
Short Communication

For reprint orders, please contact: reprints@futuremedicine.com

Inhibition of human APE1 and MTH1 DNA
repair proteins by dextran-coated γ-Fe2O3
ultrasmall superparamagnetic iron oxide
nanoparticles

Erdem Coskun‡ ,1 , Neenu Singh‡ ,2 , Leona D Scanlan3 , Pawel Jaruga4 , Shareen H

Doak5 , Miral Dizdaroglu4 & Bryant C Nelson*,6

1Institute for Bioscience & Biotechnology Research, University of Maryland, Rockville, MD 20850, USA
2Leicester School of Allied Health Sciences, Faculty of Health & Life Sciences, De Montfort University, The Gateway, Leicester, LE1
9BH, UK
3California Environmental Protection Agency, Office of Environmental Health Hazard Assessment, 1001 I Street, Sacramento, CA
95814, USA
4Biomolecular Measurement Division, National Institute of Standards & Technology, Gaithersburg, MD 20899, USA
5Institute of Life Science, Center for NanoHealth, Swansea University Medical School, Wales, SA2 8PP, UK
6Biosystems & Biomaterials Division, National Institute of Standards & Technology, Gaithersburg, MD 20899, USA
*Author for correspondence: bryant.nelson@nist.gov
‡Authors contributed equally

Aim: To quantitatively evaluate the inhibition of human DNA repair proteins APE1 and MTH1 by
dextran-coated γ-Fe2O3 ultrasmall superparamagnetic iron oxide nanoparticles (dUSPIONs). Materials &
methods: Liquid chromatography–tandem mass spectrometry with isotope-dilution was used to measure
the expression levels of APE1 and MTH1 in MCL-5 cells exposed to increasing doses of dUSPIONs. The
expression levels of APE1 and MTH1 were measured in cytoplasmic and nuclear fractions of cell extracts.
Results: APE1 and MTH1 expression was significantly inhibited in both cell fractions at the highest dUSPION
dose. The expression of MTH1 was linearly inhibited across the full dUSPION dose range in both fractions.
Conclusion: These findings warrant further studies to characterize the capacity of dUSPIONs to inhibit
other DNA repair proteins in vitro and in vivo.

Plain language summary: Inhibitors of DNA repair proteins are increasingly being utilized as potential
anticancer agents to supplement traditional chemotherapy and radiation-based approaches. The present
study was focused on investigating the use of iron oxide nanoparticles to inhibit the expression of relevant
human DNA repair proteins in a cellular model (MCL-5 cells). The authors utilized liquid chromatography–
tandem mass spectrometry with isotope dilution to measure the expression levels of two different DNA
repair proteins (MTH1 and APE1) in cells after the cells were exposed to increasing levels of the iron oxide
nanoparticles. The authors observed significant decreases in DNA repair protein levels that were associated
with increasing doses of the iron oxide nanoparticles. The authors’ findings warrant more comprehensive
studies using other cellular models and suitable animal models.

First draft submitted: 8 August 2022; Accepted for publication: 14 December 2022; Published online:
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Cancerous cells are examples of how rapid environmental and biological adaptation can result in accelerated cell
evolution and cell death [1]. The primary aim of cancer treatments using chemotherapy and/or radiation therapy
is to induce damage to the DNA of cancerous cells, ultimately leading to cell death. However, rapidly growing
tumors accumulate mutations that lead to overexpression of DNA repair genes, which results in increased DNA
repair capacity. Increased expression of DNA repair proteins in cancer cells is an important mechanism of cancer
cell survival and resistance to anticancer therapy [2,3]. This increased production or enzymatic activity of DNA
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repair proteins that removes DNA lesions before they can become toxic to the cell can also reduce the efficacy of
anticancer drugs and ionizing radiation. There is mounting evidence that inhibitors of DNA repair proteins increase
the efficiency of anticancer treatments by inhibiting the DNA repair-mediated removal of DNA lesions that are toxic
to cancer cells. Hence, DNA repair pathways and select DNA repair proteins in these pathways, such as PARP1,
APE1 and MTH1, have become promising targets for novel anticancer treatments [3]. PARP1 is an established
sensor of cellular DNA damage and initiator of PARylation (synthesis of poly-ADP-ribosyl groups) [4]. APE1 is part
of the base excision repair (BER) pathway and is singularly responsible for the removal of apurinic/apyrimidinic
sites [5]. MTH1 catalyzes the hydrolysis of modified dNTPs into monophosphates, preventing their incorporation
into DNA by DNA polymerases during replication [6–8]. MTH1 has been shown to be required by cancer cells for
survival by preventing the incorporation of modified dNTPs that would lead to cell death; therefore, it is a promising
target in cancer therapy [9,10]. There are numerous ongoing clinical trials specifically focused on the application
of small-molecule inhibitors of DNA repair proteins as anticancer agents (https://clinicaltrials.gov) [3,11–13]. Some
of these compounds, such as PARP1 inhibitors olaparib, rucaparib and niraparib, have already been approved by
the US FDA. Research on other small-molecule inhibitors that can potentially inhibit DNA repair proteins has
gained tremendous traction in the last few years. Similar to PARP1 [13], APE1 [12,14,15] and MTH1 [16,17], DNA
glycosylases have also become potential targets for selective inhibition in cancer treatment protocols [18].

An emerging technology for inhibiting the activity or expression of DNA repair proteins has focused on the use of
engineered nanomaterials (ENMs). Certain types of ENMs can induce damage in nuclear DNA in the form of DNA
adducts, oxidatively induced modifications and strand breaks under both acellular and cellular conditions [19,20].
These same ENMs can also potentially impair the enzymatic activity of DNA repair proteins [21,22]. Several
types of ENMs, such as Ag nanoparticles [23], TiO2 nanoparticles [24,25] and CuO nanoparticles [26], inhibit the
activity of DNA repair proteins; CuO has been shown to specifically inhibit the DNA repair activity of PARP1
in an A549 (lung cancer) cell model. Ultrasmall superparamagnetic iron oxide nanoparticles (USPIONs) and
superparamagnetic iron oxide nanoparticles (SPIONs) are ENMs based on either γ-Fe2O3 or Fe3O4 molecular
structures that are increasingly being utilized in nanomedicine and drug delivery even though concerns have
been raised about potential safety issues regarding their use in biomedical applications [27,28]. The authors’ group
has previously shown that dextran-coated γ-Fe2O3 USPIONs (dUSPIONs) have the capacity to form multiple
oxidatively induced DNA lesions (e.g., 8-OH-Gua) in a human lymphoblastoid cell line (MCL-5) [29]. The
mechanism of DNA lesion formation was demonstrated to be due to the intracellular release of Fe ions from the
dUSPIONs. It was postulated that the released Fe ions underwent the Fenton reaction to produce reactive oxygen
species such as the hydroxyl radical. The hydroxyl radical can efficiently induce oxidative damage in a variety of
biomolecules, including proteins and DNA, under diffusion-controlled conditions. A correlation may exist between
the induction of DNA damage by dUSPIONs and DNA repair protein inhibition by dUSPIONs.

Despite the potential adverse effects shown in various toxicity studies, USPIONs have been found to be unique
targeted drug-delivery systems owing to their superparamagnetic properties. These drug-delivery systems allow the
use of low therapeutic doses, as they can transport the drug directly into the tumor tissue (with the help of an
external magnetic field), thus ameliorating the side effects of chemotherapy drugs [30]. The immense capability
of USPIONs in nanomedicine has driven extensive efforts to design and optimize these materials to be effective
therapeutic agents in cancer treatment. An important yet unanswered question is whether USPIONs can be utilized
to affect or alter DNA repair pathways (e.g., inhibit DNA repair protein expression or activity) under experimentally
controlled and quantitative conditions that may potentially result in the development of an additional tool in the
fight against cancer.

Here the authors quantified the potential inhibitory effect of dUSPIONs on the endogenous expression levels
of APE1 and MTH1 in MCL-5 cells. The structure and biological functions of the APE1 and MTH1 proteins in
cancer treatment are well documented, but there is a paucity of accurate quantification of their levels in human
tissues or cell lines. Measurement of DNA repair protein levels is predominantly based on western blotting or
quantitative real-time PCR analyses [31–38]. Western blotting-based methods depend on antibodies, which may
result in a false positive as a result of off-target binding of the antibodies. PCR analyses quantify RNA expression,
not protein expression. An additional challenge is the inherently low endogenous levels (femtomole) of some DNA
repair proteins in specific sample types (normal vs tumor cells) and selected sample compartments (nucleus vs
cytoplasm), which requires that the quantification methods have a high analytical accuracy and sensitivity and
a very low limit of detection. In the present study, the authors utilized liquid chromatography–tandem mass
spectrometry (LC-MS/MS) with isotope dilution – a highly accurate and sensitive technique with a low detection
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limit – to quantify the absolute expression levels of APE1 and MTH1 in the nuclear and cytoplasmic fractions
of MCL-5 cells following exposure to increasing doses of dUSPIONs. Previously, the authors have shown that
LC-MS/MS with isotope dilution provides positive identification and accurate quantification of APE1, MTH1
and PARP1 in cultured human cells and human disease-free and cancerous tissues [39–42]. Here the authors extend
this methodology to provide quantitatively reproducible data on the inhibitory effects of dUSPIONs on the cellular
expression of these proteins. The authors’ approach is generally applicable to other biomedically relevant ENMs
and will thus enable rigorous investigations on DNA repair proteins both within and outside of the BER pathway.
Together, the analytical procedures and methods will ensure the quality, consistency and comparability of reported
DNA repair protein levels, facilitating meaningful crosscomparison of results across laboratories. The data in the
present study may potentially be aligned with existing data to extend our molecular and biological mechanistic
understanding of DNA repair protein inhibition in order to develop improved anticancer modalities.

Materials & methods
Materials
dUSPIONs were purchased from Liquids Research Ltd (Bangor, UK). Roswell Park Memorial Institute (RPMI)
1640, horse serum, L-glutamine, sodium pyruvate and antibiotics were purchased from Thermo Fisher Scientific
(Loughborough, UK). N-acetyl-L-cysteine, dimethyl sulfoxide, L-ascorbic acid sodium salt, ferrozine, pyridine
and neocuproine were obtained from Sigma-Aldrich (Dorset, UK). The human lymphoblastoid cell line (MCL-5)
was purchased from American Type Culture Collection/Gentest Corporation (MD, USA) and cultured in RPMI
1640 supplemented with 10% horse serum and 1% L-glutamine. Nitrilotriacetic acid disodium salt, FeCl3, trypsin
(proteomics grade), acetonitrile (HPLC grade), acetonitrile plus 0.1% formic acid (HPLC grade), water (HPLC
grade), water plus 0.1% formic acid (HPLC grade) and trifluoroacetic acid (HPLC grade, ≥99%) were purchased
from Sigma-Aldrich (MO, USA). The expression and purification of unlabeled human APE1, full-length fully
15N-labeled human APE1, unlabeled human MTH1 p18 isoform and full-length fully 15N-labeled human MTH1
were carried out as previously described [39,40,43–46]. The purity of all protein preparations was confirmed with SDS-
PAGE and Coomassie staining. Distilled and deionized water (18.2 M�) was obtained from a Milli-Q system
(MilliporeSigma, MA, USA) and used as indicated for all sample preparations.

Physicochemical characterization of dUSPIONs
The dUSPIONs utilized in this study were extensively characterized as described in previous studies [29,47,48].

Dynamic light scattering & zeta potential measurements
Hydrodynamic particle size measurements and ζ potential values of the dUSPIONs were determined using a 4700
spectrometer (Malvern Panalytical Ltd, Malvern, UK) and Zetasizer 2000 (Malvern Panalytical Ltd), respectively,
as described previously [29]. For the analysis, dUSPIONs were dispersed in water or 1% serum and RPMI 1640
medium. The values presented are the average of ten readings.

x-ray photoelectron spectroscopy analysis
The oxidation state of the dUSPIONs, expressed as Fe2+-to-Fe3+ ratio, was confirmed by x-ray photoelectron
spectroscopy as described previously [47].

Transmission electron microscopy analysis
Briefly, the MCL-5 cells treated with dUSPIONs were washed twice in serum-free medium and resuspended in
3% glutaraldehyde buffer solution for 2 h at 4◦C followed by resuspension in 0.1% glutaraldehyde buffer as
described previously [48]. The fixed cells were then processed for transmission electron microscopy analysis using
an FEI/Philips CM200 (OR, USA) field emission gun and energy-dispersive x-ray detector. Example transmission
electron microscopy data showing the uptake of dUSPIONs into MCL-5 cells are shown elsewhere [47].

Culture of MCL-5 cells & exposure to dUSPIONs
The MCL-5 cell line was cultured at 37◦C with 5% CO2 in RPMI 1640 medium supplemented with 10% horse
serum and 1% L-glutamine. For the exposure studies, 1 × 105 cells/ml were seeded for 24 h. The cells were then
exposed to dUSPIONs at concentrations of 2, 4 or 10 μg/ml for 24 h in RPMI 1640 medium supplemented
with 1% L-glutamine and 1% serum (test samples). Negative control cells (no dUSPION exposure) were prepared
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identically to the dUSPION test samples. Positive control cells were prepared identically to the dUSPION test
samples except that they were exposed to 10 mmol/l nitrilotriacetic acid disodium salt instead of dUSPIONs.

Cell viability measurements
Prior to frozen storage of the test samples, each sample was evaluated for cell viability on the basis of relative
population doubling measurements as described previously [29]. There was no significant difference in the relative
population doubling measurements for any of the test samples in comparison with the relative population doubling
measurements for the negative control cells. Subsequently, the cells were washed twice in serum-free medium,
resuspended in fresh serum-free medium and stored at -20◦C for extraction of cytoplasmic and nuclear proteins.
Three independently prepared samples were used for each data point.

Extraction of cytoplasmic & nuclear proteins & measurement of APE1 & MTH1
The protein fractions in each sample were extracted as described previously [42]. The amount of protein in the
protein extracts was measured by the Bradford assay [49] using the Thermo Scientific Pierce Coomassie Protein
Assay Kit (#23200; Thermo Fisher Scientific, IL, USA). An aliquot of 15N-labeled human APE1 or 15N-labeled
human MTH1 was added to an aliquot (150 μg) of each protein extract followed by trypsin digestion [42]. The
hydrolyzed protein extracts were analyzed by LC-MS/MS as described previously [39,40,42].

Statistical analysis
Three independently prepared DNA samples were used for each data point. Statistical analyses of the data were
performed using Prism 8.4.3 software (GraphPad Software, CA, USA) with ordinary one-way analysis of variance
and Tukey’s multiple comparison tests.

Safety considerations
No unexpected, new or significant hazards or risks are associated with this study.

Results
Peptide profiling mass spectrometry analysis of MCL-5 cytoplasmic & nuclear protein extracts
The trypsin-hydrolyzed protein extracts from MCL-5 cells were analyzed with LC-MS/MS using selected re-
action monitoring of the known tryptic peptides of APE1 and MTH1 and their fully 15N-labeled analogs
15N-labeled human APE1 and 15N-labeled human MTH1, respectively [39–41]. Four tryptic peptides (i.e., GF-
GAGR, VQEGETIEDGAR, VLLGMK and FQGQDTILDYTLR) and their 15N-labeled analogs [40] were used
for the identification and quantification of MTH1 in cytoplasmic and nuclear cell extracts. With 197 amino
acids, these peptides constitute 18.8% of the sequence of MTH1. Nine tryptic peptides of APE1 (i.e., GLVR,
TSPSGKPATLK, NAGFTPQER, NVGWR, GAVAEDGDELR, WDEAFR, GLDWVK, EGYSGVGLLSR and
QGFGELLQAVPLADSFR) and their 15N-labeled analogs were used for the identification and quantification of
APE1 [39]. With 318 amino acids, these peptides constitute 25.2% of the sequence of human APE1. According
to the SwissProt.2021.06.18 database using the MS-Fit search (https://prospector.ucsf.edu/prospector/cgi-bin/m
sform.cgi?form=msf itstandard), any combination of just four tryptic peptides of MTH1 or APE1 provides 100%
identification among the 565,254 entries in the database with the taxonomy search Homo sapiens (20,387 entries).
This means that the simultaneous measurement of four tryptic peptides and their 15N-labeled analogs of MTH1
or APE1 provides positive identification and quantification of these proteins in protein extracts. Figure 1A &
B illustrates examples of the mass-to-charge transitions of four tryptic peptides and their 15N-labeled analogs of
MTH1 and APE1.

Measurement of MTH1 & APE1 expression levels in MCL-5 cytoplasmic & nuclear protein extracts
Measured levels of MTH1 are shown in Figure 2 for the cytoplasmic (Figure 2A) and nuclear (Figure 2B) fractions of
MCL-5 cells before and after exposure to increasing doses of dUSPIONs. There was a distinctive dose-dependent
inhibition of MTH1 expression levels in both the cytoplasmic and nuclear fractions. Compared with negative
control levels, statistically significant dUSPION-induced inhibition of MTH1 expression was observed in the
cytoplasmic fraction at 4 and 10 μg/ml (p = 0.017 and 0.0039, respectively) (Figure 2A). In the nuclear fraction,
there was also statistically significant inhibition of MTH1 expression at dUSPION concentrations of 4 and 10
μg/ml (p = 0.0379 and 0.0039, respectively) (Figure 2B). Compared with negative control levels, a statistically
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Figure 1. Characteristic ion current peptide profiles for MTH1 and APE1 DNA repair proteins extracted from MCL-5
cells. (A) Ion current profiles of m/z transitions of four tryptic peptides of MTH1 and their 15N-labeled analogs
recorded using a cytoplasmic extract of MCL-5 cells. (B) Ion current profiles of m/z transitions of four tryptic peptides
of APE1 and their 15N-labeled analogs recorded using a cytoplasmic extract of MCL-5 cells.
m/z: Mass-to-charge.
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Figure 2. Liquid chromatography–tandem mass spectrometry measurement of MTH1 levels in MCL-5 cells exposed
to dUSPIONs. Levels of MTH1 in (A) cytoplasmic and (B) nuclear extracts of MCL-5 cells exposed to increasing doses of
dUSPIONs (2, 4 and 10 μg/ml). All data points represent the mean of the measurements of three independently
prepared samples. Uncertainties are standard deviations.
*p ≤ 0.05; **p ≤ 0.01; ***p ≤0.001; ****p ≤ 0.0001.
dUSPION: Dextran-coated γ-Fe2O3 ultrasmall superparamagnetic iron oxide nanoparticle.
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Figure 3. Liquid chromatography–tandem mass spectrometry measurement of APE1 levels in MCL-5 cells exposed
to dUSPIONs. Levels of APE1 in (A) cytoplasmic and (B) nuclear extracts of MCL-5 cells exposed to increasing doses of
dUSPIONs (2, 4 and 10 μg/ml). All data points represent the mean of the measurements of three independently
prepared samples. Uncertainties are standard deviations.
*p ≤ 0.05; **p ≤ 0.01; ****p ≤ 0.0001.
dUSPION: Dextran-coated γ-Fe2O3 ultrasmall superparamagnetic iron oxide nanoparticle.

significant decrease in APE1 expression was observed in the cytoplasmic fraction with increasing dUSPION doses
of 4 and 10 μg/ml (p = 0.037 and 0.045, respectively) (Figure 3A). However, statistically significant inhibition
(p = 0.039) of APE1 expression was observed in only the nuclear extracts (Figure 3B) at the dUSPION exposure
level of 4 μg/ml. When negative control levels were compared with positive control levels for MTH1 and APE1,
highly significant differences were observed (p < 0.0001 vs p = 0.0035) (Figure 2A & B & Figure 3A & B).
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Discussion
Both SPIONs and USPIONs have been developed and widely utilized as therapeutic nanomedicine modalities in
the treatment and diagnosis of cancers and other human-related pathologies [50–52]. For treatment purposes, small-
molecule therapeutics are usually attached directly to either the core of the SPION or the biocompatible coating
(e.g., polymer like dextran) surrounding the core. In terms of diagnostic applications, such as in vascular imaging,
specific therapeutic agents do not necessarily need to be attached to the SPION core, as the superparamagnetic
properties of the particles are the main components enabling their utility as sensitive contrast agents in MRI. SPION
contrast agents are also effectively utilized for imaging tumors in lymph nodes and the liver. Current therapeutic
and drug-delivery applications of SPIONs in cancer nanomedicine are geared toward their use in macrophage
polarization, magnetic fluid hyperthermia and magnetic drug targeting [51]. Emerging areas in cancer theranostics
incorporate SPIONs in image-guided drug delivery as well as the staging, diagnosis and treatment monitoring of
cancers via magnetic-activated cell sorting [53].

Research on the inhibition of the expression or enzymatic activity of DNA repair proteins via interactions with
SPIONs is sparse, but one early study demonstrated that iron ions (i.e., Fe2+) can inhibit BER activity of the human
DNA repair protein NEIL1 [54]. Using double-stranded oligodeoxynucleotides incorporating 5,6-dihydrouracil in
a simple in vitro buffer model, the authors showed that Fe2+ inhibited the ability of human NEIL1 to remove
the 5,6-dihydrouracil base from the oligodeoxynucleotides. The excision activity of human NEIL1 was most likely
inhibited as a result of the formation of a metal ion–DNA complex that prevented the human NEIL1 from readily
accessing the 5,6-dihydrouracil base. By contrast, Kain et al. recently showed that SPIONs had a negligible effect on
the BER activity of bacterial DNA glycosylase Escherichia coli Fpg in A549 and BEAS-2B in vitro cell models [55].
The researchers utilized the comet assay to show that excision of the 8-hydroxyguanine from damaged DNA by E.
coli Fpg was not significantly decreased in the presence of SPIONs. On the basis of this previous work, the effect of
SPIONs on human DNA repair enzyme activity in cells and the mechanism through which it might occur remain
unresolved.

Here the authors report a statistically significant inhibitory effect of dUSPIONs on the quantitative expression
of both APE1 and MTH1 in the MCL-5 cell model. Following extraction, chromatographic isolation, purification
and LC-MS/MS measurement of the characteristic tryptic peptides for each protein, the authors showed for
the first time that dUSPIONs have a significant biological effect on the expression of DNA repair proteins in
both the cytoplasmic and nuclear compartments of cells. Inhibition of APE1 and MTH1 protein expression
was most evident at the highest dUSPION dose levels. Across the dUSPION dose levels utilized in the present
study, the authors measured a clear inhibitory dose–response of MTH1 expression in the MCL-5 cytoplasmic
and nuclear compartments. Cellular locations of the fully encoded proteins differ, with APE1 mainly localized in
the nucleus [39,56,57] and MTH1 predominantly found in the cytoplasm [58,59]. The levels of APE1 and MTH1
measured in this work confirmed these previous findings, with the level of APE1 being greater in the nuclear fraction
than in the cytoplasmic fraction (Figure 3), whereas the level of MTH1 was greater in the cytoplasmic fraction than
in the nuclear fraction (Figure 2). The authors’ results also indicate that native levels of the proteins in both cellular
compartments differ (Figures 2 & 3). The background APE1 level (in the negative control sample) in the cytoplasmic
compartments was approximately ten-times that of the MTH1 level. In the nuclear compartments, the difference
was even more striking, with the background APE1 level (in the negative control sample) being approximately
180-times that of the MTH1 level. To the best of the authors’ knowledge, in addition to our previous report on
APE1 [39], the present work presents the only absolute identification and quantitative measurement of APE1 and
MTH1 levels in cytoplasmic and nuclear locations in cell models [39–41].

Applicability & limitations
This short communication describes the ‘indirect’ cellular inhibition of two important human DNA repair proteins
following exposure to well-characterized dUSPIONs. Based on highly precise mass spectrometry peptide profiles,
the cellular expression of MTH1 and APE1 in both the cytoplasmic and nuclear compartments was measured and
determined to be significantly inhibited at selected dUSPION dose levels. This type of quantitative analysis of
protein expression using mass spectrometry peptide profiling should be amenable to the investigation of other types
of both engineered (synthetic) and biological (e.g., extracellular vesicles) nanomaterials. Even though the observed
results are provocative, the present study has some significant limitations. First, although the authors observed the
uptake of dUSPIONs into the MCL-5 cells, the authors do not know for certain whether it was the activity of the
dUSPIONs themselves or the potential activity of released Fe3+ ions (or perhaps both dUSPIONs and Fe3+) that
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was the main inhibitor of the observed DNA repair protein expression levels. Second, the study was not designed
to evaluate the molecular or biological mechanisms that potentiate the inhibition of DNA repair protein expression
levels. Hence, the authors are not able to establish whether it was the potential binding of the dUSPIONs or of
the Fe3+ ions to the active sites on the MTH1 or APE1 DNA repair proteins or whether either the dUSPIONs
or the Fe3+ ions inhibited expression of the DNA repair protein mRNA. Third, tandem mass spectrometry
peptide profiling using isotope-labeled protein standards is a robust, analytically sensitive measurement approach
for identifying and measuring low level proteins. The present study would have been even stronger if the authors
had obtained data using an orthogonal measurement technique (e.g., isotope-coded affinity tag LC-MS/MS) to
confirm expression levels of the reported DNA repair proteins. Finally, because this was a screening experiment
to determine whether peptide profiling mass spectrometry would be a suitable quantitative method for evaluating
dUSPION inhibition of DNA repair protein expression levels in vitro, the authors utilized a small number of
independent biological samples (n = 3) for each dUSPION exposure level. For a more comprehensive study that
would facilitate a more thorough characterization of the biological variation in DNA repair protein expression
levels, it is recommended that the number of analyzed samples be increased (n > 3).

Conclusion
New therapeutic agents that selectively inhibit the DNA repair capacity of cancer cells could be excellent additions
to the current cancer treatment arsenal of radiation therapy, immunotherapy and chemotherapy. The authors’
finding that dUSPIONs inhibit DNA repair enzymes offers the possibility that targeted approaches for disrupting
DNA repair pathways and inhibiting the enhanced DNA repair capacity of cancer cells can be achieved through
next-generation ENMs such as exosome-encapsulated dUSPIONs [60,61] combined with high-affinity chemical
inhibitors.

Summary points

• Inhibition of selected DNA repair proteins in cancerous cells using nanoparticles is a potential approach to cancer
treatment that may complement or enhance the efficacy of traditional chemotherapy agents or radiation
treatment modalities.

• This study quantitatively evaluated the ability of dextran-coated γ-Fe2O3 ultrasmall superparamagnetic iron
oxide nanoparticles (dUSPIONs) to inhibit the cellular expression of the MTH1 and APE1 human DNA repair
proteins in a lymphoblastoid (MCL-5) cell model.

• MCL-5 cell samples (1 × 105 cells/ml) were exposed to increasing dUSPION doses (2, 4 and 10 μg/ml) for 24 h.
• Cytoplasmic and nuclear protein extracts were collected and analyzed for the MTH1 and APE1 target proteins via

liquid chromatography–tandem mass spectrometry with isotope dilution.
• Measurements were conducted on the characteristic tryptic peptides for each repair protein and DNA repair

protein levels were calculated on the basis of tryptic peptide calibration curves.
• Dose-dependent inhibition of MTH1 expression levels in both the cytoplasmic and nuclear fractions was induced

by exposure to the dUSPIONs.
• The most statistically significant decrease in MTH1 expression occurred at the 10-μg/ml dUSPION dose

(p = 0.0039) in both the cytoplasmic and nuclear fractions.
• Dose-dependent inhibition of APE1 expression levels was not observed.
• The most statistically significant decreases in APE1 expression occurred at the 10-μg/ml dUSPION dose (p = 0.045)

in the cytoplasmic fraction and at the 4-μg/ml dUSPION dose (p = 0.039) in the nuclear fraction.
• The inhibition of human DNA repair proteins via dUSPIONs is observable and measurable using liquid

chromatography–tandem mass spectrometry with isotope dilution; the capacity of dUSPIONs to potentially serve
as effective anticancer agents warrants more comprehensive investigation and further validation studies in
additional in vitro and in vivo systems.
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