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Abstract

Epigenetic drugs, such as DNA methylation inhibitors (DNMTi) or histone deacetylase inhibitors
(HDACI), are approved in monotherapy for cancer treatment. These drugs reprogram gene
expression profiles, reactivate tumor suppressor genes (TSG) producing cancer cell differentiation
and apoptosis. Epigenetic drugs have been shown to synergize with other epigenetic drugs or
various anticancer drugs. To discover new molecular entities that enhance epigenetic therapy, we
performed a high-throughput screening using FDA-approved libraries in combination with
DNMTi or HDACI. As a screening model, we used YB5 system, a human colon cancer cell line,
which contains an epigenetically silenced CMV-~GFP locus, mimicking TSG silencing in cancer.
CMV-GFPreactivation is triggered by DNMTi or HDACI and responds synergistically to DNMTi/
HDACI combination, which phenocopies TSG reactivation upon epigenetic therapy. GFP
fluorescence was used as a quantitative readout for epigenetic activity. We discovered that 45
FDA-approved drugs (4% of all drugs tested) in our FDA-approved libraries enhanced DNMTi
and HDACI activity, mainly belonging to anticancer and antiarrhythmic drug classes.
Transcriptome analysis revealed that combination of decitabine (DNMTi) with the antiarrhythmic
proscillaridin A, produced profound gene expression reprogramming which was associated with
down-regulation of 153 epigenetic regulators, including two known oncogenes in colon cancer
(SYMD3and KDMS). Also, we identified about 85 FDA-approved drugs that antagonized
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DNMTi and HDACI activity through cytotoxic mechanisms, suggesting detrimental drug
interactions for patients undergoing epigenetic therapy. Overall, our drug screening identified new
combinations of epigenetic and FDA-approved drugs, which can be rapidly implemented into
clinical trials.
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Introduction

Epigenetic alterations play major roles in establishing and maintaining aberrant gene
expression profiles in cancer cells. Epigenetics is defined by molecular mechanisms, such as
DNA methylation, histone modifications, nucleosome occupancy and miRNA, that are
involved in heritable gene expression patterns (1). Advances in epigenetics have revealed the
importance and the diversity of epigenetic proteins encompassing more than 300 enzymes
and regulators (2,3). In cancer, the epigenome is characterized by hundreds of epigenetic
abnormalities occurring at DNA methylation and chromatin levels. These epigenetic
aberrations are caused by altered expression or mutations in epigenetic enzymes and
regulators, which are implicated in unlimited cell proliferation, loss of cell differentiation,
resistance to apoptosis and metastasis (1,4,5). A well-known example of epigenetic
reprogramming in cancer cells is the silencing of tumor suppressor genes (TSG) and the
activation of oncogenes (5). TSG silencing involves promoter DNA hypermethylation and
repressive chromatin marks catalyzed by DNA methyltransferases (DNMTSs) and by histone
deacetylases (HDAC), respectively (5,6).

Targeting epigenetic alterations in cancer cells is a new frontier in drug discovery, which is
referred to as epigenetic therapy. The efficacy of epigenetic drugs, such as DNMT inhibitors
(DNMTI) azacitidine and decitabine or HDAC inhibitors (HDACI) vorinostat, romidespin
and belinostat, has led to their approval as monotherapy, in hematological malignancies (5).
These drugs induce gene expression changes in cancer cells, which results in cancer cell
differentiation, apoptosis and recognition by the immune system (5). Epigenetic drugs, when
used in monotherapy, produce complete responses in a subset of patients and remissions are
generally of short duration (7,8). Strategies are being explored to improve the efficacy of
epigenetic drugs by increasing epigenetic drug specificity and using combination strategies.

It is well known that epigenetic drugs can produce synergistic responses when used in
combination with other epigenetic drugs, chemotherapy, immunotherapy or targeted drugs.
Early preclinical studies have focused on the combination of DNMTi and HDACi which
produced concomitant synergistic reactivation of TSG and anticancer effects (9). The goal of
this approach is to relieve epigenetic silencing mechanisms associated with TSG silencing to
produce a robust epigenetic reprogramming in cancer cells. Several combinations of DNMTi
and HDACI have been identified in preclinical studies and are currently tested in clinical
trials (10,11). With the development of new epigenetic agents targeting histone
methyltransferases, histone demethylases or bromodomains, novel synergistic combinations
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are being explored with DNMTi and/or HDACi (12-15). The combination of epigenetic
drugs with standard chemotherapy, targeted drugs or immunotherapy is also a promising
avenue. The rationale behind these combinatorial treatments is to use epigenetic drugs to
lower apoptotic threshold, reverse drug resistance, or induce immunological responses (16—
19). For example, synergistic combinations were reported with chemotherapeutic drugs
(retinoic acids, cisplatin, carboplatin, and clofarabine); with targeted drugs such as erlotinib;
and with immunotherapy (interleukin-2) (20-26). The potential of epigenetic drugs to
synergize with a variety of anticancer approaches may be related to the high number of
molecular targets associated with epigenetic dysregulation in carcinogenesis (3).

In multifactorial diseases such as cancer, there is strong rationale for the development of
drug combinations over single-drug approaches, where combinational therapies are likely to
be more effective than monotherapy (27). High-throughput screenings (HTS) based on
phenotypic (cytotoxicity) or target-based assays are commonly used in drug discovery.
Despite the availability of HTS approaches that can be used in combinatorial setting, the
majority of HTS studies involve single drug screening, potentially missing the discovery of
positive synergistic drug interactions. Innovative technologies suitable for combinatorial
HTS are needed to accelerate drug development.

A promising strategy for drug development is to screen approved drugs for novel
indications, a process called drug repositioning or repurposing (28). FDA-approved drug
libraries can be used in combinatorial HTS which allows screening a wide diversity of
molecular combinations. Conventional drug discovery takes an average of 13 years prior to
approval and as much as US$ 1.8 billion. Drug repositioning may lead to faster approval and
at lower costs, since FDA-approved drugs have successfully passed costly toxicological
studies and their pharmacodynamic and pharmacokinetic properties are well-characterized.

To perform a combinatorial epigenetic HTS, we used YB5 cell-based system (29,30). This
human colon cancer cell line is derived from SW48 cells, in which a single transgene was
inserted containing green fluorescent protein (GFP) gene. GFPis driven by a
cytomegalovirus (CMV) promoter, which is epigenetically silenced by promoter DNA
hypermethylation and condensed chromatin marked by H3K27 trimethylation and loss of
H3K9 acetylation (29,30). These epigenetic marks result in a stable silencing of GFP
expression in 99.9% of YB5 cells. We previously demonstrated that DNMTi and HDACI
trigger GFP expression, which phenocopies endogenous TSG reactivation induced by
epigenetic therapy (29,30). After DNMT inhibition, GFP expression was dependent on both
promoter DNA demethylation and chromatin gain of active marks (29). HDACi also
reactivate GFP expression by switching chromatin repressive signals into active marks in the
promoter region without changing DNA methylation (30). YBS5 system is a model suitable
for combinatorial HTS since GFP expression responds synergistically to the combination of
DNMTi and HDACI, to a similar extent as endogenous TSG (29). Recently, YB5 cell-based
system was used in a HTS to discover new epigenetic drugs among FDA-approved drug
libraries in monotherapy. We have reported that a dozen of FDA-approved drugs exhibited
unsuspected epigenetic and anticancer effects with promising repositioning potential (31).
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Here, we used YBS5 cells to screen FDA-approved drug libraries in sequential or
simultaneous combination with DNMTi decitabine and HDACI trichostatin A (TSA) (32).
This epigenetic HTS revealed new combinations between DNMTi or HDACi and FDA-
approved drugs that can be rapidly tested into new clinical trials. We described specifically
that one of these combinations produced a profound transcriptome cell reprogramming by
targeting the down-regulation of epigenetic regulators with oncogenic activities in colon
cancer. In addition, the results also revealed a list of FDA-approved drugs that antagonize
DNMTi and HDACI activity, whose interaction should be carefully considered in patients
treated with these epigenetic drugs.

Materials and Methods

Cell-based drug screening system

YBS5 cell-based system was used as a platform for epigenetic drug screening. YB5 cells are
derived from human colon cancer cell line SW48, as previously described (29,30). YB5 cells
were authenticated at MD Anderson Cancer Center genomic core facility by DNA
fingerprinting prior drug screening and validation experiments. YB5 cells have a single
insertion of a DNA hypermethylated cytomegalovirus (CMV) promoter driving green
fluorescent protein (GFP) gene. GFP expression is silenced in >99.9% of YB5 cells because
CMV promoter has more than 90% cytosine DNA methylation, which is embedded into
repressive chromatin with histone deacetylation, histone methylation repressive marks and
nucleosome density around the transcriptional start site. YB5 cell line is cultured in L-15
medium supplemented with 10% fetal bovine serum and grown in log phase in 1% CO»
atmosphere, as previously described (29-31).

FDA-approved drug libraries and drug treatments

FDA-approved drug libraries were purchased at MS Discovery (US Drug collection library
with 1040 drugs) or obtained from the NCI-Developmental Therapeutics Program (Combo
Plate 3948/99 containing 77 drugs, NCI Oncology Drug sets with 89 drugs). A total of 1,206
drugs were screened. Because of redundancy between drug libraries, 1,118 unique FDA-
approved drugs were screened in our libraries (Supplementary Fig. S1). Drugs are dissolved
in DMSO in 96 well-plate format and were kept at —80°C before use. YB5 cells were grown
in log-phase in 96 well-plates and treated with drug libraries (7221) with 3 different schedules
(Fig. 1A). First schedule was a sequential combination with decitabine at 50 nM for 72h
followed by treatment with FDA-approved drugs at 50 uM for 24h prior to flow cytometry
analysis. The second HTS was a simultaneous combination with 50 nM decitabine
concomitantly with FDA-approved drugs at 10 uM for 72h followed by 24h without drug
treatment prior to flow cytometry analysis. The third HTS was a sequential combination of
FDA-approved drugs at 10 uM for 72h followed by HDAC: trichostatin A (TSA) at 0.2 pM
for 24h prior flow cytometry analysis. Drugs and media were replaced every day. The results
were compared with single drug screens with FDA-approved drug libraries (10 uM for 72h
or 24h at 50 uM prior to flow cytometry analysis), as previously reported (31). Each
experimental 96-well plate contained 80 different drug treatments. In addition, we included
in each 96-well plate 16 controls for untreated cells (4 wells), for decitabine in monotherapy
(50 nM, 72h, 4 wells), for TSA in monotherapy (0.2 UM, 24h, 4 wells), and 4 wells of
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sequential combination of decitabine (50 nM, 72h) followed by TSA (0.2 uM, 24h). For
validation purposes, drugs were purchased at Sigma-Aldrich.

Flow cytometry for epigenetic GFP reactivation and data analysis

After drug treatments, YBS5 cells were trypsinized in 96-well plates for 15 minutes and
resuspended in L-15 media containing propidium iodide (PI) to stain for dead cells.
Fluorescence obtained by GFP expression and PI staining were measured by flow cytometry
using BD LSR II flow cytometer with a 96 well-plate adapter. A total of 10,000 cells were
analyzed per well. Validations were performed using Millipore Guava flow cytometer
(EMD, Millipore). All autofluorescent drugs (such as antimalarials) were removed from the
analysis because autofluorescence creates a false positive signal that bleaches into GFP
channel. Autofluoresent drugs were defined as those drugs producing more than 8% of the
cells positive for both Pl and GFP fluorescence, as previously described (31). All screening
data were expressed as a GFP ratio which was calculated as follows: GFP ratio

= GFP fluorescence of drug combination/ e g o eccence of epigenetic drug alone (Either decitabine or
TSA). GFP signals of decitabine or TSA were obtained in the control wells in the same 96-
well plate as the GFP signals obtained for the combination. PI fluorescence was plotted
against GFP ratios to evaluate the effects of cytotoxic drugs in combination with epigenetic
drugs.

Transcriptome, and gene ontology pathway analysis—For transcriptome analysis
by RNA-sequencing, YB5 cells were treated with decitabine at 100 nM for 48h with or
without 50 nM proscillaridin A for an additional 48h. RNA was isolated using Rneasy Mini
Kit (Qiagen). Strand-specific RNA libraries were generated from 1ug of RNA using TruSeq
stranded total RNA with Ribo-Zero Gold (Illumina). Sequencing was performed at Fox
Chase Cancer Center genome facility (Temple University) using single end reads (50bp,
average 50 million reads per sample) on the HiSeq2500 platform from Illumina. Sequenced
reads were aligned to the hg19 genome assembly using TopHat2. Expression level and fold
change of each treatment group was evaluated using edgeR (33). Differentially expressed
genes were defined by at least two-fold change compared to control and a g-value lower than
0.1. Gene ontology analyses were performed using Metascape (34). RNA sequencing data
were deposited in the Gene Expression Omnibus (GEO) database with the accession number
GSE89154.

Statistical analysis

One-way ANOVA was used for statistical analysis and P value was evaluated by the Tukey—
Kramer Multiple Comparison Test. Statistics and graphs were made using GraphPad Prism®
software.

Results

Combinatorial drug screening results

YB5 system was used to screen among 1,118 FDA-approved drugs to discover combinations
that enhances GFP reactivation induced by epigenetic drugs decitabine and TSA. Three
combinations were tested: 7) sequential combination with decitabine at 50 nM for 72h,
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followed by 24h exposure with FDA-approved drugs at 50 uM before flow cytometry
analysis; 2) simultaneous combination for 72h with decitabine (50 nM) and FDA-approved
drugs (10 uM) followed by 24h without treatment prior to analysis; and 3) sequential
combination with TSA, in which YBS5 cells were treated with FDA-approved drugs at 10 uM
for 72h followed by 24h exposure to TSA at 200 nM before flow cytometry analysis (Fig.
1A). Dose and schedule chosen for decitabine and TSA treatments were selected to allow
the detection of synergistic interactions. Low doses of each epigenetic drug alone produced
GFP reactivation in less than 20% of YB5 cells. Their sequential combination produced
synergistic GFP reactivation in around 60% of the YB5 cells (Supplementary Fig. S2A).
Sequential or simultaneous combinations with decitabine have been chosen to discover
drugs that enhance its activity similarly to HDACI (9). Sequential combination with HDACI
was performed to discover new drugs that produce synergistic interaction such as the one
observed with decitabine (9). In this case, cells were treated with drug libraries followed by
TSA. This sequence order was chosen since decitabine treatment followed by TSA produces
synergistic responses (9). The opposite sequence order was not selected since HDACi
followed by decitabine produced antagonistic effects due to HDACi-induced cell cycle
arrest, which blocked the activity of S-phase specific drugs such as decitabine (35,36). For
each drug combination, a GFP ratio was calculated using the percentage of YBS5 cells
expressing GFP in the combinatorial treatment divided by the percentage of YB5 cells
expressing GFP after decitabine or TSA in monotherapy. Positive hits (synergistic) or
negative hits (antagonistic) were determined as drug combinations producing a GFP ratio
above or below GFP ratio of 1 plus or minus 3 standard deviations, respectively (Fig 1B-D).

Sequential HTS with decitabine identified 31 drugs that increased GFP expression induced
by decitabine (up to 4-fold) and 37 drugs that antagonized and even completely abolished its
activity (Fig. 1B). Among top hits, epigenetic drugs azacitidine (DNMTi) and vorinostat
(HDACI) had GFP ratios of 3.75 and 3.31, respectively, which validated our combinatorial
HTS. We identified as positive hits all 4 antiarrhythmic drugs present in the libraries,
belonging to the cardiac glycoside sub-family (ouabain, digoxin, digitoxin and proscillaridin
A) suggesting a class effect. In addition, the combination with arsenic trioxide produced a 3-
fold increase in GFP ratio. Other drug combinations involving several antibacterials and
antidiabetic drugs (phenformin and acetohexamide) induced decitabine activity with a GFP
ratio up to 2.5-fold. Interestingly, out of the 31 positive combinations, 21 drugs (68%) did
not induce GFP reactivation as single treatment, as previously described (31).

In simultaneous combinations with decitabine, 9 drugs increased decitabine effects (up to
2.5-fold), while 69 drugs reduced GFP expression (Fig. 1C). In this combination, all positive
hits, except decitabine did not induce GFP reactivation in our single drug screen (31). The
range of GFP ratio, among positive hits, was between 2.2 to 2.57-fold.

In combination with TSA, GFP expression was induced up to 12-fold by 9 drugs, whereas
30 drugs decreased GFP expression induced by TSA (Fig. 1D). Nine hits were identified,
including decitabine and azacitidine with GFP ratios of 13.27 and 6.69, further validating the
screening system. Among the other 7 hits, 3 anticancer drugs enhanced TSA activity. These
drugs encompassed methotrexate, pemetrexed and sorafenib, which produced GFP ratios
between 2.9 to 4.2. Interestingly, these anticancer drugs did not produce GFP reactivation
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alone in YB5 cells (31). Similarly to the HTS with decitabine, antiarrhythmic drugs,
digitoxin and digoxin enhanced TSA epigenetic activity.

Validation experiments on selected combinations confirmed our HTS results. For instance,
the sequential combination with decitabine and cardiac glycosides (proscillaridin A and
digitoxin) or the anticancer drug arsenic trioxide (Fig. 1 E-F; Supplementary Fig. S2B-C).
All FDA-approved drugs, that enhanced GFP expression induced by decitabine or TSA, are
listed in Table 1. Altogether, these 3 HTS revealed that about 45 FDA-approved drugs
enhanced the activity of epigenetic drugs such as DNMTi and HDACI. Some of these drugs
represent interesting candidates for drug repositioning, particularly, the class of
antiarrhythmic drugs.

Decitabine and proscillaridin A combination reactivated genes associated with calcium
signaling and decreased epigenetic genes with oncogenic activity

To further explore the repositioning potential of antiarrhythmic drugs in combination with
decitabine, we selected the cardiac glycoside proscillaridin A, which was the most active in
our validation experiments (Fig. 1E). To characterize the epigenetic effects of the
combination between decitabine and proscillaridin A, we measured drug-induced
transcriptome changes by RNA-sequencing. First, we defined the optimal experimental
condition by treating YB5 cells with various doses and schedules of decitabine and
proscillaridin A and measured GFP reactivation by flow cytometry. Maximal GFP
reactivation was obtained after the sequential combination of decitabine at 100 nM for 48h
followed by proscillaridin A at 50 nM for 48h (Supplemental Fig. S3). RNA-sequencing was
performed for drug combination, single drug treatments and untreated cells.

Venn diagram analysis on up-regulated genes (fold change >2 and FDR <0.01) showed that
proscillaridin A induced the reactivation of 5,622 genes while decitabine alone reactivated
248 genes (Fig. 2A). The combination produced the reactivation of 5,891 genes which were
mainly caused by the effect of proscillaridin A treatment. Indeed, 87% of the genes (5,159
genes) were shared between the combination and the proscillaridin A treatment. Venn
diagram analysis on down-regulated genes (fold change <0.5 and FDR <0.01) showed a
potent effect of proscillaridin A alone which decreased the expression of 5,277 genes (Fig.
2B). Decitabine decreased only 2 genes in these conditions. The combinatorial treatment
produced a down-regulation of 5,187 genes and the majority of them (95%, 4,928 genes)
were down-regulated by proscillaridin A alone. Therefore, our transcriptome analysis
showed that proscillaridin induced a potent reprogramming, which was mainly driving gene
expression changes in the combination treatment for either up- or down-regulated genes.

To determine the impact of gene expression changes, we performed gene ontology (GO)
analysis using Metascape (34). First, we focused our analysis on up-regulated genes. Among
460 genes specifically up-regulated by proscillaridin A (non-overlapping to other
treatments), Metascape analysis revealed that gene expression involved in metal ion
transport was increased (Supplemental Fig. S4A). In this gene set, we identified a series of
22 up-regulated genes (from 2 to 7-fold), which were associated with GO-Terms associated
with calcium pathways (Fig. 2C; list of GO-Term in Supplementary Table S1). The effects of
proscillaridin A on the calcium signalling were corroborated by our recent report,
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demonstrating that epigenetic changes can be triggered by drugs targeting calcium signaling
(31). Among 693 genes up-regulated (from 2 to 6-fold) specifically by the combination
(non-overlapping to other treatments), Metascape analysis also showed an increase in
expression in calcium ion transport genes. Specifically, 13 genes belonged to GO-Terms
related to calcium pathways, further reinforcing the importance of calcium signaling in the
epigenetic effects triggered by proscillaridin A alone or in combination with decitabine (Fig.
2D; Supplemental Fig. S4B, list of GO-Term in Supplementary Table S1).

Since most of the differentially expressed genes were shared between the treatment of
proscillaridin A and the combination, we asked whether gene expression levels (i.e., fold
changes) would differ between the combination and the treatment with proscillaridin A
alone. We analyzed fold change ratios in gene expression between the combination and
proscillaridin A. Among 5,043 genes, only two genes (ANKRDZ20A12Pand T/IMP3) had a
more than 2-fold expression increase in the combination as compared to the single drug
treatment. Among up-regulated genes shared between the 3 conditions (overlapping genes
between decitabine, proscillaridin A and combination), less than 0.1% doubled their
expression levels in the combinatorial treatments, also confirming that the effects observed
in the combination were mostly driven by the effects of proscillaridin A treatment.

We then focused our analysis on down-regulated genes. Interestingly, the expression levels
of almost half of these genes (2,163 genes) were more down-regulated specifically in the
combination (up to 3.7-fold) as compared to proscillaridin A alone. Metascape analysis
demonstrated that 153 of those were associated with GO-Terms belonging to epigenetic
pathways (list of GO-Term in Supplementary Table S2). Most down-regulated genes
specifically in the combination as compared to proscillaridin A alone belonged to chromatin
modifiers such as INO8OB, HDACS, SMYD3, HMGN3, and KDM8 (Fig. 2E). Interestingly,
SMYD3and KDM8 were recently identified by others as potent oncogenes in colorectal
cancer (37,38). These data highlight the epigenetic component of the combination between
decitabine and proscillaridin A that down-regulates epigenetic pathways specifically
involved in colon cancer development.

Epigenetic activity as single drugs is not a prerequisite to enhance DNMTi or HDACi

We next asked whether minimal epigenetic activity is a requirement for any drug to enhance
epigenetic drug activity. To answer this question, we compared GFP ratios of combination
treatment with decitabine and TSA to the percentage of GFP expressing cells measured in
single drug HTS (31). Cut-off values for GFP positivity in single drug screening was
established at 2.2% of YBS5 cells expressing GFP as previously reported (shown by vertical
grey dotted lines; Fig 3A-C) (31). We found that the number of positive hits in the
combinatorial HTS was equally distributed above and below the cut-off for GFP positivity in
single drug screening suggesting that epigenetic activity is not required for drugs to enhance
DNMTi or HDACI.

In sequential combination with decitabine (31 hits identified), most drugs producing
synergistic GFP reactivation were drugs lacking the ability to induce GFP reactivation in
monotherapy (Fig. 3A). Only 10 drugs (32%) induced GFP activity as single agent, as
previously reported (31). In simultaneous combination with decitabine, all hits (n=9), except
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one (decitabine), did not produce GFP reactivation activity when used in monotherapy (Fig.
3B). In sequential combination with TSA, all 9 positive hits produced synergistic GFP ratio
including 5 drugs, which produced GFP reactivation in monotherapy (Fig. 3C). Two of
those, decitabine and azacitidine were excluded from the graph since their synergistic
interaction with HDACI is well-characterized (29). Interestingly, pre-treatment with 4 FDA-
approved drugs (methotrexate, pemetrexed, bromocriptine mesylate, and sorafenib)
enhanced TSA-induced GFP reactivation but these drugs lacked epigenetic effects in
monotherapy. Therefore, the data showed that synergistic responses obtained in our
combinatorial HTS with decitabine or TSA are achievable by several types of FDA-
approved drugs, where epigenetic activity in monotherapy is not required.

Identification of antiarrhythmic and anticancer drugs that synergize with epigenetic

therapies

We then asked whether we could identify specific drug classes that enhance epigenetic
activities of DNMTi or HDACI. We grouped the drugs by medical classes and compared the
percentage of GFP positive cells in the combination treatments to the single drug screening
previously published (31). In these analyzes, we removed epigenetic drugs contained in the
libraries. In the sequential HTS with decitabine, drug classes producing the most striking
synergistic responses belonged to the antiarrhythmic class, mainly represented by cardiac
glycosides and the anticancer drugs (Fig. 3D). Interestingly, other groups of drugs, such as
antiparasitics, antiinfectives and antidiabetics also produced potent GFP reactivation as
compared to decitabine alone. Synergistic combination in simultaneous HTS with decitabine
was achieved mainly by antiinfective drugs (Fig. 3E). In the combinatorial screen with TSA,
anticancers and antiarrhythmics were drug classes producing synergistic GFP reactivation
(Fig. 3F). In this case, the anticancer drug group encompassed two antifolate drugs
(methotrexate and pemetrexed). Since folate contribute to production of S-
adenosylmethionine, the donor moiety for methylation reactions, it is likely that antifolate
drugs may influence DNA methylation content, thereby enhancing HDACI activity. Overall,
the data suggest that several drug classes, mainly antiarrhythmic and anticancer drugs,
synergize with epigenetic therapy suggesting new possible drug combinations that can be
evaluated in clinical trials.

FDA-approved drugs producing cytotoxicity antagonize DNMTi or HDACIi epigenetic effects

We found that some FDA-approved drugs blocked or interfered the epigenetic effects of
DNMTi or HDACI (Fig. 1 B-D). This observation revealed potential antagonist drug
interactions, which can be deleterious for cancer patients undergoing epigenetic therapy who
are being prescribed several drugs simultaneously. Indeed, the HTS identified a series of 85
drugs that reduced or blocked GFP expression induced by decitabine or TSA (Table 2 and
Supplementary Table S3-5). The use of these drugs in the clinics may decrease the
epigenetic effects of decitabine or TSA in cancer patients.

We analyzed the drugs that decreased GFP expression induced with DNMTi or HDACI by 3
standard deviations. Antagonistic drugs were grouped according to their drug functions. In
sequential combination with decitabine, we identified 7 drug classes that repressed GFP
expression, while 3 classes were identified in simultaneous combination (Fig. 4A-B). In
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sequential combination with TSA, we found 4 drug classes that repressed GFP reactivation
(Fig. 4C). In all three combinatorial drug screens, antibiotics and anticancer drugs were
commonly identified as antagonistic drug classes (Fig. 4A—C, Table 2 and Supplementary
Table S3-S5). Interestingly, in all HTS, 3 drugs, nitrogen mustard, mechlorethamine, and
dactinomycin, completely abolished GFP expression. These drugs belong to the cytotoxic
chemotherapy drug class, which are known to trigger cell cycle block and apoptosis. These
results confirm the notion that drugs inducing cytotoxicity or blocking cell cycle antagonize
the effect of epigenetic drugs (5). The effect of cytotoxic drugs to GFP expressing cells
could be due to a decreased ability to maintain GFP activation or alternatively to an
increased cell toxicity. Since the percentage of GFP positive cells is specifically decreased
when YB5 cells were exposed to cytotoxic drug combinations, it is possible that the
epigenetic treatments reversed some drug-resistance mechanisms causing a lower apoptosis
threshold specifically among GFP positive cell population. Such effects could be beneficial
to cancer treatment by using epigenetic therapy to increase cancer cell sensitivity to
chemotherapeutic agents without causing more side effects.

To further analyze these results, we compared the percentage of dead cells (measured by
propidium iodide staining) obtained after HTS either in monotherapy or in combination.
Average percentage of dead cell was calculated for drug combinations producing GFP ratios
below 3 standard deviations of the average GFP value (referred as low levels of GFP ratio),
above 3 standard deviations of the average GFP value (referred as high levels of GFP ratio)
and between 3 standard deviation limits of the average GFP value (referred as no variation in
GFP ratio) in monotherapy or combinatorial HTS (31). In sequential combination with
decitabine, there was no significant difference in dead cell percentage between single or
combination groups suggesting that toxic drugs in monotherapy can produce synergistic
GFP reactivation in combination with decitabine. Comparison among GFP ratio categories
showed that drug combinations producing low GFP ratios exhibited a significantly high
number of dead cells compared to other groups (£<0.001; Fig. 4D). Similar results were
obtained in the simultaneous combination screen with decitabine, where drug combinations
in low GFP ratio category were significantly more toxic as compared to the groups (~<0.05;
Fig. 4E). However, the percentage of dead cells did not significantly change in the sequential
treatment with TSA following FDA-approved drug treatments (Fig. 4F). Overall, these data
validate in a large drug collection that cytotoxic drugs, such as anticancer drugs or
antibiotics can blunt the epigenetic effects of DNMTi or HDACI.

Discussion

Drug discovery in oncology has focused on the development of single molecular entities
with well-defined mechanism of action. However, cancer treatment is highly dependent on
drug combinations. Thus, combinatorial drug screening is an approach that can be used to
discover new combinations that are more likely to bring clinical benefits for oncology
patients. In order to accelerate drug discovery, screening among FDA-approved drug
libraries, a process called drug repositioning, has been shown to be an effective strategy in
oncology (27). Drug repositioning has several advantages compared to classical drug
development including cheaper, faster and safer preclinical and clinical validation steps (27).
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Here, we described combinatorial HTS using FDA-approved libraries in association with
DNMTi and HDACI to discover new epigenetic drug combinations in colon cancer. We used
YBS cell line system which responds quantitatively to epigenetic drug combinations by the
induction of GFP, as a surrogate epigenetically silenced TSG (29-31). The rationale to target
epigenetic abnormalities in colon cancer is justified by the importance of DNA methylation
alterations (characterized by cases harboring high levels of DNA methylation called CpG
Island Methylator Phenotype) and chromatin alterations in this malignancy (5,39).
Combinations between DNMTi decitabine and antiarrhythmics or anticancer drugs were the
most potent combination in this screen. Particularly, proscillaridin A and arsenic trioxide
produced synergistic GFP reactivation in sequential combination (31). These drug
combinations demonstrate promising activity which should be investigated in clinical trials
against colon cancer. Interestingly, the combination of decitabine with arsenic trioxide is
currently the focus of several clinical trials (NCT00671697, NCT02188706, NCT02190695)
against acute myelogenous leukemia and myelodysplastic syndromes (40). We focused on
the understanding of the epigenomics effects of the combination of DNMTi decitabine and
proscillaridin A. This combination produced a potent epigenetic reprogramming in colon
cancer cells, highlighted by hundreds of differentially expressed genes. Importantly, this
combination is targeting calcium signaling which we previously linked to epigenetic
therapeutic effects (31). In addition, this combination specifically down-regulated around
150 genes involved in epigenetic reprogramming which may explain why thousands of
genes are differentially regulated by the treatment. More precisely, this combination induced
a pronounced down-regulation of epigenetic modifiers with oncogenic properties in colon
cancer such as SMYD3and KDM8 (37,38).

A novel finding arising from these combinatorial HTS is that epigenetic synergy could be
obtained in our model with drug combinations involving FDA-approved drugs lacking
epigenetic activity. This finding paves the way for new epigenetic drug combinations and
justifies our rationale for combinatorial HTS. Interestingly, we also noted that synergistic
GFP reactivation was dependent on cell viability immediately after treatment. Indeed, drug
combinations (at the selected dose level in these HTS) that produced elevated cell kills did
not allow GFP reactivation.

We conclude that combinatorial HTS is a promising strategy for a drug discovery in
oncology. Investigation of FDA-approved libraries in combination with epigenetic drugs
allows us to propose new drug combinations for clinical trials. Here, we have focused on the
combination of decitabine and proscillaridin A, which holds promising effects in down-
regulating oncogenic signals carried by specific epigenetic modifiers in colon cancer. More
studies are needed to explore these epigenetic combinations reported in colon cancer and
other malignancies as a source for new epigenetic drug combinations. Finally, these 3 HTS
also suggest potential detrimental drug interactions that should be carefully considered for
patients treated with epigenetic drugs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Combinatorial epigenetic HTS using FDA-approved libraries with DNMTi or HDACI. A,
Design of HTS testing the combination of FDA-approved drug libraries (DL, time of
treatment and doses are indicated) with DNMTi (decitabine, DAC at 50 nM for 72h) and
HDACI (TSA at 0.2 uM for 24h). GFP fluorescence was used as a quantitative readout for
epigenetic effect and was measured by high-throughput flow cytometry (n<1). GFP ratios
were calculated by the percentage of GFP positive cells obtained after the combinatorial
treatment divided by the percentage of GFP positive cells induced by either decitabine or
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TSA. GFP ratio of 1 marks the baseline epigenetic effect induced either by DAC or TSA
alone (dotted line in bold type). Threshold for synergistic or antagonistic interaction was
determined by the GFP ratios average value +/- 3 standard deviations for each HTS
condition (dotted lines). GFP ratio and number of hits are shown for sequential treatment
with decitabine (B), for simultaneous treatment with decitabine (C), and for sequential
treatment with TSA (D). Validation experiments were performed using YBS5 cells in
sequential combination with decitabine (50nM, 72h) and a 24h treatment with selected hits
such as proscillaridin A (E) and arsenic trioxide (F) at the doses indicated on the graph
(n=3).
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Figure 2.
Reprogramming colon cancer cells by massively down-regulating epigenetic genes. RNA-

sequencing was performed on YB5 cells that were either untreated, or treated with
decitabine (48h at 100 nM), proscillaridin A (48h at 50 nM), or their sequential combination
(n=3). A, Venn diagram analysis of the number of up-regulated genes in treated cells versus
untreated cells. B, Venn diagram analysis of the number of down-regulated genes in treated
cells versus untreated cells. Metascape analysis was performed on both up and down-
regulated gene data sets. C, Fold-changes in expression of genes exclusively up-regulated by
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proscillaridin A and belonging to calcium pathway associated genes by Metascape analysis.
D, Fold-changes in expression of genes exclusively up-regulated by the combination and
belonging to calcium pathway associated genes by Metascape analysis. E, Heat map of
genes specifically down-regulated by the combination as compared to single drug treatment,
belonging to epigenetic pathways by Metascape analysis. Fold-change ratios were calculated
for down-regulated genes shared between proscillaridin A and the combination (n=4,928).
Gene sets with ratio greater than 1 (n=2,146) were analyzed by Metascape. The results show
that 153 epigenetic genes were specifically down-regulated (left panel). Most down-
regulated genes are shown (right panel), which included 2 known oncogenes in colon cancer,
SMYD3and KDMS.
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Synergy between the combination of FDA-approved drugs with DNMTi or HDACI is

obtained regardless of epigenetic activity of FDA-approved drugs in monotherapy. GFP
ratios in each HTS condition were plotted against percentages of YB5 cells expressing GFP
after single drug treatments in A, sequential combination with decitabine; B, in simultaneous
combination with decitabine; and C, sequential treatment with TSA. Horizontal dotted lines
represent levels of 3 standard deviations above and below average GFP ratio in each
screening condition. Vertical dotted lines represent threshold for GFP positivity calculated in
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the single drug screening as previously reported (31). Percentage of GFP positive cells was
expressed by drug classes to compare the combination treatment to the single drug treatment
in D, sequential combination with decitabine; E, simultaneous combination with decitabine;
and F sequential combination with TSA. As a baseline level, vertical dotted lines represent
percentage of GFP positive cells obtained after decitabine (in D and E) and TSA (F)
treatment.
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Epigenetic combinatorial HTS reveals antagonist interactions with 85 FDA-approved drugs.
Blockers of GFP-induction induced by epigenetic drugs were defined as those drugs
producing GFP ratios more than 3 standard deviations below GFP ratio average value in
each HTS condition. Drugs producing antagonistic interaction where grouped according to
their drug classes in A, sequential combination with decitabine, B, simultaneous treatment
with decitabine and C, sequential treatment with TSA. Percentage of dead cells (measured
by propidium iodide staining) was shown for drug combinations with GFP ratios below
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(group name: in Low levels), in between (group name: No variation) and above (groupe
name: High levels) 3 standard deviation intervals. As a control, percentage of dead cells was
shown for the same drugs in the single HTS, as previously published (31). These analyzes
were performed in HTS with D, sequential combination with decitabine, E, simultaneous
combination with decitabine and F, sequential combination with TSA. Statistical analysis
was done by One-way ANOVA followed by the Tukey—Kramer Multiple Comparison Test
(P<0.05).
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Positive hits identified in combination screen with decitabine (sequential and simultaneous treatment) or TSA
(sequential treatment). Drug names, drug function and GFP ratio are shown.

Combination Drug name Drug function GFP Ratio
Sequential Ronnel * Insecticide 4.02
with decitabine
Azacitidine Anticancer, DNA methylation inhibitor 3.75
Ouabain Antiarrhythmic, Na*/K* channel blocker 3.42
Cycloheximide Antipsoriatic, protein synthesis inhibitor 3.39
Proscillaridin Antiarrhythmic, Na*/K* channel blocker 3.37
Lanatoside C Antiarrhythmic, Na*/K* channel blocker 333
Altrenogest ™ Progestin, estrus cycle suppression 3.33
\orinostat Anticancer, histone deacetylase inhibitor 3.31
Butylated hydroxytoluene ™ Antioxidant 3.12
Digoxin Antiarrhythmic, Na*/K* channel blocker 311
Bromperidol * Antipsychotic 3.09
Arsenic trioxide Anticancer 3.08
Terbinafine hydrochloride ™ Antifungal 3.05
Oxybutynin chloride * Anticholinergic 3.00
Tacrine hydrochloride * Anticholinesterase, K* channel blocker 2.98
Digitoxin Antiarrhythmic, Na*/K* channel blocker 2.95
Amoxapine * Antidepressant 2.94
Ethiny! estradiol * Estrogen 2.92
Phenformin hydrochloride ™ Antidiabetic 291
Diloxanide furoate Amoebicide 279
Acetohexamide Antidiabetic 2.72
Oxantel pamoate * Anthelmintic 271
Cyproheptadine * Antipruritic 2.69
Ticlopidine hydrochloride ™ Antiplatelet 2.68
Rolitetracycline * Antibacterial 2.67
Nialamide * Antidepressant 2.67
Rabeprazole sodium * Gastric acid secretion inhibitor 2.64
Toltrazuril * Coccidiostat 2.64
Lamotrigine * Anticonvulsant 2.63
Pyridoxine * Vitamin B6 dietary supplement 2.62
Benzoxiguine * Antiinfective 2.60
Simultaneous Trientine hydrochloride* Chelating Agent 2.57
with decitabine
Decitabine Anticancer, DNA methylation inhibitor 2.51
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Combination Drug name Drug function GFP Ratio
Nitrofurazone Antiinfective 2.49
Nitromide * Antibacterial 2.47
Triclosan ™ Antiinfective 237
Etidronate disodium * Bone resorption inhibitor 222
Netilmicin sulfate ™ Antibacterial 2.22
Arsanilic acid Antibacterial 2.22
Levobunolol hydrochloride ™ Antiglaucoma 221

Sequential Decitabine Anticancer, DNA methylation inhibitor 13.27

with TSA Azacitidine Anticancer, DNA methylation inhibitor 6.69
Digitoxin Antiarrhythmic, Na*/K* channel blocker 5.76
Methotrexate ™ Anticancer 4.26
Pemetrexed * Anticancer 4.9
Bromocriptine mesylate * Antiparkinsonian 3.13
Thiram Antifungal 3.08
Sorafenib ™ Anticancer 297
Digoxin Antiarrhythmic, Na*/K* channel blocker 2.90

Drug names marked by a star (*) indicate drugs without epigenetic activity in monotherapy, as previously published (31).
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Antagonistic hits identified in combination HTS with decitabine (sequential and simultaneous) or TSA
(sequential). Drug names, drug function and GFP ratio are shown. Only top hits are shown in this table.
Complete list of antagonistic drugs is shown in Supplemental Table S3-5.

Combination Drug name Drug function GFP Ratio
Sequential Fluphenazine hydrochloride Antipsychotic 0,00
with decitahine Penfluridol Antipsychotic 0,00
Toremiphene citrate Anticancer 0,00
Hexylresorcinol Antiseptic 0,00
Gentian violet Antibacterial 0,00
Econazole nitrate Antifungal 0,01
Tamoxifen citrate Anticancer 0,01
Thioridazine hydrochloride Antipsychotic 0,01
Selamectin Anthelmintic 0,02
Sertraline hydrochloride Antidepressant 0,02
Perhexiline maleate Coronary vasodilator 0,02
Gramicidin A Antibacterial 0,02
Mefloquine Antimalarial 0,04
Dioxybenzone Sunscreen 0,04
Estradiol valerate Estrogen 0,05
Simultaneous Methylbenzethonium chloride  Antiinfective 0.00
with decitabine Valrubicin Anticancer 0.00
Benzethonium chloride Antiseptic 0.00
Gentian violet Antibacterial 0.00
Dactinomycin Anticancer 0.00
Epirubicin hydrochloride Anticancer 0.01
Mitomycin Anticancer 0.01
Nitrogen mustard Anticancer 0.01
Nilotinib Anticancer 0.02
Gemcitabine hydrochloride Anticancer 0.03
Plicamycin Anticancer 0.03
Cytarabine Anticancer 0.03
Mitoxantrone hydrochloride Anticancer 0.03
Rapamycin Anticancer 0.03
Cladribine Anticancer 0.03
Sequential Valrubicin Anticancer 0.00
with TSA Epirubicin hydrochloride Anticancer 0.00
Dactinomycin Anticancer 0.00
Plicamycin Anticancer 0.02
Mitoxantrone Anticancer 0.02
Teniposide Anticancer 0.09
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Combination Drug name Drug function GFP Ratio
Penicillin V potassium Antibacterial 0.11
Cycloheximide Antipsoriatic 0.15
Oxymetazoline hydrochloride ~ Nasal decongestant 0.17
Bortezomib Anticancer 0.17
Fuchsin N Anthelmintic 0.18
Mechlorethamine Anticancer 0.19
Nitrogen mustard Anticancer 0.19
Mepenzolate bromide Anticholinergic 0.20
Benzethonium chloride Antiseptic 0.23
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