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Primary cultures of patient tumor cells (PCPTC) have been used for prediction of diagnosis-specific
activity and individual patient response to anticancer drugs, but have not been utilized as a model for
identification of novel drugs in high throughput screening. In the present study, ovarian carcinoma cells
from three patients were tested in response to a library of 3000 chemically diverse compounds. Eight hits
were retrieved after counter screening using normal epithelial cells, and one of the two structurally
related hit compounds was selected for further preclinical evaluation. This compound, designated VLX
50, demonstrated a broad spectrum of activity when tested in a panel of PCPTCs representing different
forms of leukemia and solid tumors and displayed a high tumor to normal cell activity. VLX 50 induced
delayed cell death with some features of classical apoptosis. Significant in vivo activity was confirmed on
primary cultures of human ovarian carcinoma cells in mice using the hollow fiber model. Mechanistic
exploration was performed using gene expression analysis of drug exposed tumor cells to generate a
drug-specific signature. This query signature was analyzed using the Gene Set Enrichment Analysis and
the Connectivity Map database. Strong connections to hypoxia inducible factor 1 and iron chelators were
retrieved. The mechanistic hypothesis of intracellular iron depletion leading to hypoxia signaling was
confirmed by a series of experiments. The results indicate the feasibility of using PCPTC for cancer drug
screening and that intracellular iron depletion could be a potentially important strategy for cancer
therapy.
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1. Introduction

During the past decades most screening approaches for
identification of new cancer drug candidates have utilized cell
free assays for detection of specific interactions with known or
emerging molecular targets [1]. However, the relatively poor
outcome with respect to identification of clinically novel and
significantly improved cancer drugs has led to a renewed and
growing interest for cancer drug screening based on compound
induced changes in cellular phenotypes [2]. Monolayer cultures of
human tumor cell lines have been the general model in these

Abbreviations: ALL, acute lymphocytic leukemia; AML, acute myelocytic leukemia;
CLL, chronic lymphocytic leukemia; CML, chronic myelocytic leukemia; NHL, non-
Hodgkin’s lymphoma; PBMC, peripheral blood mononuclear cells.
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efforts and are important tools for predicting mechanisms of drug
action as demonstrated in numerous reports [3,4]. Furthermore,
recent results utilizing very large panels of cell lines indicate that
they also to a large extent retain genomic features of the primary
tumor and can recapitulate clinical findings with regard to their
response to targeted inhibitors [4].

Primary cultures of patient tumor cells (PCPTC) is an alternative
cell based tumor model system that has received very little
attention in the context of cancer drug screening and development.
Most of the research efforts using PCPTC models have focused on
prediction of clinical activity of cancer drugs for individual patients
[5,6]. However, non-clonogenic in vitro assays performed on PCPTC
from different diagnoses can detect tumor-type specific activity of
standard [7] and investigational cancer drugs [8,9]. Thus, PCPTC
should constitute a potentially valuable tool for preclinical drug
development of cancer drugs.

In the beginning of the 1980s the applicability of a human
tumor colony-forming assay using fresh tumor biopsy-specimens
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from patients was investigated by an NCI-coordinated study as a
potential alternative or complement to cell line screening [10]. This
system demonstrated sensitivity to most standard agents,
discriminated non-toxic compounds and provided evidence for
the capability to detect active compounds which were negative in
the former P388 mouse leukemia in vivo screening [10].
Nevertheless, due to technical limitations inherent in the assay
methodology the program using primary specimens was not
pursued any further. More recently we investigated the feasibility
of using a short-term assay for cancer drug screening using PCPTCs
from ovarian carcinoma [3]. These cultures readily discriminated
between clinically active and non-toxic agents and selected a
higher fraction of solid tumor active agents when compared to
established tumor cell lines [3]. Although apparently feasible,
utility of PCPTC in primary screening will ultimately rely on their
ability to detect clinically active drugs not detected in cell lines as
well as solving practical (e.g. access to PCPTC, cell requirements
and inter-individual variability), and ethical limitations. A brief
review on the bioassay test methods developed for high
throughput screening assays using both cell-based and molecular
approaches was published recently [11]. While cell line models are
associated with specific limitations, it has been predicted that
future anti-cancer drug development is likely to use a combination
of molecular, cell line, primary or early passage cell culture, and
xenograft methods for lead optimisation before clinical trials are
contemplated [12].

In the present study PCPTCs of ovarian carcinoma were tested in
response to 3000 chemically diverse compounds. Eight confirmed
hits were retrieved and after retest and counter screening using
normal epithelial hTERT-RPE1 cells, one (CD 02750 subsequently
denoted VLX 50) out of two structurally related hit compounds was
selected for mechanistic investigation and further preclinical
evaluation.

2. Experimental procedures
2.1. Cell culture

For primary screening three PCPTCs from previously chemother-
apy treated ovarian carcinoma were used. An additional 96 PCPTCs
from different tumor types, and four preparations of normal
peripheral blood mononuclear cells (PBMC), detailed in Table 1,
were used to determine the activity spectrum of VLX 50 and, for
comparison, six standard cytotoxic drugs chosen to represent
different mechanistic classes. Tumor cells of ovarian carcinoma were
obtained from ascites fluid using standard techniques for tumor cell
isolation described in detail previously [13]. Malignant cells from
hematological and solid tumors were obtained as described
previously [14,15], and briefly in Supplementary information
Section 1.1. The patient sampling was approved by the local ethics
committee at Uppsala university hospital.

Table 1

Median ICso and range for different diagnoses in response to VLX 50.
Diagnosis Median ICsg (uM) Range n
ALL 0.63 0.055-11 21
AML 5.4 0.67-40 10
CLL 1.0 0.035-9.4 9
CML 5.1 2.1-6.4 3
NHL 23 0.28-40 13
Breast cancer 8.2 0.87-40 7
Ovarian carcinoma 3.5 0.26-40 14
Lung cancer 14 0.51-40 6
Colon cancer 40 0.49-40 6
Renal cancer 40 24-40 7
PBMC 8.9 2.9-13 4

The human cell lines used for mechanistic studies were breast
cancer MCF7 (breast cancer), hTERT-RPE1 (normal epithelial cell
line), HepG2 (hepatocellular carcinoma), HCT116 (colon carcinoma),
and A549 (non-small cell lung cancer). MCF7 and hTERT-RPE1 were
obtained from American Type Culture Collection (ATCC) and
Clontech (Palo Alto, CA), respectively. HepG2 was obtained from
ECACC (Salisbury, UK). All experiments on purchased cell lines were
performed with less than 6 months passages in our laboratory after
receipt or resuscitation. All cell lines were sub-cultivated and grown
in supplemented medium as recommended by the providers.

2.2. Preparation of compounds for screening

The Maybridge Hitskit 3000 library (Maybridge Inc.) consists of
3000 chemically diverse compounds. The content of this library is
described in Supplementary Table S2. The library was delivered in
36 racks each containing 80 compounds dissolved in DMSO to
10 mg/ml. For the screening, four different 384-well plates were
prepared with final test concentrations of 1 pg/ml. For concentra-
tion-response studies, plates were prepared by 10-fold serial
dilutions in the concentrations of 0.004-40 wM.

2.3. Measurement of cancer drug activity

The fluorometric microculture cytotoxicity assay, FMCA,
described in detail recently [16] was used for measurement of
the cytotoxic effect of library compounds and the established
standard drugs. Cells were exposed during 72 h in 384-well
microtiter plates in a standard incubator, washed and cell viability
was assayed by addition of fluorescein diacetate (details in
Supplementary information, Section 1.2).

2.4. Multiparametric high content evaluation of apoptosis, cell cycle
arrest, and oxidative stress

The fluorescence microscope ArrayScan Il HCS system (Cello-
mics Inc., Pittsburgh, PA, USA) was used to study apoptosis, cell
cycle arrest and oxidative stress. For these assays cells were seeded
into 96-well plates (PerkinElmer Inc., Wellesley, MA, USA), left to
attach over night, before test compounds were added. Apoptosis
was evaluated after 6, 24 and 48 h exposure to VLX 50 in MCF-7
cells by fluorescent staining of nuclei (Hoechst) and caspase 3
(FAM-DEVD). Cell cycle and oxidative stress were assayed after
24 h exposure with commercially available kits (Cell Cycle Kit I,
and Oxidative Stress I Kit, respectively, Thermo Fisher Scientific,
Gothenburg, Sweden) as described by the manufacturer. More
details of methodology and reagents used are given in Supple-
mentary information (Section 1.4).

2.5. Phase contrast microscopy

Time-lapse phase contrast microscopy was performed using an
automated IncuCyte phase contrast microscope (Essen Instru-
ments, Ann Arbor, MI). MCF-7 cells (10,000/well) were plated on
24-well ImageLock plates (Essen Instruments, Ann Arbor, MI) and
cultured in complete medium.

2.6. Microarray analysis and qPCR

Connectivity Map (cmap) build 02 contains genome-wide
expression data for more than 1300 compounds (6100 instances,
including replicates, different doses and cell lines). The original
protocol using MCF-7 breast cancer cells as described by Lamb
et al. was used [17]. Expression of selected genes was confirmed
with quantitative Polymerase Chain Reaction (qPCR); all details are
given in Supplementary information (Section 1.6).
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2.7. Measurements of iron concentration

The green-fluorescent heavy metal indicator Phen Green SK
dipotassium salt (Invitrogen AB, Gothenburg, Sweden) was used to
measure iron concentration differences in a solution. Details are
given in Supplementary information (Section 1.7).

2.8. Measurements of ribonucleotide reductase activity

Ten million (1 x 107) HCT-116 cells grown in 150 mm plates
were exposed to indicated drug for 24 h. The ribonucleotide assay
was performed as previously described [18], with modification as
detailed in Supplementary information (Section 1.8).

2.9. In vivo studies

PCPTC from two ovarian carcinoma patients and the T-cell
leukemia cell line CCRF-CEM were cultured inside semi-perme-
able polyvinylidene fluoride fibers (500 kDa molecular weight
cut-off, 1mm diameter; Spectrum, Laguna Hills, CA) and
assessed in the hollow fiber assay [19,20]. The fibers were
implanted subcutaneously into the back of immunocompetent
animals (male NMRI mice, Scanbur, Sollentuna Sweden), which
were treated once with 0.76 mg/mouse of VLX 50, or vehicle only
(n=8 animals/group). Dose was selected after a preliminary
dose-finding study showing intolerable toxicity (transient effects
on locomotor activity, hunched position, and convulsions) at
1.9 mg/mouse (unpublished data). Fibers were retrieved after 6
days and cell density evaluated using the MTT assay [21], details
are given in Supplementary information (Section 1.9). The study
was approved by the Animal Ethics Committee in Uppsala,
Sweden.

2.10. Data analysis and statistics

Small Laboratory Information and Management System,
SLIMS [22] was used for screening data management. Raw
fluorescence data files were loaded into the SLIMS software
which calculates percent inhibition according to the formula:
percent inhibition = 100 x (x — negative control)/(positive con-
trol — negative control) — 1, where x denotes fluorescence from
experimental wells. SLIMS also identifies and corrects system-
atic spatial errors. Screening data was subsequently exported to
Vortex (Dotmatics Inc, UK) software for further analysis. A
Survival Index of less than 50% in ovarian carcinoma PCPTCs
(n=3) was set as the criteria for qualifying as hit compound.
Structural similarity to other compounds in the library was
calculated based on a structural fingerprint consisting of
chemical fragments located within the compound and which
are computed for each compound by Vortex. Clustering of
compounds based on these fingerprints was then performed
within the Vortex software.

The Z-value was calculated to evaluate the quality and
usefulness of the assay in the screening setting using the equation:

(BSDposcontrol + 35Dnegcontrol)
(Meanposcontrol = Meannegcontrol)

Z=1-

where SD and mean are the standard deviation and mean values of
screening raw data from wells with untreated cells (positive
control) and blank wells (negative control), respectively [23].

Concentration-response data of screening hits and standard
agents were analyzed with GraphPadPrism4 (GraphPad Software
Inc., San Diego, CA, USA), using non-linear regression to a standard
sigmoidal dose-response model to obtain ICsp-values (concentra-
tion resulting in SI = 50%).

Response rate in PCPTCs of a specific diagnosis was defined as
the fraction of samples having an SI below the median, calculated
from all PCPTCs included in the study, at the drug concentration
showing the largest SD. For VLX 50 this concentration was 4 M.
The data for the reference compound imatinib was taken from
Lindhagen et al. [24], and recalculated as response rate at 1 uM
(sample origin in Supplementary Table S1). The relative effect of a
drug on solid compared with hematological tumors was indicated
by the S/H ratio, defined as the ratio between the total response
rates for the solid and the hematological samples. Tumor cell
specific activity was estimated by calculation of the ratio of the
median ICso-value for PBMC over that of chronic lymphocytic
leukemia (CLL) samples.

Comparisons between groups in the hollow fiber experiment
were done with Student’s t-test.

3. Results

3.1. Drug screening in PCPTC of ovarian cancer identifies novel hit
compounds

The ovarian carcinoma PCPTC (n=3) grew as 3-D clusters
(Fig. 1A) and were tested for cytotoxic/antiproliferative activity in
response to 3000 chemically diverse compounds at a concentration
of 1 wg/ml using FMCA. All 3 PCPTCs were screened separately and
were not mixed. Eight confirmed hits giving more than 50% cell kill
were retrieved (0.2% hit rate, Fig. 1B). All hits are presented in
Supplementary Table S5 (inhibition values, molecular weights and
structures). The assay was shown to be simple and robust, and the
Z'-value of the assay using PCPTC was 0.44, which indicates an
acceptable variability and dynamic range. Clustering of the
compounds according to chemical structure revealed that two of
the hit compounds, CD 02750 (most active, hereafter denoted VLX
50) and CD 02862, were of similar chemical structure (Fig. 1C and
D). Five of the eight hits based on mean percent inhibition fulfilled
the hit criteria in all 3 PCPTC samples, including VLX 50. For VLX 50
the individual values were 71.6, 72.4 and 66.9%, respectively. Two
other compounds belonging to the same chemical cluster
(CD02749, CD01914) lacked activity at 1 ug/ml (Fig. 1B). After
retesting in additional ovarian cancer PCPTCs (n = 14) and counter
screening using normal epithelial hTERT-RPET1 cells, it was shown
that VLX 50 exhibited tumor-selective activity (no effect against
hTERT-RPET1 cells at 10 M, ICso-difference approximately 10-fold)
and was therefore selected for further preclinical evaluation
(Fig. 2A).

3.2. Diagnosis-specific activity of VLX50 ex vivo suggest activity in
lymphocytic malignancies, ovarian and breast cancer

To further examine the activity spectrum of VLX 50, its
cytotoxic effect was studied in 96 tumor samples from patients
with a variety of solid tumors and hematological malignancies as
well as in four samples of primary healthy lymphocytes (PBMC).
Median ICsp-values ranged from less than 5 wM for diagnoses such
as chronic lymphocytic leukemia (CLL), acute lymphocytic leuke-
mia (ALL), ovarian carcinoma and lymphoma to above 40 wM for
colon and renal cancer samples (Table 1). Cancer of the breast, lung,
chronic myelocytic leukemia (CML), acute myelocytic leukemia
(AML) and PBMC displayed intermediate sensitivity to VLX 50. The
in vitro response rates to VLX 50 at 4 wM for the PCPTC of various
diagnoses is listed in Fig. 2B. Consistent with the ICsq patterns the
lymphocytic malignancies showed the highest response rates
followed by ovarian carcinoma and breast cancer whereas PBMC,
colon and renal cancer demonstrated the lowest response rates.

The tyrosine kinase inhibitor imatinib was included as a
reference compound demonstrating a very narrow activity
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Fig. 3. Confirmation of in vivo activity using hollow fiber cultures. The antitumoral effect of a single dose VLX 50 was investigated in mice (n = 8 per treatment group) carrying
three subcutaneous hollow fiber cultures, two ovarian carcinoma PCPTC (OC, A and B) and one cell line CCRF-CEM (C). The results are presented as net growth and expressed

as mean value + SD (n=8).

spectrum with CML samples showing the highest in vitro response
rate at the selected test concentration of 1 uwM (Fig. 2B).

The relative effect, expressed as the S/H ratio, of VLX 50 and six
standard cytotoxic drugs, in solid and hematological tumor
samples, expressed as the S/H ratio is shown in Fig. 2C. VLX 50
had a ratio of 0.73 indicating a relatively high activity against solid
tumors second only to cisplatin (S/H ratio 1.2). The remaining
drugs showed S/H ratios below 0.5. The results for the standard
drugs are consistent with their main clinical use. To roughly
estimate tumor cell specificity, drug effects were compared in cells
from CLL and normal PBMCs. VLX 50 demonstrated a significantly
higher activity against the malignant phenotype with a PBMC/CLL
median ICsq ratio of 7.6 (Fig. 2D). Of the tested standard cytotoxic
drugs only vincristine was more active in CLL than in PBMC.

3.3. VLX50 significantly inhibits in vivo growth of ovarian PCPTC

In vivo activity of VLX 50 was investigated in hollow fiber
cultures of PCPTC from ovarian carcinoma patients subcutaneously
implanted in mice (n=8 each in test and control groups, total
n=16). After a single dose VLX 50 of 760 pg/mouse significant
growth inhibition compared to vehicle treatment were observed in
the two PCPTC cultures (p < 0.05 and p < 0.01, respectively, Fig. 3A
and B). In comparison, the difference did not reach statistical
significance in the acute lymphoblastic leukemia cell line CCRF
CEM (p > 0.05, Fig. 3C). VLX 50 induced a small but significant
reduction in weight gain compared to the control group (start
weight 32.7 vs 34.8, end weight 32.5 vs 35.5g, p <0.05, not
shown). A significant decrease in platelet counts was also observed
(1022 vs 1310 x 10°/L, p < 0.05). No effects on white blood cell
count (WBC), red blood cell count (RBC) or haemoglobin values
were noted (p > 0.05, not shown).

3.4. VLX 50 induces apoptosis in cancer cells

Next we examined the mode of cell death caused by VLX 50 in
MCF-7 cells using time-lapse phase contrast microscopy and
multi-parameter analysis for apoptosis using Arrayscan II. The
activity of VLX 50 on growth and viability was delayed in time with
little or no effect observable at 6 h, but with a concentration
dependent effect on cell growth over time (Fig. 4A). At 24-48 h
there was a gradual decrease in cell density and a parallel increase
in DNA fragmentation and caspase-3 activity (Fig. 4B and C). Phase
contrast images of the cells at this time point revealed typical
apoptotic morphology with condensed nuclei surrounded by a
bright halo (Fig. 4A). Moreover, MCF-7 cells treated with 10 M

VLX 50 showed annexin V positivity (Supplementary Fig. S3),and a
time dependent increase in caspase cleaved cytotokeratin 18
(Supplementary Fig. S4). These data taken together suggests, at
least partly, the involvement of caspase-dependent apoptosis in
mediating cell death induced by VLX 50.

3.5. VLX 50 is identified as an iron depleting agent

Mechanistic exploration was performed by measurement of
gene expression of drug treated tumor cell cultures. The breast
cancer cell line MCF-7 was exposed to VLX 50 or vehicle (DMSO) for
6 h followed by microarray based gene expression analysis. A drug
specific query signature was generated based on the 30 most up
and down regulated genes. This query signature was subsequently
uploaded to the Connectivity Map (cmap), to find other com-
pounds with similar mechanism of action. The VLX50 signature
showed strongest similarity to 2-hydroxy-3-methoxybenzalde-
hyde pyridin-2-ylhydrazone, ciclopirox, and deferoxamine, all
known to be potent iron chelators [25-27] (Fig. 5A). This suggested
that VLX 50’s mechanism of action is iron chelation. Gene set
Enrichment analysis (GSEA) of genes induced by VLX 50 [25]
showed strong connection to genes and genes up regulated under
hypoxia and hypoxia inducible factor 1 alpha (HIF1l«) target
(Fig. 5B). This response is consistent with iron chelation.

The mechanistic hypothesis of VLX 50 causing intracellular iron
depletion was tested by adding 100 M iron (as FeCl3) to VLX 50
exposed MCF-7 cell cultures which resulted in a significant
decrease of VLX 50 cytotoxic activity (Fig. 5C), an effect that was
dose-dependent regarding iron supplement (not shown). Addition
of iron also had effects on the cytotoxicity of the known iron
chelator ciclopirox (Fig. 6C), but not of docetaxel and doxorubicin
included as reference substances (shown in Supplementary
information only, Fig S1). The mechanism was further confirmed
by direct measurements of drug induced decrease in iron
concentration as measured by the de-quenching of the metal
ion probe, Phen Green (Fig. 5D). The VLX50:Fe complex is yellow
and can be detected visually or spectrophotometrically (Supple-
mentary Fig. S2). Genes associated with HIF1 signaling were up
regulated by VLX 50 (Fig. 5B and Supplementary Table S4). The
experiment was repeated and quantified with qPCR, and again
PDK1, HK2, NDRG1, VEGFA and the genes encoding the apoptosis
associated BH3-only proteins BNIP3 and BNIP3L were induced in a
dose dependent manner (Fig. 6A). VLX 50 induced accumulation of
cells in G1 as judged by the DNA content (Fig. 6B). No detectable
increase in Phospho histone H3, typical of G2/M arrest, was
observed (supplementary information), in concordance with other
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as percentage of the untreated control and presented as mean values + SD (n = 3).

iron chelators. There was no increase in oxidative stress response
as compared to the positive control rotenone (Fig. 6C). Finally, VLX
50 concentration dependently inhibited the iron-dependent
enzyme ribonucleotide reductase at concentrations associated
with tumor cell death (Fig. 6D).

4. Discussion

Although tumor cell line models, as the NCI60 and other panels,
can provide important information on mechanisms of action of
anticancer drugs, the correlation between the activity in cell lines
and in patients with the corresponding tumor types is not well
documented and screening for cancer activity using PCPTC could
potentially be an alternative [3,28]. In vitro response analysis of
PCPTCs reports accurate diagnosis specific activity of cancer drugs
[7] and predict clinical response for individual patients [6]. This
model system would thus be expected to provide clinically
relevant information on the activity of potentially novel cancer
drugs. In the present study, this ability is indicated by the activity
spectra of the tyrosine kinase inhibitor imatinib which was
correctly identified as drug with relatively unique activity in CML.

In this study, a chemically diverse compound library was
screened using PCPTC from ovarian carcinoma. Only 0.2% of the
compounds were identified as hits using 50% inhibition at 1 pg/ml
as the cut-off criterion. This hit rate is clearly lower compared to
that observed in cell lines [29]. This may be due to several factors.
First, PCPTC represents low proliferative system thus being less
sensitive to drug induced cell cycle perturbations. Second, PCPTC

cells are cultured as 3-dimensional clusters which are known to be
more resistant to drug effects compared to monolayer cultures
due, not only to pharmacokinetic obstacles limiting drug pene-
trance to inner layers, but also to multi-cellular interactions
leading to altered expression of genes and proteins regulating drug
response [30]. Third, the concentration selected for screening was
1 pg/ml which for most of the compounds in the library is below
the standard 10 wM normally used for cancer drug screening.
Finally, PCPTC culture may have a different compound recognition
ability compared to established human tumor cell lines continu-
ously propagated in culture.

It is generally believed that cell lines cultured for multiple
passages may loose many phenotypic features characteristics of
histological origin [31] and different drug recognition patterns
between human tumor cell lines and PCPTC have been suggested
previously [3]. Indeed supporting the latter, VLX 50 and its
structurally related analogue showed only modest activity in high
proliferative cell line systems (Supplementary Table S3). However, it
should be noted that in a complementary ten cell line screen, VLX 50
fulfilled the hit criteria in two of the cell lines although not ranked
among the top 15 compounds. Thus, PCPTC seem to have the ability
to detect drug activity not obviously apparent in the small cell line
panel used here (see Supplementary Table S3). It cannot, however,
be excluded that employing a much larger cell line panels would
have detected VLX 50 as a significant hit [4]. Finally, in the context of
screening ovarian carcinoma is especially well suited as a PCPT
model of solid tumors since very large numbers of cells (>10°) can
easily be obtained from ascites fluid of a single patient.



J. Gullbo et al./Biochemical Pharmacology 82 (2011) 139-147

Connectivety Map results, VLX 50

barview

2260 deferoxamine 6 pM

*Benzaldehyde, 2-hydroxy-3-methoxy-, 2-(2-pyridinyl)hydrazone

145

B Enrichment plot: MENSE_HYPOXIA_UP

0.7
B p<0.001
= s
S s
ﬁ 0.3
E 0,2
E 0.1
ﬁ 0.0 1 .
=
c

1 - Il
o 75

m :
2500 5000 00 10 000

Rank in Ordered Dataset

Enrichment plot: HIF1_TARGETS

- p<0.001

Enrichmentscore
o

| |
000

I

5
Rank in Ordered Dataset

N

10 000

C 100 . D 100000+ +DMSO
- Sr:g: —— +VLX50 100 uM
B +FeCly o — +Ciklopirox 20 uM
s 2 10000~ — +Docetaxel 100 uM
= 3
< 10 3
o <)
[TH
1 100 T T T T T 1
FS o+ 00 25 50 75 100 125 150
NS \o“?\‘ Time (min)
h PG_+ +Dru
(¢ S, Fe 5 g -

Fig. 5. VLX 50 is identified (A and B) and confirmed (C and D) as an iron chelating agent. (A) Connectivity Map (cmap) results based on VLX 50 exposed MCF7 cells. Black
horizontal lines in the barview represent the individual instances for the iron chelators 5109870, ciclopirox and desferoxamine. The colors represent positive (green), null
(grey) and negative (red) connectivity. Score according to the cmap database. (B) Gene set enrichment analysis based on VLX 50 treated MCF7 cells compared to vehicle treat
control. The genes have been rank-ordered according to their relative expression. The enrichment profiles (green lines) show the enrichment of genes (represented by black
vertical lines) involved in hypoxia and HIF1 signaling among the genes over-expressed in the VLX 50 treated cells (FWER p-value < 0.001). (C) Addition of extracellular iron
(100 wM) significantly impairs the cytotoxic activity (as ICsq) of VLX 50 and ciclopirox in MCF-7 cells. Results are shown as mean + SD from repeated experiments (n = 2)
where each concentration was tested in duplicate wells. No effect was seen for docetaxel and doxorubicin (see Supplementary Fig. S1). (D) Phen Green SK fluorescence is
effectively quenched by addition of FeCls. The process could be reversed by addition of VLX 50 or ciclopirox, but not docetaxel. Representative of repeated experiments (n = 2).

Results are presented as mean =+ SD from triplicate wells.

VLX 50 demonstrated a broad spectrum of activity in PCPTCs of
various tumor types second only to cisplatin with respect to
relative solid tumor activity. Moreover, the high PBMC/CLL ICsg
ratio indicates a potentially high therapeutic index ex vivo. It
should be emphasized that both the PBMC/CLL ratio and S/H ratios
are in vitro indicators for therapeutic index and clinical activity
spectra and should be evaluated in relative rather than absolute
terms. A ratio of 1 indicates equal sensitivity for PBMC vs CLL and
solid vs hematological activity, respectively. Thus, comparing and
ranking different drugs with the respect to these measures is a
preferable way to use these indices. Indeed, S/H index have
previously been shown to correlate well to the clinical activity
profile of standard cytotoxic cancer agents [7]. Furthermore,
supporting these ex vivo findings VLX 50 had significant in vivo
activity against patient ovarian carcinoma cells at modest toxicity
indicating favorable pharmacokinetics and pharmacodynamic
properties in vivo. It should be noted that the hollow fiber is a

very resistant in vivo tumor model requiring the drug to penetrate
into fibers implanted deep subcutaneously thus yielding a low
false positive rate for cancer activity in vivo compared with other
in vivo models [32]. No significant activity could be detected in the
high proliferating leukemia cell line, which once again suggests
that the compound has some selectivity for the PCPTC.

For exploration of mechanisms of action we used a bioinfor-
matic approach using a drug specific gene expression signature to
probe the cmap and GSEA databases. The cmap data base indicated
strong connections to iron chelators whereas GSEA connected the
signature to hypoxia and HIF1a signaling. These results strongly
suggest that VLX 50 induces intracellular iron depletion, which
subsequently leads to HIF1a mediated hypoxia signaling. Indeed,
addition of extracellular iron abolishes the effect of VLX 50 and the
drug was shown to effectively decrease free iron in solution further
confirming this notion. The fact that VLX 50 was the most potent of
the four semithiocarbazones in the library (Fig. 1) is probably due
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Fig. 6. VLX 50 induces G1 arrest and inhibits iron dependent ribonucleotide reductase but without causing oxidative stress. (A) Gene expression data (fold change) of key
genes in the HIF1 signaling pathway, measured using quantitative polymerase chain reaction (QPCR) after treatment with 10 wM or 50 M VLX 50. (B) Effect of VLX 50 on cell
cycle in HCT 116 cells as determined from DNA content (bin size = 12,500), representative of repeated experiments (n = 2). (C) Effect of VLX 50 on oxidative stress in HepG2
cells measured as oxidized DHE in the cell nucleus is shown. Results are expressed as percentage of the untreated control and shown as mean + SD from repeated experiments
(n =2)where each condition was tested in duplicate wells. (D) Effect of VLX 50 and the positive control ciclopirox on ribonucleotide reductase activity in HCT 116 cells. Results
are expressed as percentage of the untreated control and shown as mean + SD from repeated experiments (n =2) where each condition was tested in duplicate wells.

to the basic nitrogen of the 2-substituted pyridyl ring, which
contributes positively to coordination of the iron ion in a tridentate
complex [33].

Cancer cells have a higher requirement for iron than normal
cells as reflected by increased numbers of transferrin receptors and
increased ferritin content in tumor tissues [26]. The higher demand
for iron may at least partly be explained by the increased activity of
iron dependent enzymes such as ribonucleotide reductase (RR), a
rate-limiting step in DNA synthesis [34]. Indeed it has also been
demonstrated that the activity and expression of RR is increased in
tumor cells indicating a high level DNA synthesis in these cells [35].
However, the activation of HIF1a mediated transcription may also
contribute to cell death mediated by iron depletion [36]. HIF1« is
the regulatory and DNA binding subunit of the HIF1 transcription
factor, which under conditions of adequate oxygen supply is
hydroxylated by the Fe-containing enzyme prolyl hydroxylase
leading to proteasomal degradation and diminished transcription-
al activity [36]. However, under hypoxic conditions or iron
depletion prolyl hydroxylase is rendered inactive resulting in
increased transcription of HIF1« regulated genes. Notable in this
context is the HIFla dependent increase in expression of the
apoptosis inducing gene BNIP3 [37] and the growth and metastasis
suppressor NDRG-1 [38]. VLX 50 significantly increased the
expression, supporting the potential involvement of these genes.
In addition iron depletion may lead to differential expression of a
range of cell cycle molecules including cyclin D1-3, p21 and CDK2
which may contribute to the G1/S arrest observed after iron
depletion induced by VLX 50 and other iron chelators [39,40].

Since iron chelators have previously been reported to induce
cell death through the inhibition of RR this principle could provide
an effective mechanistic principle for cancer drugs. Desferox-
amine is an extracellular iron chelator currently used in the clinic
for treatment of iron overload disorders [26]. In addition
desferoxamine has also demonstrated anti-proliferative activity
against a wide variety of tumor cells and anticancer activity has
been reported in clinical trials [41,42]. More recently, the
intracellular iron chelator 3-aminopyridine-2-carboxaldehyde
thiosemicarbazone (Triapine) has been developed as a potential
anticancer agent with an excellent preclinical activity in many
tumor models and is currently undergoing Phase I and II clinical
trials [26,43,44]. Triapine has been shown to be a potent inhibitor
of RR [44]. However, in addition to RR inhibition Triapine has been
reported to be redox active leading to ROS formation [45]
potentially adding to the reported drug induced toxicity. ROS
generation could lead to several toxicological consequences as a
result of oxidative injury to important biomolecules such as DNA,
proteins and lipids [33]. In contrast to Triapine, VLX 50, although
belonging to the thiosemicarbzone group of compounds, did not
appear to induce ROS formation. This could be a distinct
advantage in the clinical setting. However, the optimal properties
and role of iron chelators in the treatment of cancer remains to be
determined.

In conclusion, the present study indicates the feasibility of using
PCPTC for drug screening and that intracellular iron depletion
could be a promising mechanistic pathway to explore in the
development of more active cancer drugs.
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