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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is a disease that remains refractory to existing treatments including the nucleoside ana-
logue gemcitabine. In the current study we demonstrate that an organometallic nucleoside analogue, the ferronucleoside 1-(S,Rp), is
cytotoxic in a panel of PDAC cell lines including gemcitabine-resistant MIAPaCa2, with ICsq values comparable to cisplatin. Biochemical
studies show that the mechanism of action is inhibition of DNA replication, S-phase cell cycle arrest and stalling of DNA-replication
forks, which were directly observed at single molecule resolution by DNA-fibre fluorography. In agreement with this, transcriptional
changes following treatment with 1-(S,Rp) include activation of three of the four genes (HUS1, RAD1, RAD17) of the 9-1-1 check point
complex clamp and two of the three genes (MRE11, NBN) that form the MRN complex as well as activation of multiple downstream
targets. Furthermore, there was evidence of phosphorylation of checkpoint kinases 1 and 2 as well as RPA1 and gamma H2AX, all of
which are considered biochemical markers of replication stress. Studies in p53-deficient cell lines showed activation of CDKN1A (p21)
and GADD45A by 1-(S,Rp) was at least partially independent of p53. In conclusion, because of its potency and activity in gemcitabine-
resistant cells, 1-(S,Rp) is a promising candidate molecule for development of new treatments for PDAC.
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1-(S,Rp) stalls DNA replication forks resulting in S-phase cell cycle arrest.

Introduction as 5-fluorouracil and nucleoside analogues such as gemcitabine
were first developed in the 1990s. Since then, progress has been
made with the introduction of combination treatments such as
FOLFOX and FOLFIRONOX? and gemcitabine in combination with
paclitaxel.® Although these developments have resulted in mod-
est but significant improvements in patient outcome,* ° their clin-
ical use is limited because of issues with toxic side effects. The

Pancreatic ductal adenocarcinoma (PDAC) is a disease with a very
poor prognosis. Even when diagnosed early, the 5 year survival rate
is less than 10%, the lowest of the 21 most common cancers in the
UK.! One important factor that contributes to this poor outlook
is resistance to existing drugs and a lack of targeted therapies.
Single-agent chemotherapies using nucleobase derivatives such
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outlook for patients with PDAC remains very poor and there is an
urgent need for new compounds with activity in pancreatic can-
cer.

One strategy to overcome chemoresistance is to develop new
chemical entities distinct from existing clinically used drugs
with novel structural features and chemical composition.® In
this respect, metal complexes have proved an attractive starting
point for the development of new drugs.”’ One such group of
compounds that have attracted considerable interest are those
based on the organometallic compound ferrocene®'° which
was shown to have anticancer activity as early as the 1980s.!?
Since then, ferrocene-based compounds have been investigated
for antihelminthic,'? antibacterial,'® antifungal,'* antimalarial®
and anticancer'® properties. As far as anticancer effects are con-
cerned, perhaps the most successful example to date is that of
ferrocifen, a ferrocene derivative combining the anti-estrogenic
activity of tamoxifen with the cytotoxicity of ferrocene®? 18
Studies have shown that ferrocifen and its derivatives not only
enhance the activity of tamoxifen in oestrogen receptor (ER)
positive breast cancer cells, potentially limiting the emergence
of tamoxifen resistance but are also toxic to ER receptor negative
cells, suggesting ER-independent mechanisms of toxicity. Modifi-
cation of naturally occurring nucleosides to generate analogues
with antiviral and anticancer activities has also been a highly suc-
cessful strategy in drug discovery as far as organic compounds are
concerned.'® Our laboratory is developing new metal-containing
nucleoside analogues containing ferrocene, termed ferronucleo-
sides. In these compounds, the five-membered cyclopentadienyl
ring of ferrocene acts as a bioisostere of the furanose ring in
a nucleoside. We have developed compound 1-(S,Rp), which
contains both a thymine nucleobase and a hydroxyalkyl moiety
linked to a ferrocene unit,?® making it chemically distinct from
both 5-fluorouracil and gemcitabine. Previous detailed structure
activity relationship (SAR) work in our group has shown that 1-
(S,Rp) is the most potent ferronucleoside identified. Interestingly,
its ruthenocene analogue shows greatly reduced cytoxicity.??
However, other multiple studies have proven that cytotoxicity
cannot be simply ascribed to the ferrocene moiety alone.?%:22:2%
For example, both the hydroxyalkyl linker and the thymidine base
are required for effective cytotoxicity,?® which is also affected by
the length of each linker.?? Furthermore, its regioisomer, in which
both Cp rings are functionalized instead of one being doubly
substituted, is significantly less cytotoxic.?®

Our extensive SAR studies have given pointers as to the mode
of action of 1-(S,Rp). Work using non-phosphorylatable analogues
and thymidine kinase-deficient cell lines?® suggests that although
inhibition of DNA replication is involved, substrate phosphory-
lation is not required for toxicity, unlike classic nucleoside ana-
logues such as gemcitabine. Therefore in order to probe this new
mode of action further, while at the same exploring potential
therapeutic applications towards cancers of unmet need, here we
show that 1-(S,Rp) has cytotoxic activity in multiple PDAC cell
lines, including gemcitabine-resistant MIAPaCa2 cells. Moreover
we report, for the first time, detailed mechanistic, biochemical and
gene-expression studies on 1-(S,Rp), which identify that its mode
of action is distinct from gemcitabine, involving inhibition of DNA
replication without incorporation into DNA. We also show that 1-
(S,Rp) causes induction of single-stranded DNA breaks in newly
synthesized DNA, resulting in replication fork stress, S-phase ar-
rest and apoptosis. We conclude that because of its potency, ac-
tivity in gemcitabine-resistant cells and novel mode of action, 1-
(S,Rp) is a promising candidate molecule for development of new
treatments for PDAC.

Methods
Cell culture

MIAPaCa2 (85062806), BxPC3 (93120816), CFPAC-1 (91112501),
PANC-1 (87092802) pancreatic ductal adenoma cancer cell lines
and HCT 116 pS53 wild colorectal cells (91091005) were all pur-
chased from the European Collection of Authenticated Cell Cul-
tures. HCT 116 p53 null cells were generated as described previ-
ously?* and were a gift from Peter Sadler (University of Warwick).
All of the PDAC cell lines studied contain verified homozy-
gous missense substitution mutations in the DNA binding do-
main of TP53 as catalogued in the COSMIC database of cancer
cell lines (https://cancer.sanger.ac.uk/cell_lines) as follows: MIA-
PaCa2 (pR248W, c742 C—T), BxPC3 (pY220C, c659 A—G), CFPAC-
1 (pC242R, c724 T—C) and PANC-1 (pR273H, c818 G—A). All of
these mutations are classified as non-functional in the IARC TP53
database (http://p53.iarc.fr) based on overall transcriptional ac-
tivity using eight different promoters measured in yeast? The
presence of published TP53 mutations was confirmed directly
by sequencing (Supplementary Information). All cell culture me-
dia and supplements were purchased from Gibco (Thermo Scien-
tific, Waltham, MA, USA) and all plasticware was purchased from
Greiner Bio-One. All lines were grown in Tys tissue culture flasks
as monolayers. MIAPaCa2 cells were cultured in DMEM, supple-
mented with 10% (v/v) foetal bovine serum, 100 U/mL penicillin,
100mg/mL streptomycin, and 2 mM L-glutamine; BxPC3, PANC-1
and CFPAC-1 were cultured in RPMI-1640 and supplemented in the
same way. All cells were maintained at 37°C in a 5% CO, humid-
ified incubator and sub-cultured twice weekly before confluency.
All cell cultures were confirmed free from Mycoplasma sp. contam-
ination using the EZ-PCR mycoplasma detection kit according to
the manufacturer’s instructions. All cells were cultured up to pas-
sage 20 before being discarded.

MTT assay

Compound 1-(S,Rp) was prepared as 50 mM stock solutions in
dimethylsulfoxide (DMSO), cisplatin and gemcitabine HCl stocks
were prepared in physiological saline. On the day of the ex-
periment fresh solutions at the appropriate test concentra-
tion were prepared in cell culture media. For 1-(SRp) the fi-
nal concentration of DMSO was 0.5% v/v, which was also used
as a vehicle control. The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] assay was used to assess cell cy-
totoxicity.?® Cells were seeded at a density of 5000 cells per well
in a 96-well plate, exposed to different concentrations of 1-(S,Rp)
and incubated for 72 h. MTT was added to a final concentration of
0.5 mg/mL followed by a 3 h incubation. DMSO was added to solu-
bilize formazan and absorbance was read at 490 nm using Tecan
Infinite F200 Pro platereader (Tecan, Mannedorf, Switzerland).
Samples were analysed in triplicate technical replicate and each
experiment was repeated three times independently and data
were normalized to the vehicle (DMSO) control.

Gene-expression profiling

Total RNA was extracted from cells using a Qiagen RNeasy Mini
Kit and reverse-transcribed using a Qiagen RT? First Strand Kit
according to manufacturer’s instructions. Gene expression of 84
key genes related to cell cycle progression and DNA-damage
checkpoint were quantified using a Qiagen RT? Profiler™ PCR
Array Human Cell Cycle PCR array (PAHS-020Z) according to
manufacturer’s instructions. For MIAPaCa2 cells, the PCR array
was carried out in three independent biological replicates. For
BxPC3 and CFPAC-1 cells, one biological replicate was undertaken.
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Results were analysed using the delta delta Cq method with nor-
malization to GAPDH, which was the most stable housekeeping
gene across samples. Thirteen genes (BRCA2, HUS1 RBBPS, SER-
TAD1, MDM2, GADD45A, CASP3, CDKN1A, CDK2, CCNG2, CCNE1,
CDK7 and CCNT1) were selected for further validation in all three
cells by gPCR. Briefly, brilliant II SYBR® Green QPCR Master Mix
(Agilent, Santa Clara, CA, USA) and using the cycling conditions in
the kit recommended for Agilent Aria MX. Primers used for each
gene of interest are shown in the supplementary materials and
methods. B2M was the housekeeping gene of choice used as an
internal control.

Comet assay

After treatment, cells were trypsinized and centrifuged (5min,
800x g) to remove the culture medium. Cells were then resus-
pended in 90 uL low melting agarose 0.7% (LMA) and quickly lay-
ered onto degreased microscope slides previously dipped in 1%
normal melting agarose for the first layer. The agarose was al-
lowed to set for 15min at 4°C before the addition of a final 90 uL
layer of LMA. Cell lysis was carried out at 4°C overnight by incubat-
ing the slides in lysis buffer (2.5 M NaCl, 100 mM Na2EDTA, 8 mM
Tris-HCl, 1% Triton X-100 and 10% DMSO, pH = 10). At the end
of the lysis period, slides were placed horizontally in a block elec-
trophoretic chamber and quickly submerged with electrophoretic
alkaline buffer, pH > 13 (1mM Na,EDTA, 300 mM NaOH, 0°C) and
incubated for 20 min at 4°C to allow unwinding of DNA. The elec-
trophoretic migration was performed for 20min at 0.78Vem™?
and 300mA. After electrophoresis, each slide was neutralized with
2 mL of neutralization buffer (0.4 M Tris-HCl, pH 7.5), fixed in
ethanol at —20°C and left to dry for at least 4 h. DNA was stained
with 75 uL SYBR™ Gold Nucleic Acid Gel Stain before the exam-
ination at 200x magnification under a Leica DMLS fluorescence
microscope (Leica Microsystems GmbH, Wetzlar, Germany; exci-
tation filter BP 515-560 nm, barrier filter LP 580 nm), using an au-
tomatic image analysis system (Comet Assay [V—Perceptive In-
struments Ltd., Stone, Staffordshire, UK). In order to assess if the
location of DNA-strand breaks caused by 1-(S,Rp) treatment co-
incided with 5-Ethynyl-2’-deoxyuridine (EAU) incorporation sites
after treatment, cells were pulse-labelled with EQU 10 uM before
been harvested. Slides for the comet assay were prepared as usual
and then labelled with AlexaFluor488 picolyl azide after the final
dehydration prior to staining with SYBR Gold.

CellTrace analysis

Cellular proliferation was quantified by quantifying the time-
dependent decrease in CellTrace Far Red fluorescence labelling
as the result of cell division using a CellTrace cell proliferation
kit (Thermo Fisher Scientific, USA, cat. no. C34564) according to
manufacturer’s instructions. Briefly, cells were pulse labelled with
CellTrace Far Red (10 uM, 30 min) before treatment with 1-(S,Rp)
(0-5 uM) for 72 h. At the end of the experiment, cells were sus-
pended by trypsinization and fluorescence analysed by flow cy-
tometry (BD FACSCalibur, BD Biosciences, USA).

EdU labelling

Nucleotide incorporation rate was assessed through the Click-
iT™ Plus EdU Alexa Fluor™ 488 Flow Cytometry Assay Kit
(Thermo Scientific) according to manufacturer’s specification.
Briefly, EAU incorporation was detected through click labelling
with Alexafluor488 picolyl azide and measured through both a BD
FACSCalibur™ flow cytometer (Becton Dickinson, Franklin Lakes,
NJ, USA) equipped with a 488 nm argon laser and a 635 nm red
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diode laser and through a Nikon A1R Inverted Confocal/TIRF
microscope (Nikon, Minato, Tokyo, Japan). DNA content in the
cell population was counterstained with eBioscience™ 7-AAD
Viability Staining Solution (Thermo Scientific) according to
manufacturer’s specifications. Single dye-stained samples were
run prior to the analysis to ensure no signal compensation was
necessary. Flow cytometry samples were analysed in triplicate
technical replicate and every experiment was repeated three
times.

Cell cycle analysis

After treatment with different concentrations of 1-(S,Rp), cells
were harvested, fixed and permeabilized as described previ-
ously.? After centrifugation, cells were resuspended in phosphate
buffered saline (PBS) followed by incubation with propidium io-
dide (0.01 mg/mL) and RNAse A (1 mg/mL) (Qiagen, Germany; cat.
no. 19101) for 30 min. The samples were analysed by flow cytom-
etry using BD FACSCalibur (BD Biosciences) in triplicate technical
replicate and every experiment was repeated three times.

DNA-fibre fluorography analysis

MIAPaCa? cells were seeded at a density of 3 x 10° cells/mL
and incubated in 5% CO,, 37°C overnight. Cells were treated
with 1-(SRp) for 24 h. Following treatment, cells were pulse la-
belled with 25 uM CldU for 20 min followed by second labelling
with 250 uM IdU for an additional 20 min. Cells were harvested
and the fibres were spread as described previously?® DNA fi-
bres were immunolabelled to detect IdU with mouse anti-BrdU
(1:70; Becton Dickinson) and CldU with rat anti-BrdU (1:200; Ab-
cam, UK) antibodies and incubated overnight at 4°C. Following
fixation in 4% paraformaldehyde, the slides were incubated with
secondary antibodies goat anti-rat Alexafluor 555 (1:500; Ther-
moFisher Scientific) and goat anti-mouse Alexafluor 488 (1:500;
ThermoFisher Scientific) for 90 min. The images were captured us-
ing confocal microscopy with an oil immersion objective and anal-
ysed using Image]. At least 1000 fibres per condition from three
independent experiments were quantified by measuring the com-
bined length (micrometre) of the red- and green-fluorescent label.
Fibre length in micrometres was then expressed as kB of DNA as
described previously?® where 1 um is estimated to be 2.59 kB of
extended DNA.

Gamma-H2AX staining

MIA PaCa-2 cells were treated with 10 uM 1-(S,Rp) or positive con-
trol etoposide 5 uM for 24 h for comparison. Negative controls
were treated with 0.5% DMSO (Sigma, Ireland), vehicle solvent.
After treatment, cells were detached using standard trypsin/EDTA
protocol and cell pellets were obtained. Cells were fixed in ice-cold
70% ethanol and stored overnight at 4°C. Fixed cells were cen-
trifuged and resuspended in 0.25% Triton X-100 (Sigma; cat. no.
T8787) for 10 min. After centrifugation, cells were resuspended in
blocking solution (2% bovine serum albumin (BSA)) for 30 min at
room temperature (RT). Blocking solution was removed by cen-
trifugation and exposed to the anti-gamma H2AX (phospho S139)
antibody (1:500) (Abcam; cat. no. ab26350) in blocking solution
for 1 h at RT. The primary antibody was removed, cells were
washed and incubated with the goat anti-mouse fuorescein isoth-
iocyanate (FITC) antibody (1:200) (ThermoFisher Scientific; cat. no.
62-6511) in blocking solution for 1 hin the dark at RT. After remov-
ing the secondary antibody and washing, the cell pellets were re-
suspended in 1 mL blocking solution. The samples were analysed
by flow cytometry using BD FACSCalibur (BD Biosciences) in tripli-
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Fig. 1 Compound 1-(S,Rp) whose chemical structure is shown in (A) with ferrocene highlighted in red is cytotoxic to a panel of pancreatic ductal
adenoma carcinoma cells. (B) Cytotoxicity curves in pancreatic ductal adenoma carcinoma (PDAC) cell lines treated with 1-(S,Rp) for 72 h as assessed
by the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay. The results represent the mean of three independent biological
experiments (n = 3). (C) Modelled ICso (£SD) values of 1-(S,Rp) (variable slope 4 parameter). (D) Comparison of 72 h ICso values for 1-(S,Rp), cisplatin
expressed in micromoles and gemcitabine HCl, expressed in nanomoles in the panel of five pancreatic ductal adenoma cells. The values in parentheses
are the 95% Cls. All results represent the mean from three independent biological experiments (n = 3) and are normalized to vehicle control.

cate technical replicate and every experiment was repeated three
times.

For confocal analysis, cells were fixed in 4% paraformaldehyde
on a rocker for 10 min at RT followed by incubation with 0.1%
Triton X-100 (Sigma) for 10 min. After washing with phosphate
buffered saline 0.1% v/v Tween 20 (PBST), cells were blocked with
2% BSA in PBST for 1 h at RT. Cells were washed and incubated
with anti-gamma H2AX (phospho S139) antibody (1:500) (Abcam;
cat. no. ab26350) overnight at 4°C in a humidified chamber. Cells
were washed and incubated with goat anti-mouse (FITC) antibody
(1:200) (ThermoFisher Scientific) (cat. no. 62-6511) for 1 h in the
dark at RT. After PBST wash, cells were incubated with propidium
iodide (0.01 mg/mL) for 10 min. Samples were washed again and
coverslips (ThermoFisher Scientific) were applied using hydro-

mount mounting media. The slides were allowed to dry for 1 hin
the dark at RT. The slides were read using Nikon A1R Inverted Con-
focal/TIRF microscope (Nikon) using a x100 oil-immersion objec-
tive.

Results and discussion

1-(S,Rp) cytotoxicity in PDAC cell lines is
comparable to cisplatin

The nucleoside analogue (S,Rp)-1-[a-methyl-(3-(hydroxy)propyl)]-
2-[(thyminyl)ethyl]-ferrocene, herein referred to as 1-(SRp)
(Fig. 1A) was synthesized as described previously?° Chiral purity
was confirmed using high performance liquid chromatography
(Supplementary Fig. S1). Previously, we reported that 1-(S,Rp) is



cytotoxic to multiple cancer cell lines including those from the
GI tract with a potency comparable to, or superior to cisplatin.?
We also demonstrated that non-phosphorylatable analogues
of 1-(S,Rp) have similar cytotoxicity to the parent compound,?
indicating a novel mode of action for a nucleoside analogue that
does not proceed via substrate phosphorylation and incorpora-
tion into genomic DNA. Here, we conducted detailed studies to
further probe the mode of action of 1-(S,Rp), while at the same
time assessing for activity in PDAC, a cancer of unmet need.
Cytotoxicity of 1-(S,Rp) in five PDAC cell lines was compared to
gemcitabine, the frontline treatment for PDAC since its approval
by the FDA in 1996°° and cisplatin, a reference metallo-drug used
to treat a range of solid neoplasms>! Compound 1-(S.Rp) was
cytotoxic to all five PDAC cell lines investigated, with calculated
72 h 1Cso values of 2.9, 3.7, 2.7, 3.7 and 6.8 uM in MIAPaCa2,
MIAPaCa2-GemR, BxPC3, CFPAC-1 and PANC-1 cell lines, respec-
tively (Fig. 1B and C). In contrast, we have shown previously that
1-(S,Rp) is not toxic to normal human embryonic lung cells.? In
future studies, it would be useful to compare activity to normal
pancreatic cells as well. An important finding was that there
was no statistically significant difference between the ICsy value
of 1-(SRp) in MiaPaCa2 and gemcitabine-resistant MIAPaCa2
cells (Fig. 1D). The potency of 1-(S,Rp) was lower than that of
gemcitabine, which had 72 h ICsy values in the nanomole range
except in gemcitabine-resistant MIAPaCa?2 cells (Fig. 1D). In all
cell lines tested, the ICsp value of 1-(S,Rp) was comparable with
or superior to cisplatin, which were 4.6, 1.2, 1.0, 4.9 and 4.5 uM
in MiaPaCa2, MIAPaCa2-GemR, BxPC3, CFPAC-1 and PANC-1 cell
lines, respectively (Fig. 1D). Analysis by flow cytometry confirmed
that the mechanism of cell death is apoptosis (Supplementary
Fig. S2).

1-(S,Rp) arrests cells in S-phase and inhibits DNA
replication

Next, we investigated the effect of 1-(S,R,) on cell cycle progres-
sion and DNA replication. Treatment of MIAPaCa2 cells (0-5 uM,
24 h) resulted in accumulation in the S-phase of the cell cy-
cle (Fig. 2A). The percentage of cells in S-phase were 29 + 2.0%,
36 +£1.2%,43 £ 3.3%,50.0 £ 2.2% and 66.0 £ 3.2% following treat-
ment with 0,0.25,0.5,1.25 and 5 uM 1-(S,R;), respectively (Fig. 2B).
This effect was concentration dependent and statistically signif-
icant (P < 0.001, 2-way ANOVA followed by Dunnett’s multiple
comparison testing). As a positive control, cells were treated with
gemcitabine (0.5 uM, 24 h), which resulted in an accumulation of
67.0 + 1.5% cells in G1 phase of the cell cycle (Fig. 2B). Therefore,
like 5-fluorouracil® and gemcitabine,*® 1-(S,R,) has a profound ef-
fect on progress of cancer cells through the cell cycle.

To gain further insight into the mechanism of accumulation of
cellsin S-phase, DNA replication and cell division were quantified.
Following treatment of MIAPaCa2 cells with 1-(S,Rp) there was
a statistically significant concentration-dependent decrease in
the median EQU fluorescence labelling of cells (P < 0.001, 1-way
ANOVA) following treatment of cells with 1-(S,R;) (Fig. 3A). Median
fluorescence values were 1418 + 73, 1005 + 74, 762 + 69 and
603 + 84 following treatment with 0, 1, 2.5 and 5 uM 1-(SRp), re-
spectively. Interestingly, although median EdU labelling decreased
following treatment with 1-(S,Rp), the number of cells actively
incorporating EAU significantly increased in a concentration-
dependent manner (P < 0.001, 2-way ANOVA followed by Dun-
nett’'s multiple comparison testing, Fig. 3B and C). Together, these
data suggest that following treatment of cells with 1-(S,Rp), cells
accumulate in S-phase due to inefficient replication of genomic
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DNA and an increased residence in this phase of the cell cycle.
This was further confirmed by confocal microscopy analysis,
where it was observed that control cells were either strongly
labelled with EAU or almost completely unlabelled. In contrast,
in cells treated with 1-(S,Rp), the overall level of EAU labelling in
individual cells was reduced but a higher proportion of cells were
labelled (Fig. 3D) confirming that cells spend longer in S-phase.

To further confirm that 1-(S,Rp) inhibits cell and genomic DNA
replication, cells were pulse labelled with CellTrace Far Red prior
to treatment with 1-(S,Rp) (0-5 uM) for 72 h. As shown in Fig. 3E
and F, there was a statistically significant increase (P < 0.001) in
intensity of labelling of cells with CellTrace Far Red compared to
controls in a concentration-dependent manner, with a calculated
ECsp of 1.3 uM (95% CI 0.9-1.9 uM) confirming that 1-(S,Rp) inhibits
cellular division, preventing dilution of the CellTrace label into
newly replicated cells. Together these data suggest that the ac-
tivity of 1-(S,Rp) involves a specific interaction with a cellular tar-
get related to DNA replication. Further evidence that interaction
with genomic DNA is a major mode of action was apparent from
COMPARE analysis of the one-dose data obtained in the NCI60
panel of cancer cell lines. Out of the 29 compounds identified as
having a similar (Pearson’s correlation >0.5) profile to 1-(S,Rp), 13
(45%) were compounds whose mechanisms of action was alkyla-
tion of guanine, 7 (24%) were compounds identified as inhibiting
DNA synthesis and 3 (10%) were topoisomerase inhibitors. Inter-
estingly, four out of the top six correlations (4 out of 6 rounds to
67%) had inhibition of DNA synthesis as the identified mode of
action Supplementary Table S1.

Transcriptomic profiling identifies key changes in
DNA-damage response

To further study the mechanism of action, we quantified tran-
scripts involved in cellular DNA-damage response. Of the 84 genes
investigated 53 (63%) were upregulated more than 2-fold in MIA-
PaCa2 cells treated with 1-(S,Rp) (10 uM, 24 h). Of these, 39 genes
were statistically significantly upregulated (P < 0.05), confirming a
strong transcriptional response in genes related to DNA-damage
response. The complete list of upregulated genes is shown in Sup-
plementary Table S2. Statistically significantly changed genes are
plotted as fold change normalized to GAPDH (Fig. 4) and relative
to GAPDH as 2999 (Supplementary Fig. S3). Next, the same set
of 84 genes were analysed in CFPAC-1 and BxPC3. overall, fewer
changes in gene expression more than 2-fold were observed in six
(7%) and nine (11%) instances, respectively. However, out of the
top 12 most significantly changed genes observed in MIAPaCa2
cells, 9 (75%) genes were also upregulated in either BxPC3, CFPAC-
1 or both cell lines (Supplementary Table S2). Furthermore, out of
the 39 genes significantly upregulated in MIAPaCa2 cells 13 (33%)
were also induced by at least 1.5-fold in at least one of the other
two cell lines (Supplementary Table S2).

K-means clustering by String network analysis®* showed that
the 39 genes upregulated in MIAPaCa?2 cells clustered into two
distinct groups (Supplementary Fig. S4). The first group contained
transcripts related to DNA-double-strand break repair (Reactome
pathway HSA-5693532) and DNA repair (Reactome pathway HSA-
73894) and included the following genes RAD17,RAD1, HUSI,
NBN, MRE11A, CHEK1, CHEK2 RBBP8, ATM, BRCA1 and MAD2L2.
The second cluster contained transcripts related to G1/S transi-
tion (Reactome pathway HSA-69206), S-phase (Reactome path-
way HSA-69242) and mitotic G1-G1/S phase (Reactome pathway
HSA-453279) and contained the genes CDK1, CDK7, MCM3, CDC6,
CDC16, CCNE1, CCND2, TFDP1, DP2, SKP2,RB1, CDK2,RBL2 and
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Fig. 2 Compound 1-(S,Rp) causes concentration-dependent S-phase arrest in MIAPaCa2 pancreatic ductal adenoma carcinoma cells. Cells were treated
with 1-(S,Rp) (0-5 uM) for 24 h before staining with propidium iodide and analysis by flow cytometry. (A) Representative histograms from cells treated
with 0, 1,2.5 and 5 uM 1-(S,Rp). (B) Graphical representation of data, the results represent the mean of three independent biological experiments (£SD,
n=3).% ™ and " statistically significantly different as assessed by 2-way ANOVA followed by Dunnett’s multiple comparison t-test. As a positive
control, cells were also treated with 0.5 uM gemcitabine.
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Fig. 3 Compound 1-(S,Rp) inhibits replication of genomic DNA in MIAPaCa2 pancreatic ductal adenoma carcinoma cells. (A) Incorporation of EAU into
replicating DNA as assessed by flow cytometry following treatment of cells with 1-(S,Rp) for 24 h. *** Significantly different from untreated control
(1-way ANOVA followed by a post hoc Dunnett’s t-test). (B) Percentage of EAU incorporating and non-incorporating cells following treatment with
1-(S,Rp) (24 h) as quantified using the criteria outlined in (C) for a representative experiment. (D) Confocal microscopy confirms reduced EdU
incorporation (green fluorescence) into genomic DNA in the nuclei of cells counter stained with DAPI (blue fluorescence). (E) Median cellular labelling
with CellTrace Far Red. (F) Representative histograms from an individual experiment. The results represent the mean of three independent biological
experiments (+SD, n = 3). *** Statistically significant from control (P < 0.001, 1-way ANOVA followed by a post hoc Dunnett’s t-test). The calculated ECso

of 1-(S,Rp) was 1.3 uM (95% C1 0.9-1.9 uM).

CDKN1A. Functional annotation analysis of significantly upregu-
lated genes in DAVID revealed statistically significant (Benjamini
corrected P-values <0.0001) over-representation of genes from the
following BIOCARTA pathways: ATM signalling pathway (11/21
genes), role of BRCA1, BRCA2 and ATR in cancer susceptibility
(11/16), cell cycle (8/25), cyclins and cell cycle regulation (8/25),
p53 signalling pathway (7/17) and cell cycle (8/30). Together these
data suggest a conserved transcriptional response to 1-(S,Rp) in
PDAC cells that is related to DNA-damage response and S-phase
arrest.

To gain further insight into the core transcriptional response
we analysed the 13 significantly upregulated genes in MIAPaCa2
cells that were also upregulated in at least one of the other two
cell lines investigated. Analysis of these genes showed strong ev-
idence of molecular interactions. Within the 13 nodes of the net-
work, the number of edges was 22 and the average local clustering
coefficient was 0.588 and had a protein protein enrichment (PPI)
enrichment value <1.0e-16. As shown in Fig. 5A, within the net-
work the major gene ontology (GO) terms represented included:
G0:0051726 regulation of cell cycle (coloured red), GO:0045786

negative regulation of cell cycle (coloured blue) and GO:0006974
cellular response to DNA-damage stimulus (coloured green). The
top 10 significantly functionally enriched GO terms in the net-
work are shown in Table 1. Together, these data strongly sug-
gest that the underlying mechanism of response to 1-(S,Rp) is the
same in all three PDAC cell lines investigated and related to DNA-
replication fork stress, DNA-damage response and cell cycle per-
turbation. To further validate these changes in gene expression,
we quantified them by gPCR (Fig. 5B).

One particularly striking change was in transcripts involved
in the cellular response to stalled DNA-replication forks. This
includes three of the four genes (HUS1,RAD1,RAD17) of the 9-
1-1 check point complex clamp.®> Previous literature reports
have shown that depletion of either RAD9%® or RAD17% sen-
sitizes HeLa and PDAC cells, respectively, to gemcitabine. Fur-
thermore, other studies have identified that both RAD9 and
HUS1 play an important role in the sensitivity of pancreatic
cancer cells to gemcitabine*® Together, these data demonstrate
the importance of this signalling complex in the cellular re-
sponse to gemcitabine and suggest that although the mode of
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Fig. 4 List of 39 genes related to DNA repair that are statistically significantly upregulated in MIAPaCa2 cells following treatment with 1-(S,Rp) (10 uM,
24 h). (A) Graphed as fold change (2-99°9) and (B) as a heat map for clarity. The results represent the mean of three independent biological experiments
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action of 1-(S,Rp) is distinct from gemcitabine, DNA-replication
stress is central to the mechanism of action. Also upregu-
lated were two of the three genes (MRE11, NBN) that form
the MRE11/RAD50/NBS1 (MRN) complex, which plays a crit-
ical role in sensing DNA-double-strand breaks and initiating
double-strand break repair by homologous recombination and
non-homologous end joining, as well as activation of cell cycle
checkpoints.® This complex has also been demonstrated to play
an important role in the cellular response to stalled replication
forks after treatment of cancer cells with nucleoside analogues
including gemcitabine.?® One of the major cellular responses to
blocked DNA synthesis is activation of the S-phase DNA-damage
response as discussed earlier and reviewed by Ewald et al.*® This
results in inhibition of initiation and firing of replication forks con-
sistent with our observation of S-phase cell cycle arrest.

Another key transcriptional change observed is strong in-
duction of both the DNA-damage response protein GADD45A
and the cyclin-dependent kinase inhibitor CDKN1A (p21). This
is consistent with our observation of genotoxic stress discussed
later in the text. Furthermore, GADD45A has previously been
linked to chemoresistance in a number of cancer types including
melanoma*! and glioblastoma*? but, to the best of our knowledge
its role in the response of pancreatic cancer cells to nucleoside
analogues has not been evaluated. Both GADD45A and CDKN1A
are often considered to be downstream of, and transcriptionally
activated by, p53*%. Furthermore, within the network of 13 genes in
total, 7 (CDK2, MDM2, CASP3, CDKN1A, GADD45A, CCNG2, CCNE1)
were identified as being related to p53 signalling (Kyoto Encyclo-
pedia of Genes and Genomes pathway HSA04115). Of these, four
(CDK2, GADD45A, CDKN1A, CCNE1) were also represented in the
reactome pathway TP53, which regulates transcription of cell cy-
cle genes (HAS-6791312) and four (CDK2, MDM2, CDKN1A, CCNE10)

in the p53-dependent G1 DNA-damage response (HSA-69563). All
PDAC cell lines used in this study contain inactivating mutations
in p53, a fact that was confirmed directly by sequencing. There-
fore, transcriptional activation of these genes must be through a
mechanism that is independent of p53. Several possible mecha-
nisms have been reported; indeed, it has been shown that some
chemical agents including the alkylating agent methyl methane
sulfonate and ultraviolet radiation appear to activate GADD45A
via a mechanism that is at least partly p53 independent, involv-
ing the transcription factors Oct-1 and Nuclear transcription fac-
tor Y subunit alpha.** Interestingly, overexpression of GADD45A
has been linked to a poor prognosis in patients with PDAC,* sug-
gesting that this gene is important in PDAC cell phenotype and
disease progression.

To further study the possible involvement of TP53 in the cellular
response to 1-(S,Rp) we investigated the same set of 13 transcripts
in HCT116 wild-type and TP53 null cell lines. There was no dif-
ference in the observed transcriptional response (Supplementary
Fig. S5A). In contrast, there was a small but statistically significant
difference (P < 0.05) in the response of wild-type and p53 mutant
HCT116 cells to 1-(S,Rp). The modelled ICso value of 1-(S,Rp) in p53
wild-type and null cell lines were 11.9 (6.9-20.0) and 35.4 (21.8-
58.9) uM, respectively (Supplementary Fig. S5B), suggesting that
response to 1-(S,Rp) may be at least partially dependent on p53.
To further investigate p53-independent regulation of 1-(S,Rp) re-
sponsive genes, the expression of the homologues p63 and p73
were investigated. Interestingly, treatment of PDAC cells with 1-
(S,;Rp) resulted in induction of p73 but not p63 (Supplementary
Fig. S6A). The levels of p73 transcript were also upregulated in
HCT116 p53 knockout cells (Supplementary Fig. S6B) further sup-
porting a compensatory role for this transcription factor in the
response of cells to 1-(S,Rp). The significance of these results is
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Fig. 5 Compound 1-(S,Rp) induces a conserved transcriptional response
in three pancreatic ductal adenocarcinoma (PDAC) cell lines. (A) STRING
network analysis (https://string-db.org) of the 13-genes transcriptional
activated in MIAPaCa2 and at least one other PDAC cell line following
treatment Within the network major GO erms represented included:
G0:0051726 regulation of cell cycle (coloured red), GO:0045786 negative
regulation of cell cycle (coloured blue) and GO:0006974 cellular response
to DNA-damage stimulus (coloured green). Interconnecting lines within
the network represent predicted molecular actions©—© activation ,
©—& inhibition, & binding, & catalysis, @ Sphenotype,
©—Oposttranslational modification, “—"reaction and

& Otranscriptional regulation. (B) Quantification of fold changes as
assessed by gPCR in MIAPaCa2, BxPC3 and CFPAC-1 cells following
treatment with 1-(S,Rp) (10 uM, 24 h). The red dotted line represents
2-fold increase compared to untreated control. The results represent the
mean of three independent biological experiments (+SD, n = 3).

unclear; p73 can transactivate p53-regulated promoters and there
is also evidence that in p53-deficient PDAC cell lines that sensitiv-
ity to gemcitabine can be enhanced through mechanisms that are
dependent on both p63 and p73 transcription factor activity*64°.
However, to the best of our knowledge there is no clear evidence
linking p73 to the transcriptional regulation of either GADD45A
or CDKN1A. We speculate that in PDAC cell lines, p73 may be able
to partially compensate for the lack of p53-dependent induction
of GADD45A and CDKN1A and that this is important in the cellu-
lar response to agents that cause replication fork and genotoxic
stress.

1-(S,Rp) induces DNA-strand breaks in newly
synthesized genomic DNA

To investigate whether the cell cycle and transcriptomic changes
related to DNA-damage and DNA-replication fork stress are man-
ifested as biochemical changes, we quantified the level of single
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and double DNA-strand breaks in cells using the alkaline comet
assay and yH2AX staining, respectively. Consistent with DNA-
strand breaks being important in the mode of action, treatment
of MIAPaCa2 with 1-(S,Rp) (0-5 uM, 24 h) resulted in a statistically
significant (P < 0.001) concentration-dependent increase in the
numbers of DNA-strand breaks as assessed by the percentage of
DNA in the comet tail (Fig. 6A). Mean percentage tail DNA values
were: 0.38 £0.11%, 0.93 £ 0.02%, 5.90 + 1.3% and 14.2 + 1.25% for
cells treated with 0, 1, 2.5 and 5 uM, respectively. Consistent with
previous studies,”?> gemcitabine (50 nM, 24 h) also induced DNA-
strand breaks (Fig. 6A). Next, to investigate whether DNA-strand
breaks were occurring in newly synthesized DNA, the comet assay
was repeated in cells that were pulse labelled with the fluorescent
base EAU. When cells were treated with 1-(S,Rp) (5 uM, 24 h) it was
clear that the DNA present in the comet tail was labelled with EAU
(Fig. 6B) confirming DNA-strand break formation in recently syn-
thesized DNA consistent with replication fork stress. As a negative
control, for cells treated with the direct acting genotoxin NQO (2.1
uM, 24 h) there was no evidence of EQU-labelled DNA in the comet
tail (Fig. 6B). There was also evidence that treatment of all three
PDAC cells lines with 1-(S,Rp) (10 uM, 24 h) induced double DNA-
strand breaks as assessed by phosphorylation of gamma-H2AX
using both flow cytometry and confocal microscopy (Fig. 7). In ad-
dition to a marker of double-stranded DNA breaks, it has also been
demonstrated that phosphorylation of yH2AX also occurs in re-
sponse to stalled DNA-replication forks, including those induced
by gemcitabine; this has been linked to S-phase checkpoint activa-
tion*® and recruitment of signalling molecules, including MRE11
and RAD5S1 to damaged DNA forks.>? Previous studies have also
shown that the MRN complex regulates resistance of cancer cells
to other nucleoside analogues where it is involved in the cellu-
lar response to stalled DNA-replication forks, but it was not clear
whether this was directly related to DNA-strand breaks or via
other mechanisms.*

1-(S,Rp) induces replication fork arrest and
activation of check point kinases

To directly investigate the effect on active DNA replication and
down-stream signalling events we used single molecule DNA-
fibre fluorography to study replication fork dynamics. Our ex-
perimental design is summarized in Fig. 8A. Treatment with 1-
(S.Rp) (5, 10, 25 uM) for 24 h resulted in concentration-dependent
inhibition of DNA replication and evidence of stalled replica-
tion forks. Fibre length in micrometres was converted to kB of
DNA as described previously?® In untreated control MIAPaCa2
cells, mean fibre length was 2.34 + 0.8 kB (range 0.73-5.60).
Cells treated with 1-(S,Rp) had statistically significantly shorter
fibres (P < 0.001). Following treatment with 5 and 10 uM 1-
(S.Rp), mean fibre lengths were 0.56 £ 0.20 (range 0.19-2.17) and
0.28 + 0.12 (range 0.08-1.53) kB, respectively (Fig. 8B). Repre-
sentative images of DNA-fibres from each experimental condi-
tion are shown in Fig. 8D-G. Treatment with 25 uM 1-(S,Rp) re-
sulted in complete arrest of fibre formation (Fig. 8G). As ex-
pected, treatment also resulted in a concentration-dependent
decrease in the speed of DNA replication (Fig. 8C). Calcu-
lated DNA-replication rates were 0.12 £+ 0.04, 0.028 + 0.01 and
0.014 4 0.006 kB/minute in control, 5 and 10 uM treatments,
respectively.

These data confirm the effect of 1-(S,Rp) on DNA replication as
quantified by incorporation of EQU as described earlier. Further-
more, consistent with this and the transcriptional changes de-
scribed earlier we also observed that 1-(S,Rp) treatment results in


https://string-db.org

10 | Metallomics

Table 1. List of the top 10 GO terms functionally enriched in the network of 13 genes significantly over expressed in MIAPaCa2 and at
least one other pancreatic ductal adenocarcinoma (PDAC) cell lines (BxPC3 and CFPAC-1) investigated

GO term GO description

FDR

GO0:0051726
G0:0007049
G0:0000079
G0O:0045786
G0:0010212
G0:1903047
G0:0022402
G0:0030330
GO:0044773
G0:0006259

Regulation of cell cycle
Cell cycle

Mitotic cell cycle process
Cell cycle process
DNA-damage response

DNA metabolic process

Regulation of cyclin-dependent protein serine/threonine kinases
Negative regulation of the cell cycle
Response to ionizing radiation

Mitotic DNA-damage checkpoint

8.16e-14
2.82e-9
4.8%-9
4.65e-8
5.03e-8
6.35e-8
6.35e-8
1.69e-7
4.42e-7
4.58e-7

A B 2.1 uM NQO, 24 hours
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*kk

w
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Fig. 6 Compound 1-(S,Rp) induced DNA-single-strand breaks in recently
replicated genomic DNA. (A) Concentration-dependent increase in
single-stranded DNA breaks following treatment with 1-(S,Rp) (0-5 uM,
24 h) as assessed by the comet assay. (B) Pulse labelling with EdU (green
fluorescence) prior to treatment confirms that DNA-strand breaks occur
in recently replicated DNA following treatment with 1-(S,Rp) (5 uM, 24 h)
but not when treated with NQO a direct acting genotoxic chemical,
where only non-EdU labelled DNA counterstained with Hoechst (blue
fluorescence) is visible in the comet tail. The results represent the mean
of three independent biological experiments (£SD, n = 3), *** significantly
different from untreated control (P < 0.001, 1-way ANOVA followed by a
post hoc Dunnett’s t-test).

phosphorylation of the checkpoint kinases CHEK1 (Ser 345) and
CHEK?2 (Thr 68), replication protein A (RPA) and gamma-H2AX
(Ser 139) as assessed by western blotting (Supplementary Fig. S7).
checkpoint kinase (CHK)1 and CHK?2 are critical regulators in the
coordinated cellular response to DNA damage and stalled repli-
cation forks®® and are important in the response of cancer cells
to gemcitabine. In fact, previous studies have shown that CHK1
kinase inhibitors sensitize pancreatic cancer cells to the toxicity
of gemcitabine,>*8 a strategy that has shown promise in clinical
trials.>® Together these data strongly support our hypothesis that
1-(S,Rp) stalls DNA-replication forks activating downstream sig-
nalling pathways, ultimately resulting in S-phase arrest and cell
death by apoptosis.

Our previous SAR studies have shown that both regiochem-
istry?® and linker length?? are key determinants of cytotoxicity
for 1-(S,Rp). These observations, coupled with our evidence that
1-(S,Rp) appears not to be directly incorporated into genomic DNA
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Fig. 7 Compound 1-(SRp) (10 uM, 24 h) induces double-stranded DNA
breaks as assessed by gamma-H2AX phosphorylation in pancreatic
ductal adeno carcinoma cells. (A) and (B) MIAPaCa2 cells as assessed by
flow cytometry and confocal microscopy, respectively. (C) CFPAC-1 and
(D) BxPC3 cells as assessed by flow cytometry. Etoposide (5 uM, 24 h) was
used as a positive control. The results represent the mean of three
independent biological experiments (+SD, n = 3). * and " Statistically
significantly different from control, P < 0.05 and 0.001, respectively
(1-way ANOVA followed by a post hoc Dunnett’s t-test).
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Fig. 8 Compound 1-(S,Rp) inhibits DNA replication as assessed by single molecule DNA-fibre fluorography analysis. (A) Experimental design: Cells were
seeded at a density of 3 x 10° cells/mL and allowed to attach for 24 h before treatment with 1-(S,Rp) (5, 10 and 25 uM) for 24 h before labelling with
CldU (red) and IdU (green). (B) Total fibre length (red + green label) in kB and (C) Replication rate Kb/min are inhibited in a concentration-dependent
manner by 1-(S,Rp). Box whisker plots show the mean (horizontal bar), interquartile range (box) and 5 and 95 percentile range (whisker) with values
outside that range plotted as individual points. The results represent the mean of three independent experiments (n = 3) with 1072, 1406 and 1189
individual DNA fibres analysed in control, 5 and 10 uM treatments, respectively. Treatment with 25 uM 1-(S,Rp) resulted in complete inhibition of DNA
fibres that were not quantified. *** Statistically significant (P < 0.0001) as assessed by a 1-way ANOVA followed by a post hoc Dunnett’s t-test.

Representative images from (D) Control, (E) 5 uM, (F) 10 uM and (G) 25 uM 1-(S,Rp) treated cells. Scale bar 10 um and fibre length in micrometres was
converted to kB of DNA as described in the materials and methods.
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via phosphorylation,?® while still inducing both single and dou-
ble DNA-strand breaks as shown here, suggests a specific cellular
target associated with DNA-replication machinery. On one level,
it could be argued that this would be at the expense of a non-
specific mechanism of toxicity, such as redox cycling of the iron
and generation of reactive oxygen species, a mechanism that has
been suggested for both the parent ferrocene compound®®-®' as
well as other ferrocene analogues including ferrocifens®?:¢> and
its derivatives.®* However, on the other hand, and in support of a
possible role of redox activity, a ruthenium analogue of 1-(S,Rp),
which shows less reversible electrochemistry, and whose oxidized
form is less accessible in biological systems, is not toxic to the
MIAPaCa2 cell line.”! Therefore a role for the iron in the toxicity
of 1-(S,Rp) is a distinct possibility, e.g. via generation of localized
redox activity at a cellular target as part of the mechanism of ac-
tion. Future studies to investigate transcriptional changes in ox-
idative stress genes would help to address this. Interestingly, DNA
polymerases are known to contain iron-sulphur clusters and it is
becoming increasingly apparent that they are involved in redox
regulation of polymerase functions.®>% It is possible therefore,
that modification of the local redox environment by 1-(S,Rp) af-
fects DNA polymerase activity and that this plays a role in the
molecular mode of action. Future in silico and biochemical stud-
ies to investigate direct docking with DNA polymerase would be
informative. However, we cannot exclude at this point other cellu-
lar targets linked to DNA processing, e.g. inhibition of DNA topoi-
somerase or depletion of the nucleotide pool as possible mecha-
nisms of 1-(S,Rp) toxicity.
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BRCA2
RADS51

homologous recombination:
replication fork restart
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RADS0
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Fig. 9 Compound 1-(S,Rp) stalls DNA replication in pancreatic ductal
adenoma carcinoma cells resulting in activation of downstream
signalling pathways and replication fork arrest. Highlighted in green are
genes of this pathway that are statistically significantly transcriptionally
activated in response to treatment with 1-(S,Rp). These include three out
of the four genes involved in formation of the ‘9-1-1 checkpoint complex
clamp’ (HUS1, Radl and Rad17) and two out of the three genes that form
the MRN complex (MRE11 and NBN). Also detected experimentally and
shown as red circles was phosphorylation of RPA1 and both checkpoint
kinases 1 and 2. Diagram created in Biorender, www.biorender.com.

Conclusion

In study, we have shown that the organometallic ferronucleoside
1-(S,Rp) has cytotoxic activity in multiple pancreatic cancer cells
and that the mode of action is inhibition of DNA replication, re-
sulting in replication fork stress, cell cycle arrest and apoptosis.
Our data point to a mechanism of action of 1-(S,Rp) that is dis-
tinct from that of establised organic nucleoside analogues such
as 5-fluorouracil and gemcitabine currently used to treat PDAC.
Our data further highlight that synthetic nucleoside analogues
are cytotoxic to cells through multiple modes of action. Further-
more, the toxicity and mechanism of action of 1-(S,Rp) is at least
partially independent of p53 transcription factor activity. Cytotox-
icity is dependent on both the linker length and regiochemistry of
1-(S,Rp) as well as the presence of a redox-active metal centre. We
therefore hypothesize that the mechanism of action is through
interaction with, and local redox modification of specific cellular
targets. Based on the observation of inhibition of, DNA replica-
tion, induction of DNA breaks specifically in recently synthesized
DNA and replication fork arrest, we hypothesize that the cellu-
lar target is the DNA-replication machinery itself (summarized in
Fig. 9). In conclusion, because of its novel mode of action, potency
and activity in gemcitabine-resistant cells, 1-(S,Rp) is a promis-
ing candidate molecule for development of new treatments for
PDAC.

Supplementary material

Supplementary data are available at Metallomics online.
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