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Abstract: The accurate segregation of sister chromatids is complex, and errors that arise through-
out this process can drive chromosomal instability and tumorigenesis. We recently showed that
methylglyoxal (MGO), a glycolytic by-product, can cause chromosome missegregation events in
lymphocytes. However, the underlying mechanisms of this were not explored. Therefore, in this
study, we utilised shotgun proteomics to identify MGO-modified proteins, and label-free quantitation
to measure changes in protein abundance following exposure to MGO. We identified numerous
mitotic proteins that were modified by MGO, including those involved in the separation and co-
hesion of sister chromatids. Furthermore, the protein abundance of Securin, an inhibitor of sister
chromatid separation, was increased following treatment with MGO. Cytological examination of
chromosome spreads showed MGO prevented sister chromatid separation, which was associated
with the formation of complex nuclear anomalies. Therefore, results from this study suggest MGO
may drive chromosomal instability by preventing sister chromatid separation.

Keywords: methylglyoxal; chromosomal instability; sister chromatid separation; proteomics

1. Introduction

The separation of sister chromatid into daughter cells is an incredibly complex process
involving the coordinated efforts of hundreds of proteins [1]. Unsurprisingly, the errors that
arise in this process can cause missegregation of chromosomes resulting in the generation
of aneuploidy in the offspring [1,2]. As most tumours harbour aneuploid cells, mechanisms
that lead to this may be causally implicated in tumour development [3]. Chromosome
missegregation events can originate from a variety of factors including (i) erroneous or
failed attachment of kinetochores to spindle microtubules [4], (ii) abnormal centrosome
amplification and multipolar spindle formation [5], and (iii) defects in sister chromatid
cohesion causing premature chromatid separation or inability of sister chromatids to
separate [6,7].

We recently showed that methylglyoxal (MGO), a glycolytic by-product, is capable
of inducing chromosome missegregation events in WIL2-NS B-lymphoblastoid cells and
peripheral blood lymphocytes [8]. MGO is a highly reactive electrophilic metabolite that
can react with the nucleophilic side chains of arginine and lysine residues on proteins, form-
ing a variety of advanced glycation end-products (AGEs) such as Nε-(carboxyethyl)lysine
(CEL) and Nδ-(5-hydro-5-methyl-4-imidazolon2-yl)ornithine (MG-H1) [9]. Although it is
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well known that MGO can modify proteins, only several proteins have been identified as
specific targets of MGO in robust biological and chemical detail. These include hypoxia-
inducible factor-1α (HIF-1α), all canonical histone proteins, glyceraldehyde-phosphate
dehydrogenase, and Kelch-like ECH-associated protein 1 [10–13]. Modification of proteins
by MGO has previously been shown to alter protein function. For example, modification of
histone proteins causes ablation of electrostatic interactions between histones and DNA
due to the neutralisation of arginine and lysine positive charges, altered surface topology,
and interference with other post-translational modifications [9,14,15]. Therefore, we hy-
pothesised that MGO modification of proteins involved in the accurate segregation of sister
chromatids may cause chromosome missegregation events.

To investigate this, we utilised liquid chromatography–mass spectrometry (LC–MS)
to identify mitotic proteins harbouring MGO modifications. Furthermore, we performed
label-free quantitation (LFQ) to determine the change in abundance of proteins after MGO
exposure. Overall, we found numerous mitotic proteins to be modified by MGO, partic-
ularly those involved in the separation and cohesion of sister chromatids. Moreover, we
observed that MGO increased the protein abundance of several cell cycle proteins involved
in the separation of sister chromatids. Cytological examination of metaphase spreads con-
firmed the impairment of sister chromatid separation, which resulted in various, complex
nuclear anomalies.

2. Results
2.1. Methylglyoxal Induced Micronuclei Formation Is Associated with Increased AGEs

In our previous study, we showed that MGO can induce the formation of micronuclei
(MNi) and other DNA damage biomarkers (nuclear buds (Nbuds) and multipolar mitosis)
in WIL2-NS cells after 48 h exposure [8]. As MGO can react rapidly with proteins, we
investigated whether MNi formation was more pronounced at earlier time points and
associated with the formation of MGO modifications. Therefore, WIL2-NS cells were
exposed to 100 and 500 µmol/L MGO for 8, 24, and 48 h, followed by measurement of
MGO modification levels (MG-H1 and CEL) and MNi. MG-H1 levels were significantly
increased in cells exposed to 500 µmol/L MGO at all time points but not in cells exposed
to 100 µmol/L (Figure 1A). CEL was significantly increased at both concentrations but
only with 8 and 24 h treatments (Figure 1B). MNi were significantly increased at 8 and
24 h following exposure to both concentrations (Figure 1C). However, MNi were only
elevated in cells exposed to 500 µmol/L at 48 h (Figure 1C). Correlation analysis was
applied to explore the relationship between these MGO modifications and MNi formation.
No significant correlation was observed for MG-H1; however, a significant correlation was
observed for CEL (r = 0.693; p = 0.038) (Table 1). This suggests that CEL formation may be
associated with the induction of MNi.
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Figure 1. (A) MG-H1 concentration in whole-cell extracts at 8, 24, and 48 h normalised to control;
(B) CEL concentration in whole-cell extracts at 8, 24, and 48 h normalised to control; (C) MNi
formation, measured by CBMNcyt assay at 8, 24, and 48 h expressed as number of MNi/1000
Binucleated (BN) cells. Data are mean ± SD (n = 3). A two-way ANOVA followed by a Dunnett post
hoc was conducted to determine statistical significance. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Table 1. Pearson correlations for relationships between AGE biomarkers and MNi.

MG-H1 CEL

MNi
r 0.26 0.693

p 0.495 0.038
Two-tailed Pearson correlations were used to analyse relationships between AGE biomarkers and MNi frequency.

2.2. Methylglyoxal Modifies Various Components of the Mitotic Machinery

To better understand the role of MGO in MNi formation, which we previously ob-
served was the result of missegregated chromosomes, a shotgun proteomics experiment
was conducted to investigate both changes in protein abundance and the modification
of mitotic proteins by MGO [8]. Based on time-point studies, cells were treated with
500 µmol/L of MGO for 24 h for all proteomics experiments. Although correlation analysis
suggested CEL modifications were more closely associated with MNi formation, we also
searched for MG-H (isomers 1, 2, and 3) and carboxethylarginine (CEA) modifications. A
full list of proteins identified with MGO modifications is given in our previous study [16].
Enrichment analysis using DAVID was performed on the proteins identified with MGO
modifications, which showed several overrepresented Reactome pathways, biological pro-
cesses, and cellular components associated with mitosis (Figure 2A). Specifically, more than
50 cell-cycle-associated proteins were revealed to contain MGO modifications, as well as
the involvement of sister chromatid cohesion, where the cohesin complex is one of the most
enriched processes/pathways associated with these modifications.

We performed an LFQ study to ascertain changes in protein abundance resulting from
MGO exposure, where 89 and 90 proteins exhibited a decrease or increase in abundance,
respectively (File S1). Although enrichment analysis using DAVID on the downregulated
proteins showed no downregulation of pathways associated with mitosis, several path-
ways associated with various mitotic processes were upregulated (Figure 2B). Similar to the
results obtained from the enrichment analysis of MGO modifications, pathways associated
with the regulation of sister chromatid cohesion and separation were increased in cells
treated with MGO. An example includes PTTG1 (securin), which is an inhibitor of ESPL1
(separase), and a cysteine protease that cleaves the cohesin complex that adheres sister
chromatids to each other (Figure 2C,D). Securin remains bound to separase until the onset
of anaphase where it is ubiquitinated by the anaphase-promoting complex/cyclosome
(APC/C): CDC20 complex targeting it for ubiquitin-mediated degradation, causing the
release of separase and subsequent sister chromatid separation [17]. Other proteins, in-
cluding CDC20, UBE2C, UBE2S, and BUB1, all of which are involved in the regulation
of sister chromatid separation, were also upregulated (Figure 2C,D). The mitotic indices
for untreated and MGO-treated cells were 7.67 ± 3.06% and 7.33 ± 1.53%, respectively,
confirming the altered abundance of mitotic proteins was not due to the increased level of
mitotic cells (File S2).
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Figure 2. (A) Enrichment analysis of MGO-modified proteins using DAVID. Due to a large number of
enriched terms, only those associated with mitosis were included and redundant terms were excluded.
NES, normalised enrichment score. NES was calculated by dividing the fold enrichment by average
enrichment of all terms; (B) enrichment analysis of upregulated proteins following MGO treatment
(500 µmol/L for 24 h). Due to a large number of enriched terms, only those associated with mitosis
were included and redundant terms were excluded; (C) fold change in proteins of interest following
MGO treatment; (D) diagram showing the regulation of sister chromatid separation. Proteins in bold
show increased abundance by MGO. Proteins in italics contain one or more MGO modifications.

2.3. Methylglyoxal Modifies Various Components of the Mitotic Machinery

Proteomic analysis revealed the possibility that proteins involved in the separation
of sister chromatids were susceptible to both modifications and increased protein abun-
dance following MGO exposure and that this might cause disruption of the mitotic process.
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Therefore, using metaphase spreads, we investigated the resolution of sister chromatids,
which is an indicator of their ability to dissociate from one another during the metaphase to
anaphase transition. In control cells, we observed that the majority of metaphase spreads
(51.1%) contained chromosomes in which sister chromatids were resolved from each other,
whereas only 29.8% were ‘partially resolved’, and 19.1% were ‘unresolved’ (Figure 3A). In
contrast, MGO exposure resulted in 61.1% of the metaphase spreads containing ‘unresolved’
chromatids, and only a small percentage (8.3%) were ‘resolved’. To further explore the
basis of this observation, we investigated various nuclear anomalies (Figure 3), which
have been shown to occur due to impairment of sister chromatid separation [6,18]. At
100 µmol/L, MGO increased the frequency of MNi, NPBs, fused, enlarged, and multinu-
cleated cells after 24 h (Figure 3B). These biomarkers, along with cells containing multiple
(≥2) MNi and Nbuds, were also increased at 500 µmol/L MGO (Figure 3B). Fused nuclei
are well-described markers of failed sister chromatid separation and are believed to be
caused by the presence of multiple ultrafine bridges which form when unseparated sister
chromatids are pulled to opposite poles [19]. In this situation, centromeric signals should
be present in, or very close to, the fusion region. Indeed, the fusion regions contained
numerous centromeric signals, determined using fluorescence in situ hybridisation with
pan centromeric probes (Figure 3C). This supports the hypothesis that fused nuclei are
formed by the failed separation of sister chromatids and not by other mechanisms such as
telomeric end fusion events which are less likely to contain centromeric signals.
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Figure 3. (A) Analysis of sister chromatid resolution, scored as (i) resolved, (ii) partially resolved,
and (iii) unresolved; (B) analysis of DNA damage biomarkers. Columns show the percentage
of cells displaying each biomarker and its significance determined by one-way ANOVA when
compared with the control. Representative photomicrographs of each nuclear anomaly are displayed
on the right. MNi, ≥2 MNi, NPB, FUS, and Nbuds were scored in binucleated cells using the
CBMNcyt assay. Enlarged, misshapen, and multinucleated cells were scored in normally dividing
cells; (C) fluorescence in situ hybridisation analysis of fused nuclei. Data are mean ± SD (n = 3). A
one-way ANOVA, followed by a Dunnett post hoc was conducted to determine statistical significance
**** p < 0.0001.
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3. Discussion

In this study, we found that MGO impairs sister chromatid separation in WIL-2NS
cells, causing various nuclear anomalies associated with chromosomal instability (CIN).
LC/MS revealed the identification of numerous mitotic proteins containing various MGO
modifications, most of which were CEL modifications. Furthermore, we observed an
increased abundance in several proteins involved in the regulation of sister chromatid
separation. Most notably, we found treatment with MGO increased the protein abun-
dance of the separase inhibitor, securin. Securin inhibits the cysteine protease separase
until the onset of anaphase, at which point it is ubiquitinated by the anaphase-promoting
complex/cyclosome (APC/C) ubiquitin ligase (E3) and degraded by the 26S proteasome
system [20]. This process releases separase which cleaves the double-strand-break re-
pair protein rad21 homolog (RAD21) of the cohesin complex which binds together sister
chromatids, allowing them to separate. Overexpression or expression of non-degradable
securin results in incomplete sister chromatid separation and gives rise to chromosomes
(or sister chromatids) with an ‘unresolved’ phenotype (Figure 3A) [17,21]. Furthermore,
increased abundance of securin has been shown to cause various nuclear anomalies, most
notably MNi, NPBs, and multinucleated cells [17,21,22]. This is consistent with studies
showing that expression of non-cleavable RAD21 (target of separase) prevents sister chro-
matid separation and causes similar morphologies as observed in this study [6]. Although
prevention of sister chromatid separation by increased abundance of securin could ac-
count for the results observed in this study, other changes may also be contributing to
the observed CIN. For example, cohesin can also be removed from chromosome arms by
cleavage independent mechanisms [6]. During DNA replication in the S phase, soronin
associates with chromatin, which is facilitated by acetylation of structural maintenance
of chromosome 3 (Smc3) [23]. Soronin binds to Pds5, which alters the topology of Pds5
and Wap1, producing a stable closed cohesin complex [23]. Both sister chromatid cohesion
protein PDS5 homolog B (Pds5B) and Smc3 were shown to contain MGO modifications [16].
While it is uncertain what impact this may have on cohesin function, altered topology
due to MGO modification may cause structural changes in cohesin, resulting in an unre-
solved phenotype. Furthermore, overexpression of either CDC20 or UBE2C can increase
the frequency of missegregated chromosomes, resulting in aneuploidy, polyploidy, and
various other markers of CIN [24–26]. Overexpression of CDC20 was shown to promote
premature anaphase, which is known to result in various aberrant phenotypes, including
aneuploidy [24]. Moreover, increased abundance of securin, CDC20 and UBE2C were
shown to be predictors of poor survival in patients with various cancers, including breast,
colorectal, and gastric cancers [27–31].

We also identified numerous proteins with critical roles in mitosis to be modified
by MGO. MGO has been shown to induce several changes in activity, modification of
active/binding sites, and competition with other post-translational modifications [13,15].
MGO modifications have also been shown to cause structural changes in protein topology,
likely caused by neutralising charged residues (arginine and lysine) which are involved
in intramolecular interactions [15,32]. Therefore, modification of RAD21 or other cohesin
complex proteins may have impaired cleavage by separase, preventing sister chromatid
separation. Moreover, modification of other mitotic proteins, such as those involved in
centrosome organisation or kinetochore–microtubule attachments, may have also con-
tributed to the CIN observed in this study [4]. For example, impairment of the centrosome
cycle can result in centrosome amplification (more than two centrosomes per cell) which
causes multipolar spindle formation and merotelic (uneven) kinetochore–microtubule at-
tachments [33]. Extra centrosomes can cluster together such that the cell undergoes bipolar
mitosis; however, those chromosomes with merotelic kinetochore–microtubule attachments
are prone to lagging at the metaphase plate to form MNi [33].

The presence of MGO modification alone cannot infer loss of protein function, and fur-
ther studies are required to characterise which MGO modifications in mitotic proteins are
strongly correlated with mitotic dysfunction and specific CIN phenotypes. Nevertheless,
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we showed that several critical proteins involved in mitosis are targets for MGO modifi-
cation, particularly those involved in sister chromatid separation. Moreover, we showed
MGO increased the abundance of securin, a separase inhibitor in which its increased abun-
dance has been shown to cause CIN [21]. These results further unravel the MGO-induced
proteomic changes that are likely to cause MNi and provide information on the underlying
mechanisms of missegregated chromosome events observed after exposure to MGO. Many
of the CIN events observed after exposure to MGO are the same as those associated with
tumorigenesis [3,34]. Therefore, it is possible that MGO promotes tumorigenesis by driving
increased CIN by preventing sister chromatid separation during mitosis.

4. Materials and Methods
4.1. Materials

All reagents, chemicals, and enzymes were purchased from Sigma (St. Louis, MO,
USA) unless indicated otherwise. Isotopically labelled and unlabelled MG-H1, CEL, and
lysine were purchased from Iris Biotech (Marktredwitz, Germany). Trypsin Gold (Promega,
V5280) and ProAlanase (Promega, VA2161) were purchased from Promega (Madison,
WI, USA).

4.2. WIL2-NS Cell Culture

The WIL2-NS (ATCC CRL-8155) cell line was kindly gifted by Commonwealth Scien-
tific Research Organisation (Adelaide, Australia). WIL2-NS cells were cultured in complete
RPMI-1640 medium supplemented with 5% (v/v) foetal calf serum (FCS), L-glutamine (1%
v/v) and penicillin–streptomycin (1% v/v) at 37 ◦C in a humidified atmosphere with 5%
CO2. Cells were seeded at 5 × 105 cells/mL and incubated for 24 h before being treated
with 100 and 500 µmol/L of MGO for 24 or 48 h (as indicated) for each experiment.

4.3. Identification of DNA Damage Biomarkers

Micronuclei (MNi) multiple MNi (≥2), nucleoplasmic bridges (NPBs), nuclear buds
(NBUDs), and fused nuclei (Fused) were scored in binucleated cells using the cytokinesis-
block micronucleus cytometry assay (CBMNcyt) [35]. Briefly, following treatment with
MGO for 24 or 48 h, cells were washed twice with Hanks balanced salt solution and
resuspended in RPMI-1640 containing 4.5 µg/mL cytochalasin-b (cyt-b) for 24 h. Af-
ter cytokinesis block, cells were harvested onto slides by cytocentrifugation [35]. Slide
preparation and scoring of the CBMNcyt assay were performed as described previously
using a NanoZoomer S60 (Hamamatsu Photonics, Shizuoka, Japan) [35,36]. Enlarged,
misshapen, and multinucleated cells were prepared the same as for the CBMNcyt assay,
except cytochalasin-b was not added following treatment of MGO. Scoring criteria for the
above biomarkers has previously been described [18,35]. For mitotic index, cells which pos-
sessed condensed chromosomes were distinguished from interphase cells microscopically,
as previously described [37].

4.4. Quantification of MG-H1 and CEL in Whole-Cell Extracts

WIL2-NS cells were lysed in ice-cold RIPA buffer with sonication over ice for a 2 × 10 s
burst (Misonix, NY, USA). Cellular debris was removed by centrifugation (17,000× g for
10 min). Protein was precipitated by the addition of ice-cold acetone (4:1 ratio of acetone:
sample). The sample was left overnight at −20 ◦C before being centrifuged at 17,000× g
for 10 min. Protein was washed twice with ice-cold acetone before resuspension in 50 µL
of 50 mM ammonium bicarbonate (pH 8). Samples were incubated at 37 ◦C for 4 h to aid
protein solubilisation. Undissolved protein was removed by centrifugation at 17,000× g
for 10 min and protein concentration of the solution was measured by Bicinchoninic acid
(BCA) assay following manufacturer’s instructions. Trypsin (TPCK treated sequencing
grade) was added at an enzyme-to-protein ratio (1:50), and the sample was incubated at
37 ◦C for 16 h. Following incubation, the sample was heated to 95 ◦C for 10 min to denature
the trypsin. Following this, the sample was cooled to room temperature, and pronase E
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and aminopeptidase were added at an enzyme-to-protein ratio (1:50) for a further 24 h.
Enzymes were removed by the addition of ice-cold acetone, and the sample was centrifuged
at 17,000× g for 10 min. The supernatant was collected, dried under vacuum centrifugation,
and resuspended in 0.1% (v/v) formic acid containing an internal standard. The sample
(2 µL) was injected, and analytes were separated using a 150 × 4.6 mm, 4 µm Phenomenex
C18 column (Phenomenex, Torrance, CA, USA) with a linear gradient of 0.1% formic acid
in water (Buffer A) and 0.1% formic acid in acetonitrile (Buffer B) over 5 min at a flow
rate of 0.6 mL/min. Multiple reaction monitoring (MRM) was conducted in positive-ion
mode using an AB Sciex 6500+ QqQ mass spectrometer with the following transitions m/z
147.4 > 83.9 (lysine), 151.2 > 87.9 (d4 lysine), 219.2 > 130.2 (CEL), 222.2 > 134.2 (d4 CEL),
229.2 > 116.1 (MG-H1) 232.2 > 116.1 (d3 MG-H1). The concentration of MG-H1 and CEL
was normalised to lysine content and expressed relative to control.

4.5. Sister Chromatid Resolution Assay

Resolution of sister chromatids was scored in metaphase spreads of cells arrested
in metaphase using Colcemid. Briefly, cells were treated with MGO for 24 h. Following
treatment, colcemid (KaryoMAX, Thermofisher Scientific, Adelaide) was added to a con-
centration of 0.5 µg/mL for 2 h. After metaphase arrest, cells were gently centrifuged,
and the supernatant was removed. Cells were resuspended in hypotonic 0.075 M KCl
solution and incubated at 37 ◦C for 10 min. The supernatant was removed and ice-cold
fixative (1:3 acetic acid: methanol) was added dropwise, and cells were incubated at 4 ◦C
for 10 min. After the fixative was removed, cells were resuspended in approximately
100 µL of fresh fixative and dropped onto microscope slides. Slides were air-dried and
stained as described previously [36]. Metaphase spreads were scored microscopically using
an Olympus CX43 at a 100 × objective lens. Mitotic cells in metaphase spread experi-
ments were categorised into three groups according to their morphology as previously
described [38,39]: (1) resolved, where the arms of each sister chromatid were separated (i.e.,
resolved) but remained connected at the centromere; (2) partially resolved, where sister
chromatids could be distinguished from one and other but were still connected along the
length of the arms and centromere; (3) unresolved, where sister chromatids could not be
distinguished from one and other and had an arm closed morphology. Metaphase spreads
consisting of multiple morphologies were scored as the morphology accounting for the
largest percentage of chromosomes.

4.6. Fluorescence In Situ Hybridisation Assay

Fluorescence in situ hybridisation (FISH), using FITC-conjugated peptide nucleic
acid probes specific for pancentromeric regions of DNA, was used to investigate fused
nuclei. Cells were prepared as described for CBMNcyt assay and FISH was performed,
as previously described [40]. Slide images were acquired with a Zeiss CellDiscoverer
7 (Carl Zeiss AG, Jena, Germany) using a combination of two LED modules—385 and
495 nm wavelengths, in combination with a quad-band bandpass filter. A Plan-Apochromat
20×/0.8NA objective with a 1× tube lens and an Axiocam 506 monochrome camera were
used for image acquisition. Acquired images were processed using ZEN Blue software
(Carl Zeiss AG).

4.7. Proteomic Analysis of WIL2-NS

Samples were prepared for LC–MS as described previously, using trypsin and ProAlanase
in separate digests [16]. Raw MS files were analysed using Proteome Discoverer 2.4 (Thermo
Scientific). Data were processed with the Sequest HT search engine against a concatenated
database containing the 74,811 forward entries from the UniProt human database (1 De-
cember 2019) and their respective decoy counterparts. Trypsin or ProAlanase (cleaves
C-terminal to proline and alanine residues) was specified as the enzyme and a maximum
of five missed cleavages was allowed. Precursor and fragment mass tolerances were
10 ppm and 0.02 Da, respectively. Arginine and lysine carboxyethylation (+72.021129), argi-
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nine methylglyoxal-hydroimidazolone (+54.010565), methionine oxidation (−15.994915),
N-terminal acetylation (+42.010565), N-terminal methionine loss (−131.040485), and N-
terminal methionine loss and acetylation (−89.02992) were set as dynamic modifications,
with cysteine carbamidomethylation (+57.021464) designated a static modification. Protein
and peptide false discovery rates were both set at 1%. LFQ was performed for trypsin and
ProAlanase digests separately and a Log2 cut-off of 0.5 was applied. Enrichment analysis
was performed using the Database for Annotation, Visualisation and Integrated Discovery
(DAVID) v6.8 (https://david.ncifcrf.gov/) accessed 18 January 2022 [41].

4.8. Data Analysis

Data are expressed as mean ± SD of three independent experiments (n = 3). A one-
way or two-way analysis of variance (ANOVA), followed by a Dunnett post hoc test,
was conducted (depending on experimental design) to determine statistical significance
using GraphPad Prism (San Diego, CA, USA, Version 8.3.0). A p < 0.05 was considered
significant. Two-tailed Pearson correlations were used to analyse relationships between
AGE biomarkers and MNi frequency.
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https://www.mdpi.com/article/10.3390/ijms23084139/s1.

Author Contributions: All authors contributed to the conceptualisation of the study and the design
of experiments. L.D. performed the experiments and wrote the manuscript. L.D. and C.Y. performed
proteomics experiments. L.D., B.S.S., V.S.D., M.C., M.F., P.H., and P.D. contributed to the data analysis,
discussion, review, and editing of the article. P.H. provided resources used throughout this study.
P.D., B.S.S., V.S.D., M.F., and M.C. provided supervision. All authors have read and agreed to the
published version of the manuscript.

Funding: L.D. holds an Australian Institute of Health and Welfare, Government Research Training
Program Scholarship.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Raw MS files have been deposited to the ProteomeXchange Consortium
via the PRIDE partner repository with the dataset identifier PXD032812 [42].

Acknowledgments: The authors acknowledge Bioplatforms Australia, and the State and Federal
Governments, which co-fund the NCRIS-enabled Mass Spectrometry and Proteomics Facility at the
University of South Australia. The authors would also like to thank Benjamin Ung for his assistance
in scanning slides used for the FISH experiments.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Guo, X.; Ni, J.; Liang, Z.; Xue, J.; Fenech, M.F.; Wang, X. The molecular origins and pathophysiological consequences of

micronuclei: New insights into an age-old problem. Mutat. Res. Rev. Mutat. Res. 2019, 779, 1–35. [CrossRef] [PubMed]
2. Krupina, K.; Goginashvili, A.; Cleveland, D.W. Causes and consequences of micronuclei. Curr. Opin Cell Biol. 2021, 70, 91–99.

[CrossRef] [PubMed]
3. Ben-David, U.; Amon, A. Context is everything: Aneuploidy in cancer. Nat. Rev. Genet. 2020, 21, 44–62. [CrossRef] [PubMed]
4. Thompson, S.L.; Compton, D.A. Chromosome missegregation in human cells arises through specific types of kinetochore-

microtubule attachment errors. Proc. Natl. Acad. Sci. USA 2011, 108, 17974–17978. [CrossRef] [PubMed]
5. Quintyne, N.J.; Reing, J.E.; Hoffelder, D.R.; Gollin, S.M.; Saunders, W.S. Spindle multipolarity is prevented by centrosomal

clustering. Science 2005, 307, 127–129. [CrossRef] [PubMed]
6. Hauf, S.; Waizenegger, I.C.; Peters, J.M. Cohesin cleavage by separase required for anaphase and cytokinesis in human cells.

Science 2001, 293, 1320–1323. [CrossRef]
7. Watrin, E.; Schleiffer, A.; Tanaka, K.; Eisenhaber, F.; Nasmyth, K.; Peters, J.M. Human Scc4 is required for cohesin binding to

chromatin, sister-chromatid cohesion, and mitotic progression. Curr. Biol. 2006, 16, 863–874. [CrossRef]
8. Donnellan, L.; Simpson, B.; Dhillon, V.S.; Costabile, M.; Fenech, M.; Deo, P. Methylglyoxal induces chromosomal instability and

mitotic dysfunction in lymphocytes. Mutagenesis 2021, 36, 339–348. [CrossRef]

https://david.ncifcrf.gov/
https://www.mdpi.com/article/10.3390/ijms23084139/s1
http://doi.org/10.1016/j.mrrev.2018.11.001
http://www.ncbi.nlm.nih.gov/pubmed/31097147
http://doi.org/10.1016/j.ceb.2021.01.004
http://www.ncbi.nlm.nih.gov/pubmed/33610905
http://doi.org/10.1038/s41576-019-0171-x
http://www.ncbi.nlm.nih.gov/pubmed/31548659
http://doi.org/10.1073/pnas.1109720108
http://www.ncbi.nlm.nih.gov/pubmed/21997207
http://doi.org/10.1126/science.1104905
http://www.ncbi.nlm.nih.gov/pubmed/15637283
http://doi.org/10.1126/science.1061376
http://doi.org/10.1016/j.cub.2006.03.049
http://doi.org/10.1093/mutage/geab028


Int. J. Mol. Sci. 2022, 23, 4139 10 of 11

9. Zheng, Q.; Maksimovic, I.; Upad, A.; David, Y. Non-enzymatic covalent modifications: A new link between metabolism and
epigenetics. Protein Cell 2020, 11, 401–416. [CrossRef]

10. Ceradini, D.J.; Yao, D.; Grogan, R.H.; Callaghan, M.J.; Edelstein, D.; Brownlee, M.; Gurtner, G.C. Decreasing intracellular
superoxide corrects defective ischemia-induced new vessel formation in diabetic mice. J. Biololgical Chem. 2008, 283, 10930–10938.
[CrossRef]

11. Bento, C.F.; Fernandes, R.; Ramalho, J.; Marques, C.; Shang, F.; Taylor, A.; Pereira, P. The chaperone-dependent ubiquitin ligase
CHIP targets HIF-1alpha for degradation in the presence of methylglyoxal. PLoS ONE 2010, 5, e15062. [CrossRef] [PubMed]

12. Bollong, M.J.; Lee, G.; Coukos, J.S.; Yun, H.; Zambaldo, C.; Chang, J.W.; Chin, E.N.; Ahmad, I.; Chatterjee, A.K.; Lairson, L.L.; et al.
A metabolite-derived protein modification integrates glycolysis with KEAP1-NRF2 signalling. Nature 2018, 562, 600–604.
[CrossRef] [PubMed]

13. Galligan, J.J.; Wepy, J.A.; Streeter, M.D.; Kingsley, P.J.; Mitchener, M.M.; Wauchope, O.R.; Beavers, W.N.; Rose, K.L.; Wang, T.;
Spiegel, D.A.; et al. Methylglyoxal-derived posttranslational arginine modifications are abundant histone marks. Proc. Natl. Acad.
Sci. USA 2018, 115, 9228–9233. [CrossRef] [PubMed]

14. Maksimovic, I.; David, Y. Non-enzymatic Covalent Modifications as a New Chapter in the Histone Code. Trends Biochem. Sci.
2021, 46, 718–730. [CrossRef]

15. Zheng, Q.; Omans, N.D.; Leicher, R.; Osunsade, A.; Agustinus, A.S.; Finkin-Groner, E.; D’Ambrosio, H.; Liu, B.; Chandarlapaty, S.;
Liu, S.; et al. Reversible histone glycation is associated with disease-related changes in chromatin architecture. Nat. Commun.
2019, 10, 1289. [CrossRef]

16. Donnellan, L.; Young, C.; Simpson, B.S.; Acland, M.; Dhillon, V.S.; Costabile, M.; Fenech, M.; Hoffmann, P.; Deo, P. Proteomic
Analysis of Methylglyoxal Modifications Reveals Susceptibility of Glycolytic Enzymes to Dicarbonyl Stress. Int. J. Mol. Sci. 2022,
23, 3689. [CrossRef]

17. Jallepalli, P.V.; Waizenegger, I.C.; Bunz, F.; Langer, S.; Speicher, M.R.; Peters, J.-M.; Kinzler, K.W.; Vogelstein, B.; Lengauer, C.
Securin Is Required for Chromosomal Stability in Human Cells. Cell 2001, 105, 445–457. [CrossRef]

18. Bull, C.F.; Mayrhofer, G.; Zeegers, D.; Mun, G.L.; Hande, M.P.; Fenech, M.F. Folate deficiency is associated with the formation of
complex nuclear anomalies in the cytokinesis-block micronucleus cytome assay. Environ. Mol. Mutagenisis 2012, 53, 311–323.
[CrossRef]

19. Broderick, R.; Niedzwiedz, W. Sister chromatid decatenation: Bridging the gaps in our knowledge. Cell Cycle 2015, 14, 3040–3044.
[CrossRef]

20. Park, J.H.; Cosgrove, M.S.; Youngman, E.; Wolberger, C.; Boeke, J.D. A core nucleosome surface crucial for transcriptional
silencing. Nat. Genet. 2002, 32, 273–279. [CrossRef]

21. Zur, A.; Brandeis, M. Securin degradation is mediated by fzy and fzr, and is required for complete chromatid separation but not
for cytokinesis. EMBO J. 2001, 20, 792–801. [CrossRef] [PubMed]

22. Mora-Santos, M.; Castilla, C.; Herrero-Ruiz, J.; Giraldez, S.; Limon-Mortes, M.C.; Saez, C.; Japon, M.A.; Tortolero, M.; Romero, F.
A single mutation in Securin induces chromosomal instability and enhances cell invasion. Eur. J. Cancer 2013, 49, 500–510.
[CrossRef] [PubMed]

23. Nishiyama, T.; Ladurner, R.; Schmitz, J.; Kreidl, E.; Schleiffer, A.; Bhaskara, V.; Bando, M.; Shirahige, K.; Hyman, A.A.;
Mechtler, K.; et al. Sororin mediates sister chromatid cohesion by antagonizing Wapl. Cell 2010, 143, 737–749. [CrossRef]
[PubMed]

24. Mondal, G.; Sengupta, S.; Panda, C.K.; Gollin, S.M.; Saunders, W.S.; Roychoudhury, S. Overexpression of Cdc20 leads to
impairment of the spindle assembly checkpoint and aneuploidization in oral cancer. Carcinogenesis 2007, 28, 81–92. [CrossRef]

25. Li, M.; Fang, X.; Wei, Z.; York, J.P.; Zhang, P. Loss of spindle assembly checkpoint-mediated inhibition of Cdc20 promotes
tumorigenesis in mice. J. Cell Biol. 2009, 185, 983–994. [CrossRef]

26. van Ree, J.H.; Jeganathan, K.B.; Malureanu, L.; van Deursen, J.M. Overexpression of the E2 ubiquitin-conjugating enzyme UbcH10
causes chromosome missegregation and tumor formation. J. Cell Biol. 2010, 188, 83–100. [CrossRef]

27. Karra, H.; Pitkanen, R.; Nykanen, M.; Talvinen, K.; Kuopio, T.; Soderstrom, M.; Kronqvist, P. Securin predicts aneuploidy and
survival in breast cancer. Histopathology 2012, 60, 586–596. [CrossRef]

28. Wu, W.-j.; Hu, K.-s.; Wang, D.-s.; Zeng, Z.-l.; Zhang, D.-s.; Chen, D.-l.; Bai, L.; Xu, R.-H. CDC20 overexpression predicts a poor
prognosis for patients with colorectal cancer. J. Transl. Med. 2013, 11, 142. [CrossRef]

29. Karra, H.; Repo, H.; Ahonen, I.; Loyttyniemi, E.; Pitkanen, R.; Lintunen, M.; Kuopio, T.; Soderstrom, M.; Kronqvist, P. Cdc20 and
securin overexpression predict short-term breast cancer survival. Br. J. Cancer 2014, 110, 2905–2913. [CrossRef]

30. Gayyed, M.F.; El-Maqsoud, N.M.; Tawfiek, E.R.; El Gelany, S.A.; Rahman, M.F. A comprehensive analysis of CDC20 overexpression
in common malignant tumors from multiple organs: Its correlation with tumor grade and stage. Tumour. Biol. 2016, 37, 749–762.
[CrossRef]

31. Zhang, H.; Zhao, G.; Ke, B.; Ma, G.; Liu, G.; Liang, H.; Liu, L.; Hao, X. Overexpression of UBE2C correlates with poor prognosis
in gastric cancer patients. Eur. Rev. Med. Pharm. Sci. 2018, 22, 1665–1671.

32. Rabbani, N.; Xue, M.; Thornalley, P.J. Dicarbonyl stress, protein glycation and the unfolded protein response. Glycoconj. J. 2021,
38, 331–340. [CrossRef] [PubMed]

33. Ganem, N.J.; Godinho, S.A.; Pellman, D. A mechanism linking extra centrosomes to chromosomal instability. Nature 2009, 460,
278–282. [CrossRef]

http://doi.org/10.1007/s13238-020-00722-w
http://doi.org/10.1074/jbc.M707451200
http://doi.org/10.1371/journal.pone.0015062
http://www.ncbi.nlm.nih.gov/pubmed/21124777
http://doi.org/10.1038/s41586-018-0622-0
http://www.ncbi.nlm.nih.gov/pubmed/30323285
http://doi.org/10.1073/pnas.1802901115
http://www.ncbi.nlm.nih.gov/pubmed/30150385
http://doi.org/10.1016/j.tibs.2021.04.004
http://doi.org/10.1038/s41467-019-09192-z
http://doi.org/10.3390/ijms23073689
http://doi.org/10.1016/S0092-8674(01)00340-3
http://doi.org/10.1002/em.21688
http://doi.org/10.1080/15384101.2015.1078039
http://doi.org/10.1038/ng982
http://doi.org/10.1093/emboj/20.4.792
http://www.ncbi.nlm.nih.gov/pubmed/11179223
http://doi.org/10.1016/j.ejca.2012.06.024
http://www.ncbi.nlm.nih.gov/pubmed/22819078
http://doi.org/10.1016/j.cell.2010.10.031
http://www.ncbi.nlm.nih.gov/pubmed/21111234
http://doi.org/10.1093/carcin/bgl100
http://doi.org/10.1083/jcb.200904020
http://doi.org/10.1083/jcb.200906147
http://doi.org/10.1111/j.1365-2559.2011.04107.x
http://doi.org/10.1186/1479-5876-11-142
http://doi.org/10.1038/bjc.2014.252
http://doi.org/10.1007/s13277-015-3808-1
http://doi.org/10.1007/s10719-021-09980-0
http://www.ncbi.nlm.nih.gov/pubmed/33644826
http://doi.org/10.1038/nature08136


Int. J. Mol. Sci. 2022, 23, 4139 11 of 11

34. Holland, A.J.; Cleveland, D.W. Boveri revisited: Chromosomal instability, aneuploidy and tumorigenesis. Nat. Rev. Mol. Cell Biol.
2009, 10, 478–487. [CrossRef] [PubMed]

35. Fenech, M. Cytokinesis-block micronucleus cytome assay. Nat. Protoc. 2007, 2, 1084–1104. [CrossRef]
36. Jaunay, E.L.; Dhillon, V.S.; Semple, S.J.; Simpson, B.S.; Deo, P.; Fenech, M. Can a digital slide scanner and viewing technique assist

the visual scoring for the cytokinesis-block micronucleus cytome assay? Mutagenesis 2020, 35, 311–318. [CrossRef]
37. Guo, X.; Ni, J.; Zhu, Y.; Zhou, T.; Ma, X.; Xue, J.; Wang, X. Folate deficiency induces mitotic aberrations and chromosomal

instability by compromising the spindle assembly checkpoint in cultured human colon cells. Mutagenesis 2017, 32, 547–560.
[CrossRef]

38. Yang, Y.; Wang, W.; Li, M.; Gao, Y.; Zhang, W.; Huang, Y.; Zhuo, W.; Yan, X.; Liu, W.; Wang, F.; et al. NudCL2 is an Hsp90
cochaperone to regulate sister chromatid cohesion by stabilizing cohesin subunits. Cell Mol. Life Sci. 2019, 76, 381–395. [CrossRef]

39. Ouyang, Z.; Zheng, G.; Song, J.; Borek, D.M.; Otwinowski, Z.; Brautigam, C.A.; Tomchick, D.R.; Rankin, S.; Yu, H. Structure of the
human cohesin inhibitor Wapl. Proc. Natl. Acad. Sci. USA 2013, 110, 11355–11360. [CrossRef]

40. Lindberg, H.K.; Wang, X.; Jarventaus, H.; Falck, G.C.; Norppa, H.; Fenech, M. Origin of nuclear buds and micronuclei in normal
and folate-deprived human lymphocytes. Mutat. Res. 2007, 617, 33–45. [CrossRef]

41. Huang da, W.; Sherman, B.T.; Lempicki, R.A. Systematic and integrative analysis of large gene lists using DAVID bioinformatics
resources. Nat. Protoc. 2009, 4, 44–57. [CrossRef] [PubMed]

42. Perez-Riverol, Y.; Csordas, A.; Bai, J.; Bernal-Llinares, M.; Hewapathirana, S.; Kundu, D.J.; Inuganti, A.; Griss, J.; Mayer, G.;
Eisenacher, M.; et al. The PRIDE database and related tools and resources in 2019: Improving support for quantification data.
Nucleic Acids Res. 2019, 47, D442–D450. [CrossRef] [PubMed]

http://doi.org/10.1038/nrm2718
http://www.ncbi.nlm.nih.gov/pubmed/19546858
http://doi.org/10.1038/nprot.2007.77
http://doi.org/10.1093/mutage/geaa013
http://doi.org/10.1093/mutage/gex030
http://doi.org/10.1007/s00018-018-2957-y
http://doi.org/10.1073/pnas.1304594110
http://doi.org/10.1016/j.mrfmmm.2006.12.002
http://doi.org/10.1038/nprot.2008.211
http://www.ncbi.nlm.nih.gov/pubmed/19131956
http://doi.org/10.1093/nar/gky1106
http://www.ncbi.nlm.nih.gov/pubmed/30395289

	Introduction 
	Results 
	Methylglyoxal Induced Micronuclei Formation Is Associated with Increased AGEs 
	Methylglyoxal Modifies Various Components of the Mitotic Machinery 
	Methylglyoxal Modifies Various Components of the Mitotic Machinery 

	Discussion 
	Materials and Methods 
	Materials 
	WIL2-NS Cell Culture 
	Identification of DNA Damage Biomarkers 
	Quantification of MG-H1 and CEL in Whole-Cell Extracts 
	Sister Chromatid Resolution Assay 
	Fluorescence In Situ Hybridisation Assay 
	Proteomic Analysis of WIL2-NS 
	Data Analysis 

	References

