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Abstract

Advances in treatment strategies together with an earlier diagnosis have considerably

increased the average survival of cancer patients over the last four decades. Nevertheless,

despite the growing number of new antineoplastic agents introduced each year, there is still

no adequate therapy for problematic malignancies such as pancreatic, lung and stomach

cancers. Consequently, it is important to ensure that existing drugs used to treat other types

of cancers, and potentially other diseases, are not overlooked when searching for new che-

motherapy regimens for these problematic cancer types. We describe a screening approach

that identifies chemotherapeutics for the treatment of lung and pancreatic cancers, based

on drugs already approved for other applications. Initially, the 1280 chemically and pharma-

cologically diverse compounds from the Prestwick Chemical Library® (PCL) were screened

against A549 (lung cancer) and PANC-1 (pancreatic carcinoma) cells using the PrestoBlue

fluorescent-based cell viability assay. More than 100 compounds from the PCL were identi-

fied as hits in one or both cell lines (80 of them, being drugs used to treat diseases other

than cancer). Selected PCL hits were further evaluated in a dose-response manner. Promis-

ing candidates for repositioning emanating from this study include antiparasitics, cardiac

glycosides, as well as the anticancer drugs vorinostat and topotecan.

Introduction

Cancer is amongst the world´s leading causes of death, with the greatest economic impact

from premature death and disability from all causes of death worldwide [1,2]. The term cancer

is given to a collection of diseases characterized by the uncontrolled growth and spread of

abnormal cells, and includes hundreds of subtypes that differ dramatically in incidence and

prognosis [3,4]. Over the last few decades improvements in treatment strategies, together with

an earlier diagnosis, have significantly increased the average survival of cancer patients [5,6].

Nevertheless, there is a wide variation in response rates between cancer types, with, for exam-

ple, the predicted ten-year net survival for patients diagnosed during 2010–2011 in the UK
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ranging from 98% for testicular cancer to just 1% for pancreatic cancer (S1 Fig) [6,7]. Despite

the increasing number of new anticancer drugs introduced each year [8], no adequate therapy

exists for problematic malignancies such as pancreatic, lung, brain and stomach cancers. Con-

sequently, it is important to ensure that existing drugs used to treat other types of cancers, and

potentially other diseases, are not overlooked when searching for new chemotherapy regimens

for these problematic cancer types.

Drug discovery and development frequently employs high-throughput screening (HTS) of

libraries that may contain several hundreds of thousands of compounds typically covering the

commercially available chemical diversity. HTS has had a low success rate in discovering drugs

de novo as primary hits often have poor bioavailability or toxicity profiles [9]. As a result,

recent HTS approaches include the use of approved (marketed) drugs libraries to identify new

biological activities that could lead to repositioning of the compound (also referred as drug

repurposing) [10]. Examples include the selective optimization of side activities (SOSA)

approach [11] where a set of approximately 1000 structurally and therapeutically diverse, well-

characterized drug molecules is screened for activity towards new pharmacological targets.

Subsequently, the hits are rationally modified to amplify the new activity and reduce or elimi-

nate other pharmacological effects, transforming the newly observed ‘side activity’ into the

main effect. An advantage of this approach is that all identified hits are compounds with con-

firmed safety and bioavailability in humans, potentially leading to lower costs with subsequent

clinical development, shorter approval times and higher approval rates [9,10]. Compound

libraries have also been screened against comparatively complex 3D cell culture systems that

mimic the tumor microenvironment [12,13].

A number of chemotherapy regimens are available for treatment of lung cancer [14,15],

however, it is among the top five cancers with the lowest 5-year survival rate [4,16]. Pancreatic

cancer is one of the most deadly malignancies with a 5-years survival rate of only 2.4%

[4,7,17]. Surgical resection offers the only potentially curative treatment, but in the majority of

the cases the disease is inoperable at the time of diagnosis and chemotherapy remains the stan-

dard-of-care in most countries [15,17]. Consequently, we used a cell based HTS assay to iden-

tify new potential chemotherapeutics for the treatment of problematic cancers, i.e. lung and

pancreatic, based on drugs already approved for other applications. In this article we disclose

the outcome of these screening studies and show that there are several promising drugs

approved to treat other diseases that should be considered for repositioning.

Results and discussion

Screening assays

The 1280 chemically and pharmacologically diverse compounds (ca. 90% being FDA-

approved drugs) from the Prestwick Chemical Library (PCL) [18] were screened against che-

moresistant non-small lung cancer (A549) and pancreatic carcinoma (PANC-1) cell lines.

Experiments were conducted in 384-well format in reverse mode (PCL compounds were dis-

pensed on the plates before seeding of the cells) due to the high amount of compounds to be

screened in multiple conditions and the semi-automation required. The anthracycline cyto-

toxic antibiotic doxorubicin hydrochloride (DOX, S2 Fig) was used as a representative positive

control from the PCL as it exhibits a broad spectrum of activity. DOX is a cell-cycle non-spe-

cific chemotherapeutic agent with multiple reported mechanisms of action and it is used in

various combination chemotherapy regimens for the treatment of a wide range of cancers

[15,16,19,20]. Moreover, its cytotoxic effects are usually exhibited at relatively low concentra-

tions, i.e. IC50 values are typically in the low micromolar to nanomolar range [21,22]. The

screening window coefficient (Z’-factor) was used as an indicator for assay development and
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optimization (i.e. setting of cell number, exposure time, volumes used, etc.) and as a statistical

tool for the assay quality assessment [23]. The quality of the assay was considered sufficient for

screening and automation when Z’ >0.5.

Short incubation times (e.g. 24 h) tend to be preferable for cell-based HTS assays, however,

due to the slow growth rate of the A549 and PANC-1 cell lines with population doubling times

(PDT) of�20 h and their high resistance to known chemotherapeutics, the assays were opti-

mized with incubation times of 50 h for the A549 cells and 72 h for the PANC-1 cells. The

Presto Blue fluorescent-based cell viability assay was selected as readout for the screens due to

its simplicity, sensitivity, high experimental efficiency and performance [24]. It represents a

valuable, HTS-compatible alternative to the widely used MTT colorimetric assay [25].

The PCL was tested initially at a fixed concentration of 10 μM with DOX taken as a positive

control and an equivalent volume of DMSO was used as negative control (see Fig 1 for the

plate layout). The results from the screens were normalized to the controls for every plate and

presented as HTS scores, where a score of 0 corresponds to the average fluorescence intensity

of the negative control wells (and denotes no cytotoxic activity) and a score of 1 to that of the

positive control wells, and indicates very active compounds (see Fig 1 for an example of the

screening outcome from a 384-well plate). Hit compounds (or PCL hits) were identified and

statistically validated when their HTS scores are higher than the average of the negative con-

trols + 3 x SD. The primary scores for the PCL hits are based on the mean from three indepen-

dent experiments, each performed in duplicate (averaged HTS scores are listed in S1 and S2

Tables).

The hit compounds found during the primary screen were subjected to an additional (con-

firmation) screen, employing the same experimental protocol used for the primary screen,

where primary hits with score >0.7 were re-tested at a lower concentration (0.83 μM, instead

of 10 μM).

Comparative analysis and classification of hit compounds

Most of the identified PCL hits showed similar potency in both cancer cell lines, appearing

around the mid-line of Fig 2. Nevertheless, somewhat fewer hits were found for the PANC-1

cells (52 hits, versus 98 hits for A549 cells), presumably as it is a more chemoresistant cancer

Fig 1. Schematic of the HTS assay representing a 384-well screening plate (left) and the respective data evaluation and visualization after

normalization (right). First two columns (pale blue): negative control (0.1% DMSO; no drug added); Last two columns (green): positive control (DOX, 10 μM,

final DMSO concentration 0.1%); Middle columns (dark blue) test compounds (PCL drugs, 10 μM, final DMSO concentration 0.1%, 1 well/compound, 320

compounds/plate). The full PCL can be processed on four plates. Cell suspension (A549 cells shown here) is added to every well. The Z’-factor for plate

validation is calculated using the fluorescence signals of the control wells (the green and blue shaded areas on the right side denote the average ± 3 x SD of

the negative and the positive controls, respectively). In this example a Z’-factor of 0.747 is suitable to validate the plate.

doi:10.1371/journal.pone.0171052.g001
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cell line [15,17,21]. In addition, less active hits (with HTS scores <0.4) could not be detected in

PANC-1 cells due to the narrower separation bands of the assay for this cell line.

Anticancer drugs. One of the most active class of compounds identified during the

screens are cytotoxic antibiotics, including the positive control DOX, with mean scores>0.9

in both cell lines (Fig 2). Re-testing these compounds at a 10-times lower concentration during

the confirmation assay resulted in decreased scores (0.45–0.7). Like doxorubicin, daunorubi-

cin is an anthracycline and this group of compounds rank among the most effective anticancer

drugs with activity against a wide range of tumors [15,19]. Both compounds have been trialed

in various anticancer combination therapies [26,27] and doxorubicin is included in some non-

platinum based regimens for treatment of lung cancer [14,16]. Doxorubicin and daunorubicin

were tested in a dose-response manner resulting in IC50 values in the range 0.3–0.5 μM in both

cell lines (see below), demonstrating the potential of these compounds as chemotherapeutics

for the treatment of these cancers.

Several anticancer drugs from the group of the antimetabolites, i.e. pyrimidine and purine

analogues, were identified as hits against the A549 cells during the screening with HTS scores

ranging from 0.3 to 0.7. Subsequent dose-response studies revealed IC50 values in the submi-

cromolar range for cladribine, cytarabine and gemcitabine. Antimetabolites are S-phase spe-

cific chemotherapeutic agents, which interfere with key steps in cellular metabolism, e.g. DNA

and RNA synthesis, and show activity against various malignancies [16]. Gemcitabine is a

pyrimidine antimetabolite used as a single agent and in combination chemotherapy, most fre-

quently with platinum drugs, for the treatment of both lung and pancreatic cancers [14]. How-

ever, as with most of the pyrimidine antimetabolites identified as hits in the A549 screens,

gemcitabine did not appear as hit in the PANC-1 screens.

Other anticancer drugs identified as hits during the screens include plant-derived agents,

i.e. taxanes and camptothecines, protein kinase inhibitors (only in A549 cells) and vorinostat.

The plant alkaloids paclitaxel and docetaxel displayed HTS scores of ca. 0.7, which were

retained also in the low concentration setting of the confirmation screen. Both compounds

demonstrated cytotoxic effects at very low concentration with IC50 <0.05 μM (see below) in

accordance with literature data [22,28]. Paclitaxel and docetaxel are both in the taxane family

of antineoplastic drugs, which act as mitotic inhibitors (targeting the microtubules) and are

applied in the chemotherapy of various cancers, including NSCLC and SCLC, [14] and are

undergoing clinical trials for treatment of pancreatic cancer [17]. Other mitotic inhibitors, i.e.

colchicine and podophyllotoxin, not currently used in cancer therapy, were also detected as

hits with scores of ~ 0.9 and ~ 0.7 in A549 and PANC-1 cells, respectively. Camptothecine and

its more water-soluble semi-synthetic derivative topotecan were identified and confirmed as

hits in both cell lines, with higher HTS scores obtained in the A549 cells. These compounds act

as topoisomerase I inhibitors and are used to treat lung (amongst other) cancers alone and in

combination with cisplatin or carboplatin [14,15].

The histone deacetylase (HDAC) inhibitor vorinostat used for the treatment of cutaneous T

cell lymphoma showed strong activity in A549 cells (HTS score>0.9) and only moderate activ-

ity in PANC-1 cells (HTS score ~ 0.4) in the initial screen. Several studies for the activity of

this relatively new anticancer drug, as well as of other HDAC inhibitors, against pancreatic

and lung cancer cells were reported during the last decade [29–32]. Vorinostat is currently

undergoing clinical trials for lung and pancreatic cancers [33,34]. The protein kinase inhibitors

Fig 2. PCL compounds identified as hits in A549 and/or PANC-1 cells, plot based on their mean scores from the

primary screens. A) all PCL hits; B) only hits which are used as antineoplastic drugs. Hits identified in only one of the cell

lines are plotted and their score on the other is taken for zero. For all the names of the hit compounds, score values and

pharmacological classification see S1 and S2 Tables.

doi:10.1371/journal.pone.0171052.g002
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erlotinib and gefitinib, used in the treatment of lung and pancreatic cancers [14,35] displayed

only moderate scores (0.35–0.45) in the A549 cells and were not detected as hits in PANC-1

cells.

PCL hits of compounds not used to treat cancers. Antiparasitic compounds represent the

largest collection of drugs used to treat diseases other than cancer that were identified as hits,

with HTS scores ranging between 0.3 and 1 (Fig 2 and S3 Fig). Most are benzimidazole anthel-

mintic drugs, e.g. parbendazole, mebendazole, albendazole, etc., which were confirmed as hits

also at the lower concentration setting. The anticancer properties of mebendazole (amongst

other anthelmintics) have been demonstrated in various pre-clinical studies across a number of

different cancer types, including colon cancer, neuroblastoma, chemoresistant melanoma and

NSCLC [36–40]. Mebendazole is currently under investigation in two clinical trials against brain

tumors [41,42]. Here we show that anthelmintics are also cytotoxic to pancreatic and lung cancer

cells. Other non-benzimidazole antihelmintic drugs identified in the screens, which may also be

of interest for further studies as anticancer agents, include pyrvinum pamoate, hycanthone and

niclosamide. Recent studies revealed the ability of pyrvinium pamoate to inhibit the growth of

human pancreatic and colon cancer cells under hypoglycemic/hypoxic conditions [43,44].

Cardiac glycosides (digoxin, lanatoside C, proscilaridin A) and their aglycones (digoxi-

genin, digitoxigenin) exhibited strong cytotoxic effects (HTS score� 0.9) in both A549 and

PANC-1 cells. The activities of the cardiac glycosides remained high (score� 0.9) also when

tested at a lower concentration (0.83 vs. 10 μM) in the confirmation screen, whereas their agly-

cones showed slightly lower scores (see S1 and S2 Tables) and IC50 values between 0.2 and

0.5 μM. Cardiac glycosides are a group of naturally derived and semi-synthetic compounds

with cardiotonic and antiarrhythmic properties, acting via inhibition of the cell membrane-

bound Na+/K+-ATPase [45]. Some of them, for example, digoxin (S4 Fig), are used in cardiol-

ogy for the treatment of congestive heart failure and atrial arrhythmias. There are several

reports on the cytotoxicity of cardiac glycosides in different cancer cell lines, as well as clinical

analysis and epidemiological evidence, supporting their antineoplastic effects [45–47]. Their

cytotoxicity against A549 and PANC-1 was described recently as well, and IC50 values in the

range 0.02–0.06 μM for A549 cells (48–72 h of incubation) and 0.2–0.4 μM for PANC-1 cells

(48 h of incubation) were reported [48–50]. Moreover, the selectivity of cardiac glycosides

towards cancer cells, compared to normal cells, has been observed [51], and different hypothe-

ses for the mechanism of their anticancer activity have been investigated [45,47,48,52]. Bioin-

formatics studies suggest that the cytotoxicity of cardiac glycosides is mediated by a common

mode of action different from those recognized for the known classes of anticancer drugs [46].

A limitation for their potential as anticancer drugs is their narrow therapeutic indices and low

maximum tolerated doses, resulting in maximal reachable plasma concentrations below their

IC50 values [46]. Nevertheless, some clinical evidence suggests that the doses of cardiac glyco-

sides required for cancer treatment may be similar (or even lower) than the therapeutic plasma

concentrations found in cardiac patients treated with these drugs [45]. Therefore, cardiac gly-

cosides and their aglycones warrant further studies as anticancer drug candidates, especially

for cancers with a high chemoresistance.

Several antiseptics and disinfectants were also identified as hits with pronounced activity

(HTS scores> 0.9) in both cell lines. However, these hits could not be confirmed at the

10-times lower concentration setting and they are most likely characterized by an “all-or-

none” effect, with their pronounced cytotoxic effects possibly resulting from nonspecific

(multiple) modes of action. Similarly, high scores in both cell lines were obtained for tega-

serod, auranofin and verteporfin at 10 μM doses (S5 Fig), but were not confirmed at 0.83 μM.

Tegaserod is a partial 5-HT4 agonist used against constipation and for the management of irri-

table bowel syndrome [15]. Verteporfin is a benzoporphyrin photosensitizer clinically used for
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the treatment of age-related macular degeneration [15]. Its potential as photosensitizer for

photodynamic therapy of locally advanced pancreatic cancer was recently demonstrated in

phase I/II clinical study [53]. The gold complex auranofin is used clinically for the treatment of

rheumatoid arthritis and its activity against different cancer models (including a subset of

NSCLC cell lines) has been reported [54–56]. It is currently undergoing clinical trials for treat-

ment of leukemia, as well as of some advanced solid tumors [57]. The subsequent dose-

response analysis of auranofin revealed a moderate cytotoxicity with IC50 values of 6.65 and

2.25 μM in A549 and PANC-1 cells, respectively, with a very steep dose-response curve in

A549 cells, which potentially reduces its utility as an anticancer agent. Nevertheless, its higher

potency against the more chemoresistant PANC-1 cell line warrants attention, particularly

given the poor success of existing treatment regimens for pancreatic cancer.

Over twenty corticosteroid drugs were detected as hits (with moderate scores 0.3–0.6), in

the A549 cells. None of these compounds were identified as hits in the PANC-1 cell screens.

Corticosteroids (e.g. prednisolone, methylprednisolone, dexamethasone) are used in combina-

tion chemotherapy for treatment of different type of cancers [58]. Following dose-response

studies only marginal and dose-independent effects in A549 cells for the corticosteroid hits

were observed.

Statins (e.g. fluvastatin, simvastatin) were identified as potential candidates for reposition-

ing for the treatment of lung cancer with HTS scores of ca. 0.5–0.6 and IC50 values around

12 μM in A549 cells. A number of other compounds (e.g., haloprogin, suloctidil, terfenadine)

were identified as hits with high to moderate scores in one or both cell lines, but showed high

variability in the response during the screens and/or the dose-response studies, often com-

bined with an “all-or-none” effect. Further details are provided in the Supporting Information

(S1–S4 Tables, S5 Fig).

Dose-response analysis of selected PCL hits

The cytotoxicity of representative PCL hits from the different classes was further investigated

in dose-response assays to afford IC50 values (see Table 1, S3 and S4 Tables). The tested com-

pounds showed diverse cytotoxicity with IC50 values ranging from 0.01 to 26 μM in the two

cell lines. The most active compounds, with IC50 values <1 μM, are camptothecine, daunoru-

bicin, doxorubicin, topotecan, cladribine, cytarabine, digoxigenin, epirubicin, gemcitabine,

mebendazole and paclitaxel for the A549 cells and daunorubicin, doxorubicin, docetaxel and

digitoxigenin for the PANC-1 cell line. The corticosteroid drugs, namely fludrocortisone ace-

tate, flumethasone, hydrocortisone base and prednicarbate, exhibited only marginal, dose-

independent cytotoxicity in A549 cells, failing to reach 50% inhibition of cell viability in the

concentration range tested (0.8–100 μM).

Some PCL hits, which showed high scores during the screens displayed steep dose-response

curves (hill slope >3) with a very narrow concentration window between being inactive and

completely inhibiting cell viability. Examples of compounds that behave in this way are aura-

nofin and haloprogin in the A549 cells and β-escin, suloctidil, terfenadine and thiostreptone in

the PANC-1 cells line (see S3 and S4 Tables). With β-escin, haloprogin, suloctidil, auranofin,

digoxigenin, a large variation of the cell response was also observed (Fig 3A) leading to a high

SDs, and consequently these compounds were not considered further. At least in some cases

the variation in cell response could be attributed to the low water solubility of the compound

tested. Precipitation in the wells after cells seeding was observed, e.g. for pyrvinium pamoate,

terfenadine, haloprogin and thiostrepton at higher concentrations.

Not all of the active compounds with IC50 <1 μM were able to completely inhibit cell viabil-

ity at high doses. The dose-response curves of taxanes and some of the antimetabolites

Repositioning approved drugs for the treatment of problematic cancers using a screening approach
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Table 1. Cytotoxicity (expressed as IC50 values) of selected PCL hits in A549 and PANC-1 cells in comparison with platinum-based drugs com-

monly used in treatment regimens for both lung and pancreatic cancers.

PCL drug IC50 [μM]a

A549 PANC-1

Auranofin 6.65 (6.17–7.17) 2.26 (2.00–2.54)

Camptothecine(S,+) 0.15b (0.11–0.19) 0.96 (0.78–1.17)

Daunorubicin.HCl 0.34b (0.26–0.43) 0.26b (0.18–0.37)

Doxorubicin.HClc 0.26b (0.21–0.35) 0.46b (0.32–0.61)

Haloprogin 8.40 (7.64–9.23) 6.43 (5.23–7.91)

Topotecan 0.67b (0.50–1.01) 2.54b (1.16–5.54)

Vorinostat 2.32 (1.94–2.75) 10.93 (9.37–12.75)

Cladribine 0.88b (0.79–0.99) n.d.

Cytarabine 0.43b (0.32–0.59) n.d.

Gemcitabine 0.021b (0.017–0.024) n.d.

Digitoxigenin n.d. 0.18 (0.15–0.20)

Digoxigenin 0.59b (0.49–0.72) n.d.

Fluvastatin Na 11.98 (10.83–13.25) n.d.

Hycanthone n.d. 5.08 (4.22–6.11)

Mebendazole 0.65 (0.50–1.03) n.d.

Docetaxel n.d. 0.019b (0.008–0.032)

Paclitaxel 0.011b (0.009–0.014) n.d.

Cisplatin 5.03 (3.17–7.98) 22.48 (19.69–25.67)

Carboplatin 49.50 (23.37–104.9) 180.3b (121.3–267.9)

Oxaliplatin 1.41b (0.829–2.40) 4.19b (3.28–5.36)

n.d. = not determined.
a 50% inhibitory concentrations with the respective 95% confidence intervals shown in brackets, obtained by the PrestoBlue assay after exposure times of

72 h; compounds were tested at a minimum of 8 concentrations, 4 replicates per concentration level.
b The lower part of the curve was constrained to 0.
c IC50 values obtained from the preliminary experiments (performed in 96-well format).

doi:10.1371/journal.pone.0171052.t001

Fig 3. Concentration-effect curves (means ± SD) for auranofin (A), daunorubicin and cytarabine (B) in A549 cells (PrestoBlue fluorescence

assay, 72 h exposure). Curves fitting and graphs were prepared using GraphPad Prism 6.

doi:10.1371/journal.pone.0171052.g003
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plateaued at fa� 0.8, i.e. cell viability reduced by 80% (see Fig 3B). This finding is in accor-

dance with the phase-specific mode of action of taxanes and antimetabolites, which are known

to be predominately cytostatic, and are only able to induce cell death in a specific part of the

cell cycle [16]. In contrast, non-phase dependent cytotoxic drugs (e.g. daunorubicin) inhibit

cells viability exponentially with increasing dose and are toxic to cycling cells and those in the

G0 phase [16].

Conclusions

The PCL containing 1280 drugs and drug-like molecules was screened against A549 and

PANC-1 cells providing a list of compounds that could be active against highly problematic

lung and pancreatic cancers. More than 100 compounds from the PCL are cytotoxic against

one or both of these cells lines and, of them, 80 are drugs used to treat diseases other than can-

cer. The detection of anticancer drugs, which are successfully applied in the chemotherapy of

lung cancer (e.g. gemcitabine, paclitaxel), as hits in A549 cells, demonstrates the applicability

and credibility of the screening approach. Furthermore, some of the non-anticancer drugs that

were identified as hits have already been repositioned in cancer chemotherapy and are under-

going clinical trials. Verteporfin, for example, has been shown to be a safe and effective agent

for photodynamic therapy of locally advanced pancreatic cancer in phase I/II study [53]. Sev-

eral promising drug candidates emanating from this study, which have the potential to be

repositioned, include the antiparasitcs mebendazole, albendazole and hycanthone and the car-

diac glycosides and their aglycones. Moreover, some anticancer drugs, which are currently not

used in the treatment of lung and pancreatic cancers, were identified as potential candidates

for these diseases (e.g. topotecan for pancreatic cancer, vorinostat for lung cancer).

It should be noted that dose-response experiments revealed that some of the very active hit

compounds, e.g. auranofin, terfenadine, suloctidil and some of the antiseptics, should probably

not be considered as promising anticancer drug candidates due to their very steep dose-

response curves (a very narrow concentration window between no activity and complete inhi-

bition of cell viability) and/or high variability in cell responses. Nevertheless, several new inter-

esting lead compounds have been identified that warrant further evaluation as anticancer

compounds, in particular for chemoresistant tumors.

Materials and methods

Compounds

The PCL was purchased from Prestwick Chemicals (Washington, DC) and comprises 1280

molecules, supplied as 10 mM stock solutions in DMSO. Compounds were stored in the dark,

at– 20˚C under dry air, using an automated storage system and their chemical integrity was

controlled regularly by RP-HPLC, coupled to ESI-MS and CAD detector.

Cell lines and culture conditions

A549 (human non-small cell lung adenocarcinoma) and PANC-1 (human pancreatic adeno-

carcinoma) cell lines were purchased from ATCC and were used between passage numbers 10

and 35. All cell culture media, buffers and reagents were obtained from Gibco Life Technolo-

gies. Cells were grown as adherent monolayer cultures in 75 cm2 culture flasks (TPP) without

antibiotics using the following growth media, supplemented with 10% heat-inactivated fetal

bovine serum (FBS, Invitrogen 10101–145): Dulbecco’s Modified Eagle medium/F-12 Nurient

mixture (Ham) (DMEM/F-12 + GlutaMAX™, 31331–028) for A549 cells and Dulbecco’s Modi-

fied Eagle’s Medium (DMEM, high glucose, GlutaMAX™, Pyruvate; 31966–021) for PANC-1
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cells. Cultures were maintained in an incubator at 37˚C in a humidified atmosphere contain-

ing 5% CO2 and 95% air.

Cells were subcultured 2 to 3 times per week. Briefly, the cells were harvested with Trypsin

0.05%-EDTA (Life Technologies 25300062) and diluted with growth medium (1:3 to 1:5 for

PANC-1 cells, 1:5 to 1:20 for A549 cells). Cells used for the assays were harvested from culture

when the level of confluence was between 60% and 80%, while cell viability was > 90%.

Screening assays development

Preliminary studies for the HTS assay development, optimization and validation for both cell

lines were performed in 96-well plates (sterile, transparent, F-bottom, with lid, Cellstar 655

180), prior to upscaling to the 384-well plate format required for the screening. First, the

growth kinetics and metabolic activities of the cell lines were estimated. The cells were seeded

as dilution series from 2000 to 15 000 cells/well and incubated for periods from 24 to 120 h.

Subsequently, dose-response studies of the cytotoxicity of doxorubicin hydrochloride were

performed for different drug incubation times (i.e. 24, 48, 72 and 96 h). Drugs solutions (10 μl/

well) and cell suspensions (90 μl/well) were added manually or by means of a multidrop dis-

penser (Thermo Scientific Multidrop Combi) into 96-well plates. In all experiments the Presto-

Blue fluorescence assay for cell viability determination was used as a final read-out.

Cell viability determination using the PrestoBlue fluorescence assay

After the respective drug exposure times, 10% final PrestoBlue (Life Technologies, Switzer-

land) was added to each well and the plates were returned to the incubator for 1 h. The fluores-

cence intensity (bottom-read) was measured using a multiwell plate reader (Tecan Infinite

F500) at excitation 560/10 nm, emission 590/10 nm and a fixed gain.

Z’-factor determination as an estimation of the assay quality

Assay quality for the different experimental setups in 96- and 384-well format was estimated

by determining the Z’-factor using DOX as a positive control and DMSO as a negative control.

The Z’-factor was calculated according to the formula: Z’ = 1–3(SDpos + SDneg)/|Avpos−Avneg|,

where SD and Av are the standard deviation and the average, respectively, of the fluorescence

signals of the negative and positive control wells [23].

For final optimization and quality evaluation of the HTS assays, the so-called Z’-plates (in

384-well format) were prepared using half the plate as a negative control (DMSO, 0.1%) and

the other half as a positive control (10 μM DOX with DMSO, 0.1%), see S6 Fig. Cells were

seeded into the Z’-plates and different experimental setups (e.g. cell number, incubation time,

etc.) were tested using the PrestoBlue fluorescence assay and subsequent Z’-calculation. The

Z’-factor was also determined for every screen plate in all the assays, based on the controls,

located in the first and last columns of the plates, in order to verify the screening assay quality

and validate each plate of the screen.

Primary HTS assay protocol

The compounds from the PCL were dispensed into sterile, basic flat-bottom, culture-treated,

transparent, barcoded 384-well plates (Corning 3701), using an acoustic liquid handler Echo

550 (Labcyte Inc. Sunnyvale, CA). Each drug was added once (one well per compound), vol-

ume 30 nl, yielding a final concentration of the compound of 10 μM and final DMSO concen-

tration of 0.1%. The first two columns of every plate were used as negative control (no PCL

drug added) and filled with an equivalent volume of DMSO (30 nl/well) while the last two
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columns were filled with doxorubicin (10 μM with DMSO, 0.1%) for the positive control (see

Fig 1 for the plate layout). Cells were harvested by tripsinization and seeded in complete

growth medium into the plates in volumes of 30 μl/well using a multi-drop dispenser (Thermo

Scientific Multidrop Combi) at medium speed. A seeding density of 2000 cells/well was used

for both A549 and PANC-1 cells to ensure exponential growth of untreated controls through-

out the experiment and a satisfactory quality of the assay (Z’>0.5). After a post-plating incuba-

tion step at room temperature for 20 min, which ensures a more homogeneous repartition of

the cells at the bottom of the wells, plates were transferred to an incubator (37˚C, 5% CO2,

saturated moist atmosphere) for 50 h (A549 cells) or 72 h (PANC-1 cells). The PrestoBlue fluo-

rescence assay for cell viability determination was used as a final read-out for the screen as

described above. Data was normalized according to the fluorescence signals of control wells

located in the first two and last two columns of every plate and presented as HTS scores, where

a score of 0 was assigned to the average fluorescence intensity of the negative control wells

and 1 to that of the positive control wells. PCL compounds with HTS scores higher than the

average of the negative controls + 3 x SD were classified as ‘Hit compounds’. An in-house Lab-

oratory Information Management System (LIMS) was used for basic data processing, manage-

ment, visualization and statistical hit validation.

Screening of PCL in each of the cell lines was repeated three times (each time in duplicate),

ensuring in total six wells per compound and primary hit scores were calculated as

average ± SD.

Confirmation screening

The hit compounds from the primary screening assay were dispensed (cherry picked) into

384-well plates using the acoustic liquid handler Echo 550 (Labcyte Inc. Sunnyvale, CA). Com-

pounds were added in volumes of 30 nl or 2.5 nl (for hits with scores> 0.65 in the primary

screen) to give final concentrations of 10 μM or 0.83 μM, respectively. All conditions were

assayed in duplicate. The plate layout was redesigned to accommodate the lower number of

samples and avoid the edge effect (no controls or compounds in the edge wells). Cell seeding,

incubation, cell viability determination and data evaluation were as described for the primary

screening.

Hits dose response studies and IC50 determination

Selected PCL compounds were further tested for their cytotoxicity in a dose-response manner

in 384-well plates using the PrestoBlue fluorescence assay. Compound dilution series (dilution

factors 1:2 or 1:3) were generated using an Echo dispenser. Compounds were tested at a mini-

mum of 8 concentrations, with 4 replicates per concentration (i.e. 2 wells/plate, every plate in

duplicate). Cells were seeded in volumes of 30 μl/well (using a multi-drop dispenser) at seeding

density of 2000 cells/well for PANC-1 cells and 1250 cells/well for A549 cells. Incubation time

was set to 72 h for both cell lines in order to simplify comparison. Dose-response curves and

IC50 determination were generated by using the in-house developed software within LIMS

based on four-parameters nonlinear regression (variable slope) model with a fixed bottom (0

effect), when necessary.

Supporting information

S1 Fig. Age-standardized ten-year net survival trends, adults (aged 15–99), selected can-

cers, England and Wales, 1971–2011 (according to: Cancer Research UK: Cancer survival

for common cancers. Available from: http://www.cancerresearchuk.org/health-professional/

cancer-statistics/survival/common-cancers-compared#heading-Three, accessed on
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28.04.2016).

(TIFF)

S2 Fig. Chemical structure of doxorubicin (R = CH2OH) and daunorubicin (R = CH3).

(TIF)

S3 Fig. Antiparasitic agents identified as hits in A549 and/or PANC-1 cells, plot based on

their mean scores from the primary screens. Hits identified in only one of the cell lines are

plotted and their score on the other is taken as zero.

(TIFF)

S4 Fig. Structure of digoxin; the non-sugar part (aglycone, colored in red) is named digoxi-

genin.

(TIF)

S5 Fig. Miscellaneous hits identified in A549 and/or PANC-1 cells, plot based on their

mean scores from the primary screens. Hits identified in only one of the cell lines are plotted

and their score on the other is taken as zero.

(TIFF)

S6 Fig. Schematic of a typical 384-well Z’-plate: Left: A general view of the PrestoBlue read-

out; Right: The corresponding data evaluation, visualization and Z’-calculation. The plate

was seeded with 1200 A549 cells/well with first half containing 0.1% DMSO and the second

half 10 μM Doxorubicin and final DMSO concentration 0.1%. Incubation time = 72 h.

(TIFF)

S1 Table. Hits identified after screening 1280 PCL compounds against PANC-1 cells (expo-

sure time of 72 h). Scores from the primary screen are given as mean and SD from 3 indepen-

dent experiments, performed in duplicate (6 wells/compound). Data for the confirmation

screen is based on one experiment, performed in duplicate (2 wells/drug). Compounds anno-

tation and classification is based on the Anatomical Therapeutic Chemical (ATC) Classifica-

tion System, the PCL annotation file and Martindale.
� SD only from one independent experiment, 2 wells/drug; �� SD only from two independent

experiments, 3–4 wells/drug; blank wells mean that the compound was not tested at the partic-

ular condition, while ‘-‘ means that it was not confirmed as hit in the particular assay; color-

code is based on the herein accepted pharmacological classification.

(XLSX)

S2 Table. Hits identified after screening 1280 PCL compounds against A549 cells (expo-

sure time of 50 h). Scores from the primary screen are given as mean and SD from 3 indepen-

dent experiments, performed in duplicate (6 wells/compound). Data for the confirmation

screen is based on two experiments, performed in duplicate (4 wells/drug); Compounds anno-

tation and classification is based on the Anatomical Therapeutic Chemical (ATC) Classifica-

tion System, the PCL annotation file and Martindale.
� SD only from one independent experiment, 2 wells/drug; �� SD only from two independent

experiments, 3–4 wells/drug; blank wells mean that the compound was not tested at the partic-

ular condition, while ‘-‘ means that it was not confirmed as hit in the particular assay; coloring

is based on the herein accepted pharmacological classification.

(XLSX)

S3 Table. In vitro cytotoxicity of the investigated PCL hits in A549 cells in comparison to

the platinum drugs commonly used in treatment regimens of lung cancer. a 50% inhibitory

concentrations with the respective 95% confidence intervals shown in brackets, obtained by
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the presto blue assay after exposure times of 72 h; compounds were tested at minimum 8 con-

centrations, 4 replicates per concentration level and in 384-well format.
b The bottom of the curve was constrained to zero.
c Precipitation observed after cell seeding at high concentrations.

(DOCX)

S4 Table. In vitro cytotoxicity of the investigated PCL hits in PANC-1 cells in comparison

to platinum drugs, commonly used in treatment regimens of pancreatic cancer. a 50%

inhibitory concentrations with the respective 95% confidence intervals shown in brackets,

obtained by the presto blue assay after exposure times of 72 h; compounds were tested at mini-

mum 8 concentrations, 4 replicates per concentration level and in 384-well format.
b The top had to be constrained to 1 (as e.g. the curve cannot reach plateau at the highest con-

centrations tested).
c The bottom of the curve was constrained to 0.
d Precipitation observed after cell seeding at high concentrations.

(DOCX)

Acknowledgments

We acknowledge the BSF-ACCESS screening platform at the EPFL for support, in particular

we are thankful to Julien Bortoli Chapalay for dispensing the PCL with the Echo acoustic liquid

handler and to Antoine Gibelin for the quality control with LC-MS.

Author contributions

Conceptualization: HV PD.

Data curation: HV.

Formal analysis: HV DB.

Funding acquisition: HV PD GT.

Investigation: HV FK.

Methodology: HV FK.

Project administration: HV FK.

Resources: PD GT.

Software: DB.

Validation: HV.

Visualization: HV DB FK PD.

Writing – original draft: HV.

Writing – review & editing: FK DB GT PD.

References
1. WHO/Europe | Cancer. Available from: http://www.euro.who.int/en/health-topics/noncommunicable-

diseases/cancer, accessed on 27.04.2016.

2. John R, Ross H. The Global economic cost of cancer. Available from: http://www.cancer.org/acs/

groups/content/@internationalaffairs/documents/document/acspc-026203.pdf, accessed on

27.04.2016.

Repositioning approved drugs for the treatment of problematic cancers using a screening approach

PLOS ONE | DOI:10.1371/journal.pone.0171052 February 6, 2017 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171052.s010
http://www.euro.who.int/en/health-topics/noncommunicable-diseases/cancer
http://www.euro.who.int/en/health-topics/noncommunicable-diseases/cancer
http://www.cancer.org/acs/groups/content/@internationalaffairs/documents/document/acspc-026203.pdf
http://www.cancer.org/acs/groups/content/@internationalaffairs/documents/document/acspc-026203.pdf


3. National Cancer Institute: What Is Cancer? Available from: http://www.cancer.gov/about-cancer/what-

is-cancer, accessed on 27.04.2016.

4. Bray F with Ferlay J, Soerjomataram I, Ervik M, Dikshit R, Eser S, et al. GLOBOCAN 2012 v1.0, Cancer

Incidence and Mortality Worldwide: IARC CancerBase No. 11. Available from: http://globocan.iarc.fr,

accessed on 28.04.2016.

5. DeVita VT, Rosenberg SA. (2012) Two Hundred Years of Cancer Research. New Engl J Med 366:

2207–2214. doi: 10.1056/NEJMra1204479 PMID: 22646510

6. Quaresma M, Coleman MP, Rachet B. (2015) 40-year trends in an index of survival for all cancers com-

bined and survival adjusted for age and sex for each cancer in England and Wales, 1971–2011: a popu-

lation-based study. Lancet 385: 1206–1218. doi: 10.1016/S0140-6736(14)61396-9 PMID: 25479696

7. Cancer Research UK: Cancer survival for common cancers. Available from: http://www.

cancerresearchuk.org/health-professional/cancer-statistics/survival/common-cancers-

compared#heading-Three, accessed on 28.04.2016.

8. Kinch MS. (2014) An analysis of FDA-approved drugs for oncology. Drug Discov Today 19: 1831–

1835. doi: 10.1016/j.drudis.2014.08.007 PMID: 25172803

9. Wermuth CG. (2004) Selective Optimization of Side Activities: Another Way for Drug Discovery. J Med

Chem 47: 1303–1314. doi: 10.1021/jm030480f PMID: 14998318

10. Nosengo N. (2016) Can you teach old drugs new tricks? Nature 534: 314–316. doi: 10.1038/534314a

PMID: 27306171

11. Wermuth CG. (2006) Selective optimization of side activities: the SOSA approach. Drug Discov Today

11: 160–164. doi: 10.1016/S1359-6446(05)03686-X PMID: 16533714

12. Kenny HA, Lal-Nag M, White EA, Shen M, Chiang C-Y, Mitra AK, et al. (2015) Quantitative high

throughput screening using a primary human three-dimensional organotypic culture predicts in vivo effi-

cacy. Nat Commun 6.

13. Arai K, Eguchi T, Rahman MM, Sakamoto R, Masuda N, Nakatsura T, et al. (2016) A Novel High-

Throughput 3D Screening System for EMT Inhibitors: A Pilot Screening Discovered the EMT Inhibitory

Activity of CDK2 Inhibitor SU9516. PLoS ONE 11(9): e0162394. doi: 10.1371/journal.pone.0162394

PMID: 27622654

14. Herdrich K, Weinberger H. Selected Schedules in the Therapy of malignant Tumors. 15-th ed. Baxter

Oncology GmbH; 2010.

15. Sweetman SC editor. Martindale: The complete drug reference. 36-th ed. London: Pharmaceutical

Press; 2009.

16. Price P, Sikora K, Illidge T, editors. Treatment of cancer. 5-th ed. Edward Arnold (Publishers) Ltd;

2008.

17. Weinberg BA, Yabar CS, Brody JR, Pishvaian MJ. (2015) Current Standards and Novel Treatment

Options for Metastatic Pancreatic Adenocarcinoma. Oncology 29(11): 809–820, 886. PMID: 26573060

18. Prestwick Chemical library. Available from http://prestwickchemical.com/prestwick-chemical-library.

html, accessed on 10.05.2016.

19. Minotti G, Pierantonio M, Salvatorelli E, Cairo G, Gianni L. (2004) Anthracyclines: Molecular Advances

and Pharmacologic Developments in Antitumor Activity and Cardiotoxicity. Pharmacol Rev 56: 185–

229. doi: 10.1124/pr.56.2.6 PMID: 15169927

20. Meredith A- M, Dass CR. (2016) Increasing role of the cancer chemotherapeutic doxorubicin in cellular

metabolism. J Pharm Pharmacol 68(6): 729–741. doi: 10.1111/jphp.12539 PMID: 26989862

21. Genomics of Drug Sensitivity in Cancer. Available from: http://www.cancerrxgene.org, accessed on

31.03.2016.

22. Yang W, Soares J, Greninger P, Edelman EJ, Lightfoot H, Forbes S, et al. (2013) Genomics of Drug

Sensitivity in Cancer (GDSC): a resource for therapeutic biomarker discovery in cancer cells. Nucleic

Acids Res 41.

23. Zhang J-HH, Chung TD, Oldenburg KR. (1999) A simple statistical parameter for use in evaluation and

validation of high throughput screening assays. J Biomol Screen 4: 67–73. PMID: 10838414

24. PrestoBlue®Cell Viability Reagent | Thermo Fisher Scientific. Available from: https://www.

thermofisher.com/order/catalog/product/A13261.
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