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Abstract: The mitochondrial quality control network includes several epigenetically-regulated genes
involved in mitochondrial dynamics, mitophagy, and mitochondrial biogenesis under physiologic
conditions. Dysregulated expression of such genes has been reported in various disease contexts,
including cancer. However, their expression pattern and the possible underlying epigenetic modifi-
cations remain to be defined within plasma cell (PC) dyscrasias. Herein, we compared the mRNA
expression of mitochondrial quality control genes from multiple myeloma, plasma cell leukemia
patients and human myeloma cell lines (HMCLs) with healthy plasma cells; moreover, by applying
the Sequenom MassARRAY EpiTYPER technology, we performed a pilot investigation of their CpG
methylation status in HMCLs. Overall, the results provided indicate dysregulated expression of
several mitochondrial network’s genes, and alteration of the CpG methylation profile, underscoring
novel potential myeloma biomarkers deserving in-depth functional investigation in the future.

Keywords: cancer epigenetics; methylation; Sequenom MassARRAY

1. Introduction

Multiple myeloma (MM) is a complex haematological disease mostly occurring in
older adults, in which plasma cells (PCs) undergo malignant transformation through a
stepwise process evolving from premalignant conditions, such as monoclonal gammopathy
of undetermined significance (MGUS) and smouldering multiple myeloma (SMM), to overt
MM [1–4]. A plethora of chromosomal abnormalities and mutational events, affecting
oncogenes, tumor suppressor genes and cell cycle regulators, contributes to the hetero-
geneous landscape of MM and ultimately leads to dysregulation of signalling pathways,
prompting myelomagenesis [5–8]; in parallel, deregulated epigenetic mechanisms, such
as aberrant DNA methylation and histone modifications, as well as deranged microRNA
(miRNA) networks, have been found implicated in the onset and progression of MM, and
more specifically in the clonal heterogeneity and response to treatment [9–18].

Accumulating evidence has recently demonstrated that mitochondria-driven metabolic
reprogramming is involved in cancer development and progression [19,20]. Mutations in
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both coding and non-coding regions of mitochondrial DNA (mtDNA) have been reported
in various cancer types, such as colorectal, lung, prostate, breast, and gastric carcino-
mas [21–24]; moreover, alterations in the mitochondrial quality control system, which
include pathways coordinating biogenesis and mitophagy as well as mitochondrial fusion
and fission processes, unbalance the mitochondrial homeostasis and function, contributing
to the pathogenesis and progression of various cancers [25–29].

Consistently, a fragmented mitochondrial network, along with elevated fission and/or
decreased fusion activities, has been associated with a migratory phenotype in several
cancers [30,31]; mitophagy is also emerging as both a positive and negative regulator of
tumorigenesis, depending on the context and the cancer stage [32].

In MM cells, abnormal expression of genes encoding mitochondrial anti-oxidants,
Ca2+ channels, and anti-apoptotic protein, and their association with bortezomib resistance,
has been reported [33]; moreover, Zhan et al. reported an iron-dependent expression of
several mitochondrial biogenesis-related genes in MM patients’ PCs, which associated
with disease progression and inferior clinical outcome [34]. An epigenetic control of genes
coding for components of the mitochondrial quality control system has emerged in both
pathological and physiological conditions, including cell development, aging, hypertension,
and diabetic retinopathy, but very little is known about their expression pattern and the
underlying regulatory mechanisms in PC dyscrasias [35–38].

To this purpose, we here investigated the transcription pattern and performed a fo-
cused methylation analysis, by applying the Sequenom MassARRAY EpiTYPER technology,
of the CpG islands located within candidate genes involved in mitochondrial biogenesis,
mitophagy, fusion, and fission to preliminarily address the epigenetic variability of these
sites in MM PCs.

2. Experimental Section
2.1. DNA Samples

MM1s and KMS11 human multiple myeloma cell lines (HMCLs) were obtained from
the Leibniz Institute DSMZ (German Collection of Microorganisms and cell cultures GmbH)
and the Japanese Collection of Research Bioresources (National Institute of Health Sciences
Japan), respectively. HMCLs were grown in RPMI1640 medium supplemented with 10%
FBS and 1% P/S, as previously reported [39]. Ten healthy human samples with an average
age of 63.1 years (range: 50–69) were analysed as control samples. Fully informed consent
was obtained in writing from all the participants, and all the studies were approved by
the “Regione Calabria Ethics Committee, section Area Nord” (Prot. CE 119/2016). Six
millilitres of venous blood were drawn from each human subject. Plasma/sera were used
for routine laboratory analyses, while DNA was extracted from buffy coats following
standard procedures. Genomic DNA was obtained by phenol/chloroform purification;
DNA concentration and purity were determined spectrophotometrically.

2.2. Gene Expression Profiling (GEP)

Total RNA samples from fifty newly diagnosed MM samples (median age: 67; range:
41–78), 15 primary plasma cell leukemia (PCL; median age: 59; range: 48–79), 4 normal
controls (median age: 23; range: 21–24; purchased from Voden, Medical Instruments IT)
and 10 HMCLs were profiled onto GeneChip® Human Gene 2.0 ST arrays (Thermo Sci-
entific, Wilmington, DE, USA) according to the manufacturer’s procedure as previously
described [40]. Data processing and normalization was performed by a Robust Multi Array
Average (RMA) algorithm. A custom annotation pipeline that comprises GENCODE v25
(Ensembl v87) annotations and CDF (Chip Definition File) version 21 for gene annota-
tions freely available at http://brainarray.mbni.med.umich.edu/Brainarray/Database/
CustomCDF/21.0.0/genecodeg.asp has been adopted in order to exclude ambiguous, un-
specific probes. All the data have been deposited in the NCBI Gene Expression Omnibus
database (GEO; http://www.ncbi.nlm.nih.gov/geo) and are accessible under accession
#GSE 116294.

http://brainarray.mbni.med.umich.edu/Brainarray/Database/CustomCDF/21.0.0/genecodeg.asp
http://brainarray.mbni.med.umich.edu/Brainarray/Database/CustomCDF/21.0.0/genecodeg.asp
http://www.ncbi.nlm.nih.gov/geo
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2.3. Primer Design for EpiTYPER Assay

PCR primers for the methylation study were designed using Sequenom’s EpiDesigner
software using the following precautions: absence of CpGs, concurrent amplification of
both methylated and unmethylated templates, amplicons less than 300 bp in length, maxi-
mum CpG coverage. Forward and reverse primer sequences were reported elsewhere [35].

2.4. Bisulfite Treatment and PCR Conditions

Bisulfite treatment of DNA samples was performed using the EZ-96 DNA Methylation-
Gold kit (Zymo Research, Euroclone, Milan, Italy), according to the manufacturer’s protocol.
Briefly, 1 µg of genomic DNA was mixed to 130 µL of CT conversion reagent and incubated
at 98 ◦C for 10 min and, successively, at 64 ◦C for 2.5 h. After loading 400 µL of M-binding
buffer, each sample was loaded on the wells of the silicon-A binding plate and centrifuged
at 3000 g for 5 min. Subsequently, samples were rinsed with 400 µL of M-wash buffer and
centrifugated at 3000 g for 5 min. Then, an incubation for 20 min at room temperature
occurred in the presence of 200 µL of M-desulfonation buffer. After a centrifugation at
3000 g for 5 min, wells underwent two consecutive washes with 400 µL of M-wash buffer.
Converted DNA was eluted in 30 µL of M-elution buffer. PCR reactions were carried out
in a total volume of 5 µL using EpiTaq PCR buffer 1X, 2.5 mM of MgCl2, 0.3 mM dNTP
mixture, 0.4 µM of each primer, 0.005 U TaKaRa EpiTaq HS (TaKaRa, Diatech Lab Line), and
1 µL of bisulfite-treated DNA. The thermocycling protocol started from a heat activation of
the enzyme at 95 ◦C for 4 min, then pre-degeneration at 94 ◦C for 20 s, followed by 45 cycles
of denaturation at 94 ◦C for 20 s, annealing at optimal temperature for each primer pair [35]
for 30 s, extension at 72 ◦C for 1 min, then one cycle at 72 ◦C for 3 min. Successful and
specificity of each amplification reaction was ascertained by agarose gel electrophoresis.

2.5. Dephosphorylation of Unincorporated Deoxynucleoside Triphosphates, In Vitro Transcription
and RNaseA Cleavage

Unincorporated dNTPs were dephosphorylated by adding 1.7 µL DNase free water
and 0.3 µL (0.5 U) shrimp alkaline phosphatase (SAP) (Sequenom, Inc., San Diego, CA,
USA) and incubating at 37 ◦C for 40 min; SAP was then heat-inactivated at 85 ◦C for 5 min.
Subsequently, samples were incubated at 37 ◦C for 3 h with 5 µL of T-cleavage reaction
mix (Sequenom), containing 3.21 µL RNAse-free water, 0.89 µL 5X T7 polymerase buffer,
0.22 µL T-cleavage mix, 0.22 µL 100 mM DTT, 0.40 µL T7 RNA polymerase and 0.06 µL
RNase A, for concurrent in vitro transcription and base-specific cleavage. The samples
of cleaved fragments were then diluted with 20 µL water. The cleavage reaction was
conditioned by adding 6 mg of clean resin.

2.6. Mass Spectrometry

Ten nl of the cleavage reactions were spotted onto silicon matrix preloaded chips
(Spectro-CHIP; Sequenom, Inc., San Diego, CA, USA) by a MassARRAY nanodispenser (Se-
quenom, Inc., San Diego, CA, USA) and analysed using the MassARRAY Compact System
matrix-assisted laser desorption/ionization-time-of-flight mass spectrometer (MALDITOF)
(Sequenom, Inc., San Diego, CA, USA). The spectra’s methylation ratios for each CpG
units were calculated using EPITYPER software v1.0 (Sequenom, Inc., San Diego, CA,
USA). Triplicate analyses from independent sodium bisulfite-treated DNA samples were
undertaken. The effectiveness of the entire experimental procedure was ascertained by
analysing samples obtained by mixing fully methylated and non-methylated gDNA stan-
dards (CpGenome Universal Unmethylated DNA (Chemicon) and CpGenome Universal
Methylated DNA, Chemicon, Millipore) with 10% methylation increments. Data quality
control and filtering were carried out to exclude the CpG units displaying a success rate
lower than 90%.
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2.7. Statistical Analyses

Descriptive statistics for continuous and categorical variables were used to describe
the characteristics of the analyzed samples. Logistic regression analyses were performed
to compare the methylation pattern of genes involved in mitochondrial quality control
between HMCLs (MM1s and KMS11) with respect to the methylation profiles of healthy
control subjects. Statistical analyses were performed using the R statistical language
program (http://www.Rproject.org/) using the CpGassoc package [41]; a significance level
of 0.05 was chosen. For differential analysis of gene expression, Dunn’s test was applied
for multiple comparisons between PC dyscrasias’ groups using the R software, with a
significance of 0.01.

3. Results
3.1. Dysregulated Expression of Mitochondrial Quality Control Genes in MM and Its More
Advanced Stages

We first sought to evaluate, in the context of MM and its more advanced stages, the
expression pattern of the most relevant genes involved in mitochondrial quality control
systems. To this purpose, we analysed a proprietary gene expression profile dataset (GSE
116294) including MM, PCL patients, HMCLs, as well as healthy PCs. Interestingly, we
observed dysregulated expression of most of the mitochondrial quality control genes across
the different disease stages. In detail, the expression of COX10, DNM1L, FIS1, KIF5B,
MARCH5, MFN1, MFN2, MTERF1, MTERF3 MTIF2, POLG, POLG2, POLRMT, RHOT1,
TFAM, TFB1M, and TFB2M steadily increased, while the expression of COX18, MAP1LC3A,
MTIF3, and RAB32 transcripts progressively declined from normal donor plasma cells to
PCLs. For these genes, dysregulated expression respect to normal cells was also found in
HMCLs, with a pattern generally resembling that of PCLs, as expected (Figure 1).

3.2. CpG methylation Analysis of Mitochondrial Quality Control Genes

Recent studies have demonstrated that epigenetic pattern of genes involved in mito-
chondrial quality control are associated with complex phenotypes, including aging, or can
be modulated by environmental factors [37,39]. Having found dysregulated expression
levels of different genes involved in mitochondrial functions in primary MM samples
and HMCLs (Figure 1), and searching for potential mechanisms responsible of the altered
expression in tumour cells, we investigated epigenetic marks associated with the promoters
of these genes. Taking into account that CpG methylation impacts the expression of these
genes in various physiopathologic contexts [35,37], the methylation levels of 838 CpG
sites falling in the CpG islands located within the promoter region of COX10, COX18,
FIS1, DNM1L, KIF5B, MAP1LC3A, MARCH5, MFN1, MFN2, MTERF1, MTERF3, MTIF2,
MTIF3, POLG, POLG2, POLRMT, RAB32, RHOT1, TFAM, TFB1M, and TFB2M genes were
evaluated on bisulfite-treated DNA samples using as experimental in vitro models two
HMCLs (KMS11 and MM1s) along with healthy control cells, which underwent Sequenom
MassARRAY quantitative analysis.

Following quality control criteria (see Experimental Section), the final dataset included
588 CpG sites organized in single sites or CpG units. Such analysis, in which DNA methy-
lation levels are reported as an arithmetic mean of the CpG sites of each gene, revealed
that in HMCLs, 15 out of 21 genes showed differences in methylation levels with respect
to the healthy control samples (Table 1). In detail, KIF5B, MAP1LC3A, MARCH5, MFN1,
MFN2, MTERF1, MTERF3, MTIF3, POLG2, POLRMT, RAB32, RHOT1, TFAM, and TFB1M
were found hypermethylated in at least one HMCL, while just COX10 gene displayed
hypomethylation with respect to the control samples; conversely, KIF5B, MAP1LC3A,
MARCH5, MFN1, MTERF1, MTERF3, MTIF3, POLG2, POLRMT, and RAB32 were hyper-
methylated, while only COX10 gene was hypomethylated in both HMCLs. The association
results of each CpG unit methylation between HMCLs and healthy control samples are
reported in Supplementary Table S1.

http://www.Rproject.org/
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Figure 1. Box plot representation of the mRNA expression of mitochondrial quality control genes, in four normal control (N),
50 multiple myeloma (MM) patients, 15 primary plasma cell leukemia (PCL), and 10 human myeloma cell lines (HMCLs)
evaluated by GeneChip® Human Gene 2.0 ST array (GSE 116294). In each panel, orange dashed lines indicate significant
differences between groups based on Dunn’s test (p-value < 0.01).
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Table 1. Mean of DNA methylation values (and standard deviation) of CpG sites located within the analysed genes in
HMCLs (MM1s, KMS11) and normal control cells (PBMCs). HMCLs, human myeloma cell lines; FDR: False Discovery Rate.

MM1s KMS11 Normal
Control Cells

MM1s vs. Normal
Control Cells

KMS11 vs. Normal
Control Cells

Gene p-Value FDR p-Value FDR

COX10 0.353 (0.003) 0.331 (0.009) 0.528 (0.014) 3.57 × 10−6 1.67 × 10−5 2.91 × 10−6 1.36 × 10−5

COX18 0.054 (0.003) 0.058 (0.006) 0.068 (0.007) 0.134 0.250 0.406 0.421

DNM1L 0.071 (0.002) 0.056 (0.002) 0.065 (0.003) 0.796 0.872 0.101 0.129

FIS1 0.091 (0.014) 0.104 (0.007) 0.082 (0.009) 0.766 0.872 0.188 0.229

KIF5B 0.043 (0.006) 0.056 (0.003) 0.044 (0.003) 0.473 0.698 0.055 0.077

MAP1LC3A 0.760 (0.007) 0.836 (0.005) 0.262 (0.009) 8.45 × 10−16 7.89 × 10−15 6.67 × 10−14 9.34 × 10−13

MARCH5 0.068 (0.003) 0.081 (0.006) 0.057 (0.002) 0.052 0.120 8.09 × 10−4 0.002

MFN1 0.090 (0.014) 0.105 (0.009) 0.052 (0.003) 0.003 0.008 2.22 × 10−5 7.76 × 10−5

MFN2 0.064 (0.004) 0.075 (0.007) 0.057 (0.004) 0.177 0.292 0.029 0.046

MTERF 0.058 (0.009) 0.159 (0.008) 0.043 (0.005) 0.939 0.939 1.24 × 10−8 6.93 × 10−8

MTERFD1 0.091 (0.004) 0.086 (0.009) 0.056 (0.003) 1.29 × 10−6 7.24 × 10−6 0.001 0.002

MTIF2 0.053 (0.01) 0.057 (0.004) 0.039 (0.009) 0.143 0.250 0.213 0.249

MTIF3 0.064 (0.008) 0.074 (0.008) 0.049 (0.002) 0.029 0.075 0.002 0.003

POLG1 0.492 (0.014) 0.525 (0.003) 0.510 (0.008) 0.133 0.250 0.235 0.254

POLG2 0.060 (0.002) 0.070 (0.009) 0.036 (0.003) 4.14 × 10−5 1.45 × 10−4 9.26 × 10−4 0.002

POLRMT 0.066 (0.002) 0.060 (0.005) 0.027 (0.005) 9.73 × 10−6 3.89 × 10−5 0.003 0.005

RAB32 0.358 (0.003) 0.596 (0.015) 0.079 (0.006) 3.15 × 10−19 8.8 × 10−18 5.21 × 10−14 9.34 × 10−13

RHOT1 0.042 (0.003) 0.048 (0.007) 0.037 (0.002) 0.809 0.872 0.082 0.109

TFAM 0.065 (0.004) 0.076 (0.003) 0.047 (0.003) 0.894 0.927 1.37x10−4 4.27 × 10−4

TFB1M 0.103 (0.002) 0.168 (0.008) 0.088 (0.006) 0.653 0.831 1.29x10−5 5.15 × 10−0.5

TFB2M 0.090 (0.010) 0.077 (0.009) 0.074 (0.009) 0.556 0.779 0.850 0.850

4. Discussion

Mitochondrial quality control, a process that finely regulates the maintenance of
mitochondrial integrity and function, is regulated under physiological conditions and
often deregulated in diseases. By sustaining proliferation, apoptosis evasion and drug
resistance, such a process has been found implicated in several cancer hallmarks, ultimately
fine-tuning bio-energetic and biosynthetic demands of cells to fuel tumour initiation and
progression [20]. How these genes are expressed, and whether they are also regulated at the
epigenetic level in PC dyscrasias, has not been previously addressed. To this purpose, using
a proprietary GEP dataset, we first investigated the expression levels of candidate genes
involved in mitochondrial biogenesis, fusion, and fission in RNA samples from MM, PCL
patients, HMCLs, as well as healthy PCs. Intriguingly, the results we obtained revealed
an extensive remodelling of gene expression that affected more than half of the genes
under examination. In detail, mRNA hyperexpression of several genes involved in mito-
chondrial biogenesis (MTERF1, MTERF3 MTIF2, POLG, POLG2, POLRMT, TFAM, TFB1M,
and TFB2M), fusion/fission (COX10, DNM1L, FIS1, KIF5B, MARCH5, MFN1, and MFN2)
and mitophagy (RHOT1) processes was observed in pathological samples as compared to
control cells. Furthermore, a decrease in the expression levels of COX18 and MTIF3 genes
was detected, which are involved in mitochondrial biogenesis, and RAB32 and MAP1LC3A
genes, implicated in mitochondrial fusion/fission and mitophagy, respectively. These
results further strengthen the recent evidence indicating that dysregulated mitochondrial
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network, function, and dynamics are relevant hubs contributing to tumour cell phenotypes,
likely by affecting energetic metabolism and redox homeostasis [42,43], and demonstrate,
for the first time, that such mitochondrial remodelling might be considered a phenomenon
that occurs in MM and could have a role in myelomagenesis. Overall, these data provide
the preliminary framework to functionally address the role of mitochondrial quality control
systems as novel candidate biomarker for MM onset and progression.

On the basis of previous evidence indicating epigenetic regulation of mitochondrial
quality control genes in different pathophysiological contexts [35,37], we next sought to
investigate specific epigenetic marks in MM cells, and thus focused on CpG methyla-
tion. Since methylation-specific PCR (MSP), semi-quantitative real-time PCR and bisulfite
sequencing suffer from poor versatility, limited quantitative resolution and are affected
by restricted CpG coverage, we exploited the Sequenom MassARRAY EpiTYPER tech-
nology that seems more appropriate for a quantitative assessment for multiple CpG site
methylation within candidate genes [44].

In accordance with previous data showing that mitochondrial quality control genes
can be regulated by DNA methylation marks in both human and animal models [35,37],
our findings indicated peculiar CpG DNA methylation patterns for those genes differen-
tially expressed in MM, mainly in a trend towards hypermethylation. Specifically, KIF5B,
MAP1LC3A, MARCH5, MFN1, MFN2, MTERF1, MTERF3, MTIF3, POLG2, POLRMT,
RAB32, RHOT1, TFAM, and TFB1M genes were found hypermethylated in both HMCLs
while just COX10 gene displayed hypomethylation; no statistically significant change in
methylation levels was observed in the COX18, FIS1, DNM1L, MTIF2, and TFB2M genes.

Intriguingly, we noticed that only a few of the genes analysed displayed the expected
negative correlation between the mRNA expression pattern and the methylation levels
of their associated CpG islands. In fact, a decrease in mean methylation of the relative
CpG islands in both HMCLs was associated with increased mRNA levels only for COX10,
MAP1LC3, MTIF3, and RAB32 genes, while CpGs hypomethylation in both MM cell lines
was related to higher expression levels of COX10 mRNA in pathological samples. Whether
CpG methylation occurs in genomic regions relevant from a functional point of view,
and/or the expression of these genes is regulated by transcription factors sensitive to
methylated CpGs, will be assessed in follow-up functional studies.

Of note, given the high heterogeneity of MM cells at genomic and epigenomic level,
further studies, enlarging the number of MM samples and including different normal and
malignant primary PCs, are mandatory to fully decipher the CpG methylation status of
these genes and their functional consequences in the setting of this disease. However,
our results are in line with previous work demonstrating heterogeneous expression and
functions in HMCLs of genes associated with mitochondrial functions, as those encoding
the mitochondrial pore complex, anti-oxidant proteins, and Ca2+ channels [33].

In conclusion, the findings presented in this study indicate dysregulated expression of
genes related to mitochondrial functions in MM cells, along with peculiar CpG methyla-
tion profiles in HMCLs, underscoring a possible involvement of deranged mitochondrial
networks in MM pathobiology.

Supplementary Materials: The following are available online at https://www.mdpi.com/2077-0
383/10/6/1295/s1, Table S1: Association analysis between methylation levels of CpG sites falling
within genes involved in mitochondrial quality control observed in HMCLs (MM1s and KMS11)
with respect to healthy control subjects (PBMCs).
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