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ABSTRACT: The properties of small molecule Pt(I) compounds that

drive specific cellular responses are of interest due to their broad clinical NE —AN P I
use as chemotherapeutics as well as to provide a better mechanistic | cto?t ORGP | Owaler || semart
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understanding of bioinorganic processes. The chemotherapeutic com-
pound cisplatin causes cell death through DNA damage, while oxaliplatin
may induce cell death through inhibition of ribosome biogenesis, also
referred to as nucleolar stress induction. Previous work has found a subset
of oxaliplatin derivatives that cause nucleolar stress at 24 h drug
treatment. Here we report that these different Pt(II) derivatives exhibit a
range of rates and degrees of global nucleolar stress induction as well as
inhibition of rRNA transcription. Potential explanations for these
variations include both the ring size and stereochemistry of the non-
aquation-labile ligand. We observe that Pt(II) compounds containing a 6-
membered ring show faster onset and a higher overall degree of nucleolar stress than those containing a S-membered ring, and that
compounds having the 1R,2R-stereoisomeric conformation show faster onset and a higher overall degree of stress than those having
the 1S,2S-conformation. Pt(II) cellular accumulation and cellular Pt(I1)-DNA adduct formation did not correlate with nucleolar
stress induction, indicating that the effect is not due to global interactions. Together these results suggest that Pt(Il) compounds
induce nucleolar stress through a mechanism that likely involves one or a few key intermolecular interactions.

Penta-Pt
H,

SN
_P{
N

H, ©

he success of cisplatin as a chemotherapy drug over the Ha H

last 40 years has led to the investigation of thousands of HN I O‘ N, /O © NNZ\ /C|
Pt(II) compounds, only two of which, oxaliplatin and H N/Pt\ -"N/Pt\O O"‘“ Pt
carboFlatin, have been approved for clinical use by the s c Ha © Hz cl
FDA." The mechanism of action for Pt(II) compounds has Cisplatin Oxaliplatin DACHplatin
long been attributed to the DNA damage response (DDR).” ) 2 (3)
Ogxaliplatin, however, exhibits different effects that have been N
attributed to both the larger diaminocyclohexane (DACH) Ha Ha /
carrier ligand and the chelating oxalate leaving group (Figure 1, ©: AN’ NP =N C
compound 2).” Recently, it was reported that the cytotoxic SN N/Pt\ N/Pt\c[
effects of oxaliplatin are caused by the ribosome biogenesis Hy © Hy @ Ha
stress response instead of the ]'DDR.4 Ribosome biogenesis Benzaplatin Pentaplatin APP
stress, or nucleolar stress, occurs in the nucleolus and can lead ) (5) 6)
to apoptotic cell death when ribosome biogenesis is disrupted,
such as through disruption of the nucleolar structure or Figure 1. Pt(Il) compounds used in this study. DACHplatin is a 1:1
through disruption of rRNA synthesis, rRNA processing, or mixture of the 1R2R and 1§,2S isomers. Compounds 2—$ induce
ribosome assembly.” Only a few small organic molecules, such nucleolar stress.

as Actinomycin D (ActD), CX-5461, and BMH-21, are known
to cause nucleolar stress through RNA Polymerase I
e Lles . 67 . . . .
inhibition.”” The inclusion of specific mononuclear platinum
compounds on this list”*~"" would be unique for metallodrugs
and also opens new opportunities for mechanistic studies of
nucleolar processes.

In previous work, we investigated the structural require-

ments of platinum compounds necessary to cause nucleolar

Received: May 6, 2022 6%%83@0[_
Accepted: July 20, 2022 g~
Published: August 2, 2022

© 2022 American Chemical Society https://doi.org/10.1021/acschembio.2c00399

v ACS PUbl ications 2262 ACS Chem. Biol. 2022, 17, 2262—2271


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hannah+C.+Pigg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+V.+Yglesias"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emily+C.+Sutton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christine+E.+McDevitt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Shaw"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Victoria+J.+DeRose"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Victoria+J.+DeRose"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acschembio.2c00399&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.2c00399?ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.2c00399?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.2c00399?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.2c00399?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.2c00399?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/acbcct/17/8?ref=pdf
https://pubs.acs.org/toc/acbcct/17/8?ref=pdf
https://pubs.acs.org/toc/acbcct/17/8?ref=pdf
https://pubs.acs.org/toc/acbcct/17/8?ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.2c00399?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.2c00399?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.2c00399?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.2c00399?fig=fig1&ref=pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acschembio.2c00399?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acschemicalbiology?ref=pdf
https://pubs.acs.org/acschemicalbiology?ref=pdf

ACS Chemical Biology

pubs.acs.org/acschemicalbiology

stress and found at least three derivatives in addition to
oxaliplatin that induce robust nucleolar stress responses
(Figure 1, compounds 3—5).° We found that Pt(II)
coordination to the DACH ring, but not the oxalate leaving
group, was sufficient to cause the nucleolar stress response as
measured by the relocalization of nucleophosmin (NPM1) in
mammalian cell culture.® Further structure—function analysis
found a narrow window of Pt(II) compounds, all containing a
cyclic diamino bidentate ligand, that cause nucleolar stress
(Figure 1, 3—5).%"" By contrast, Pt(I) compounds containing
alkyl-diamine bidentate ligands do not cause nucleolar stress,
even with large substituents.® In addition, different orientations
of ring substituents such as in picoplatin and 2-amino-
methylpyridinedichloride-platinum (APP) (Figure 1, 6)
apparentlgr preclude induction of the nucleolar stress
response.”'’ Phenanthriplatin, a monofunctional Pt(II)
compound, also induces robust nucleolar stress but possibly
through an alternative mechanism.”'® A trinuclear Pt(II)
compound has also been shown to affect nucleolar processes.'”
For the oxaliplatin-related Pt(II) compounds investigated here
(Figure 1), the sensitivity of the stress response to small ligand
changes suggests a model in which the ligand structure of the
Pt(II) compound influences a molecular interaction in the
nucleolus that induces the nucleolar stress response.

To further probe the mechanism of action of Pt(II)
compounds in the nucleolus, we carefully compared effects
of cisplatin and oxaliplatin on rRNA transcription and other
nucleolar markers.” At doses required to induce nucleolar
stress, oxaliplatin (but not cisplatin) treatment inhibits rRNA
transcription.9 Further, the onset of rRNA transcription
inhibition appears to coincide with or precede NPMI1
relocalization as well as changes in other nucleolar markers.”
Finally, at these treatment conditions, oxaliplatin does not
induce DDR markers to the extent that cisplatin does. These
results support a model in which cisplatin primarily induces a
DDR response, with downstream nucleolar effects, but
oxaliplatin induces a primary nucleolar response. Inhibition
of rRNA transcription and NPM1 relocalization are likely key
factors in the onset of nucleolar stress induction by oxaliplatin.

In our previous work with oxaliplatin-like derivatives,®
nucleolar stress induction by all compounds was measured at
24 h after treatment. At that treatment time, both oxaliplatin
and related ring-containing compounds lacking the oxalate
leaving group (Figure 1) caused robust nucleolar stress. The
relative rates at which these different compounds cause
nucleolar stress and their ability to inhibit rRNA transcription
are not known. Additionally, the relationships between
nucleolar stress induction, cellular platinum accumulation,
and DNA binding are not well-established for any platinum
compound. In this study we explore the time-dependence of
nucleolar stress induction by Pt(II) compounds as measured
by NPM1 redistribution. We also measure the extent of rRNA
transcription inhibition by these stress-inducing compounds.
Additionally, we determine whether cellular platinum accu-
mulation is related to nucleolar stress induction, measured
using inductively coupled plasma mass spectrometry (ICP-
MS) analysis on whole cell as well as nuclear fractions. We also
determine whether in vitro and in cell binding of platinum
compounds to DNA correlate with the onset of NPMI1
redistribution.

We find that not all stress-inducing Pt(II) compounds
induce stress at the same time or even to the same degree.
Additionally, we find correlation between rRNA transcription
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inhibition and NPMI1 redistribution.” We also observe that the
differences in NPM1 redistribution could not be accounted for
by whole cell or nuclear platinum accumulation, or Pt(II)-
DNA binding kinetics in vitro or in-cell. This indicates that it is
not likely the amount of Pt(II) compounds entering cells or
the amount binding to DNA that is determining whether a
compound will cause nucleolar stress. Finally, we find that the
1R,2R-isomers of pentaplatin and DACHplatin induce a more
robust nucleolar stress response when compared to their 15,25-
isomers. Taken together, these results reinforce the proposal
that Pt(II) compounds induce nucleolar stress through a
specific molecular interaction and further characterize new
Pt(II) compounds that robustly cause inhibition of rRNA
transcription.

B RESULTS AND DISCUSSION

Differences in Kinetics of Nucleolar Stress Induction
by Pt(ll) Compounds. Compounds 2, 3, 4, and 5 (Figure 1)
have all been observed to cause nucleolar stress after 24 h of
drug treatment time in AS549 cells.” It has previously been
observed that oxaliplatin induces slight nucleolar stress as early
as 90 min after treatment.” Structural differences in these
stress-inducing Pt(II) derivatives as in DACHplatin (3), with
chloride ligands substituting for the chelating oxalate leaving
group, an aromatic ring in benzaplatin (4), and a smaller ring
size of pentaplatin (S) might influence the rate of inducing
nucleolar stress. We used an NPMI1 imaging assay”'’ to
determine whether some of these compounds might have a
more rapid influence on nucleolar processes than does
oxaliplatin. In cells undergoing nucleolar stress, NPMI1 is
translocated from the granular component (GC) of the
nucleolus to the nucleoplasm,'”'* providing a convenient
assay for stress induction. Time points ranging from 30 min to
24 h of drug treatment were tested in AS49 cells. AS49 cells
were chosen because they have wild-type tumor suppressor
protein pS3, and Pt(II)-induced nucleolar stress has already
been characterized in this cell line.*” Each experiment was
accompanied by an untreated negative control and positive
control of low dose (5 nM) ActD, a known inducer of
nucleolar stress via specific inhibition of RNA Polymerase I
(Pol 1), which transcribes rRNA."> Cells were imaged by
NPMI1 immunofluorescence and the extent of nucleolar stress,
based on NPMI1 redistribution, was quantified using the
calculated coefficient of variation (CV) of NPM1 intensity in
each cell’ Data were normalized to no-treatment controls.
Cells with extensive NPM1 relocalization, indicating nucleolar
stregsl,oproduce CV values close to that of ActD of around 0.5—
0.7.”

Time points of 90 min, 3 h, and 5 h were found to be
significant in discriminating the onset of nucleolar stress for the
four Pt(II) compounds of interest. Specifically, we saw
significant nucleolar stress occurring for DACHplatin by 90
min, oxaliplatin and benzaplatin by 3 h, and pentaplatin by S h
(Figure 2). ActD as well as cells containing no drug treatment
were used as positive and negative controls, respectively.

A comparison of compound structures to the onset of
nucleolar stress reveals interesting relationships. Oxaliplatin
takes roughly double the time of DACHplatin to induce stress.
This is likely due to the slower exchange kinetics of the oxalate
leaving group in comparison with the chloride ligands on
DACHplatin.'® However, benzaplatin also takes double the
time of DACHplatin to induce stress, indicating that changing
the aromaticity of the nonlabile ligand influences the time for
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Figure 2. Quantification of NPM1 relocalization induced by Pt(II)
compounds at various time points. AS549 cells were treated with 10
uM of Pt(II) compound or S nM ActD and NPM1 distribution was
quantified by immunofluorescence (Methods). (A) Each point is the
average CV value and standard deviation for 3 biological replicates
performed on 3 separate days. (B) Representative cell images of A549
cells treated with each compound at given treatment times.

nucleolar stress induction. As described below, this is not due
to slower cellular accumulation of benzaplatin, and therefore
may be related to the behavior of the aromatic ring in cells.
Finally, the S-membered ring pentaplatin not only takes longer
than the other three compounds to induce detectable NPM1
relocalization, but also shows a lower overall degree of stress,
indicated by the higher end point CV of ~0.7. A lower degree
of stress induction by pentaplatin was also observed at 24 h in
our earlier work.® DACHplatin and pentaplatin only vary in the
size of the nonlabile ligand ring, indicating that there is likely a
specific size that must be met for a compound to induce stress
and slightly changing that not only changes the degree of stress
that will occur, but also how quickly that compound will
induce stress.

Pentaplatin Induces Lower Inhibition of rRNA Tran-
scription. Previous work has shown that oxaliplatin induces
nucleolar stress accompanied by early inhibition of rRNA
synthesis by Pol 1’ It was of interest to determine the
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relationship between rRNA synthesis inhibition and the range
of NPM1 redistribution kinetics observed for compounds 2—S5.
To measure rRNA transcription, we conducted metabolic
radiolabeling experiments using methods previously de-
scribed.'”” A549 cells were treated with compounds 2—5 for
3 h, and then cells were incubated in drug-free media
containing **P-labeled phosphate which would be incorporated
into any newly synthesized RNA in a pulse step. Media were
replaced with cold, drug-containing media for 3 h to track the
fate of any radiolabeled RNA. Low dose (S nM) ActD was
used as a positive control for inhibition of rRNA synthesis.

All of the Pt(II) derivatives previously found to induce
NPM1 redistribution, compounds 2, 3, 4, and §, inhibited
synthesis of rRNA to an extent similar to the extent of NPM1
redistribution at 3 h (Figure 3). In agreement with previous
data,” a 3 h treatment with oxaliplatin reduced 47S pre-rRNA
transcript levels to below 10% of the untreated control, while
the fully processed 28S transcript was reduced to roughly 20%
of control levels. DACHplatin inhibited rRNA synthesis even
more robustly, with both 47S and 28S transcript levels being
reduced to under 5% of the untreated control by 3 h. This
enhanced inhibition relative to oxaliplatin may be due to more
rapid aquation of the labile ligands, greater cellular platinum
accumulation, or more extensive disruption of the Pol I
transcription machinery. Benzaplatin showed a reduction of
both 47S and 28S transcripts comparable to oxaliplatin and
consistent with similar levels of NPM1 redistribution at 24 h.
While reduction of both rRNA transcripts was observed after
pentaplatin treatment, this reduction was modest in compar-
ison to the other platinum compounds and the positive control
of ActD. With pentaplatin treatment, 47S transcripts were
reduced to about 40% of the negative control, while 28S
transcripts were about 50%. This result is consistent with the
lower amount of NPM1 redistribution caused by pentaplatin at
the 3 h time point (Figure 2).

Next, we wondered if pentaplatin might inhibit rRNA
synthesis more robustly after S h of drug treatment prior to the
pulse step. We also considered whether APP (6), previously
shown to not induce nucleolar stress despite structural
similarities to the stress-inducing compound benzaplatin,®
could inhibit rRNA synthesis despite its inability to cause
NPM1 redistribution. We found that pentaplatin did inhibit
synthesis slightly more at S h of treatment than at 3 h of
treatment, with 47S levels reaching roughly 30% of the
negative control, and 28S levels being reduced to 40% (Figure
4). By contrast, APP caused a slight inhibition of rRNA
synthesis, although this inhibition was inconsistent and with a
high standard deviation over three trials with separate
biological replicates. With APP treatment, 47S and 28S levels
were reduced to around 85% and 50% of the untreated control
levels respectively (Figure 4).

Similar levels of rRNA synthesis inhibition are incurred by
cisplatin treatment at 3 h, which we previously attributed to
effects downstream of the DDR.” In conclusion, all Pt(II)
derivatives that induce NPMI relocalization by 24 h also
induce significant inhibition of rRNA synthesis by 3 h of
treatment, with DACHplatin causing the most robust
inhibition and pentaplatin inducing only modest inhibition.
Pentaplatin inhibition of rRNA synthesis intensifies by S h of
treatment, consistent with the further extent of NPMI
redistribution.

Whole Cell and Nuclear Platinum Accumulation Do
Not Correlate with Nucleolar Stress Induction by Pt(ll)

https://doi.org/10.1021/acschembio.2c00399
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Figure 3. Metabolic labeling to measure rRNA synthesis and processing at 3 h of treatment. Cells were treated with 10 #M platinum compounds or
S nM of ActD for 3 h prior to a 1 h pulse step, followed by a 3 h chase step. Bottom frame in the gel image shows total RNA (EtBr stain of 285
rRNA) while the top image shows *?P-labeled rRNA. Transcript sizes are shown on the right. Error bars represent the standard deviation of three

replicates of AS49 cells across three separate days.
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Figure 4. Metabolic labeling to measure rRNA synthesis and
processing at S h of treatment. Cells were treated with 10 M
platinum compounds or 5 nM of ActD for S h prior to the pulse step.
Bottom frame in gel image shows total RNA (EtBr stain of 285
rRNA) while top image shows **P-labeled rRNA. Transcript sizes are
shown on the right. Error bars represent the standard deviation of
three replicates of AS49 cells across three separate days.

Compounds. Pt(II) compounds can enter the cell either
through passive diffusion or active transport and their uptake is
highly dependent on the size, charge, and lipophilicity of the
complex.'®'? While it is generally believed that passive
diffusion is the primary way by which Pt(II) compounds
enter the cell, certain transport proteins, such as the organic
cation transporter and the copper transporter 1 (CTR1), are
also known to facilitate Pt(II) uptake.”® We questioned
whether cellular uptake and accumulation influenced the
rates of nucleolar stress induction observed for different Pt(II)
compounds. To quantify the cellular accumulation of
compounds 1-—5, we utilized ICP-MS to determine the
platinum content in whole cell lysate, nuclear fractions, and
DNA extracted from treated A549 cells.”’™**

Average cellular platinum accumulation at 90 min, 3 h, and
24 h after treatment with 10 uM of each Pt(II) compound are
summarized in Figure SA. Cellular accumulation for each
Pt(II) compound was quantified by the amount of platinum
measured by ICP-MS relative to the total protein mass in each
sample (ng Pt/mg protein). The measured cellular platinum
accumulation over time for each of the stress-inducing Pt(II)
compounds (Figure SA) follows a general trend that does not
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Figure S. Platinum content in whole cell, nuclear, and DNA samples measured by ICP-MS. (A) Cellular platinum content at varying drug
treatment times. (B) Platinum in nuclear fractions at 24 h drug treatment time. (C) Platinum content in DNA extracted from cells at 24 h drug
treatment time. (A) and (B) are averages of 3 biological replicates. Measurements in (C) reflect 5 biological replicates. All measurements are from

AS549 cells treated with 10 gM platinum compound.
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correlate to the time points where nucleolar stress is observed.
Cellular accumulation of cisplatin was observed to be
significantly higher than oxaliplatin and DACHplatin, which
agrees with previous studies.”’ Cellular accumulation for
oxaliplatin was observed to be lower than the nonoxalate
derivative, DACHplatin, which is likely due to the slower
aquation rate of oxaliplatin compared to DACHplatin.
Surprisingly, we found that the measured platinum accumu-
lation in cells treated with 10 uM of benzaplatin was
significantly higher than the other Pt(II) compounds tested,
at all time points. The higher cellular accumulation of
benzaplatin may be due to hydrophobicity, or to the
observation that Pt(II) complexes with aromatic diamine
ligands, such as benzaplatin, have been shown to undergo rapid
exchange of labile CI” ligands.””

In addition to whole cell platinum accumulation studies, we
also measured platinum levels in nuclear extracts of cells
treated with compounds 1—S for 24 h (Figure SB). The results
from these studies closely mimicked those seen for whole cell
platinum accumulation. Benzaplatin again showed the highest
levels of nuclear accumulation, whereas oxaliplatin showed the
lowest levels of nuclear accumulation. Additionally, there does
not appear to be any correlation between the onset of
nucleolar stress and nuclear platinum accumulation. This
suggests that nuclear platinum accumulation is also less
sensitive to the minor structural changes that modulate the
nucleolar stress response.

Pt(Il)-DNA Binding In Vitro and in Cell Does Not
Correlate with Nucleolar Stress Induction. It is widely
accepted that the cytotoxicity of platinum compounds is at
least in part due to the formation of DNA-platinum adducts,”*
which are primarily 1,2-intrastrand cross-links on adjacent
guanines.”””® Because of this, the understanding of binding
kinetics and adduct formation of oxaliplatin and cisplatin to
DNA has been a topic of interest for many decades.”’ >
Pt(II)-DNA adducts form more rapidly following cisplatin
treatment than oxaliplatin treatment, and to a higher extent
following cisplatin treatment both in vitro with varying DNA
types and in multiple cell lines.”” Although the DNA binding
characteristics of cisplatin and oxaliplatin have been extensively
covered in the literature, little is known about the relationship
between DNA platination and nucleolar stress induction.

To further investigate the relationship between DNA
platination and nucleolar stress induction, we measured
relative DNA-platinum adduct amounts for compounds 1— §
in a model oligonucleotide and in DNA extracted from treated
AS49 cells. Model oligonucleotide studies measured platinum
binding to a short DNA hairpin sequence containing adjacent
guanines (TATGGTATTTTTATACCATA) analyzed by
dPAGE following incubation times from 90 min to 24 h
(Figure S1). By 24 h, all compounds except oxaliplatin and
benzaplatin appear to bind in similar amounts showing ~100%
relative intensity of platinated to non-platinated DNA. Based
on previous work, in these model studies oxaliplatin was
expected to show slower overall binding and less adduct
formation than cisplatin, but it is notable that at 3 h treatment,
oxaliplatin treatment induces significant nucleolar stress in
cells. Another interesting result obtained from this study was
that benzaplatin appeared to show no binding to the hairpin
DNA at 24 h incubation, even though it shows stress induction
in cells (Figure S1). The reason for this observation is not
known, but it is possible that due to the aromatic ring,

2266

benzaplatin may be forming a species in solution that is
preventing interaction with the hairpin DNA.

To further investigate the relationship between Pt(II)-DNA
adduct formation and nucleolar stress induction, we quantified
the amount of Pt(II)-DNA adduct in A549 cells that formed
after 24 h of incubation with compounds 2—5 (Figure SC)
using ICP-MS. The results from the in-cell Pt(II)-DNA
binding assays showed some notable differences compared to
the in vitro studies. As expected, cisplatin showed significantly
more binding to cellular DNA at 24 h than oxaliplatin.’'
Unlike in the model studies, where cisplatin seemed to bind at
similar rates as both DACHplatin and pentaplatin, the in-cell
binding assays indicated that cisplatin binds to DNA in a
higher amount than any of the stress-causing compounds.
Importantly, pentaplatin, which shows less overall nucleolar
stress at 24 h compared to the other oxaliplatin-like
compounds of interest, shows relatively the same amount of
in-cell DNA binding as DACHplatin and benzaplatin,
indicating that it is not likely the ability of pentaplatin to
bind to DNA that is causing it to show less nucleolar stress.
Finally, benzaplatin, which did not exhibit any DNA binding in
the in vitro studies, has in-cell Pt(II)-DNA levels that are
similar to those of the other nucleolar stress-causing
compounds. This indicates that there may be some cellular
interaction occurring with benzaplatin that is allowing it to
bind to DNA that is not occurring in buffered solution.
Understanding this reaction may help to better understand the
nucleolar stress pathway and how it differs from DDR induced
by cisplatin and carboplatin. Based on these results, it can be
concluded that whether a compound will cause nucleolar stress
is not likely directly related to the rate of DNA platination or
the overall level of Pt(II)-DNA adduct formation.

Chirality of Pt(ll) Compounds Influences the Degree
of Nucleolar Stress. It has previously been reported that the
1R2R- and 1S,2S-isomers of DACHplatin and pentaplatin
have different DNA-binding properties, with the 1§,2S-isomer
of both compounds showing more interstrand DNA cross-
linking compared to the 1R,2R-isomer.’”*® Growth inhibition
studies in the NCI-60 human tumor cell lines panel show that
the IR2R-isomer of DACHplatin is nearly S times more
potent when compared to the 18,2S-isomer.”” In a study of
acridine-linked monofunctional Pt(II) compounds, the IR R-
DACHplatin isomer was also slightly more toxic when
measured in A549 cells.”* The previous experiments in our
study used a racemic mixture for DACHplatin, but only the
15,28-isomer for pentaplatin.® We questioned whether the
1S5,2S-isomer of pentaplatin was the source of lower levels of
nucleolar stress induction observed for this compound. To test
this, we performed NPMI relocalization studies with pure
1S5,2S- and 1R,2R-isomers of both pentaplatin and DACHpla-
tin (7—10, Figure 6).

We find that there is indeed a relationship between a Pt(II)
compound’s isomeric form and its ability to induce nucleolar
stress. The 1R,2R-isomer of pentaplatin induces nucleolar
stress at an earlier time point and to an overall higher degree
than does the 15,2S-isomer (Figure 7). Specifically, at the 3 h
time point the pentaplatin 1R,2R-isomer is causing robust
nucleolar stress (CV = 0.65), while the pentaplatin 15,25-
isomer is not (CV = 0.88). While both compounds are
inducing nucleolar stress at longer treatment times, the
pentaplatin 1R,2R-isomer is causing a higher degree of stress
than the pentaplatin 15,2S-isomer at both S and 24 h time
points.
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Figure 6. Pt(II) compounds used in isomer-specific NPM1
relocalization studies.

We next measured NPM1 relocalization following treatment
with either the 1R2R- or 1§,2S-isomer of DACHplatin. We
find the same trends as observed for the two isomers of
pentaplatin, however not to the same degree (Figure 8). At the
90 min time point, the DACHplatin 1R,2R-isomer induces
significant nucleolar stress (CV = 0.73) while the DACHplatin
15,2S-isomer (CV = 0.96) does not exhibit much of an effect
on NPM1 relocalization. Additionally, at the 3 h time point,
the DACHplatin 1R,2R-isomer shows a higher degree of stress
(CV = 0.67) than the DACHplatin 1S,2S-isomer (CV = 0.80).
By 24 h, however, both isomers of DACHplatin show relatively
the same degree of nucleolar stress; this differs from the case of
pentaplatin, where the pentaplatin 1S,2S-isomer (CV = 0.68)
does not reach the same degree of nucleolar stress as the
pentaplatin 1R,2R-isomer (CV = 0.53) by 24 h. These
comparisons indicate that although the stereochemistry plays
a role in the degree of nucleolar stress induced by these
compounds, the size of the ring is still involved and the 6-
membered DACH ring is more effective at inducing nucleolar
stress than is the S-membered ring of pentaplatin.

Based on these data it appears that some property of the
15,2S-isomers, and specifically the pentaplatin 1S,2S-isomer,
makes it less ideal for NPM1 relocalization and nucleolar stress
induction. It has previously been suggested that the bend and

unwinding angles of the DNA double helix caused by platinum
cross-linking are slightly different for the two isomers and that
the amino protons of the 1§,2S-isomer have different hydrogen
bondingg interactions than in the 1R,2R-isomer when bound to
DNA.? Energy-minimized structures of 1R2R- and 1S,2S-
pentaplatin are shown in Figure 9. When bound to DNA or
RNA, the 1R2R- and 1S§,2S-isomers would present slightly
different faces in the 3’- and 5'-directions that could influence
nucleic acid structure or interactions with binding partners or
polymerases. To visualize these potential differences, the
structures are oriented “end-on” to show relative orientations
of —NH, groups as well as orientation of steric bulk.
Stereospecific interactions are also possible when bound to
nucleolar proteins.

B CONCLUSIONS

It has long been known that oxaliplatin and cisplatin induce
different cellular effects and vary in the cancers that the
compounds are most effective in treating. Some variations
between these compounds include differences in their ability to
form cellular Pt(II1)-DNA adducts, variations in their
cytotoxicity across various cell lines, and differences in the
chemotherapeutic side effects induced by these compounds in
cancer patients.’”*®*” Although there is much research
surrounding both cisplatin and oxaliplatin, the cellular
mechanisms that induce the variations between these two
compounds are not well understood. It has been reported that
unlike cisplatin, oxaliplatin does not induce cell death via DDR,
but rather through ribosome biogenesis stress, or nucleolar
stress.” Our lab has previously tested a limited library of Pt(II)
compounds and found a subset that cause nucleolar stress
induction.”'”"" Here we performed more thorough inves-
tigations with four-stress inducing Pt(II) compounds we had
previously identified: oxaliplatin, benzaplatin, DACHplatin,
and pentaplatin (2—5).

We were first interested in determining relative rates of
nucleolar stress induction based on NPM1 relocalization from
the nucleolus to the nucleoplasm. We found that not all stress
inducing Pt(II) compounds induce nucleolar stress at the same
time or even to the same degree (Figure 2). Further, there are
measurable differences in the levels of nucleolar stress induced
by 1R,2R- and 1S,2S-isomers (Figures 7,8). Specifically, we see

NPM1 relocalization caused by Pentaplatin Isomers
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Figure 7. Quantification of NPM1 relocalization induced by pentaplatin isomers. Treatment conditions are the same as in Figure 2. For each
treatment individual dots represent single cells, data set boxes represent median, first, and third quartiles, and vertical lines are the range of data.
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Figure 8. Quantification of NPM1 relocalization induced by DACHplatin isomers. Treatment conditions are the same as in Figure 2. For each
treatment individual dots represent single cells, data set boxes represent median, first, and third quartiles, and vertical lines are the range of data.
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Figure 9. Lowest-energy conformations of pentaplatin in the 1S,2S-
and 1R,2R-configurations (see Methods). Chloride ligands have been
removed.

that 1R,2R-DACHplatin causes nucleolar stress earlier than the
other stress inducing compounds, initially observed at 90 min.
By contrast, 15,25-pentaplatin does not induce stress until a
longer time point of 5 h and to a lesser overall degree. This
indicates that there are likely some intermolecular interactions
occurring with the Pt(II) stress-inducing compounds that
allow certain enantiomers to be favored over others in terms of
inducing stress.

Next, we sought to confirm that stress causing compounds
cause an inhibition of rRNA transcription as previously
observed for oxaliplatin.*” From these studies (Figures 3,4)
there appears to be a direct correlation between rRNA
transcription inhibition and observation of nucleolar stress by
NPM1 redistribution. This correlation is particularly apparent
when observing 1S,2S-pentaplatin, which showed less NPM1
redistribution than the other stress causing compounds and
also showed less rRNA transcription inhibition. 1§,25-
pentaplatin still exhibits rRNA transcription inhibition in
comparison with untreated cells, but not to the same degree as
oxaliplatin, DACHplatin, and benzaplatin, suggesting that ring
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size has a significant influence on the ability to cause nucleolar
stress in this class of Pt(II) compounds.

We were then interested in determining if cellular
accumulation of Pt(II) compounds or DNA binding could
account for the differences in nucleolar stress induction
(Figure S). From ICP-MS cellular platinum accumulation
studies, we found that there does not appear to be a correlation
between a compound’s ability to enter and remain in cells and
its ability to cause nucleolar stress. 1S,2S-pentaplatin showed
similar whole cell and nuclear platinum accumulation to that of
oxaliplatin and DACHplatin even though it was causing less
overall nucleolar stress then these compounds. Interestingly,
benzaplatin exhibits much higher cellular accumulation than all
other Pt(II) compounds tested. The specific reason for this is
still not well understood but is potentially related to the
aromaticity of the benzene ring and its ability to form reactive
species that may allow it to be taken up by cells more easily.

Finally, we looked at the rate and overall amount of Pt(II)-
DNA adducts being formed both in vitro and in-cell for both
stress inducing and nonstress inducing Pt(II) compounds.
While cisplatin bound to a DNA hairpin at a similar rate in
vitro as the other stress-inducing compounds, it is bound at a
much higher relative level in DNA extracted from cells treated
for 24 h. This indicates that induction of nucleolar stress does
not require higher levels of binding to cellular DNA than for
compounds that cause cell death via DDR. Additionally, there
appeared to be low correlation between the degree of stress a
compound caused, and the level of DNA adducts formed. This
can be observed when comparing oxaliplatin, which showed a
lower amount of DNA adduct formation and a higher degree
of nucleolar stress, to 1S,2S-pentaplatin, which showed a
higher amount of adduct formation and a lower degree of
nucleolar stress. Although DACHplatin and pentaplatin were
found to differ significantly in their onset and degree of
nucleolar stress (Figure 2), the platinum content in cells,
nuclear extracts, and extracted DNA from treated cells are
remarkably similar (Figure S). These results indicate that
cellular platinum accumulation is less sensitive to the minor
structural changes that modulate the nucleolar stress response.

Overall, the sensitivity of nucleolar stress induction to size
and stereochemistry of cyclic diamine Pt(II) ligands points
toward a model by which oxaliplatin-related Pt(II) compounds
induce nucleolar stress via a mode that is highly specific and
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likely involves one or a few key intermolecular interactions.
These interactions result in early inhibition of rRNA
transcription and disruption of nucleolar structure. Future
studies will focus on continuing to understand the Pt(II)-
induced nucleolar stress pathway and identifying key molecular
interactions that occur or are inhibited in order to cause Pt(II)-
induced nucleolar stress.

B METHODS

Cell Culture and Treatment. A549 human lung carcinoma cells
(#CCL-185, American Type Culture Collection) were cultured at 37
°C, 5% CO, in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% Fetal Bovine Serum (FBS) and 1%
antibiotic—antimycotic. Treatments were conducted on cells that
had been grown for 11—-30 passages to 70—80% confluency. Platinum
compound treatments were conducted at 10 M and Actinomycin D
treatments were conducted at S nM unless otherwise noted.
Actinomycin stocks were stored frozen in DMSO and thawed on
day of use. Platinum compounds were made into 5 mM stocks on the
day of treatment from solids in 0.9% NaCl (cisplatin), water
(oxaliplatin), or DMF (remaining platinum compounds). Stock
solutions were diluted into media immediately prior to drug
treatment.

Time-Dependent NPM1 Redistribution. /Immunofiuores-
cence. Cells were grown on coverslips (Ted Pella product no
260368, Round glass coverslips, 10 mm diam, 0.16—0.19 mm thick)
according to the methods previously described.® After platinum drug
treatment, cells were washed 2X with phosphate buffered saline (PBS)
and fixed with 4% paraformaldehyde in water at RT. Paraformalde-
hyde was then removed, and cells were permeabilized using 0.5%
Triton-X in PBS for 20 min at RT. Cells were then washed with 1%
bovine serum albumin (BSA) in PBST (PBS with 0.1% Tween-20) for
10 min 2X. Following this, cells were incubated with the primary
antibody (NPM1 Monoclonal Antibody, FC-61991, from Thermo-
Fisher, 1:200 dilution in PBST with 1% BSA) for 1 h. Cells were then
washed with PBST for 5 min 3X and then incubated with secondary
antibody (Goat Anti-Mouse IgG H&L Alexa Fluor 488, ab150113,
Abcam, 1:1000 dilution in PBST with 1% BSA) for 1 h. Cells were
then washed again with PBST for S min 3X before mounting.
Coverslips were mounted on slides with ProLong Diamond Antifade
Mountant with DAPI (Thermo Fisher) according to manufacturer’s
instructions.

Image Processing and Quantification. Images were taken using a
HC PL Fluotar 63X/1.3 oil objective mounted on a Leica DMi8
fluorescence microscope with Leica Application Suite X software.
Quantification of NPM1 relocalization was performed in an
automated fashion using a Python 3 script.® Images were preprocessed
in ImageJ*® to convert the DAPI and NPM1 channels into separate
16-bit grayscale images. Between 70 and 225 cells were analyzed for
each treatment group. Nuclei segmentation was determined with the
DAPI images using Li thresholding functions in the Scikit Image
Python package.”® The coefficient of variation (CV) for individual
nuclei, defined as the standard deviation in pixel intensity divided by
the mean pixel intensity, was calculated from the NPM1 images using
the SciPy Python package. All data were normalized to the no-
treatment control in each experiment. NPM1 imaging results for each
compound were observed on a minimum of three separate testing
days.

rRNA Transcription Inhibition. AS49 cells were grown to 70%
confluency in a 6-well tissue culture plate. Drug treatment was
completed for three or S h prior to the pulse step with the compounds
indicated in DMEM supplemented with 10% FBS and 1X antibiotic—
antimycotic. One hour prior to the pulse step, phosphate depletion
was performed by switching regular media for phosphate-free media
with 10% FBS, 1X antibiotic—antimycotic, and the drug of interest.
For the pulse step, media was replaced with a solution of 15 yCi/ml
3P orthophosphate made in phosphate-free media with FBS and
antibiotic—antimycotic. After the 1 h pulse step, media was replaced
with cold drug-containing DMEM with FBS and antibiotic—
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antimycotic for a 3 h chase. RNA was then extracted using the
Zymo Quick-RNA Miniprep kit and separated by size on an agarose
gel. The gel was then visualized in two ways: Total RNA was (1)
visualized with an ethidium bromide stain and (2) radioactively
labeled RNA produced during the pulse step was visualized. To
visualize radiolabeled RNA, the gel was dried on Whatman paper
using a gel dryer set for 2 h at 70 °C, after which it was left on the gel
dryer overnight at RT. The dried gel was exposed to a phosphor
screen for 24 h, and the screen was imaged using a Storm
phosphorimager. The amount of labeled RNA was quantified by
calculating the intensity of the gel bands in the images in Image].**
Prior to quantification, gel files from the Storm software were
converted from square root encoding to linear encoding using the
Linearize GelData ImageJ plugin.*® Quantified radiolabeled RNA was
normalized to the total 285 RNA levels for each sample, measured by
EtBr. The band marked 478 includes the 47S primary transcript and
4SS early pre-rRNA processing intermediate.'” RNA transcript
amounts are shown on graphs as a fraction of the mean untreated
control intensities for each experiment.

Cellular Platinum Accumulation. Cell Treatment and Sample
Preparation. A549 cells were seeded in a 10 cm culture dish and
incubated for at least 24 h or until at least 80% confluent, prior to
treatment. Cell treatments were performed following the general
treatment protocol. After incubation, the treatment media were
aspirated, and cells were thoroughly washed three times with warm
PBS (2 mL). Cells were harvested by trypsinization using 1 mL of
TrypLE Express Enzyme (Thermo Fisher) and collected in 4 mL of
DMEM in a 15 mL falcon tube. The cell suspension was then
centrifuged (2000 rpm, 7 m), and the cell pellets were resuspended in
2 mL of cold PBS. The cell suspension was then transferred into two
1.5 mL Eppendorf tubes in separate 1 mL aliquots for acid digestion
and protein concentration quantification, respectively. The samples
were then centrifuged (3000 rcf, 10 m, 4 °C) and the supernatant was
carefully aspirated. Cell pellets for protein quantification were
resuspended in 500 uL of ice-cold RIPA buffer containing mammalian
protease inhibitor cocktail (Sigma-Aldrich). Samples for acid
digestion and protein quantification were stored at —20 °C.

Determination of Total Protein Concentration. Cell suspension
for total protein analysis were lysed by vortexing on high for 15 min in
S min increments. Total protein concentration was assayed by BCA
(bicinchoninic acid) assay using a Pierce BCA Protein Assay Kit
(Thermo Fisher) following the manufacturer’s protocol (96-well
plate). Optical density was measured on a microplate reader (Tecan
Spark 20M).

Cell Fractionation. For subcellular platinum quantification, after
treatment, the media were aspirated, and cells were thoroughly
washed three times with warm PBS (2 mL). Cells were harvested by
trypsinization using 1 mL of TrypLE Express Enzyme (Thermo
Fisher) and collected in 1 mL Tris-KCI buffer (100 mM KCI, 50 mM
Tris HCl, pH 7.5, S mM MgCl,, 1 mM Na,EDTA), a 200 uL aliquot
was taken for whole cell platinum accumulation analysis. The
remaining sample was centrifuged (2 m, 1000g, 4°C), and the
supernatant was aspirated. Cell pellets were resuspended in 100 L of
cold lysis buffer and set on ice for 15 min followed by addition of 700
uL Tris-KCl buffer. Lysate was centrifuged (10 m, 12000g, 4 °C), and
a 500 uL aliquot of the supernatant (cytoplasmic fraction) was
collected and stored at —20 °C until digestion. Crude nuclei pellet
was resuspended in 1 mL Tris-KCl buffer and centrifuged (10 m,
12000g, 4 °C). Supernatant was aspirated and purified pellets were
stored in 200 uL lysis buffer at —20 °C until digestion.

Acid Digestion. Cell pellets for acid digestion were first heated on a
heat block at 65—70 °C in open air until completely dry. Then, 100
uL of concentrated nitric acid (69%, TraceSELECT, Fluka) was then
added to each dry cell pellet, and the sealed samples were heated at
65—70 °C on a heat block overnight. Digested samples were then
cooled to RT and diluted with 900 uL of dH,O to a final volume of 1
mL.

ICP-MS Total Platinum Concentration Analysis. Platinum
concentrations were determined by ICP-MS (Thermo Scientific,
iCAP RQ ICP-MS) equipped with a CETAC ASX-500 autosampler.
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The instrument was tuned daily with an ICP-MS tuning solution
(Tune B iCAP Thermo TS, Inorganic Ventures) for optimal
conditions. All CPS measurement were made in kinetic energy
discrimination (KED) mode. Measured platinum concentrations for
each trial represent the average of three scans. Calibration standards
were prepared from a platinum standard solution (1001 + S pg/mL,
Inorganic Ventures). Bismuth, indium, terbium, and yttrium from a
multielement internal standard solution (10 ug/mL, Inorganic
Ventures) were used as internal standards (1 ppb) to monitor
instrument drift and matrix effects. 2% (v/v) HNO; (TraceSELECT,
Fluka) was used for dilution of standards and digested samples.
Calibration standards were prepared fresh each day from the platinum
standard solution to a concentration of 0.50, 1.00, 2.00, 4.00, 10.00,
20.00, 40.00, 100.00, and 200.00 ppb. Prepared digested samples
diluted by a factor of 1:4 prior to measurement to a total volume of 4
mL.

Model Oligonucleotide DNA-Pt(ll) Adduct Assays. Hairpin
DNA sequence (TATGGTATTTTTATACCATA) (280 uM) was
folded by rapid heating to 90 °C and slow cooling to 4 °C in 10 mM
Na,HPO,/NaH,PO, buffer (pH 7.1), 0.1 M NaNO;, and 10 mM
Mg(NO;),. The platinum compound (830 M) was then added and
the solution was incubated at 37 °C for various time intervals. Pt(II)-
bound DNA was then purified with Sephadex G-25 Medium size
exclusion resin (GE Healthcare) on laboratory-prepared spin columns
(BioRad) to remove unbound platinum. Purified samples were added
(5.5 uL) to S0% glycerol (9.5 pL) and mixed. Samples were then
loaded (10 uL) on dPAGE (19:1 20% acrylamide in 8 M urea) and
ran at 180 V. Gels were then stained with Methylene blue for 3 min
and destained in diH,O for 30 min. Gels were then imaged using an
Alpha Innotech UV Trans illuminator and quantified using Image] gel
quantification methods.>®

In Cell DNA-Pt(ll) Binding Assays. Cell Treatment and Sample
Preparation. A549 cells were seeded in a 150 mm culture dishes and
incubated for at least 24 h or until at least 80% confluent, prior to
treatment. Cell treatments were performed following the general
treatment protocol. After incubation, the treatment media was
aspirated, and cells were thoroughly washed three times with warm
PBS (2 mL). Cells were harvested by trypsinization using 4 mL of
TrypLE Express Enzyme (Thermo Fisher) and collected in 10 mL of
DMEM in a 15 mL falcon tube. The cell suspension was then
centrifuged (2000 rpm, 7 m), and the cell pellets were resuspended in
2 mL of cold PBS.

DNA Extraction and Quantification. DNA was extracted from cell
pellets using a ZymoBIOMICS Quick-DNA Miniprep Kit. Clean
DNA was extracted from collection columns into 1.5 mL Eppendorf
tubes using diH,0 at a volume of 200 uL per centrifuge column. Once
collected the DNA concentration was taken for each sample using a
Nanodrop (Thermofisher NanoDrop 1000). DNA was then dried at
37 °C under vacuum until all water had evaporated off.

Acid Digestion. For digestion, 100 L of concentrated nitric acid
(69%, TraceSELECT, Fluka) was then added to each dry DNA
sample and the sealed samples were heated at 65—70 °C on a heat
block overnight. Digested samples were then cooled to RT and
diluted with 900 uL of diH,O to a final volume of 1 mL. Platinum
quantification was performed by ICP-MS as described above.

Molecular Modeling. Energy minimization were performed as
previously reported.”'® Briefly, compounds were optimized using
density functional theory in Gaussian09.*> Geometry optimizations
were performed using a RMS force convergence criterion of 10—5
hartree. The electronic wave function was minimized using GGA
functional PBE with the LANL2DZ basis set and compounds were
rendered in Chimera X1.3 with 70% surface transparency.*"*
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