicle (DMSO)- or Al-10-49-treated MiaPaCa-2 cells.
Arrows indicate RUNX1 binding and an interaction of the NOXA gene at downstream binding site 1 (dBS1). (F) ChIP-gPCR analysis at the promoter and
the downstream binding site 1 (dBS1) for RUNX1, H3K27ac, and IgG in DMSO- or Al-10-49-treated MiaPaCa-2 cells (n = 3). t test, *P < 0.05. (G) Heatmap
of Hi-C data from Panc1 cells generated by A.T.d.D. laboratory (36), accessed via http://3dgenome.fsm.northwestern.edu/, displaying spatial chromatin
organization. (H) Relative NOXA mRNA expression in indicated clones of MiaPaCa-2 cells. The dBS1 binding site was excised using CRISPR-Cas9. Cells were
treated for 6 h with 3 uM AI-10-49. (/) Western blot of NOXA 6 h after treatment with 3 uM AI-10-49 in indicated clones of MiaPaCa-2 cells. Actin served
as loading control. (J) Schematic of RUNX1-mediated repression of the NOXA gene.

3E, arrow/dBS1 and SI Appendix, Fig. S6A4). Binding of the
nuclear protein CCCTC-binding factor (CTCF), which marks
insulator regions to prevent cross-talk between active and inac-
tive chromatin, was unaffected (Fig. 3E). Additionally, RUNX1
peaks in the vehicle control (indicated by an arrow in Fig. 3E)
and at the NOXA gene, arguing for a spatial interaction, which
is mediated by RUNXI1 (Fig. 3 E and G). The dBS1 region was

NOXA, subsequently leading to increased gene expression. To
analyze the spatial organization of the NOXA region, we per-
formed chromosome conformation capture assays (4C) to cap-
ture interactions between the NOXA locus (view point) and all
other genomic loci. Here, we found a hitherto unknown inter-
action with a downstream region of the NOXA gene, which is
abrogated upon AI-10-49 treatment and in RUNXI*° cells (Fig.
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the only region within the CTCF boundaries where both
RUNXI1 binding and DNA-DNA interaction had disappeared
after AI-10-49 treatment (Fig. 3G and SI Appendix, Fig. S6A4).
This spatial interaction could also be found in public Hi-C data
of Pancl (Fig. 3F) (36). Taken together, these data suggest that
RUNXI1 binding to the dBS1 region actively represses the
NOXA gene. To identify which histone deacetylases are respon-
sible for this effect, we used class I HDAC inhibitors. Here, in
particular, inhibition of HDAC1/2 by Merck60 showed a signifi-
cant induction of NOXA mRNA expression (SI Appendix, Fig.
S6B) as well as an induction of the H3K27ac mark at the
NOXA promoter (SI Appendix, Fig. S6C). Additionally, murine
PDAC cells harboring a dual recombinase system and a 4-
hydroxy-tamoxifen inducible Cre to knockout alleles for either
Hdacl (PPT-F3641) or Hdac2 (PPT-F1648) (SI Appendix, Fig.
S6D) displayed a Noxa induction only in Hdac2 deleted cells
(SI Appendix, Fig. SO6F), which is in line with a previous study
showing that HDAC2 is responsible for the repression of
NOXA in PDAC (11). Therefore, an HDAC2-RUNX1/CBFp
axis might be responsible for NOXA repression. This requires
further validation.

To prove that the dBS1 region is causative for the repression of
NOXA, we first screened this region for evolutionary conserved
RUNX1 binding motifs, and, indeed, identified conserved RUNX1
consensus sequences (SI Appendix, Fig. S6F). We next performed
a CRISPR-Cas9-mediated knockout of the dBSI region (SI
Appendix, Fig. S6G) to genetically demonstrate its involvement in
NOXA repression. Indeed, loss of the dBSI region led to
increased NOX4A mRNA (Fig. 3H) and protein levels (Fig. 31).
This demonstrates the repressive function of this RUNX1 binding
site. In contrast to parental cells, AI-10-49 treatment did not fur-
ther affect NOXA expression (Fig. 3 H and I). Furthermore, in the
dBSI1*™ clone, NOXA expression still was induced upon AI-10-49
treatment, albeit to a lesser extent (Fig. 3 H and /).

In summary, we describe a previously unknown mechanism
of a RUNX1-mediated repression of the NOXA gene in PDAC.
Through enrichment of an active chromatin mark at the NOXA
gene itself, its expression is significantly increased (Fig. 3/),
thereby inducing apoptosis. This mechanism could be crucial
for therapeutic interventions that depend on a NOXA-induced
cell death program.

RUNX1 Inhibition by Al-10-49 Is Effective In Vivo and in Patient-
Derived Organoids. To validate whether RUNX1 inhibition could
be effective in vivo, we first examined the efficacy of AI-10-49 in
mice carrying MiaPaCa-2 PDAC xenografts (Fig. 44). AI-10-49
treatment resulted in a significant decrease in tumor volume (Fig.
4B) and proliferative capacity (Ki67, Fig. 4C). Importantly, AI-10-
49 treatment induced apoptosis measured by cleaved caspase 3
(CC3) positivity in the tumor compared to the vehicle control in
parental cells (Fig. 4 B and C). Whereas parental cells did not
change in tumor volume after AI-10-49 treatment, NOXA*° cells
still grew upon treatment, supporting NOXA as an essential con-
tributor of AI-10-49 efficacy (Fig. 4B). Additionally, no significant
difference between control and treatment was observed in either
K67 or CC3 stainings in NOXA® cells (Fig. 4D). Taken together,
these data indicate that apoptosis induction by AI-10-49 treatment
is also dependent on NOXA in vivo.

We next isolated seven human patient-derived organoids
(PDOs) from PDAC patients to investigate RUNX1 inhibition
by AI-10-49. First, we performed transcriptome profiling (SI
Appendix, Table S5), and sorted PDOs for high and low NOXA
mRNA expression (Fig. 4E). Gene set enrichment analysis
revealed a significant (q < 0.001) accumulation of an apoptosis
signature in the PDOs with a high NOXA expression (Fig. 4F).
PDOs with a high NOXA expression showed the strongest
growth inhibition toward AI-10-49 treatment, which further
supports our previous findings (Fig. 4G).
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Overall, these findings show that RUNX1 inhibition might
be a therapeutic option to treat PDAC.

Discussion

Molecular tumor profiling and functional studies have led to
the identification and validation of genes and signaling path-
ways that are dysregulated or mutated in PDAC (7, 37-39).
Based on comprehensive molecular characterization of PDACs
(6-9), it might thus be possible to define personalized treat-
ment strategies (38). An imbalance of signaling pathways, such
as cell death—associated pathways, promotes tumor mainte-
nance and treatment resistance in PDAC (3). In this study, we
analyzed publicly available transcriptome profiles of PDAC
patients and found that increased NOXA mRNA expression
defines an aggressive squamous/QM subtype. In contrast to
NOXA, which is tightly regulated at the transcriptional level in
PDAC (11), one of its antiapoptotic counterparts, MCL1 (10),
is mostly regulated at the protein level (40). Since NOXA
mRNA and protein expression do not correlate strongly, as has
been shown in mantle cell lymphoma (41) and in PDAC (11), it
is important to identify substances that can induce apoptosis by
taking advantage of a NOXA-associated vulnerability. We
therefore performed drug-screening experiments in isogenic
cell models with NOXA-deficient and NOXA-proficient counter-
parts to search for compounds that can exploit this vulnerabil-
ity. We unexpectedly found a substance that inhibits the core
binding alpha units RUNX1, RUNX2, or RUNX3 with CBFf.

The functions of RUNXI1 are highly specific, depending on
the tissue and cell type. Deletion of Runx! in a mouse model of
T cell acute lymphoblastic leukemia (T-ALL) (42), silencing of
RUNXI in human T-ALL cells (42), and silencing of RUNX1 in
SW480 human colon cancer cells (43) all triggered apoptosis.
In contrast, in Kasumi-1 ¢ (8, 21) leukemia cells, RUNX1 over-
expression induced apoptosis by eliciting expression of the
cyclin-dependent kinase inhibitor p57%i? (44). In line with the
biological effects observed in T-ALL (42) and in colon cancer
cells (43), we observed an induction of apoptosis both through
the pharmacological CBFB/RUNXI1 inhibition by the com-
pound AI-10-49 and in CRISPR-Cas9-mediated knockouts of
RUNXI. We observed a significant induction of NOXA mRNA
expression, which was exclusive to RUNX1 knockout cells and
could not be observed in RUNX2 or RUNX3 knockout cells,
arguing for a nonredundant function for RUNXI1.

In a chemical high-throughput screen, which was performed
to identify compounds that disrupt the interaction between
RUNX1 and the CBFB-MYH11/SMMHC fusion protein, first,
a lead molecule was identified, which exhibited low selectivity
for the fusion protein (33). Therefore, a bivalent derivate of
this compound was generated. AI-10-49 inhibits CBFg-
MYH11/SMMHC with an increased selectivity and restores the
formation of wild-type CBFB-RUNX1 (33). In cells lacking the
CBFp-MYH11/SMMHC fusion protein, AI-10-49 acts like
the monomeric lead molecule and inhibits wild-type CBFp/
RUNXI. In fact, AI-10-49 treatment as a putative pharmaco-
logical CBFB/RUNXI1 inhibitor, as well as a genetic knockout
of RUNXI, unexpectedly showed an induction of NOXA, simi-
larities in transcriptional regulation at a genome-wide scale,
and an associated apoptosis induction in PDAC cells, arguing
for RUNX1 as a repressor of NOXA gene expression. We could
show that the pharmacological CBFp/RUNXI1 inhibition leads
to a global enrichment of H3K27ac, a marker for active chro-
matin, including the NOXA gene. We observed an unexpected
punctual interaction of a NOXA downstream RUNX1 binding
site and the NOXA promoter. How exactly RUNXI1 exercises
its repressive function in PDAC has to be addressed in detail in
further studies. An analysis of different datasets showed a high
expression of RUNXI1 in pancreatic cancer compared to
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Fig. 4. Tumor growth is blocked by RUNX1 inhibition in vivo and in PDOs. (A) Mice were treated with 200 mg/kg Al-10-49 intraperitoneally daily for 9 d.
Treatment started (d1) when tumors reached a volume of 0.2 cm?. (B) Tumor size was measured over time in parental and NOXAK° xenografts. Al-10-
49-treated mice showed a significant tumor growth inhibition (n = 5 mice in each group).**P < 0.01, ***P < 0.001 (Student’s t test). (C) IHC of parental
xenografts. (Left) Representative pictures of tumors from Al-10-49 and vehicle-treated mice. Displayed are full scans of the tumors. (Scale bar, 2 mm);
detailed pictures of H&E stained and IHC for Ki67 and CC3. (Scale bar, 100 pm.) (Right) Quantification of Ki67 and CC3 IHC staining of Al-10-49-treated
tumor xenografts using the Aperio positive pixel method. *P < 0.055, **P < 0.01 (t test). (D) IHC of NOXAK°® xenografts as indicated in C. n.s.: not signifi-
cant (t test); Scale bar, 2 mm. (E) RNAseq data of seven PDOs were analyzed for NOXA expression. NOXA mRNA expression > 75% = NOXAM9"; NOXA
mRNA expression < 25% = NOXA®". (F) GSEA of RNAseq data of PDOs; hallmark apoptosis signature in the NOXA"9" subtype. Nominal P value < 0.001.

FDR-q value is depicted. (G) Dose-response treatment of PDOs viability measured 72 h after Al-10-49 treatment with CellTiterGlo.

normal pancreas. Of note is that knockdown of RUNXI in
PDAC cells was shown to suppress the invasive/aggressive phe-
notype via regulation of miR-93 (45). In particular, high
RUNXI1 expression and RUNXI1 target gene signatures were
observed in premalignant Kras“'*P-driven murine pancreatic
epithelial cells, which, together, indicate a largely unexplored
and possibly unexploited relevance of RUNX1 in PDAC.

Since the apoptosis machinery in PDAC cells retains its func-
tionality (3), the strategy of directly inhibiting prosurvival BCL2
proteins such as the NOXA antagonist MCL1 appears extremely
attractive (46). One of the first selective MCLI inhibitors with
in vivo activity, S63845, showed massive apoptosis induction in
multiple myeloma and acute myeloid leukemia, but many solid
tumors were resistant to S63845 monotherapy (47). Combination
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therapies such as S63845 with the SRC kinase inhibitor Dasatinib
reduced cell viability in PDAC models and even led to a reduction
in metastasis formation (48). These data show that the develop-
ment of new therapeutic strategies, especially with regard to apo-
ptosis evasion for PDAC, is extremely promising in improving the
current clinical regimens. Whether compounds like S63845 syner-
gistically combine with AI-10-49 is currently under investigation.
Unraveling the transcriptional regulation of apoptosis-
associated genes and the interplay of transcription factors, such
as RUNXI1, is important to understand the tumor biology of
PDAC. The development and improvement of compounds that
can inhibit transcription factors, such as the CBFp/RUNXI1
inhibitor used here, perhaps in combination with proteolysis-
targeting chimeras technology (49), could provide new
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approaches for PDAC treatment. Therefore, our mechanistic
work, demonstrating a control of NOXA by a repressive facet
of RUNXI, opens a research direction into potent RUNX1
inhibitors and a way to target this deadly disease.

Data Availability. RNA-Sequencing (cell lines), Chromatin Immunoprecipitation
DNA-Sequencing, Assay for Transposase-Accessible Chromatin using sequencing,
and Chromosome conformation capture-on-chip data are publicly available and
have been deposited in the European Nucleotide Archive (ENA). The data can be
accessed via the website https:/Awvww.ebi.ac.uk/ under accession no. PRIEB39828.
RNAseq (organoids) gene expression matrix is shown in S/ Appendix, Table S5. In
addition, transcriptome data and chromatin immunoprecipitation DNA sequenc-
ing from studies in references 53, 54, 55, and 56 were used.
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