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Introduction

Nano-scale imaging of dual stable isotope labeled
oxaliplatin in human colon cancer cells reveals the
nhucleolus as a putative node for therapeutic effectt
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Margret Eckhard,® Sarah Theiner, (iDRS Siegfried Reipert, (©¢© Daniel Strohhofer,?
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Oxaliplatin shows a superior clinical activity in colorectal cancer compared to cisplatin. Nevertheless, the
knowledge about its cellular distribution and the mechanisms responsible for the different range of
oxaliplatin-responsive tumors is far from complete. In this study, we combined highly sensitive element
specific and isotope selective imaging by nanometer-scale secondary ion mass spectrometry (NanoSIMS)
with transmission electron microscopy to investigate the subcellular accumulation of oxaliplatin in three
human colon cancer cell lines (SW480, HCT116 wt, HCT116 OxR). Oxaliplatin bearing dual stable isotope
labeled moieties, i.e. ?H-labeled diaminocyclohexane (DACH) and **C-labeled oxalate, were applied for
comparative analysis of the subcellular distribution patterns of the central metal and the ligands. In all
the investigated cell lines, oxaliplatin was found to have a pronounced tendency for cytoplasmic
aggregation in single membrane bound organelles, presumably related to various stages of the endocytic
pathway. Moreover, nuclear structures, heterochromatin and in particular nucleoli, were affected by
platinum-drug exposure. In order to explore the consequences of oxaliplatin resistance, subcellular drug
distribution patterns were investigated in a pair of isogenic malignant cell lines with distinct levels of drug
sensitivity (HCT116 wt and HCT116 OxR, the latter with acquired resistance to oxaliplatin). The subcellular
platinum distribution was found to be similar in both cell lines, with only slightly higher accumulation in
the sensitive HCT116 wt cells which is inconsistent with the resistance factor of more than 20-fold.
Instead, the isotopic analysis revealed a disproportionally high accumulation of the oxalate ligand in the
resistant cell line.

carboplatin-resistant cell lines and tumors." The combination
of oxaliplatin with 5-fluorouracil and leucovorin has emerged as

The third-generation platinum(u) drug oxaliplatin, (¢trans-1R,2R-
cyclohexane-1,2-diamine)oxalatoplatinum(u) (Fig. 1), overcame
some drawbacks of its predecessors, cisplatin and carboplatin.
In particular, oxaliplatin proved to be active in a variety of cis-/
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the standard treatment for metastatic colorectal cancer, which
is the second most frequent cause of cancer-related mortality in
the developed countries.>* The main adverse side effect of
oxaliplatin is its dose-limiting sensory neuropathy.* Similar to
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Fig. 1 Structural formula of the applied dual stable isotope labeled
oxaliplatin. In this study, an enantiomeric mixture containing R, R- and
S, S- diaminocyclohexane (DACH) was synthesized. D,, refers to the
number of hydrogen atoms of the cyclohexane ring substituted by
deuterium (n = 10). From here on, the designation “oxaliplatin” will
refer to the isotopically labeled compound, unless otherwise stated.
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cisplatin,> the main target of oxaliplatin is supposed to be
nuclear DNA with which it forms intra- and interstrand cross-
links, with the diaminocyclohexane ligand protruding into the
major groove. However, the cellular accumulation pattern and
the reasons for the different range of oxaliplatin-responsive
tumors as well as the weak cross-resistance between cisplatin
and carboplatin remain incompletely explored. Recently,
nucleolar and ribosomal stress were recognized as main
responses to oxaliplatin treatment in cancer cells, which might
explain the observed shift in the tumor selectivity of the drug.”®

One of the fundamental strategies in exploring the activity/
resistance mechanisms of chemotherapeutics is studying their
distribution in the target tissues and cells. Suitable bioimaging
techniques have evolved in the last decades, providing tools to
follow the drug distribution on a subcellular scale.” In partic-
ular, nanometer-scale secondary ion mass spectrometry
(NanoSIMS) has paved the way for spatially resolved (below 100
nm) trace element and high-sensitivity isotope analysis and has
proved its potential in subcellular distribution studies of metal-
based drugs.’®'® SIMS can simultaneously yield information
about the distribution of the central atom (e.g. Pt) and ligands
containing isotopic tags such as *H, *C, '*N and *®0. Secondary
ion signal intensity distribution images of biologically abun-
dant elements (in particular nitrogen, phosphorus and sulfur)
can readily be used to distinguish certain subcellular structures
(e.g., cell borders, nuclei, nucleoli). However, the exact identi-
fication of tiny organelles is highly challenging and thus
requires application of imaging techniques capable of cellular
ultra-structure characterization. The best means for simulta-
neous identification of distinct cellular compartments without
organelle-specific labeling are electron microscopy (EM) based
techniques. There are multiple examples of EM combined with
SIMS for applications in microbiology,”* cell biology**** and
in the field of chemical pharmacology.”®*** Here, we report the
correlative application of NanoSIMS and transmission electron
microscopy (TEM) for the subcellular investigation of isotopi-
cally dual labeled oxaliplatin in three human colon cancer cell
lines (SW480, HCT116 wt and isogenic oxaliplatin resistant
HCT116 OxR). High-pressure freezing followed by rapid,
agitation-assisted freeze substitution and resin embedding was
employed both for preservation of the native cellular structure
and drug distribution.

For the first time, to our knowledge, the ultrastructurally
correlated subcellular distribution of the clinically established
platinum-based drug oxaliplatin in tumor cells is presented.
Oxaliplatin showed a high affinity to cytoplasmic and nuclear
structures similar to sites involved in cisplatin accumulation.™
We highlight the nucleolus as a target for interaction with
platinum-based chemotherapeutics, as it is prone to platinum
accumulation and/or decomposition in all tested settings.

Materials and methods
Chemicals and general procedures

All solvents and chemicals were purchased from commercial
suppliers and were used without further purification. Isotopi-
cally labelled cyclohexanol-D,, was obtained from euriso-top.
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Thin layer chromatography was carried out on silica gel on
TLC-PET foils (Fluka) and silica gel 60 (Fluka) was applied for
column chromatography. Reactions involving platinum
complexes were carried out under light protection using glass
coated magnetic stirring bars. NMR measurements were
recorded on a Bruker 500 MHz Avance III spectrometer at 500.32
(*H), 125.81 (**C) and 107.55 (*°*Pt) MHz in DMSO-ds and D,O
at 298 K. The solvent resonances were used as internal reference
for '"H and "C chemical shifts. ***Pt spectra were externally
referenced to K,PtCl,. Electrospray ionisation (ESI) mass
spectra were recorded on a Bruker amaZon SL ion trap mass
spectrometer in positive and/or negative mode by direct infu-
sion. High-resolution mass spectra were measured on a Bruker
maXis™ UHR ESI time of flight mass spectrometer.

Synthesis of (SP-4-2)-[trans-(D,o)cyclohexane-1,2-diamine]
[(**C,)oxalato]platinum (i)

(SP-4-2)-Dichlorido[trans-(D;o)cyclohexane-1,2-diamine]plati-
num(u) was synthesised from D,o-cyclohexene according to
literature (pathway 1).® A mixture of (SP-4-2)-dichlorido
[trans-(Djo)cyclohexane-1,2-diamine]platinum(un) (300 mg,
0.77 mmol, 1 eq.) and silver nitrate (254 mg, 1.5 mmol, 1.95 eq.)
in water (10 ml) was stirred at room temperature for 8 h. Silver
chloride was filtered off and sodium (**C,)oxalate (102 mg,
0.74 mmol, 0.95 eq.) was added to the clear solution. After
stirring at room temperature for 24 h, the solution was
concentrated in vacuo and cooled to 7 °C for 2 h. The precipitate
was filtered off, washed with cold water and diethylether and
dried in vacuo. The doubly labeled complex was yielded as
a white solid. Yield: 260 mg (86%). "H-NMR (500 MHz, DMSO-
d): 6 = 6.09 (d, 2H, *Jy u = 9 Hz, NH), 5.36 (d, 2H, *Ju u = 9 Hz,
NH) ppm. *>Pt-NMR (107 MHz, DMSO-de): 6 = —371 ppm. HR-
MS [ESI(+), MeCN]: m/z = 430.1124 [M + Na']".

Cell cultures and growth conditions

Three human colorectal carcinoma cell lines were used for the
studies, viz. SW480 and an isogenic pair of HCT116 cell lines (the
parental or wild type line and a subline with acquired resistance to
oxaliplatin, resistance factor >20-fold). All cells lines were kindly
provided by the Institute of Cancer Research, Department of
Medicine I, Medical University of Vienna, Austria, authenticated
and confirmed to be mycoplasma and cross-contamination free
(Multiplexion, Germany, 2014). All cell lines were grown in RPMI
1640 medium (Sigma Aldrich) supplemented with 10% fetal
bovine serum (Biowest) and 4 mM r-glutamine (Sigma Aldrich),
referred to as complete RPMI 1640 medium below. Monolayer cell
cultures were grown in 75 cm” flasks (Starlab) at 37 °C in a moist
atmosphere containing 5% CO, in air.

Fluorescence microscopy

SW480 cells were cultured on 18 x 18 mm glass cover slips
placed in six-well plates (Starlab) at densities of 1.5 x 10> cells
per well in 1 ml of complete RPMI 1640 medium. The cells were
allowed to attach for 24 h at 37 °C prior to drug exposure. After
the treatment the cells were gently washed with PBS (3x) and
stained with CytoPainter Nucleolar Kit (Abcam, ab139475) for

© 2021 The Author(s). Published by the Royal Society of Chemistry
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30 min according to the manufacturer's instructions (1 pl/1 ml
1x assay buffer, in the dark at 37 °C). The green fluorescence of
nucleoli was detected under blue light excitation with a BX40
fluorescence microscope with an F-View CCD Camera, and 60 x
magnification oil immersion objective lens (Olympus). The
resulting pictures were analyzed in Cell*F fluorescence imaging
software where the size of nuclei/nucleoli was estimated
according to the measured square (um?). The treated samples
were always compared relative to untreated control subjected to
the same procedure.

High-pressure freezing and resin embedding

ACLAR® discs (5 mm in diameter for fitting into the carriers for
HPF) were punched out from a 1 pm thick ACLAR® fluoropol-
ymer film (Science Services) and placed in 12-well plates.
Monolayer cell cultures (SW480, HCT116 wt, HCT116 OxR) were
seeded at densities of 2 x 10° cells per well. They were allowed
to settle for 24 h on ACLAR®. After cells had reached 80-90%
confluence, they were incubated with freshly prepared
oxaliplatin/cisplatin solutions (24 h, 50-200 uM) in complete
RPMI 1640 medium. After drug treatment, cells were washed
with RPMI 1640 medium supplemented with 20% FBS.

The ACLAR® discs were placed into 1-hexadecene (Merck)
coated carriers type A (6 mm in diameter, 200 um in depth; Leica)
and filled up with 10% BSA in PBS. Samples were sandwiched
between carriers type A and the flat side of carrier type B (6 mm in
diameter, 300 pm in depth) and high-pressure frozen in a HPM100
freezer (Leica). The frozen samples were then transferred under
liquid nitrogen into 2 ml Sarstedt tubes filled with 1 ml frozen
substitution medium, 1% OsO, in dried acetone containing 0.5%
glutaraldehyde (Science Services). Subsequently, the Sarstedt tubes
were inserted in the tube holders of an agitation module® (Cry-
omodultech e.U.) in the cryochamber of the freeze substitution (FS)
system AFS2 (Leica), which was precooled to —140 °C in advance.
FS took place within ca. 5 h at —85 °C under agitation overnight
followed by gradual warm up of the samples to room temperature.
After washing with acetone, the samples were infiltrated and
embedded in low viscosity epoxy resin (Agar Scientific). The resin
blocks were polymerized in the oven at 65 °C for 96 h. The ACLAR®
discs were removed from the resin and the blocks were divided into
parts by sawing.

TEM and SIMS sample preparation

To obtain three consecutive ultra-thin sections (75 nm in
thickness) the resin-embedded cell monolayers were cut by
using an ultramicrotome (Ultracut S; Leica) with a diamond
knife (Diatome). The first section was placed on a copper grid,
counterstained with uranyl acetate and lead citrate, and imaged
in a TEM Libra 120 (Zeiss) at 120 kV. Multi-aligned images were
acquired by using a bottom stage digital camera, TRS (4 MP),
and iTEM software (Olympus). The second and third consecu-
tive section were each deposited onto antimony-doped silicon
wafer platelets (7.1 x 7.1 x 0.75 mm; Active Business Company)
for correlated metal and isotopic label analysis by NanoSIMS. A
wrinkle-free attachment of the sections was achieved by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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transferring them with a Perfect Loop (Science Service) onto pre-
warmed wafer platelets, heated on a hotplate at 80 °C.

NanoSIMS analysis

NanoSIMS measurements were carried out on a NS 50L Cameca
instrument (France) as described previously.> Briefly, the detectors
of the multicollection assembly were positioned to enable parallel
detection of '*O'H™, ?C,~, »C“N", 3P, 3'S™ and '*°Pt”
secondary ions for platinum distribution measurements and *H™,
*H-, O'H, O’H, C,”, *C®C and CN~ for ligand
distribution measurements. Prior to data acquisition, analysis
areas were pre-conditioned in situ by rastering of a high-intensity,
defocused Cs" ion beam in the following sequence of high and
extreme low ion impact energies (HE/16 keV and EXLIE/50 eV,
respectively): HE at 100 pA beam current to a fluence of 5.0 x 10™*
ions per cm? (for non Au-coated samples) and 2.5 x 10" ions per
em? (for Au-coated samples); EXLIE at 400 pA beam current to
a fluence of 5.0 x 10" ions per cm?; HE to a fluence of 2.5 x 10
ions per cm?. All data were acquired as multilayer image stacks
obtained by sequential scanning of a finely focused Cs' primary
ion beam over areas between 32 x 32 and 46 x 46 pm? with 512 x
512 pixel image resolution and approx. 80 nm physical resolution
(probe size). The per-pixel dwell time of the primary ion beam was
10-15 ms. Between every image cycle, secondary ion beam drift
was corrected by automatic beam centering and coaxial lens
(“EOS”) voltage optimization (utilizing the '>C,~ signal as a refer-
ence) as well as automatic peak centering for each of the recorded
secondary ion species. The total acquisition time ranged from 15
to 25 h per measurement.

NanoSIMS image processing, numerical data evaluation and
statistics

Image processing was done as described previously.” Briefly,
NanoSIMS image data were evaluated by using the WinImage
software package (version 2.0.8) provided by Cameca. Prior to stack
accumulation, the individual images were drift corrected.
Secondary ion signal intensities were corrected for detector dead
time on a per-pixel basis and quasi-simultaneous arrival (QSA) of
C, and CN secondary ions on a per-ROI basis. The QSA correc-
tion was performed according to the formalism suggested by
previous work,*® applying sensitivity factors of 1.06 and 1.05 for C,™~
and CN ions, respectively (experimentally determined on dried
yeast cells — data not shown). For H™ ions, a factor of 1.00 was
chosen. ROI data were analyzed for normal distribution (Kolmo-
gorov-Smirnov test, p < 0.05). Normally distributed data were tested
for significant differences in the arithmetic means by application of
Welch's t-test, not normally distributed datasets were tested for
significant differences in the medians by application of the Mann-
Whitney U-test. Statistical calculations were conducted with the
GraphPad Prism software. TEM/NanoSIMS overlay images were
generated utilizing the GIMP 2.10 software.

NanoSIMS data representation

For comparison of SIMS data acquired in different measure-
ment runs and/or on different samples, the secondary ion signal
intensity associated with the analyte needs to be normalized to

Nanoscale Adv., 2021, 3, 249-262 | 251
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an appropriate reference signal. For organic materials such as
biomass, carbon is abundant in the matrix which renders C~ or
C,  secondary ion beam intensities well suited as reference
signals. Owing to its higher ion yield, we chose >C,™ as the
reference signal in the platinum measurements. However, "*C
isotope labeling leads to variation of the 'C,~ signal intensity
in relation to the label content, which introduces a systematic
error in the inferred analyte to reference signal intensity ratios.
In order to avoid biasing, we used the following expression for
calculation of the normalized platinum signal intensities:

195Pt7 B (195Pt7) y (12C27> (1)
G~ 12C27 Pt C,” 2B
where °°Pt/C,” refers to the overall C,” normalized **°Pt™
signal intensity, (**>Pt™/*>C, )p to the >C,~ normalized Pt~
signal intensity determined in the platinum measurement.
(**C,7/Cy o ¢ refers to the relative contribution of *>C,~ ions
to the total C,™ signal intensity, which was determined in the

isotope measurements via detection of *C,” and '*C"C,”
utilizing the expression

IZCZ— B IZCZ—
CZ* - 12C27+12cl3C7+l3C27
12C27

= (2)
]2C13C27 + (1 + R22‘3C/12C>

in which Rugpec refers to the *>C over "*C isotope ratio, given by
Rogig = 12C13C7/(212C27J.

As demonstrated in a previous publication on "N isotopi-
cally labeled cisplatin (14), variable transformation of isotope
composition data enables inference of the relative elemental
content of ligands to the total elemental content within the
analyzed region. The transformation is based on mass balance
calculations which, in a generalized notation for two ligands (L1
and L2), can be written as:

nx ot = Mx,L1 T ix 2 + ixc t nx, (3)

where n refers to the number of atoms of element X, contained
in the sampled region (tot) consisting of contributions from the
ligands (L1, L2), the cellular biomass (c) and the resin matrix (7).
In an additional mass balance equation, the number of label
atoms (*X) is considered:

nax ot = ax 11t nax o T nax .t nax (4)

Utilizing the isotope fraction, which is, for an element con-
taining two isotopes (*X, ®X), given by
Hay

= — 5
anx Nax —+ Ney ( )

eqn (3) and (4) can be combined to

nx.Li

aAX,Iot -

nx 12 nx . ny
aax )+ aax 1, + aax .+ any (6)
n NX tot n

X, tot X, tot
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Let us now consider oxaliplatin and let L1 and L2 be the
DACH (DA) and the oxalate (Ox) ligand, respectively. For oxalate,
equ. (6) reads

n

nc,ox nc,e Cr
an = —an i~ + —ai3 (7)
C,tot C,0O C,c Cyr
Nc tot N tot N¢ ot nC tot

In the labeling experiments, the *C/(*>C + 3C) isotope
fraction of oxalate (asgoy) was 99 at%. The '*C content of
unlabeled resin embedded cells was determined as 1.072 +
0.001 at% (untreated SW480 cells, serving as control), the
carbon atoms in the DACH ligand were isotopically unlabeled. It
should be noted that, due to the lack of certified reference
materials, NanoSIMS isotope composition measurement values
are not absolute, and we applied the value obtained from the
control sample on all compounds that were considered as
unlabeled, i.e.

asC,pA = ABC,e = ABCy = ABCctrl- (8)

Accordingly, eqn (7) adapts

nc,ox nc,pA nee
Ascgop = — diicox T + ==+
' N tot NC tot HC tot

ncr
: ) A1 el [9)

Nnc ot

which, on account of the relationship displayed in the first mass
balance equation (eqn (3)) can be further simplified to

nc,ox Nc,ox
——dicoy + | 1 = == Janc gy

10
N ot Nc ot ( )

ascor =

Finally, through rearrangement, an expression can be ob-
tained that displays the number of carbon atoms originating
from the oxalate ligand relative to the total carbon atoms con-
tained in the sampled region:

ans — i
C,tot Cctrl
= (11)
Aiscox ~ B

nc,0x

NC tot

For the deuterium labeled DACH ligand (DA), equ. (6) can be
written as:

nH,r

ny »
azH.(' + = ay (12)

NH tot

NH,DA HH,0x
oy o = ———leypp T+ 2y ox T
HH tot FH tot HH tot

For platinum bound oxalate, 741 ox/71,.0r = 0, Which leads to
cancellation of the second term on the right side of eqn (12).
Upon cleavage from the Pt center, oxalate gets partially
protonated under physiological pH conditions. However, these
protons originate from - isotopically unlabeled - water. In
similarity to the consideration about '*C, the deuterium isotope
fraction of all unlabeled compounds was assumed as being
equal to the deuterium content measured on the untreated,
resin embedded SW480 cells (0.011 + 0.001 at%), i.e.

(13)

’Hq,0x = @H,c = @H,r = PH,ctrl

and eqn (12) simplifies to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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NHDA MH,0x
= 2y yop + +
NH ot

ny
+ )azH.ctrl (14)

NHtot  MHtot  MHtot

Again, according to the first mass balance equation, eqn (3)
can be further simplified to

_ NupDA 1 NH DA
A2 ot = g pp + - Dy etrl
NH tot NH tot

(15)

Rearrangement of this equation yields the expression which
relates the number of hydrogen atoms originating from the
DACH ligand to the total number of hydrogen atoms contained
in the sampled region:

MDA PHiot — @Hceul

(16)

NH tot Ay pa — A2y eyl

Fig. 7 and S7} show the values calculated from eqn (11) and
eqn (16) plotted versus the C,” and H normalized '*°Pt~
normalized signal intensities. The normalized signals (displayed
in arbitrary units) may be considered as being proportional to the
platinum content relative to the total carbon or hydrogen content.
Consequently, the slopes shown in the correlation plots refer to the
ligand to central atom ratios of the accumulated drug.

Determination of the total cellular platinum content by ICP-
MS

Cellular uptake experiments were performed to determine the total
cellular drug concentration. Cells (SW480, HCT116 wt, HCT116
OxR) were seeded into 6-well plates (Starlab) in densities of about
2.5 x 10° cells per well. Cell microcultures were incubated in
a moist atmosphere at 37 °C for 24 h prior to exposure to the drugs
(cisplatin, oxaliplatin, both 50 uM for 24 h). The cell number was
determined in a hemocytometer by using trypan blue staining in
parallel microcultures during the 2 h exposure period. After
exposure to the drugs, the medium was removed, cells were
washed with PBS and consecutively lyzed with 0.5 ml sub-boiled
HNO; (conc.) per well for 1 h. Ultrapure water (resistivity = 18.2
MQ cm) from a Milli-Q Element water purification system and
nitric acid (=69%, TraceSELECT®, Fluka) were used for all dilu-
tions for ICP-MS measurements. Elemental standard stock solu-
tions of rhenium and platinum were obtained from CPI
International. The total platinum content was determined with an
Agilent 8800 ICP-MS/MS instrument (Agilent Technologies)
equipped with nickel cones and a MicroMist nebulizer at a sample
uptake rate of approximately 0.25 ml min . The following ICP-MS
instrument settings were used: radio frequency power of 1550 W,
a plasma Ar gas flow rate of 15 L min ™', a carrier Ar gas flow rate of
~1.08 L min~" and an auxiliary Ar gas flow rate of ~0.90 L min~".
Quantification was performed by using the isotopes '®°Re and
195pt which were monitored with integration times of 0.3 s, 10
sweeps per replicate and 10 replicates, whereas Re served as an
internal standard for Pt. The Agilent MassHunter software package
(Workstation Software 4.3, Version C.01.03, 2016) was used for
data processing.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Cell apoptosis assay

To investigate the cell viability and possible death induction by
oxaliplatin, SW480 cells were analyzed by fluorescence-activated
cell sorting (FACS) using fluorescein isothiocyanate (FITC)-
conjugated annexin V (BioVision, USA) and propidium iodide
(PI; Fluka) staining. SW480 cells were seeded into 6-well plates
(CytoOne, Starlab, UK) in densities of 2 x 10> cells per well in
complete RPMI medium and allowed to settle for 24 h. The cells
were exposed to different concentrations (50-100-200-400 uM)
of oxaliplatin for 24-48 h at 37 °C. After incubation, the cells
were gently trypsinised, collected in 2 ml tubes, washed with
PBS and resuspended with FITC-conjugated annexin V (0.5 pg
ml™") in binding buffer (10 mM HEPES/NaOH pH 7.4, 140 mM
NacCl, 2.5 mM CaCl,) at room temperature for 30 min. PI (2 pg
ml ") was added shortly before the measurement. Stained cells
were analyzed with a Guava 8HT EasyCyte flow cytometer
(Merck Millipore, USA) using InCyte software. Three indepen-
dent experiments were conducted, at least 5000 cells were
analyzed in each run.

Results

In order to investigate the subcellular fate of the metal center-
and the ligands, an oxaliplatin batch with isotopically distinctly
labeled leaving and non-leaving groups was synthesized as
racemic mixture and applied in all experiments (Fig. 1). (*C,)
oxalate was obtained from a commercial supplier, whereas the
diaminocyclohexane (DACH) ligand featuring deuterium
labeling was synthesized starting from cyclohexanol-Dy, (it
should be noted that, in order to avoid isotope re-exchange in
aqueous solution, only carbon-bound hydrogen atoms were
substituted by deuterium).

Due to the high oxaliplatin concentrations used in the
imaging experiments (e.g. 200 tM in SW480 cells) we tested the
potency of the drug to induce the cell death with 24 h exposure
time. With the annexin V - propidium iodide assay the viability
of the cells was confirmed to stay above 90% at relevant
concentrations (50-200 pM, 24 h exposure, Fig. S10t). The
reason for such an effect might lay in a late onset for cytotoxicity
of platinum(u)-based chemotherapeutics as also shown previ-
ously for cisplatin'* (Fig. S9 and S10 in ESI of ref. 147).

Owing to the high drug accumulation upon treatment with
both cisplatin and oxaliplatin (Table 1), SW480 cells were used
for method validation. For subcellular drug distribution
studies, SW480 cell monolayers were grown on a thin polymer
foil (ACLAR®), which allowed sustainment of the cells in the

Table 1 Total cellular platinum accumulation (fg per cell) as deter-
mined by ICP-MS after 24 h drug exposure (50 uM)

SW480 HCT116 wt HCT116 OxR
Oxaliplatin® 27 £ 8 11+1 8.5+ 0.1
Cisplatin 59 + 3 34+7 27 +5

“ Isotopically unlabeled oxaliplatin was applied in accumulation
measurements.
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adherent state and cryo-immobilization by high-pressure
freezing within milliseconds (see ref. 27 and section Materials
and Methods for details). This approach promotes preservation
of the cellular ultrastructure (e.g., cytoskeleton, organelle
networks, cellular compartmentalization and the close extra-
cellular matrix) in the native condition and opens possibilities
to minimize re-distribution or elution of the drug through the
subsequent sample dehydration at low temperatures. By using
an in-house established agitation module for sample agitation
in an automated freeze substitution system (AFS), we acceler-
ated the FS process and minimized the extraction of cellular
material by organic solvents, compared to long-term FS or
conventional chemical fixation, dehydration and embedding at
room temperature.***’

ICP-MS bulk analysis revealed a factor of two to three times
higher cellular accumulation of cisplatin than for oxaliplatin
(Table 1). Due to higher accumulation of both platinum-based
drugs in SW480 cells, we selected this cell line for compara-
tive analysis of the sub-cellular drug distribution (Fig. 2). Both
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Fig.2 Sub-cellular platinum distribution in SW480 cells as determined
by NanoSIMS. Cells of an adherent culture were exposed for 24 h to 50
uM cisplatin (A) or 200 uM oxaliplatin (B). The displayed values were
obtained by ROI-specific evaluation of C,~ normalized °°Pt~ signal
intensity distribution images. Both drugs exhibit preferential accu-
mulation in cytoplasmic aggregations (hotspots) and in nuclear
structures. Abbreviations and number of data points per ROI: cell —
entire cell (n = 4 cisplatin, 11 oxaliplatin), cyt — cytoplasm (n = 4, 10); nu
- nucleus (n = 4, 7); chr — chromatin (n = 13, 26); mit — mitochondria
(n =9, 32); nuc — nucleolus (n = 3, 1); hs — hotspots (n = 37, 118), ext —
extracellular matrix (n = 8, 24). Data are presented as means + SD.
Statistical analysis: two-sided Student's t-test with Welch's correction
(*p < 0.05; **p < 0.01; ****p < 0.0001). Note that only one nucleolus
was accessible for NanoSIMS analysis from the oxaliplatin treated cells
and the single measurement value was excluded from significance
testing.
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drugs exhibited highly similar platinum distribution patterns,
revealing cytoplasmic aggregation, pronounced affinity to
nucleolar structures and a tendency for accumulation in chro-
matin, whereas no significant platinum accumulation in mito-
chondria was observed. These data are consistent with DNA as
the generally accepted target for platinum drugs.**-**

Oxaliplatin affects nucleoli in SW480

Remarkably, in oxaliplatin treated SW480 cell monolayers
subjected to correlated TEM/NanoSIMS analysis, only a few
intact nucleoli could be identified by TEM (ncens > 30) and,
according to the relative elemental composition, only one
microscopically pre-defined nucleolus (s = 10) was
confirmed to exhibit the characteristic high levels of phos-
phorus, sulfur and nitrogen. Based on this observation, we
hypothesized a possible interaction between oxaliplatin treat-
ment and nucleolar integrity, which was further studied by
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Fig. 3 Oxaliplatin treatment affects nucleolar integrity in adherent
SW480 cells. The graphs show the effect of oxaliplatin exposure (24 h,
various concentrations) on the nucleolar absolute size (A) and frac-
tional area within nuclei (B) as observed by fluorescence microscopy.
Data are presented as box and whisker plots displaying the median,
25" 75" 10" and 90™ percentiles. Abbreviations: neg control —
negative control (untreated cells). Statistical analysis: Kolmogorov—
Smirnov normality test, Mann—Whitney U-test (****p < 0.0001).
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means of fluorescence microscopy (Fig. 3 and S81). The absolute
size of nucleoli in cells treated with oxaliplatin in the concen-
tration range from 25 to 200 uM, as well as actinomycin D (1.5
uM, positive control), was shown to be on average 2.5-fold
smaller than in untreated cells (Fig. 3A). Moreover, the partial
volume and abundance within nuclei was strongly altered: in all
oxaliplatin treated samples, nucleoli occupied on average less
than 5% (3.4 &+ 0.7%) of the nuclear area (with some cells being
completely devoid of detectable nucleoli), whereas, in untreated
cells, nucleoli were highly abundant and occupied on average
15% (14.6 £ 3.1%) of the nuclear area (Fig. 3B). Morphologi-
cally, the effect of the platinum drug is similar to that of acti-
nomycin D — a DNA-dependent RNA synthesis inhibitor widely
used to induce segregation and distress of the nucleolus.**** In
both cases the treatment results in significant reduction of both
nucleolar number and size (Fig. S87).

Platinum distribution in SW480 cells

In the correlated TEM/NanoSIMS images of an oxaliplatin treated
SwW480 cell (Fig. 4, see Fig. S17 for the detailed alignment proce-
dure), the subcellular structures can readily be identified. The
2CN"~ secondary ion map aided in definition of the cell
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boundaries, which were used for a basic spatial alignment of SIMS
images with TEM micrographs (Fig. 4A and B). Chromatin struc-
tures anchored on the nuclear membrane and highlighted in the
*1p~ jon map were used to define the nucleus (Fig. 4E, yellow
dash). Within the nucleus, a sulfur and nitrogen rich structure,
visualized by the **S™ and "C'*N™ secondary ion signal intensity
patterns, indicates a nucleolus. Pt rich cytoplasmic aggregates were
selected (white outline in the '*>Pt~ secondary ion map) and pro-
jected onto the TEM image to identify the structures associated
with platinum accumulation (Fig. 4C and F). In SW480 cells,
platinum was shown to aggregate in sulfur-rich single-membrane
bound cytoplasmic organelles (Fig. S2A and Bf) with some indi-
cation of lamellarization and vesiculation (Fig. 4F), similar to those
associated with cisplatin accumulation in a parallel experiment
(Fig. S3t). Presumably, these organelles belong to the endocytic
and/or lysosomal pathway as reported previously for cisplatin.’*** A
moderate platinum signal intensity enhancement can also be
observed in the nucleolar region of the nucleus. No colocalization
of platinum hotspots with mitochondria, endoplasmic reticulum,
lipid droplets or Golgi structures was observed. Overall, both drugs
show very similar subcellular platinum distribution patterns

(Fig. 2).

Fig. 4 Subcellular distribution of oxaliplatin in a SW480 colon cancer cell (24 h, 200 uM). (A) — TEM survey image; (B) — **C*N~ secondary ion
map indicating the relative nitrogen distribution; (C) — 1°°Pt~ secondary ion map displaying the central atom distribution (hotspots are outlined in
white); (D) — 3*S~ secondary ion map highlighting rod-shaped mitochondria (arrows) and a perinuclear structure (arrowhead) rich in sulfur; (E) —
31p~ secondary ion map utilized for definition of the nuclear region (yellow outline). (F) — High-resolution TEM image of the single-membrane
bound organelles showing lamellar inclusions associated with platinum accumulation within the perinuclear region (marked by the magenta
ellipse region in (A—E)). Abbreviations: cyt — cytoplasm, nu — nucleus, nuc — nucleolus, mit — mitochondria. Intensities are displayed on a false-
color scale ranging from low intensities (black/blue) to high intensities (white/red). Scale bars = 5 um (A—E), 1 um (F).
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Fig. 5 Subcellular platinum distribution in HCT116 wt and HCT116
OxR cells. The cells were exposed to 100 uM oxaliplatin for 24 h. The
displayed values were obtained from ROI-specific evaluation of C,~
normalized °°Pt~ signal intensity distribution images. Note that in
both HCT116 cell lines the local platinum concentrations within
nucleolar, chromatin and mitochondrial compartments are signifi-
cantly higher than the average concentrations within the cytoplasm/
nuclei. Abbreviations and number of data points per ROI: cell — entire
cell (n = 8 HCT116 OxR, 3 HCT116), cyt — cytoplasm (n = 7, 3); nu —
nucleus (n = 8, 3); nuc — nucleolus (n =9, 3); chr — chromatin (n = 14,
6); mit — mitochondria (n = 13, 8); hs — hotspots (n = 48, 19). Data are
presented as means + SD. Statistical analysis: two-sided Student's t-
test with Welch's correction (*p < 0.05; ****p < 0.0001).

Platinum distribution in HCT116 cells

The next step was to investigate the fate of oxaliplatin in tumor
cells differing in sensitivity to the drug. For this purpose, the
isogenic colon cancer cell lines HCT116 wt and HCT116 OxR
(with acquired resistance of >20-fold) were exposed to the drug
for 24 h and subjected to correlative TEM/SIMS analysis. The
total cellular and organelle-specific platinum accumulation was
shown to be higher in HCT116 wt cells than in its resistant
counterpart (Fig. 5, first two columns), which is in agreement
with the result from the ICP-MS bulk analysis (Table 1). Inter-
estingly, no pronounced difference between the sites of
subcellular platinum accumulation was observed — both cell
types tend to accumulate the drug in cytoplasmic aggregates,
mitochondria and phosphorus-rich nuclear structures (chro-
matin, nucleoli).
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Discrete single-membrane bound cytoplasmic organelles
with characteristic lamellar and/or vesicular inclusions were
identified as sites of platinum accumulation in HCT116 OxR
(Fig. 6) and HCT116 wt (Fig. S47) cells, morphologically similar
to those in SW480 cells (Fig. 4F). Notably, in contrast to SW480
cells, these structures showed decreased intensities of the
nitrogen and sulfur associated secondary ion signals (**C™*N~
and **S”, Fig. S51). The apparently low protein and sulfur
content lead us, in combination with the morphological
appearance, to the assumption that the cytoplasmic organelles
accumulating platinum in HCT116 cells may represent early
endocytic vesicles rather than late endosomes or lysosomes as
in the case of SW480 cells.

Ligand distribution patterns

The dual stable isotope labeling strategy allowed us to deter-
mine the ligand-specific subcellular distribution patterns
simultaneously. Both, ">C from the (expectedly leaving) oxalate
and ?H from the (expectedly non-leaving) DACH ligands were
shown to accumulate within the treated cells (Fig. 7A, B, S6A
and BY). This suggests that a portion of the drug enters the cells
without prior ligand cleavage, i.e. with both ligands arriving
inside the cellular matrix. According to the coordination prop-
erties of DACH (non-leaving group) and from the relative line-
arity of the deuterium and platinum distribution, it can be
inferred that in all three cell lines the DACH ligand is still co-
localized with and, presumably bound to, the platinum center
of the drug, everywhere outside the cytoplasmic platinum hot-
spots (Fig. 7A and S7A%). On the contrary, the relative DACH to
platinum content within the cytoplasmic hotspots is similar to
the cell average for SW480 cells, but significantly lower in
HCT116 cells, both for the drug sensitive and resistant cell line
(Fig. 7A). Similar to DACH, the subcellular distribution pattern
of oxalate within each cell line appears rather uniform,
revealing no specific compartments with enhanced oxalate
accumulation. Strikingly, in HCT116 OxR cells a disproportion-
ally high amount of oxalate relative to platinum was detected,

Fig. 6 Subcellular platinum distribution in an adherent HCT116 OxR cell after 24 h exposure to 100 uM oxaliplatin. (A and C) — TEM micrographs
showing single-membrane bound organelles with vesicular inclusions (asterisks) associated with cytoplasmic platinum accumulation; (B) —
overlay of the NanoSIMS 1°°Pt~ secondary ion map (green) and the TEM image (black/white) visualizing the overall platinum distribution (green)
within the cell. The colocalization is exemplified in Fig. S9.1 Abbreviations: cyt — cytoplasm, mit — mitochondria, nu — nucleus. Scale bar = 3 pm.
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Fig. 7 Subcellular distribution of the ligands relative to platinum as
inferred from NanoSIMS elemental mapping and determination of the
local hydrogen and carbon isotope compositions. The distribution of
the DACH ligand (non-leaving group) relative to the platinum (A)
shows an almost linear relationship for the major cellular compart-
ments of all 3 cell lines (e.g. cytoplasm, nucleus). Within the hotspots,
the relative DACH to platinum ratio is similar to the average cellular
value in SW480 cells, but drastically lower in HCT116 cells (wt and
OxR). The distribution of the oxalate ligand (leaving group) relative to
platinum (B) indicates a disproportionally higher accumulation of
oxalate relative to the metal in HCT116 OxR cells. HCT116 and HCT116
OxR cells were exposed to 100 uM oxaliplatin, SW480 cells were
exposed to 200 uM for 24 h. Abbreviations: cell — entire cell, cyt —
cytoplasm; nu — nucleus; chr — chromatin; mit — mitochondria; hs —
hotspots. The slopes of the dashed lines refer to the mean relative
ligand to platinum ratio determined on the resin sections of each cell
line. Further details about the displayed quantities and their inference
from NanoSIMS measurement data are contained in a previous
publication'* and provided in the materials and method section of this
paper, the NanoSIMS data acquired in this study are presented in
Fig. S6.1 Displayed data points and error bars refer to means + SD.

suggesting the selective accumulation of the oxalate ligand in
the resistant cells (Fig. 7B and S7Bt).

In HCT116 cells (wt and OxR), cytoplasmic hotspots with
a high tendency for platinum accumulation (Fig. 2B) were
shown to accumulate *H from the labeled DACH ligand and "*C
from the labeled oxalate ligand to a lower extent than platinum
(Fig. 7 and S7t). These data suggest that oxaliplatin, upon
entering the specific cytoplasmic organelles (likely of endo-/
lysosomal origin), tends to readily lose the labile oxalate and
some of the more stably bound DACH ligand. Theoretically,
such a scenario is possible if the ligands are exchanged with
thiol containing molecules, however, only the SW480 cyto-
plasmic platinum aggregates were profoundly rich in sulfur
(Fig. S27t). The possibility of DACH cleavage from the platinum

© 2021 The Author(s). Published by the Royal Society of Chemistry
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center of oxaliplatin was confirmed in the presence of specific
di-sulfur species via MALDI by other authors.*

Though the levels of H and '*C isotope enrichment were
sufficiently high for label detection within the cell organelles,
differential elution and dilution of the drug components as
a consequence of resin embedding, which is essential for
preservation of the cell ultrastructure and high resolution TEM
imaging, may also affect the observed stoichiometry of the drug.
Our cryo-based sample preparation route has been tailored for
minimizing wash-out of the analyte; however, a precise deter-
mination of the drug stoichiometry necessitates further
investigation.

Discussion

The identification of the subcellular targets of chemothera-
peutic agents is a key for the improvement of cancer therapy
regimens in the future. Recently, novel correlative bioanalytical
approaches have evolved and opened new ways of studying the
fate of chemotherapeutics on the subcellular level, not only for
elucidating their pharmacological targets, but also for the
identification of the cellular loci which might be responsible for
systemic toxicity and resistance. Oxaliplatin has been applied in
the clinics worldwide for more than two decades now and is
synergistically effective in combination with 5-fluorouracil and
folinic acid (leucovorin) for treatment of colorectal cancers.*”*
Yet, there are very little data available concerning its subcellular
localization. Here we have investigated the subcellular distri-
bution of *H- and "*C-labeled oxaliplatin in three colon cancer
cell lines with different drug sensitivity.

Trace element analysis necessitates application of appro-
priate sample preparation techniques that need to be adjusted
for specific experimental requirements. For combining cell
ultrastructure investigation by means of TEM with elemental
and isotopic imaging by NanoSIMS, cryo-based sample prepa-
ration was successfully employed on cell monolayers. High-
pressure freezing in combination with freeze substitution (FS)
is a procedure widely accepted as an improvement over
conventional chemical fixation and processing at ambient
temperature and it has been applied for preparation of cell
monolayers grown on sapphire discs and Aclar.*®** With the
introduction of a rapid FS approach, the sample preparation
can be significantly accelerated (1/2 day instead of 3-5 days),
thereby further reducing wash-out effects.”® In cryo-prepared
SW480 cell monolayers, cisplatin showed a pronounced aggre-
gation in cytoplasmic sulfur-rich organelles, presumably of
lysosomal origin, and in nuclear structures (both in nucleoli
and chromatin), suggesting no significant redistribution in
comparison to conventionally embedded samples,** which
suggests a tight bonding of platinum to its cellular targets. The
subcellular cisplatin distribution pattern (Fig. S371) is in agree-
ment with observations in different tumor (HeLa, A2780) and
non-malignant cells reported by other authors."»*** In these
reports, data obtained by TEM, cell fractionation with consec-
utive ICP-MS analysis and NanoSIMS likewise identified the
nucleus as one of the major sites of cisplatin affinity. Whereas
no significant accumulation of platinum was observed after
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treatment with cisplatin in the cytoplasm of HeLa cells,* the
drug was shown to interact with autophagosomes and mito-
chondria in A2780 ovarian carcinoma cells."** In line with our
results, platinum co-aggregated with sulfur in the cytoplasm of
the cells. These cells, in particular platinum-resistant variants
(A2780 cisR), are well known to exhibit high levels of metal-
lothionein and glutathione, which might be responsible for
drug trapping and, therefore, resistance.***® The cytoplasmic
aggregation might represent products of glutathione-
dependent drug inactivation and therefore invokes further
investigations, for instance in murine tissues. It should be
taken into account that clinically relevant oxaliplatin concen-
trations in mice might be below the detection limit of the pre-
sented technique and necessitate novel strategies for
investigating the corresponding metabolites involved, e.g., the
application of Pt(iv) analogues.>>*”**

In SW480 cells, the platinum distribution of oxaliplatin is
similar to that of cisplatin (Fig. 2B and 4), showing pronounced
affinity for nuclei and S-rich cytoplasmic single-membrane
bound organelles. Remarkably, nucleoli were barely detectable
in sections of SW480 cells exposed to oxaliplatin, whereas they
were abundantly present across the entire cell population in the
untreated control. Given this observation, fluorescence
microscopy was employed and confirmed a pronounced effect
of oxaliplatin treatment on nucleolar integrity and distribution
(Fig. 3 and S8%). The nucleolus is a major site of pre-ribosomal
particle biogenesis and nuclear stress response*>*” and has long
been recognized as a target for various classes of antineoplastic
agents including platinum-based drugs.’* In agreement with
our data, the nucleolar susceptibility to oxaliplatin was previ-
ously shown in cancer cells to play a role in response to the
treatment® and in dorsal root ganglia sensory nerve cells to be
presumably involved in the induction of the undesirable
neurotoxic effect.® Cisplatin and oxaliplatin are capable of
interference with the mature ribosomes®* as well as with single
RNA molecules®*® and can induce ribosome biogenesis stress.
It has recently been suggested that the latter mechanism might
explain why oxaliplatin has a clinical activity profile distinct
from that of cisplatin, which may enable a mechanistically
guided selection of front-line cancer chemotherapeutics.” We
clearly show that the nucleolar structure in human colon cancer
cells is a major site highly impacted by accumulation of both
cisplatin and oxaliplatin and deserves closer attention in future
search for specific targets of platinum-based drugs. The cyto-
toxic effect of 5-fluorouracil, broadly used in adjuvant chemo-
therapy in combination with oxaliplatin, has been
demonstrated to involve incorporation into RNA as well as
thymidylate synthase inhibition and to be linked to inhibition
of nucleolar function,””** rendering the nucleolus a putative
node for the synergistic effect of both drugs. Taken together, the
nucleolus - a site of close association of RNA and DNA mole-
cules - might be a target for oxaliplatin and other nuclear tar-
geting platinum-based drug candidates,"** and possible
interactions of platinum compounds with this organelle should
be investigated in more detail. In particular, the reported
approach paves the way for addressing questions such as
whether spatio-temporal co-accumulation of drugs could be
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responsible for their synergism (e.g., 5-fluorourocil and
oxaliplatin).

Increased efflux and decreased influx are widely recognized
as resistance mechanisms to platinum-based drugs.®® In the
isogenic pair of HCT116 wt and HCT116 OxR cells, the differ-
ence in cellular accumulation of oxaliplatin (Table 1, 30%
higher accumulation in sensitive HCT116 wt cells) is clearly
insufficient to explain the high degree of insensitivity of the
latter (resistance factor >20-fold). In order to investigate
whether the subcellular localization plays a specific role in drug
resistance, we compared the platinum distribution in both cell
lines. In accordance with ICP-MS data, the SIMS analysis
confirmed the little higher accumulation of the drug in
HCT116 wt cells in comparison to HCT116 OxR cells. Equivalent
to SW480 cells, oxaliplatin was prone to accumulation in cyto-
plasmic single-membrane bound vesicles and nuclear struc-
tures in HCT116 cell lines (Fig. 2 and 5). In contrast to SW480
cells, the cytoplasmic platinum hotspots were relatively
depleted in sulfur and nitrogen (Fig. S51) and the platinum
levels in mitochondria were significantly higher than the
average cytoplasmic values (Fig. 5), suggesting that possible
targets of the drug may include the mitochondria in HCT116
cells. The latter is in good agreement with the reported mito-
chondrial apoptotic response in enucleated HCT116 cells,
which can be initiated by interaction of oxaliplatin with cellular
structures other than nuclear DNA.*

The dual stable isotope labeling strategy has successfully
been employed by other authors for simultaneous determina-
tion of the distribution of the metal and the ligands after cancer
cell exposure to ruthenium(u)-based RAPTA-C complex.”” By
application of the NanoSIMS-based approach, the divergent
distribution of drug components was revealed, as the labile "*C-
labeled arene group of RAPTA-C showed rather homogenous
distribution, in contrast to "’N-labeled phosphatricyclodecane
that tended to colocalize with ruthenium in close association
with plasma membrane proteins or the close extracellular
matrix. Here, we report the non-leaving *H-labeled DACH ligand
to co-accumulate with platinum within subcellular structures
(including nuclear structures and cytoplasm) of oxaliplatin
treated SW480, HCT116 and HCT116 OxR cells (Fig. 7A), with
the only exception of cytoplasmic hotspots. The '*C-labeled
oxalate - the leaving group of oxaliplatin - was shown to
distribute rather uniformly within the cells. Interestingly, in
HCT116 OxR cells the expected amount of oxalate, when related
to the platinum content, should not exceed the amount of
oxalate in the parental HCT116 cells; however, it comes close to
the levels observed in SW480 cells treated with a twice higher
concentration and a more than 3-fold higher drug accumula-
tion in general (Fig. 7B, Table 1). The resistant cells have
a tendency for oxalate sequestration unparalleled to DACH and
platinum accumulation. This observation raises the intriguing
question whether oxalate accumulation per se might be involved
in the development of the acquired resistance.

Oxalate - a typical plant cell resident molecule - is regarded
as a terminal product of ascorbic acid metabolism in animal
cells and forms salts with abundant divalent metallic cations
(e.g. Mg?*, Fe**, Ca**).%>%3 In the presence of Mg** and Ca** ions

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the decomposition rates of oxaliplatin in solution can be
significantly increased.®* The co-incubation of oxaliplatin with
CaCl, results in formation of the biologically active dichlorido
platinum complex and calcium oxalate crystals, shifting the
reaction equilibrium to the side of the products.®® In the human
body, calcium chelation by the oxalate ligand is regarded as
a possible reason for the most profound adverse side effect of
oxaliplatin - peripheral neuropathy. As a consequence, parallel
calcium and magnesium infusions were recommended to
reduce the oxaliplatin-induced neurotoxicity.**® Finally,
calcium oxalate is known to contribute to kidney injury through
induction of an epithelial-to-mesenchymal transition in the
proximal tubular epithelial cells.®” With respect to the data of
oxalate interactions in vitro and in vivo, several scenarios about
its potential role in the oxaliplatin resistant HCT116 cell line are
conceivable: (I) the subcellular accumulation of oxalate salts
with divalent cations inhibits the passive diffusion of the plat-
inum salt through the cell membranes; (II) Ca*>* depletion
inside the cell results in a decreased oxaliplatin conversion into
the active dichlorido platinum species; (III) chelation of Ca**
ions depletes the secondary messenger pool required for
apoptosis induction,* rendering the cells less responsive to
drug-induced damage.

Overall, the multiple isotope labeling strategy combined
with trace element and isotope analysis by NanoSIMS emerges
as a powerful tool for exploring the distribution of clinically
relevant drugs on the sub-cellular scale. As demonstrated by our
study on oxaliplatin, this experimental/analytical approach
provides the ability to study the distribution of the metal centers
in parallel to those of the metal-bound/released ligands.

Conclusion

Oxaliplatin is known to form different types of DNA lesions
including crosslinks that are potentially lethal to cells, but,
recently, interaction with rRNA and ribosomal biogenesis stress
have been emphasized as key factors for its cytotoxicity. Our
findings in human colon cancer cell lines confirm
a pronounced accumulation of oxaliplatin (and cisplatin) in the
nucleolus - a major site of RNA/DNA interaction and ribosome
biogenesis — and support the hypothesis that it may be a critical
target for platinum-based chemotherapy. Via application of the
dual stable isotope labeling strategy, a striking difference
between oxaliplatin sensitive and resistant HCT116 cells was
revealed: a pronounced oxalate accumulation in the latter.
Whether the oxalate accumulation effects the acquired resis-
tance on the cellular and/or organismal level (in patients)
deserves further investigation. Broader application of chemical
imaging techniques suitable for studying the subcellular local-
ization of clinically relevant agents bearing isotopic labels
opens new horizons in the field of chemical pharmacology.
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NanoSIMS Nanometer-scale secondary ion mass spectrometry
QSA Quasi-simultaneous arrival
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