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Differences in Gene Expression
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Differentiated SH-SY5Y Neurons
Stably Overexpressing Mitochondrial
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Anarmaa Mendsaikhan, Shigeko Takeuchi, Douglas G. Walker* and Ikuo Tooyama*

Molecular Neuroscience Research Center, Shiga University of Medical Science, Otsu, Japan

Mitochondrial ferritin (FtMt) is an iron-transport protein with ferroxidase properties
localized to mitochondria. Levels are generally low in all tissues, while increasing the
expression of FtMt in neuronal-like cells has been shown to be protective. To determine
whether FtMt has potential as a therapeutic approach, there remains the question of how
much FtMt is protective. To address this issue, we transfected SH-SY5Y neuroblastoma
cells with a FtMt expression plasmid and isolated cell lines with stable expression of
FtMt at high, medium and low levels. Using these cell lines, we examined effects of
FtMt on neuronal phenotype, neuroprotective activity and gene expression profiles.
The phenotypic properties of high, medium and low FtMt expressors were compared
with native untransfected SH-SY5Y cells after differentiation with retinoic acid to a
neuronal phenotype. Overexpression of FtMt, even in low expressing cells, showed
significant protection from oxidative stress induced by hydrogen peroxide or cobalt
chloride. Higher levels of FtMt expression did not appear to offer greater protection,
and did not have toxic consequences to cells, even though there were significantly
more aggregated mitochondria in the highest expressing clone. The phenotypes
differed between cell clones when assessed by cell growth, neurite outgrowth, and
expression of neuronal proteins including those associated with neurodegenerative
diseases. Microarray analysis of high, medium and negative FtMt-expressing cells
identified different patterns of expression of certain genes associated with oxidative
stress and neuronal development, amongst others. Validation of microarray analyses
was carried out by real time polymerase chain reaction. The results showed significant
differences in expression of thioredoxin-interacting protein (TXNIP) and microsomal
glutathione transfer-1 (MGST-1), which can have critical roles in the regulation of oxidative
stress. Differences in expression of calcitonin-related polypeptide alpha (CALCA), growth
differentiation factor-15 (GDF-15) and secretogranin Il (SCG2) were also observed. Our
findings indicate that even low levels of increased FtMt expression can be protective
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possibly by alterations of some oxidative stress-related and growth factor genes, while
high levels of expression did not appear to offer greater protection from oxidative stress
or induce significant toxicity in cells. These experiments provide supporting data that
increasing FtMt might be a feasible strategy for therapeutics in certain neurodegenerative

and neurological diseases.

Keywords: neuroprotection, free radical, mitochondria, iron, neurodegeneration, cell culture

INTRODUCTION

Age-associated  neurodegenerative  diseases,  particularly
Alzheimer’s disease (AD) and Parkinson’s disease (PD),
have proven resistant to effective therapies as the pathological
processes are complex and still incompletely understood.
There have been multiple approaches aimed at slowing down
the degenerative processes, but they have primarily focused on
inhibiting the formation or promoting the removal of toxic forms
of amyloid beta (AB) peptide or tau (for AD) or a-synuclein
(for PD) (Brundin et al,, 2017; Jan et al., 2017). Although these
diseases have significant clinical and pathological differences,
one common feature is increased oxidative stress through
elevated levels of damaging reactive oxygen species (ROS) (Nesi
et al, 2017; Lang and Espay, 2018). Effective regulation of
intracellular iron plays a critical role in controlling generation of
ROS. Ferritin-H is the major cellular regulator of iron in most
cells, but a significant role has been identified for mitochondrial
ferritin (FtMt), a ferritin-H-like molecule that is targeted to
mitochondria (Arosio et al., 2009).

FtMt has roles that overlap with ferritin, but its expression in
normal tissue is very low and restricted to testis, brain, heart, and
erythroblasts (Levi and Arosio, 2004; Santambrogio et al., 2007).
FtMt expression is highest in cells of tissues with high oxygen
demand, including neurons in brain (Gao and Chang, 2014).
FtMt has multiple properties, in particular ferroxidase activity to
reduce reactive ferrous ions to less reactive ferric ions. Within
the realm of biological processes, it participates in oxidation-
reduction, iron transport across membranes and cellular iron
homeostasis. FtMt is synthesized as a 30 kDa polypeptide that
is cleaved once the protein is translocated to the mitochondria
matrix and assembles into a “ferritin-shell” of 24 of 22 kDa
polypeptide chains (Levi et al, 2001; Drysdale et al., 2002).
FtMt binds iron with similar properties to ferritin, but has
particularly important function of regulating reactive iron species
in mitochondria (Yang et al., 2013; Wang Y. Q. et al., 2016). In
contrast to ferritin, FtMt mRNA lacks an iron-response element
indicating a different mechanism of regulation (Drysdale et al.,
2002). Recently, the FtMt gene promoter was shown to contain
positive regulatory sequences for cyclic-AMP response element-
binding protein (CREB), YYTI and SP1 transcription factors, and
C/EBPB, GATA2 and FOXALI sequences as negative regulators
(Guaraldo et al., 2016).

With reference to the involvement of FtMt in diseases, it has
been associated with Friedreich’s Ataxia, restless leg syndrome
and macular degeneration (Huang et al,, 2009; Snyder et al,
2009; Stenirri et al., 2012; Wang X. et al., 2016). Overexpression

of FtMt significantly slowed the replication of FtMt transfected
SH-SY5Y neuroblastoma cells, both in culture and after in vivo
transplantation of overexpressing cells to immune-deficient mice
(Gong et al., 2017). Increased expression of FtMt has been
demonstrated in neurons in regions of human brains affected by
AD and PD pathology (Wang et al., 2011; Yang et al., 2017).

A number of studies using overexpression or knockdown
models employing neuronal-like cells, particularly SH-SY5Y
cells, demonstrated that FtMt protected against oxidative
stressors and AP neurotoxicity (Shi et al., 2015; Gao et al,
2017; Li X. et al, 2017; Wang et al, 2017), (Wu et al,
2013; Wang Y. Q. et al,, 2016; Gao et al,, 2017; Guan et al.,
2017). The potential therapeutic benefits of FtMt have also
been suggested from different animal models for AD or PD.
Using a line of mice with deletion of FtMt gene, it was shown
that intracerebroventricular administration of the toxic AB25-35
fragment exacerbated memory deficits, with enhanced caspase
activation in the gene deletion mice compared to mice expressing
FtMt (Wang et al., 2017). Such studies will be enhanced with a
transgenic mouse line that overexpresses FtMt. In models of PD,
increased expression of FtMt was shown in mice treated with the
dopaminergic toxins 6-OHDA and MPTP, while similarly treated
FtMt gene deletion mice had higher levels of dopaminergic cell
loss (Shi et al., 2010; You et al., 2016).

To determine whether FtMt has potential as a therapeutic
approach, possibly by gene delivery methods, there remains the
question of how much FtMt is protective and if mitochondrial
damage can occur if levels are too high. Our previous
paper showed that overexpression of FtMt in the ARPE-
13 line of retinol epithelium cells caused several effects
on mitochondrial function including increased mitochondrial
fission and mitophagy (Wang X. et al, 2016). In order to
clarify these issues, we established neuronal cell lines with
stable expression of high, medium and low FtMt levels. Using
these cell lines, we examined effects of overexpression of FtMt
on neuronal phenotype, neuroprotective activity, and gene
expression profiles.

MATERIALS AND METHODS
Cell Culture

The human neuroblastoma SH-SY5Y cell line was obtained from
the American Type Culture Collection (Gaithersburg, MD, USA)
(Ross et al., 1983). Cells were grown in Dulbecco’s Modified
Eagle’s Medium (DMEM) with high glucose and supplemented
with 5% fetal bovine serum (FBS) and 50 jug/ml gentamicin. All
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cell culture reagents were obtained from Nacalai-Tesque, Kyoto,
Japan. Cells were routinely subcultured with 0.1% trypsin/1 mM
EDTA in Hanks Balanced Salt Solution (HBSS) before reaching
confluency, but in some circumstances during earlier stages of
clone establishment, cells were subcultured with PBS without
trypsin to separate the neuroblast from epithelial-type cells. After
initial isolation of FtMt-expressing clones, all experiments were
carried out with differentiated cells with the exception of studies
on cell growth. To produce differentiated cells with neuronal
features, untransfected and isolated clones were treated with
retinoic acid (10 wM)(Sigma-Aldrich, St. Louis, MO, USA) for 7
days in DMEM with 0.5-1.0 % FBS. Media was refreshed after 3
days of culture.

Transfection

Cells were transfected with a pEGFP-FTMT plasmid whose
construction and characterization has been described (Wang
et al, 2011). All recombinant DNA experiments were carried
out with appropriate institutional approvals. To isolate stably-
expressing SH-SY5Y cells, cells were plated at 2 x 10° cells/well
in 12 well-plates in growth media. After 24h, media was
replaced with serum-free DMEM, and transfection was carried
out in triplicate using 0.5-1 pg plasmid DNA mixed with
Viofectin (Viogen, New Taipei City, Taiwan) according to the
manufacturer’s instructions. After 6 h, serum was added to media
to 5% final concentration, and cells allowed to recover for 18 h.
The cultures were then subcultured with cells from each well-
being transferred to a 60 mm diameter petri dish. The following
day, media was replaced with growth media (DMEM + 5%
FBS) containing 500 pg/ml G418 (Selection Media) (Nacalai-
Tesque, Kyoto, Japan). The progress of the cultures were followed
with twice-weekly media changes until growing colonies could
be identified on plates. Individual colonies were selected using
trypsin-soaked cloning discs (approximately 0.5cm diameter),
and these were transferred to individual T25 flasks in selection
media for expansion. A number of separate colonies of G418-
resistant cells were grown until cell numbers were sufficient
to permit screening for FtMt expression and freezing in liquid
nitrogen. A total of 26 isolated clones were isolated, screened and
stored (Supplemental Figure 1).

Western Blot Screening Colonies for FtMt

Expression

Western blots were used to screen isolated clones for expression
of FtMt protein in selected clones. Initial screening was
carried out using undifferentiated cells. Cell pellets were briefly
disrupted by sonication in RIPA buffer (50mM Tris-HCI,
pH 7.6, 1% sodium deoxycholate, 1% NP40, 0.1% sodium
dodecyl sulfate (SDS) and a cocktail of protease inhibitors).
Protein concentrations in samples were measured using a
MicroBCA Protein assay kit (Thermo Scientific, USA). Samples
were prepared for SDS-polyacrylamide gel electrophoresis by
dissolving in SDS-sample buffer containing 0.1M dithiothreitol
(DTT). Equal amounts of protein were loaded on precast 5-20%
SDS gradient gels (Wako, Japan or Nacalai-Tesque, Japan). After
separation, proteins were transferred to Immobilon P (Millipore,

MA, USA) PVDF membrane using semi-dry electroblotting
apparatus.

Western Blot Detection and Quantification
The following procedures were used for all western blot in
the analyses in this report. PVDF membranes were blocked
for 1h with 5% skim milk dissolved in Tris-buffered saline
(50mM Tris-HCI, pH 7.5, 150mM NaCl) containing 0.05%
Tween 20 (TBST). Membranes were subsequently incubated
at room temperature for 18h in optimal antibody dilution
in 2% skim milk in TBST containing 0.005% sodium azide.
The production and characterization of the custom rabbit
polyclonal antibody to FtMt has previously been described (Yang
et al,, 2015). The antibodies used in this report are listed in
Table 1. After antibody incubation, membranes were sequentially
washed 3 x 10min in TBST, and incubated in the appropriate
horseradish peroxidase (HRP)-conjugated anti-immunoglobulin
for 2h. Membranes were imaged using Chemi-Lumi-One HRP
chemiluminescence substrate (Nacalai-Tesque) with a LAS4000
Imaging system (GE Biosciences, U.S.A.). Some membranes
were reprobed with different antibodies after treatment with
Stripping Agent-Strong (Nacalai-Tesque). For normalization
and loading control, membranes were subsequently incubated
with an HRP-conjugated antibody to p-actin (FujiFilm/Wako,
Japan) at 1:15,000 for 1h. All images were quantified using
Image Studio Lite software (Licor, NE, USA). Results are
calculated as relative expression after normalization for levels of
B-actin.

Immunocytochemistry

Immunocytochemistry was used to demonstrate expression
and localization of FtMt, neurofilaments, and mitochondrial
cyclooxygenase 1 (MtCox-1) in differentiated FtMt expressing
clones. Different clones were plated onto chamber slides (Nunc)
at 10* cells/well and differentiated for 7 days in RA-containing
media. After that period, cells were rinsed with PBS, and fixed
with 70% ethanol at —20°C for 30 min. The fixative solution
was removed and cells dried to ensure attachment. Cells were
incubated in optimal dilutions of antibody (Table 1) diluted in
TBST overnight at room temperature. After washing three times
with TBST, cells were incubated with optimal dilution of anti-
species immunoglobulin conjugated with fluorophore (dyes used
indicated in Figure legends). Cells were counterstained with
DAPI to allow identification of nuclei and coverslipped with
fluorescent mounting agent. Stained cells were examined using
a FV1000 Olympus confocal microscope. Photos were taken
from three randomly selected fields for each experiment of three
independent experiments.

Cellular Fractionation and Mitochondria

Isolation

To measure the subcellular localization of overexpressed FtMt,
differentiated cells were fractionated using the Mitochondria
Isolation kit for Mammalian Cells (Thermo Fisher, USA) to
isolate a mitochondria-enriched fraction. FtMt expressors and
untransfected cells were grown in T75 flasks and differentiated
for 7 days with RA treatment. Mitochondria fractions were
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TABLE 1 | Description of reagents used in study.

Antigen Supplier/Cat.no Description Species Application Dilution
ANTIBODIES

FtMt Custom Polyclonal Rabbit WB, ICC 1/5000
NFH/M Biolegend (837904) Monoclonals Mouse WB, ICC 1/2000
PSD95 Abcam (ab126732) Monoclonal Rabbit WB 1/2000
SNAP25 Abcam (ab109105) Monoclonal Rabbit WB 1/10000
APP Abcam (ab126732) Monoclonal Rabbit WB 1/3000
Tau Pierce (MN1000) Monoclonal Mouse WB 1/2000
a-synuclein Covance 4B12 Monoclonal Mouse WB 1/2000
TXNIP Abcam (ab188865) Monoclonal Rabbit WB 1/2000
Mt-Cox-1 Abcam (ab14705) Monoclonal Mouse WB, ICC 1/2000
Histone H3 Abcam (ab21054) HRP Polyclonal Rabbit WB 1/10000
B-actin Fuijifilm (017-24573) HRP Monoclonal Mouse WB 1/10000
WB, Western blot; ICC, Immunocytochemistry.

Gene Sequence Amplicon (bp) Ref.Seq.

PCR PRIMER SEQUENCES

FTMT sense CCCATTTGTGCGATTTCC 166 NM_177478.1
FTMT antisense TTCTGCTTGTTTTCATTTCCA

MGST-1 sense GAAAGGTTTTTGCCAATCCA 186 XM_011520674
MGST-1 antisense TTCCTGCCATTCTCATTTCC

TXNIP sense TCGTGTCAAAGCCGTTAGGA 228 NM_006472.5
TXNIP antisense TTGAAGGATGTTCCCAGAGGC

TXN sense GCCTTTCTTTCATTCCCTCTCT 145 NM_003329.3
TXN antisense ACCCACCTTTTGTCCCTTCT

CALCA sense GTCAAGGCACAGCATTACCA 95 XM_017018283.1
CALCA antisense CCCTATTGACATTGGTGGCTCT

SCG2 sense AGATGAAACGCTCAGGGCAG 147 NM_003469.4
SCG2 antisense GCCCATTCTGTAACCTCCCA

GDF-15 sense CTCTCAGATGCTCCTGGTGTT 159 AF003934.1
GDF-15 antisense AGCAGGTCCTCGTAGCGTTT

TFRC sense GCCAATGTCACAAAACCAAA 188 NM_003234.3
TFRC antisense AAGTCCTCTCCTGGCTCCTC

B actin sense CCTATGTGGGCGACGAG 242 NM_001101.3

B actin antisense ATGGCTGGGGTGTTGAAG

isolated from collected cells following a modification of the
manufacturer’s recommended protocol. In brief, cell pellets
containing approximately 1.5 x 107 cells were resuspended
in Reagent A (with added protease inhibitors) (400 pl) and
incubated on ice for 2min. 5 pl of Reagent B was then added
and pellets were gently sonicated for 5s to ensure complete
cell lysis without damaging nuclei. The lysates were centrifuged
for 10min at 700 g and the supernatants transferred to new
tubes. This step was repeated to remove all nuclear material. The
supernatants were then centrifuged at 12,000 g for 15 min. The
pellets were resuspended in 500 pl of Reagent C and centrifuged
for the same period as a wash step, while the supernatants
were saved as cytosolic fractions. The protein concentration was
determined for each fraction, and samples processed for western
blot analysis.

Cell Replication and Neurite Elongation

Measurements

Similar analysis methods were used to determine the rate
of replication of undifferentiated FtMt clones compared to
untransfected cells, and development of neurites of differentiated
FtMt clones compared to untransfected cells. For measuring cell
replication, 10* cells from different clones were plated into T25
flasks in growth media. Phase contrast images were recorded
at Day 1, Day 3, Day 5, and Day 7 using an Olympus phase
contrast microscope. Area occupied was used as the measure of
cell numbers. The area of cells in 20x images were measured
using image J software (NIH, USA). Five images taken at random
were recorded at each time point for each clone. Each experiment
was repeated three times. Results recorded show mean values £+
standard error of mean (SEM).
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For measuring neurite formation, 10 cells from each
clone were plated into wells of 12-well plates in triplicate.
The following day media was exchanged for differentiation
media containing RA. Five images/well were recorded
and analyzed for neurite elongation after 7 days using
Image ] software plugin Neuron] (https://imagescience.
org/meijering/). The area occupied by neurites in each
field was measured and data analyzed as described
above.

Cell Viability Measurements

For assessing responses to oxidative stress caused by hydrogen
peroxide or cobalt chloride, a microtiter assay was used. Using
96-well-tissue culture microtiter plates, 1.5 x 10* cells/well
were plated in 100 wl of media. After attachment, media
was exchanged for differentiation media and cells were treated
for 7 days to develop a neuronal phenotype. For assessing
treatments, media was exchanged for DMEM + 1% FBS to which
different concentrations of hydrogen peroxide (0-250 wM) or
cobalt chloride (0-200 M) were added. Cells were incubated
for 24h and then 10 pl of cell viability reagent WST-1 (Cell
Count Reagent, Nacalai-Tesque, Japan) was added to each
well. Absorbance at 450 nm was recorded using a Tecan 2000
plate reader after 1, 2 and 4h of further incubation. Changes
in absorbance were calculated after subtraction of absorbance
from cell-free wells. Degree of protection was calculated
as percentage changes relative to untreated cells for each
clone.

RNA Preparation

RNA was prepared from 7 day RA-differentiated neuronal-like
cells (FtMt clones and untransfected cells) using the RNeasy
plus Mini kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. RNA yield was assessed using a
Nanodrop spectrophotometer (Thermo Scientific, USA), and
integrity with an Agilent Bioanalyzer and RNA 6000 Nano
kit (Agilent Inc, Palo Alto, USA). All RNA samples had
RIN values >9 and were considered suitable for microarray
analysis.

Microarray Analysis

Microarray analysis using the Applied Biosystems Human
Genome U133 Plus 2.0 array (ThermoFisher Scientific, USA)
was carried out as a contract analyses by Takara Bio Inc.
(Kusatsu, Japan) using RNA isolated from the clone with
the highest expression of FtMt, the medium expression
FtMt clone, and untransfected control cells. Labeled cRNA
probes from RNA were prepared using the 3° IVT Plus
transcription kit (Thermo Fisher Scientific). The array contained
11 separate oligonucleotide probes to represent each of over
47,000 transcripts. Data was extracted and analyzed using
Affymetrix Signal Console software. Signal intensity for each
gene oligonucleotide probe was obtained based on the mean
of oligonucleotide replicates after correction for normalization
controls.

Microarray Data Analysis

Results of analysis of gene expression were prepared by pairwise
comparison of untransfected (negative) to high FtMt expression;
untransfected (negative) to medium FtMt expressor, and medium
to high FtMt expressors. Intensity data for each clone for
each gene probe was log, transformed. Significant differences
between gene expression values were highlighted when the
difference in log, values varied by +1 or —1 (reflecting 2.7
fold increase or decrease in expression). Adjusted p-values
were provided that reflect significant differences in expression
based on the 11 oligonucleotide/transcript technical replicates.
Tables were prepared that highlighted significant differences in
gene expression, but excluding low expressing genes marked
as Absent (below background), and genes with no assigned
identity. Different processes of data analysis were examined to
demonstrate how altered levels of FtMt affect cellular phenotypes.
Particular emphasis was placed on data mining for genes
important for protection from oxidative stress, iron transport,
and those involved in neuronal differentiation and phenotypes.

Real Time Reverse
Transcription-Polymerase Chain Reaction

Quantification of FtMt gene expression and validation of
identified genes with differential expression was carried out
by real time RT-PCR with SYBR green detection using RNA
from the high and medium FtMt overexpressing clones used
for microarray analysis and untransfected cells, and also one
additional high expressor and one low FtMt expressor clone.
RNA was isolated as described above, and equal amount of RNA
(0.75-1 g total cellular RNA) from each sample was reverse
transcribed using the PrimeScript RT kit with genomic DNA
eraser (Takara Bio, Japan). Appropriate numbers of samples
that were not reverse transcribed were analyzed to verify that
amplification signal was not due to contaminating DNA.

Real time PCR was carried out using a relative standard curve
method (Walker et al.,, 2009) for analysis using Thunderbird
SYBR QPCR master mix supplemented with Rox reference dye
(Toyobo, Inc, Japan). Primers (listed in Table 1) were used at
12.5 pmol/reaction, and each sample was analyzed in duplicate
using triplicate biological replicates on the Roche Light Cycler
480 qPCR machine using the following program: 95 C 60
denaturation/activation, followed by amplification program of
95°C for 155, 60°C for 20s and 72" C for 30's for 45 cycles. PCR
experimental design followed most of the criteria for Minimum
Information for Publication of Quantitative Real time PCR
Experiments (MIQE) (Bustin et al., 2009). Primers were designed
and analyzed to show absence of self-dimers or cross dimers, and
this was verified by demonstration of melting curves that showed
single bands.

Statistical Analysis

Statistical analyses were carried out using Graphpad Prism 7
software (La Jolla, CA). Analysis between groups and treatments
were carried out by One-way or Two-Way Analysis of Variance
(ANOVA) with Tukey’s test of multiple comparisons to examine
significance between groups. Significance was assessed if p < 0.05.
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RESULTS

Isolation of Mitochondrial Ferritin
Overexpressing SH-SY5Y Cells

Using standard cell transfection methodology and a plasmid that
expressed the human FtMt gene using the CMV immediate early
gene promoter, we isolated by disc cloning 26 separate G418-
resistant colonies and expanded them in separate cultures. These
were screened for expression of FtMt protein by western blot
(Supplemental Figure 1). As this image was obtained during the
screening process, it used protein extracts from undifferentiated
cells. As shown, there was a wide range of FtMt expression levels
ranging from undetectable to high levels of expression. Isolated
clones were expanded and then frozen, and for subsequent
experiments, each clone was used for 6-8 passages before a new
frozen vial was revived. Expression and growth of some of the
highest expressors proved unstable, but final characterization was
carried out on 4 separate clones as their growth and different
FtMt expression levels were stable with passage.

Relative levels of FtMt mRNA and protein were measured by
real time polymerase chain reaction (QPCR) and western blot.
Two clones had high levels of expression of FtMt mRNA and
protein (Figures 1A,B), while one had medium level of FtMt
mRNA expression and low levels of detectable protein, and one
had low level of FtMt mRNA expression but with no detectable
protein (representative western blot: Figure 1C). The difference
in mRNA expression between the low and high clones was 20-
fold, and 4-fold between medium and high, but for protein levels,
the difference in expression between medium and high was 22-
fold. Considering the differences in mRNA expression, it might
be expected that FtMt protein should be detectable in the low
expressor clone. These differences between mRNA and protein
would suggest that FtMt protein was being rapidly degraded. It
should be noted that untransfected SH-SY5Y differentiated cells
used in these experiments did not contain detectable levels of
FtMt mRNA or protein.

Phenotyping of FtMt Overexpressing

Clones

Characterization of FtMt Expressing Clones

As elevated amounts of FtMt will increase the levels of potentially
toxic iron in mitochondria, a series of experiments were carried
out to determine how overexpression affected the phenotype and
gene expression of clones differentiated to a neuronal phenotype.
Staining of cells with antibody to FtMt showed expected clear
differences in immunoreactivity intensity between medium and
high expressor cells (Figures 2B,C), while the untransfected cells
only showed some background staining (Figure 2A). Higher
magnification images are shown in Figures 2D-E. All cells
of the high expressor clone showed FtMt immunoreactivity
(Figures 2C,F). The punctate immunoreactivities are consistent
with mitochondrial localization. Staining of cells with pan-
neurofilament antibody (SMI312) showed that all cells produced
the characteristic processes of neurons (Figures 2G-I). Staining
of cultures with an antibody to mitochondrial cytochrome
oxidasel (MtCox-1) showed an unexpected gradation of
distribution and intensity of mitochondria in the untransfected,
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FIGURE 1 | (A) FtMt mRNA expression in FtMt expressing clones and
untransfected differentiated SH-SY5Y cells: Real time PCR results showing
comparison of FtMt mRNA levels in indicated clones compared to
untransfected cells normalized for levels of B-actin mRNA. Results show
combination of triplicate independent experiments with 2 or 3
samples/experiment. Data analyzed by One-way ANOVA with Tukey’s
post-hoc comparison test. Bar charts illustrate mean + standard error of mean
(SEM). Results with p-values of significance are indicated. “p < 0.05; **p <
0.01, **p < 0.001, *** p < 0.0001. (B) FtMt protein expression in FtMt
expressing clones and untransfected differentiated SH-SY5Y cells: Western
blot results showing comparison of FtMt protein levels in indicated clones
compared to untransfected cells normalized for levels of B-actin protein.
Results show combination of triplicate independent experiments with 2 or 3
samples/experiment. Data analyzed by One-way ANOVA with Tukey’s
post-hoc comparison test. Bar charts illustrate mean 4+ SEM. Results with
p-values of significance are indicated. *p < 0.05; **p < 0.01, **p < 0.001,
****p < 0.0001. (C) Representative Western blots of FtMt expressing clones
and untransfected differentiated SH-SY5Y cells: Representative western blot
image of data shown in (C). FtMt expression was highly expressed in clones
High A and High B. A longer exposure was required to show FtMt protein in
Medium (Med) expressing clone (Darker FtMt).

medium expressor and high expressor cells (Figures 2J-L).
Many of the high FtMt expressing cells showed MtCoxl
staining consistent with an aggregated morphology. This
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FIGURE 2 | Immunocytochemistry of FtMt expressing clones. (A-C). Untransfected (A), Medium (B), and High B (C) clones differentiated for 7 days stained with
antibody to FtMt to identify positive expressing cells. Positive staining is observed for Medium and High B clone, but not untransfected cells. Antibody reacted cells
were identified by reaction with Alexa568 labeled-anti rabbit immunoglobulin G. All images were recorded using an Olympus FV1000 laser confocal
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post-hoc test. **p < 0.001, ***p < 0.0001.

FIGURE 2 | microscope. (D-F). Higher magnification images of FtMt antibody reacted cells. Images from areas indicated with white lines on (A-C). (G-I)
Untransfected (G), Medium (H), and High B (I) clones differentiated for 7 days stained with antibody SMI-312 that stains neurofilament proteins, but predominantly
NF-M. All cells showed SMI-312 positive neuronal processes consistent with differentiated morphology. Undifferentiated cells show no staining for SMI312 (not
shown). Antibody-reacted cells were identified by reaction with Alexa568 labeled-anti mouse immunoglobulin (G). (J-L). Untransfected (J), Medium (K), and High B
(L) clones differentiated for 7 days stained with antibody MtCox1 that stains mitochondrial cytochrome oxidase-1. Morphology of MtCox1 immunoreactive
mitochondria in FtMt expressing clones (K-Medium and L- High B) compared to untransfected cells (J). Antibody reacted cells were identified by reaction with
Alexab68-labeled anti mouse immunoglobulin (G). (M) Quantitative estimation of aggregated/abnormal mitochondria. Estimation of percentage of aggregated
mitochondria in untransfected (Un), Med, and High B expressing clones. The numbers were estimated by visual examination of 3 fields/image and 3 images for each
clone at magnification shown in (A=C). Results show mean + SEM, with standard significance levels indicated from data analyzed by one way ANOVA with Tukey

was confirmed by determining the percentage of cells with
aggregated morphology of MtCox-1 immunoreactivity. This
showed significant increase between the untransfected and high
expressing clone (Figure 2M).

Subcellular Localization of Mitochondrial Ferritin
Quantification of MtCox-1 expression by western blots of total
cell lysates detected the opposite pattern with significantly higher
levels in untransfected neurons (Figures 3A,B). The reason for
this discrepancy requires further investigation, but both data
suggest abnormalities of mitochondria.

The levels of FtMt protein in different cellular fractions,
particularly mitochondria, were measured by western blot.
The method used produced a mitochondria-enriched fraction,
and also a nuclear and cytosolic fraction, from each cell
extract. The question being asked was whether the considerably
increased amounts of FtMt being produced by overexpressing
cells accumulated predominantly in the mitochondria fraction.
The western blots were representative of distinct experiments
carried out in triplicate (Figure 3C). The results showed that
FtMt was predominantly detected in the mitochondria fraction,
but a certain amount could also be detected in the nuclear
fraction of the highest expressing clone (Figure 3C - HighB).
The levels of FtMt in the nuclear fraction of this clone were
higher than might be expected from contamination of this
fraction by mitochondria. In the cytosolic fraction, we detected
two polypeptide bands of slightly higher molecular weight than
processed FtMt. As these were also detected in the untransfected
cells that lack FtMt RNA, these bands were considered as
non-specific. Similar to Figure 3B, the western blots showing
levels of MtCox1 in the different fractions showed larger
amounts of this protein in the untransfected cells. The relative
intensities of FtMt in the different fractions are illustrated in
Figure 3D.

Alteration in Expression of Neuronal Proteins

To determine if FtMt overexpression affects neuronal phenotype
upon differentiation, expression levels of key neuronal
proteins-neurofilament M (NF-M); synapse-associated proteins,
postsynaptic density protein 95 (PSD95) and synaptosomal-
associated protein-25 (SNAP-25)- were measured by western
blotting (Figure4). To confirm the effect of retinoic acid
differentiation on expression of proteins, differentiated, and
undifferentiated cells from untransfected and High B FtMt
clone were analyzed for NF-M, PSD-95, SNAP-25 and FtMt
(Figure 4A), which shows that these neuronal proteins were

upregulated by RA differentiation. Surprisingly, it was also
observed that there was increased amounts of FtMt in the
overexpressing clone following RA treatment. This was
unexpected as FtMt in these clones was being expressed using
the plasmid CMV IE promoter not the native FtMt promoter.

There were significantly higher levels of NF-M in higher
FtMt overexpressing clones compared to the untransfected and
low expressor (Figure 4B). By comparison the low expressor
had significantly higher levels of the synaptic proteins PSD-95
(Figure 4C) and SNAP25 (Figure 4D). The pattern of expression
for both proteins between the different cell types analyzed
was similar with decreasing expression from low to high. A
composite western blot showing these three proteins along
with p-actin normalization for one representative experiment
is shown (Figure4E). NF-M, PSD-95, SNAP-25, and P-actin
were sequentially detected on the same membrane. Although
we could not detect FtMt protein by western blot in the
analyses made in the low FtMt expressing clone, we did
show significant expression of FtMt mRNA in these cells
compared to untransfected cells, and assume that small
amounts of FtMt protein are functional in this clone, but
the turnover of this protein makes it undetectable. Further
investigations are needed to improve sensitivity of detection,
but these results and subsequent data suggest this low FtMt
expressing clone has significant differences from untransfected
cells.

Alteration in Expression of Amyloid Precursor
Protein, Tau, and a-synuclein

Similar analyses were carried out for expression of amyloid
precursor protein (APP) and microtubule associated protein
tau, proteins associated with AD pathology, and a-synuclein,
which is associated with PD (Figure 5). Expression of APP was
generally higher in FtMt-expressing clones with highest levels
of expression in the lowest expressing clone (Figure 5A). By
contrast, a different pattern was seen for tau, with significantly
increased expression in the medium FtMt expressor (Figure 5B).
Highest a-synuclein expression was also observed in this clone,
but the magnitude of change was less than for tau (Figure 5C).
A composite western blot showing these three proteins along
with B-actin normalization for one representative experiment
is shown (Figure 5D). APP, tau, a-synuclein and p-actin were
sequentially detected on the same membrane. The pattern of
expression for tau was also observed in the gene expression
analyses of these clones (see Table 7—MAPT).

Frontiers in Molecular Neuroscience | www.frontiersin.org

January 2019 | Volume 11 | Article 470


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Mendsaikhan et al. Mitochondrial Ferritin Overexpressing Neurons

A MtCox1 B
1.5 Un Low Med HighA HighB
_ = MtCox1 (I . S e 37kDa
c
g % 10 .
5¢ 7] T T B i e s s s s 43kDa
s S = 9
2% N
3 S 05. \ 77

Un Low Med HighA HighB

Untransfected Low Medium High B High A

Mit Cyt Nuc Mit Cyt Nuc Mit Cyt Nuc Mt Cyt Nuc Mt Cyt  Nuc

E. a .||~ &> 22kDa
l l

FtMt

|
|
Micox1 NI P - [p— | — 37kDa
l
]

|
|
l
l
I
Histone-H3 -} .l .‘ - | e 17kDa

[ 43kDa

I |
B-actin = ——m ~i_ J— _}
| | |
Darker FtMt -~ i } Lo— A'W 22kDa
D
4x107 4
3 Un
§ 3x1071 B8 {Cov
E xXXK Med
S 2x107. B High A
E mm High B
£ 1107
0-

Mitochondria  Cytosol Nucleus

FIGURE 3 | Characterization of mitochondria in FtMt expressing clones. (A,B) Western blot measurements of MtCox-1 in whole cell extracts. Measurement of Mt
Cox-1 in total cell lysates by western blots gave the reverse result compared to immunocytochemistry. There were significantly reduced levels of MtCox-1 protein in
FtMt expressing clones. Results based on triplicate determinations. The different patterns of expression are shown in representative western blot. (C) Composite
western blot panel of subcellular fractions from FtMt expressing clones. Cell extracts from differentiated clones fractionated into mitochondria (Mit), cytosol (Cyt), and
nucleus (Nuc) fractions were analyzed by western blot and probed with antibodies to FtMt, MtCox1, Histone -H3, and B-actin. The results for MtCox1 and Histone-H3
indicate that the mitochondria contain some contaminating nuclei, and the nuclei contain some contaminating mitochondria. The results show that the majority of
overexpressed FtMt is present in mitochondria though the abundance in nucleus is higher than might be expected from mitochondria contamination. Enhanced
exposure was needed to demonstrate FtMt in Med clone (Darker Ftmt). A non-specific band of higher molecular weight than FtMt. is detected in cytosol fraction. (D)
Quantitative estimation of results in (A). Results show relative levels of FtMt protein in different fractions from FtMt expressing clones. Results are not normalized and
represent signal intensities from triplicate experiments. Results show mean + SEM, with standard significance levels indicated from data analyzed by one way ANOVA
with Tukey’s post-hoc test. **p < 0.001, ***p < 0.0001.
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FIGURE 4 | Expression of neuronal proteins in FtMt clones. (A) Composite picture of western blots showing the differences in levels of NF-M, PSD-95, SNAP-25, and
FtMt between undifferentiated (-) and RA differentiated (+) of untransfected (Un) and FtMt high expressing clone (High B). It was noticed in all experiments that FtMt
expression was increased with differentiation RA treatment, even though the expression vector was using the CMV immediate-early promoter, and not the native FtMt
promoter. (B) Relative levels of NF-M (B) in different FtMt clones. Results shown in B represent mean 4+ SEM of triplicate experiments. Data analyzed by One way
ANOVA with Tukey’s post hoc test of significance. Results indicate level of significance. *o < 0.05; **p < 0.01, **p < 0.001, ***p < 0.0001. (C) Relative levels of
PSD-95 (C) in different FtMt clones. Results shown in C represent mean + SEM of triplicate experiments. Data analyzed by One way ANOVA with Tukey’s post-hoc
test of significance. Results indicate level of significance. *p < 0.05; **p < 0.01, **p < 0.001, ***p < 0.0001. (D) Relative levels of SNAP-25 (D) expression in
different FtMt clones. Results shown in -D represent mean 4+ SEM of triplicate experiments. Data analyzed by One way ANOVA with Tukey’s post-hoc test of
significance. Results indicate level of significance. “p < 0.05. (E) Composite Western blot showing pattern of expression for NF-M, PSD-95, and SNAP-25.
Representative western blots of one experiment showing patterns of expression in untransfected and different FtMt clones. Experiment represents the sequential
probing of single membrane for NF-M, PSD-95, and SNAP-25 followed by normalization for g-actin.

Effect of FtMt Overexpression on Neuronal comparison, the medium expressor and high expressor clones
Phenotypes produced significantly less density of neurites after retinoic acid

Cell Division and Neurite Formation differentiation for 7 days.

Comparison was made between undifferentiated clones of their

rate of growth (Figure 6A) (Table 2A) and neurite formation  Resistance to Oxidative Stress From Hydrogen
(Figure 6C) (Table 2B). Representative photomicrographs for ~ Peroxide or Cobalt Chloride

these experiments are shown in Figures 6B,D. These analyses  Cytotoxicity assays were carried out using hydrogen peroxide
showed that FtMt expressing clones replicated at a slightly  and cobalt chloride as inducers of oxidative stress to determine
faster rate over 7 days than the untransfected parent cells. By  if the FtMt expressing clones showed more resistance to these
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FIGURE 5 | Expression of neuronal disease-associated proteins in FtMt clones. (A) Relative levels of amyloid precursor protein (APP) in different FtMt clones. Results
shown represent mean + SEM of triplicate experiments. Data analyzed by One way ANOVA with Tukey’s post-hoc test of significance. Results indicate level of
significance. *p < 0.05; **p < 0.01, **p < 0.001, ***p < 0.0001. (B) Relative levels of Tau in different FtMt clones. Results shown represent mean + SEM of triplicate
experiments. Data analyzed by One way ANOVA with Tukey’s post-hoc test of significance. Results indicate level of significance. *p < 0.05; **p < 0.01, **p < 0.001,
***p < 0.0001. (C). Relative levels of a-synuclein (a-syn) in different FtMt clones. Results shown represent mean + SEM of triplicate experiments. Data analyzed by
One way ANOVA with Tukey’s post-hoc test of significance. Results indicate level of significance. *o < 0.05. (D) Composite Western blot showing pattern of
expression for APP, tau, and a-synuclein. Representative western blots of one experiment showing patterns of expression in untransfected and different FtMt clones.
Experiment represents the sequential probing of single membrane for APP, tau, and a-synuclein followed by normalization for -actin.

agents. These agents induce oxidative stress through different  (Supplemental File 1) that shows all expression intensities of
mechanisms, with hydrogen peroxide being a direct source of indicated genes for these clones. For analysis of differential
reactive oxygen species and cobalt chloride modeling oxidative ~ gene expression, expression intensities were log, transformed
stress caused by hypoxia (Yu and Gao, 2013). FtMt expressing  and differences of 1 log, or greater (more than 2.7 fold) were
clones appeared significantly more resistant to the toxic effectsof ~ considered of significance. The microarray platform used for
hydrogen peroxide compared to untransfected cells (Figure 6E).  these analyses did not include probes for FtMt, so we cannot
Summary of statistical pairwise comparison for different doses of ~ directly compare gene expression values with levels of FtMt
hydrogen peroxide is shown in Table 3A. These results confirm  expression.

an earlier observation that differentiated cells are more resistant Initial inspection of this large dataset revealed that expression
to different oxidative stress inducing factors (Cecchi et al., 2008;  of many genes were marked as absent (below the level of
Cheung et al., 2009; Lee et al., 2015; Forster et al., 2016). A similar ~ detection). It was decided not to consider results from any genes
pattern of resistance was shown to cobalt chloride with significant ~ where one or more of the values were tagged as absent. Another
protection in FtMt overexpressing clone (Figure 6F). Summary  noticeable feature was that a number of genes had multiple
of statistical pairwise comparison for different doses of cobalt  results that were attributed to different Genbank accession

chloride is shown in Table 3B. numbers. This indicated different results depending on the

gene sequence used to design the oligonucleotide probes on
Gene Expression Profiling of FtMt Overexpressing the microarray. Our analysis only considered the gene set with
Neuronal Cells the highest expression values as low expression values tended

Gene expression profiling using microarrays was carried out  to be highly variable and therefore less reliable. Finally, we
with RNA derived from High (B) expressor, medium expressor ~ excluded from analyses unassigned or uncharacterized genes
and untransfected RA-differentiated neurons. Complete even though some showed significant differential expression.
results are provided in a searchable Microsoft Excel file  Expression of commonly used housekeeping genes (ACTB,
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FIGURE 6 | Phenotyping of FtMt expressing neuronal cells. (A,B) Measurements of Cell Growth Rates of Undifferentiated FtMt clones. (A) Results showing relative
increase in cell area occupied as percentage of Day 1 of FtMt clones and untransfected cells. Results show analyses at Day 7. Measurements involved area occupied
of growing cells identified using Image J image analysis software. Data analyzed by Two-way ANOVA. Relative statistical differences between clones and are listed in
Table 2A. (B) Representative photomicrographs of proliferating clones untransfected, Medium FtMt expressor and High B FtMt expressor at Day 1, Day 3, Day 5, and
Day 7. (C,D) Measurements of Neurite formation of Differentiated FtMt clones. (C) Results showing relative area occupied of neuritic processes at day 7 of
untransfected (Un), Medium FtMt expressor (Med) and High Ft expressor (High B). Measurements involved measuring area occupied of neurites identified using
Neurond plugin of Image J image analysis software. Results are representative of triplicate experiments. Relative statistical differences between clones listed in

Table 2B. (D) Representative photomicrographs of differentiated, untransfected, Medium FtMt expressor and High B FtMt expressor at Day 7. (E,F) Responses of
FtMt overexpressing clones to oxidative stress. (E) Changes in cell viability (as percentage of untreated cultures) with increasing doses of hydrogen peroxide (HoOo)
(0-250 uM). Untransfected and FtMt expressing clones were differentiated in microtiter plate wells for 7 days. Treatments added to media lacking RA containing 1%
FBS on day 7 for 24 h. Cell viability assessed by added WST-1 reagent after 24 h. Absorbance (450 nm) measured after 1, 2, and 4 h. Results presented (mean +
SEM) of six wells/treatment and combination of three independent experiments. Data analyzed by Two Way ANOVA. Relative statistical differences between clones
and treatments are listed in Table 3A. (F) Changes in cell viability (as percentage of untreated cultures) with increasing doses of Cobalt Chloride (CoCly) (0-200 wM).
Untransfected and FtMt expressing clones were differentiated in microtiter plate wells for 7 days. Treatments added to media lacking RA containing 1% FBS on day 7
for 24 h. Cell viability assessed by added WST-1 reagent after 24 h. Absorbance (450 nm) measured after 1, 2, and 4 h. Results presented (mean £ SEM) of six
wells/treatment and combination of three independent experiments. Data analyzed by Two-way ANOVA. Results indicate level of significance. *o < 0.05; **p < 0.01,
*p < 0.001, ***p < 0.0001. Relative statistical differences between clones and treatments are listed in Table 3B.
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TABLE 2 | Effect of FtMt overexpression on Cell division and differentiation.

Sample P-values

(A) EFFECT OF FtMt ON CELL REPLICATION OF ISOLATED CLONES

Untransfected vs. Low 0.026

Untransfected vs. Medium <0.0001
Untransfected vs. High A 0.3530
Untransfected vs. High B <0.0001

(B) EFFECT OF FtMt OVEREXPRESSION ON NEURITE FORMATION OF
DIFFERENTIATED CELLS

Untransfected vs. Medium 0.0002
Untransfected vs. High B 0.0013
Medium vs. High B 0.7856

Summary of results at day 7 between clones as illustrated in Figure 6B. Areas occupied
by non-differentiated cells were measured using ImageJ from 5 separate random fields of
each cell type. Results analyzed by Two Way Analysis of Variance with Tukey’s post-hoc
test. Results are compiled from three separate experiments.

Summary of results at day 7 between clones as illustrated in Figure 6D. Areas occupied
by neurites formed from retinoic acid differentiated cells were measured using ImageJ
with Neurond plugin from 5 separate random fields of each cell type. Results analyzed by
Two Way Analysis of Variance with Tukey’s post-hoc test. Results are compiled from three
separate experiments.

GAPDH, TUBB, PPIA, HPRT1, G6PD, B2M) showed no
significant differences (<1 log, difference) between the different
analyzed cells.

Table 4 presents the top 20 upregulated and downregulated
genes selected in order between the high FtMt expressor
and untransfected neurons (left columns) and in adjacent
columns, the differences between medium expressor and
untransfected (middle columns) and between high and medium
expressors (right columns). A complete list is presented
in Supplemental Data that lists all genes with differential
expression of >1 log, (Supplemental File 2). Table 5 presents
the top 20 upregulated and downregulated genes selected in
order between the medium FtMt expressor and untransfected
neurons (left columns) and in adjacent columns, the differences
between high expressor and untransfected (middle columns)
and between high and medium expressors. Table 6 presents the
top 20 upregulated and downregulated genes selected in order
between the high FtMt expressor and medium FtMt expressor
(left columns), and in adjacent columns, the differences between
high expressor and untransfected cells (middle columns) and
between medium and untransfected cells (right column). Most of
these genes followed the pattern of highest or lowest expression
in high FtMt expressor, followed by moderate FtMt expressor,
followed by untransfected cells (Complete gene lists for Table 5,
6 are included in Supplemental Files 3, 4).

Genes Associated With Neuronal Structure and
Differentiation

Further data mining of the gene expression profiling data had
revealed changes in a class of differentiation genes designated
Inhibitor of Differentiation or Inhibitor of DNA-binding (ID)
1-4. These genes have been shown to be downregulated with
RA treatment of neuroblastomas (Lopez-Carballo et al., 2002;

Peddada et al, 2006). The data show increased expression
between high expressor FtMt and untransfected neurons for
ID1, ID2, and ID3, but reduced expression for ID4 (Table 7).
For all of these listed genes, there were intermediate levels
of expression in medium expressor FtMt clone. Table 7 also
shows the gene expression results for a number of neuronal
structural genes that were measured by western blot. Two
tables of genes of interest related to iron metabolism and
oxidative stress are also presented as Supplemental File 5). The
majority of these genes did not show significant changes, but
are involved in many of the key processes associated with FtMt
function.

Validation of Genes Associated With Oxidative Stress
Although there are multiple criteria available for selecting genes
of interest to study further, one of the central goals of the
experiments was to investigate novel mechanisms associated
with FtMt protection from oxidative stress. With this in mind,
examination of the expression data indicated significant changes
in expression of thioredoxin-interacting protein (TXNIP). This
protein has multiple functions, but one key role is binding
and inactivating reduced thioredoxin, a major cellular anti-
oxidant. Increased amounts of cellular TXNIP will reduce
the protective effects of thioredoxin. Gene expression data
indicated relatively high expression in untransfected SH-SY5Y
neurons, and considerable reduction in FtMt expressing clones.
The highest reduction in TXNIP mRNA was in the high
FtMt expressor, with less reduced in medium FtMt expressor,
compared to untransfected cells. Three separate analysis for
TXNIP were carried out on the microarray using separate probe
sequences, but all showed similar results with reduction ranging
from 5.5 fold to 3.8 fold. To confirm these findings, qPCR
validation was carried out for TXNIP and TXN1 (Figures 7A,C).
It is noticeable the considerable difference in TXNIP expression
between the two different high FtMt expression clones. Both
confirmed considerable reduction compared to untransfected
cells (Figure 7A). For TXN, consistent with the microarray
data that indicated a small non-significant increase in TXN
expression in the high expressor clone, PCR validation produced
similar result (Figures 7B,C); confirming that TXN expression
is relatively unchanged. This is consistent with a protective
mechanism involving reduced TXNIP levels. We have observed
these differences in expression patterns between the two high
expressor clones for TXNIP as well as some other genes that
have to be further investigated. A western blot for TXNIP protein
in these cells confirmed highest levels in untransfected cells,
and least in the high expressor clones (High A and High B)
(Figure 7B).

Another gene target of interest was microsomal glutathione
transferase-1 (MGST1), which is localized to mitochondria,
and is protective from oxidative stress (Figure 7D). Increased
expression of MGST1 would also be protective from oxidative
stress. Although the microarray data showed significant
differences in expression of transferrin receptor (TFRC) between
clones, this was not validated by qPCR analyses (data not
shown).
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TABLE 3 | Effect of FtMt overexpression on resistance to oxidative stress by hydrogen peroxide and cobalt chloride.

Samples Significance (P-values)

Dose (nM) 0 50 100 150 250
HydrogenPeroxide

Untransfected vs. Low 0.99 (NS) 0.15 (NS) 0.028 0.106 (NS) 0.0001
Untransfected vs. Medium 0.99 (NS) 0.80 (NS) 0.1 (NS) 0.086 (NS) 0.0004
Untransfected vs. High A 0.99 (NS) 0.22 (NS) 0.019 0.013 0.0001
Untransfected vs. High B 0.99 (NS) 0.66 (NS) 0.16 0.52 (NS) 0.0003
Dose (M) Cobalt 0 50 100 150 200
Chloride

Untransfected vs. Low 0.99 (NS) 0.0005 0.98 (NS) 0.058 (NS) 0.0001
Untransfected vs. Medium 0.99 (NS) 0.94 (NS) 0.4 (NS) 0.048 0.0001
Untransfected vs. High A 0.99 (NS) 0.006 0.61 (NS) 0.30 (NS) 0.0001
Untransfected vs. High B 0.99 (NS) 0.46 (NS) 0.99 (NS) 0.01(NS) 0.0001

Summary of results between clones as illustrated in Figure 6E (hydrogen peroxide) and Figure 6F (cobalt chloride) after 24 h treatment. Results analyzed by Two-Way Analysis of
Variance with Tukey's post-hoc test. Results are compiled from three separate experiments. NS, not significant statistically.

Validation of Growth Factor Associated Genes

Three genes belonging to different classes of growth
factor/neuroendocrine factors with the significant levels of
differential expression (see Tables4-6) were identified for
validation. The genes GDF15 (growth differentiation factor
15), CALCA, SCG2, and CHGA share some common functions
but were shown to have different expression profiles by
microarray. Changes in expression of GDF15 (Figure 7E),
CALCA (Figure 7F), and SCG2 (Figure 7G) for separate clones
are shown with indicated significance between groups share
common functions.

DISCUSSION

A number of studies have demonstrated that increased levels
of FtMt in cells have significant protective effect from a
range of insults linked to production of ROS, including those
associated with neurodegenerative disease mechanisms. These
previous studies have shown that protection can be conferred
even with small levels of increased FtMt (Shi et al., 2010;
Wang Y. Q. et al, 2016; You et al, 2016; Gao et al,
2017; Li J. et al, 2017). Although expressed at low levels
compared to ubiquitious iron binding proteins such as ferritin,
the protective effect would appear to come from its specific
localization to mitochondria, the major cellular source of ROS
(Nesi et al., 2017).

The significant protective effects of FtMt from insults
associated with AD and PD have indicated that this protein might
be a therapeutic target for these diseases. Gene delivery methods
are feasible for targeted delivery to involved tissues, but it does
raise the question about the consequences of overexpression of
a protein that could be toxic to mitochondria.. Several studies
have utilized the widely used SH-SY5Y neuroblastoma cell as
a model to study effects of FtMt, but all of these studies

used undifferentiated cells. Some studies employed the mouse
FtMt gene for overexpression in SH-SY5Y cells (Shi et al.,
2010). The cleaved FtMt proteins only show 88% homology
at the amino acid level and within this sequence, the human
FtMt only has 2 cysteines while the mouse FtMt protein has
4. This difference can not only affect the redox properties
of the protein but also its secondary structure. Because of
these features, some differences in function are possible. For
this study, we attempted to advance the previous models
by establishing stable overexpression of human FtMt in SH-
SY5Y, and then study them in a differentiated state as a
simplified model of human neurons. Earlier studies have shown
increase in mature neuronal features if SH-SY5Y cells were
differentiated with retinoic acid (Nicolini et al., 1998; Simpson
et al.,, 2001; Lopez-Carballo et al., 2002), and that differentiated
SH-SY5Y neurons are more resistant to oxidative stress inducing
toxins (Cecchi et al, 2008; Cheung et al., 2009; Lee et al,
2015; Forster et al., 2016) than undifferentiated cells. Retinoic
acid differentiated SH-SY5Y cells were shown to express a
significantly larger panel of mature neuronal genes (Pezzini et al.,
2017).

In this study, we isolated a number of FtMt-expressing SH-
SY5Y clones. Some of the clones proved unstable, but several
clones that had relatively stable levels of FtMt expression
after 2-3 passages showed normal cell growth and replicated
at a significantly higher rate than untransfected cells. This
finding is in contrast to one study that concluded that FtMt
overexpression slowed the rate of neuroblastoma cell division
(Shi et al., 2015). The overexpressing clones produced neurites at
a lower density than untransfected cells. High FtMt expression
did not affect the viability of cultures, but immunocytochemical
staining for FtMt and the mitochondrial marker MtCox1 showed
a higher number of aggregated mitochondria, a possible sign
of mitochondrial damage. Analysis of nuclear, mitochondrial,
and cytosolic fractions from the highest expressor FtMt clones
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TABLE 4 | Differential Genes expressed by FtMt overexpressing SH-SY5Y neuronal cells.

GeneSymbol RefSeq Log2 Fold Log2 Fold Log2 Fold
Diff Change Diff Change Diff Change
HighB vs. Un Med vs. Un HighB vs. Med
UPREGULATED GENES
GDF15 AF003934 4.39 21.02 1.85 3.60 2.55 5.84
SGK1 NM_005627 3.35 10.22 2.88 7.34 0.48 1.39
TFPI2 L27624 3.03 8.17 2.30 4.91 0.74 1.66
TENM1 AL022718 3.02 8.13 2.05 4.15 0.97 1.96
MSN NM_002444 2.96 7.78 1.31 2.47 1.65 3.15
CDKN1A NM_000389 2.83 7.1 1.84 3.58 0.99 1.99
VIP NM_003381 2.82 7.08 2.55 5.87 0.27 1.21
ZDHHC2 AK001608 2.69 6.44 2.62 5.75 0.16 112
ACTA2 NM_001613 2.47 5.53 1.59 3.00 0.88 1.84
TFPI2 AL574096 2.42 5.37 1.80 3.48 0.63 1.54
D1 D13889 2.40 5.28 0.78 1.72 1.62 3.07
SPATA18 AI559300 2.37 517 1.13 2.18 1.25 2.37
FRMD3 BF589413 2.24 4.73 1.68 3.21 0.56 1.47
FN1 AK026737 2.21 4.63 2.20 4.61 0.01 1.00
ZDHHC2 Alg14257 2.21 4.63 2.00 3.99 0.21 1.16
FN1 BC005858 2.20 4.61 2.67 6.36 —0.46 1.38
SLC35F1 AIB09083 217 4.51 1.46 2.74 0.72 1.64
KITLG Al446414 2.16 4.48 1.65 2.94 0.61 1.68
IL13RA1 us1380 2.07 4.21 1.91 3.77 0.16 1.12
DOWNREGULATED GENES
CARTPT NM_004291 —3.36 10.25 —3.48 11.14 0.12 1.09
TMEM100 NM_018286 -3.15 8.90 —0.70 1.62 —2.46 5.48
AJAP1 AF052109 —2.84 717 -1.30 2.46 —1.54 2.92
D4 AL022726 —2.77 6.81 —0.74 1.67 —2.03 4.09
HIF3A BC026308 —2.51 5.71 —0.55 1.47 —1.96 3.89
SLC8A1 Al741439 —2.51 5.70 —0.64 1.56 —1.87 3.66
TXNIP NM_006472 —2.45 5.48 —1.70 3.24 —-0.76 1.69
IGF2 X07868 —2.45 5.46 —3.00 8.00 0.55 1.47
KIT NM_000222 —2.41 5.32 —-0.41 1.33 —2.00 4.00
LPART AW269335 -2.34 5.07 -1.33 2.51 —1.01 2.02
TMEM178A AA058832 -2.31 4.96 —0.43 1.34 —1.88 3.69
LINCO1105 NM_153011 -2.25 4.77 —2.07 4.21 -0.18 1.13
WNT2B BF961733 -2.25 4.75 -0.25 1.19 —1.99 3.98
SEMABA AB002438 -2.25 4.75 —-2.11 4.31 —0.14 1.10
IGFBP7 NM_001553 -2.20 4.59 —2.64 6.23 0.44 1.36
GRIA2 NM_000826 —-2.156 4.43 —1.22 2.33 —0.93 1.91
AJAP1 AA835004 —-2.11 4.31 —0.29 1.28 —1.82 3.62
DMD NM_004010 —-2.10 4.29 —1.54 2.91 —0.56 1.47
NPY2R U32500 —2.04 4.12 —1.60 2.83 —0.54 1.46

Genes ordered for High expressing vs. Untransfected, compared to other comparison pairs.

showed that the majority of overexpressed FtMt was localized
to mitochondria, though some could be detected in the nuclear
fraction.

The value of the clones isolated for future studies is their
expression of different levels of FtMt mRNA. The difference
in expression ranged was 20-fold from lowest to highest. The

lowest FtMt expressor expressed readily detectable mRNA by
qPCR, but we were unable to detect protein in these cells.
This is unexpected as the difference in mRNA expression levels
would indicate that protein should be detectable. It is possible
that some mechanism is involved in the rapid degradation
of the low level of protein. This is being investigated, but
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TABLE 5 | Differential Genes expressed by FtMt overexpressing SH-SY5Y neuronal cells.

GeneSymbol RefSeq Log2 Fold Log2 Fold Log2 Fold
Diff Change Diff Change Diff Change
Med vs. Un HighB vs. Un HighB vs. Med
UPREGULATED GENES
CALCA BF447272 5.61 48.77 1.26 2.40 —4.34 20.31
CALCB AAT4T7379 3.83 14.22 0.58 1.49 —3.26 9.55
RGS13 AF030107 2.95 7.73 2.07 4.20 —0.88 1.84
SGK1 NM_005627 2.88 7.34 3.35 10.22 0.48 1.39
FN1 BC005858 2.67 6.36 2.20 4.61 —0.46 1.38
PLK2 NM_006622 2.59 6.02 1.71 3.27 —0.88 1.84
VIP NM_003381 2.55 5.87 2.82 7.08 0.27 1.21
ZDHHC2 AK001608 2.62 5.75 2.69 6.44 0.16 1.12
RGS13 BC036950 2.50 5.64 1.78 3.44 —-0.71 1.64
TMEM74 BC030710 2.48 5.58 —0.43 1.35 —2.91 7.53
CPED1 BF724137 2.47 5.55 1.64 3.12 —0.83 1.78
TFPI2 L27624 2.30 4.9 3.03 8.17 0.74 1.66
PRKCH NM_006255 2.29 4.91 1.59 3.02 —0.70 1.62
EDIL3 AA053711 2.29 4.89 1.05 2.08 —-1.23 2.35
FN1 AK026737 2.20 4.61 2.21 4.63 0.01 1.00
SMIM3 AF313413 2.14 4.40 0.96 1.94 —-1.18 2.26
IGSF11 BE221674 212 4.34 1.21 2.31 —-0.91 1.88
EGR1 Al459194 2.07 4.19 2.03 4.09 —0.03 1.02
TENM1 AL022718 2.05 4.15 3.02 8.13 0.97 1.96
DOWNREGULATED GENES
CARTPT NM_004291 —3.48 11.14 —3.36 10.25 —3.48 11.14
IGF2 /// INS-IGF2 X07868 —3.00 8.00 —2.45 5.46 —3.00 8.00
DLK1 U15979 —2.88 7.35 —2.63 6.19 —2.88 7.35
NAALAD2 BC038840 —2.74 6.69 -1.29 2.44 —2.74 6.69
IGFBP7 NM_001553 —2.64 6.23 —2.20 4.59 —2.64 6.23
SOX9 NM_000346 -2.33 5.03 —1.96 3.88 —2.33 5.03
INSM2 AA046951 —2.32 5.01 —1.54 2.90 —2.32 5.01
ABI3BP ABO056106 —2.25 4.77 —1.55 2.94 —2.25 477
KCNQ5 BF513800 —2.18 4.55 —-1.32 2.50 —2.18 4.55
SEMAGA AB002438 —-2.11 4.31 —2.25 4.75 —2.11 4.31
SPOCK1 AF231124 —2.09 4.25 —2.00 4.01 —2.09 4.25
HIST1H4 NM_003542 —1.99 3.97 —0.62 1.54 —1.99 3.97
UTRN N66570 —-1.97 3.93 —1.00 2.00 —-1.97 3.93
AQP1 AL518391 —1.96 3.88 —1.31 2.48 —1.96 3.88
PDZRN3 AL569804 -1.93 3.81 —0.85 1.81 —1.93 3.81
ZNF229 AA180985 —-1.91 3.77 —-0.75 1.68 —-1.91 3.77
SLC16A10 Al935541 —1.86 3.64 —-1.19 2.28 —1.86 3.64
SYTL4 AL391688 —1.82 3.54 —1.68 3.21 —-1.82 3.54
SCAF11 AAB79858 —1.81 3.50 —1.83 3.56 —1.81 3.50

Genes ordered for Medium expressing vs. Untransfected, compared to other comparison pairs.

to date the mechanisms of FtMt processing and degradation
have not been identified. This hypothesis is strengthened if
you consider the medium expressor clone, which expressed 3.9-
fold less RNA than the highest expressor, but 22.1-fold less
protein. Future experiments will include the use of inhibitors of
proteosomal degradation and autophagy to determine if these

affect cellular FtMt levels. Unlike in some other studies, the
untransfected isolate of SH-SY5Y cells used to produce the
transfected clones expressed no detectable FtMt RNA or protein.
These experiments used a different SH-SY5Y isolate compared
to experiments which we previously reported (Guan et al,
2017).
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TABLE 6 | Differential Genes expressed by FtMT overexpressing SH-SY5Y neuronal cells.

GeneSymbol RefSeq Log2 Fold Log2 Fold Log2 Fold
Diff Change Diff Change Diff Change
HighB vs. Med HighB vs. Un Med vs. Un
UPREGULATED GENES
GDF15 AF003934 2.55 5.84 4.39 21.02 1.85 3.60
FAM162B Al540210 2.13 4.37 0.96 1.94 —-1.17 2.25
TNFRSF10A W65310 1.90 3.72 0.64 1.56 —1.25 2.38
NHLH2 AA166895 1.82 3.54 1.54 2.91 —0.28 1.22
MBNL3 Al197932 1.79 3.46 1.34 2.53 —0.46 1.37
CD99 NM_002414 1.70 3.24 0.51 1.43 —1.18 2.27
GALNT6 NM_007210 1.66 3.15 0.43 1.35 —1.28 2.34
MSN NM_002444 1.65 3.15 2.96 7.78 1.31 2.47
SFXN4 Al346445 1.63 3.09 0.36 1.29 —1.26 2.40
ID1 D13889 1.62 3.07 2.40 5.28 0.78 1.72
RBPMS2 BE348466 1.65 2.93 0.96 1.95 —0.59 1.51
ITGB5 NM_002213 1.65 2.92 0.10 1.07 —1.44 2.72
CD99 us2164 1.54 2.92 0.50 1.41 —1.05 2.07
MYBL2 NM_002466 1.51 2.86 0.59 1.51 —0.92 1.89
ITPR1 38019 1.49 2.81 1.22 2.33 -0.27 1.21
PTPRM BC029442 1.48 2.78 0.28 1.21 —1.20 2.30
RIT2 NM_002930 1.46 2.76 0.74 1.67 —-0.72 1.65
NAALAD2 BC038840 1.46 2.74 —1.29 2.44 —2.74 6.69
OSBPL3 Al202969 1.45 2.73 1.99 3.97 0.54 1.46
LYN NM_002350 1.44 2.71 0.61 1.583 —0.82 1.77
DOWNREGULATED GENES
CALCA BF447272 —4.34 20.31 1.26 2.40 5.61 48.77
PPP2R2B AAI74416 -3.37 10.31 —1.58 2.98 1.79 3.46
CALCB AA747379 —3.26 9.55 0.58 1.49 3.83 14.22
TMEM74 BC030710 —-2.91 7.53 —0.43 1.35 2.48 5.58
NEGR1 Al123532 —2.65 6.26 —1.57 2.97 1.08 2.1
LDLRAD4 NM_004338 —2.51 5.69 —-0.97 1.96 1.54 2.91
TMEM100 NM_018286 —2.46 5.48 —-3.15 8.90 -0.70 1.62
PLD5 R38585 —2.24 4.74 —1.16 2.23 1.09 213
MMP28 NM_024302 —2.08 4.24 —0.58 1.49 1.50 2.84
D4 AL022726 —2.03 4.09 —2.77 6.81 —0.74 1.67
KIT NM_000222 —2.00 4.00 —-2.41 5.32 —0.41 1.33
WNT2B BF961733 —1.99 3.98 —-2.25 4.75 —0.25 1.19
HIF3A BC026308 —1.96 3.89 —2.51 5.71 —0.55 1.47
GRIA3 AW294729 —1.95 3.86 —-1.27 2.41 0.68 1.60
FAM19A4 AA757457 —-1.92 3.79 —-1.32 2.50 0.60 1.62
DST AL049215 —1.90 3.72 —1.62 3.07 0.28 1.21
TMEM178A AA058832 —1.88 3.69 —2.31 4.96 —0.43 1.34
CADPS BE467579 —1.88 3.67 -1.25 2.37 0.63 1.55
MRAP2 AA418816 —1.88 3.67 —1.06 2.08 0.82 1.76
SLC8A1 Al741439 -1.87 3.66 —2.51 5.70 —0.64 1.56

Genes ordered for High B expressing vs. Medium, compared to other comparison pairs.

The characterization of FtMt overexpressing cells showed  changes in neuronal properties. Further studies will determine if
differences in expression of mature neuronal proteins. The  FtMt overexpression affects cellular production of the AB peptide
differences in levels of NF-M, PSD-95, and SNAP-25, along with ~ from APP, or the levels of phosphorylated tau or a-synuclein,
the disease-associated proteins APP, tau, and a-synuclein suggest ~ which are associated with AD or PD pathology. The use of
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TABLE 7 | Differential expression of genes associated with neuronal structure and differentiation.

Gene Symbol RefSeq Intensity Intensity Intensity Log2 Fold
Un Med HighB Un vs. HighB
ID1 D13889 168 289 889 1.7 5.3
D2 NM_002166 786 1229 2038 0.95 2.6
D3 NM_002167 181 551 1591 2.2 8.9
D4 AW157094 520 409 172 —1.1 0.33
MYC NM_002467 300 365 300 0 1
MYCN BC002712 821 335 248 —-1.2 0.3
PCNA NM_002592 10,090 7,301 12,037 0.18 1.2
NEFL AL566528 1,785 2,116 1,543 -0.14 0.86
NEFM NM_005382 11,227 16,853 16,335 0.38 1.45
NEFH NM_021076 1,076 905 1,249 0.37 1.45
SNAP25 L19760 3,932 4.469 4,322 0.15 1.16
MAPT Jo3778 1,117 1,763 1,053 —-0.06 0.94
MAP2 BF342661 7,218 6,353 7,384 0.02 1.02
TH NM_000360 113 ND ND ND
DBH NM_000787 5,988 2,991 6,630 0.1 1.1
APP NM_000484 4,606 4,285 3,415 -0.3 0.74
SNCA NM_000345 468 981 569 0.2 1.2

Data shows raw intensity values (Intensity) between untransfected (Un), Medium FtMt expressing clone (Med) and High FtMt expressing clone (HighB).
Logs difference and Fold change between untransfected (Un) and High B clone are included to indicate which genes met the 1log» difference criteria used for differential expression.

ND: Not detected.
Results in bold refer to genes that were analyzed at protein level by western blot.

these experimental models of stable FtMt overexpression for
studying changes in aggregation or phosphorylation of tau and
a-synuclein would be feasible.

A potentially significant new finding from the gene array data
has been linking overexpression of FtMt to downregulation of
TXNIP expression. TXNIP is a member of the alpha arrestin
protein family that regulates and binds to reduced thioredoxin
(TXN) and can be induced in response to oxidative stress,
calcium influx and hyperglycemia (Kim et al., 2012). TXNIP
has many identified functions, but is an important regulator
of thioredoxin activity. Thioredoxin, a thiol-oxidoreductase, is
a major regulator of cellular redox signaling which protects
cells from oxidative stress (Mahmood et al, 2013). Binding
of thioredoxin and TXNIP inhibits the anti-oxidative function
resulting in the greater accumulation of reactive oxygen species
and cellular stress. Increased levels of TXNIP has been associated
with many diseases of oxidative stress including ischemic heart
disease, diabetes, cancer, AD, and PD (Zhou et al., 2010; Li J.
et al., 2017; Duan et al., 2018; Melone et al., 2018). Thioredoxin-
TXNIP is a major regulator of mitochondrial-mediated oxidative
stress in many pathologies including cerebrovascular and
neurodegenerative diseases (Nasoohi et al., 2018). Areas with
the highest level of thioredoxin activity in brain are those
with the highest level of metabolic and oxidative burden (Aon-
Bertolino et al., 2011), similar to FtMt. One recent study that
linked TXNIP to AD pathology showed that inhibiting TXNIP
expression in SH-SY5Y cells and AD model mice using a
pharmaceutical agent directly inhibited the phosphorylation of
the microtubule associated protein tau (Melone et al., 2018).

Increased phosphorylation of tau is a key pathological event in
AD, and its inhibition due to reduced TXNIP expression that can
be caused by FtMt overexpression could provide further rationale
forthis therapeutic approach for AD.

TXNIP expression is induced in neurons after oxidative
or glucose stress in either ischemic or hyperglycemic-ischemic
condition (Kim et al, 2012). Induction of TXNIP can be
pro-apoptotic under these conditions. The changes in TXNIP
protein levels in these overexpressing clones followed the
same pattern as TXNIP mRNA expression. Downregulation
of TXNIP while maintaining levels of thioredoxin-1 and -2
will provide protection from oxidative stress. Another factor
shown to be protective is microsomal glutathione transferase-1
(MGST1), which accumulates in mitochondria and is protective
from oxidative stress (Siritantikorn et al., 2007). It has been
observed that MGST1 expression was very low in neuroblastomas
and neuroblastoma cell line (Bjorkhem-Bergman et al., 2014).
These authors hypothesized that this could explain the extreme
sensitivity of neuroblastomas to oxidative stress. Increasing
MGST1 expression resulted in significant protection of MCF-2
cells from lipid peroxidation (Siritantikorn et al., 2007), while
downregulating expression increased PC12 cells susceptibility to
toxic stress (Sobczak et al., 2014).

Three other groups of genes that coded for growth
factor and cytokine molecules were investigated as they
had shown significant differences between FtMt expressing
clones by microarray analysis. Growth differentiation factor-
15 (GDF-15), also called macrophage inhibitory cytokine-1
(MIC-1), was strongly upregulated in FtMt expressing clones.

Frontiers in Molecular Neuroscience | www.frontiersin.org

January 2019 | Volume 11 | Article 470


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Mendsaikhan et al. Mitochondrial Ferritin Overexpressing Neurons

A TXNIP B

= I e Un Low Med HighA HighB
£ 251'5 I 'II' TXNIP - 55kDa
=
.é ;1-0‘ h FtMt - —“ 22kDa
g & o5 _{§ %

00 & é B-actin  EE———— 43kDa

S
-

ow Med HighA HighB

o
2
z
o
=
®
w
o

=
1

1.5+ _ |

1.0

Relative units
(TXN/B-actin)

ol
N\

W22
Y-

0.0 T
Un

ow Med HighA HighB Un Low Med HighA HighB

—

E GDF-15 F CALCA

KRR KRRRX RRRK XXX

Relative units
(GDF-15/g-actin)
Relative units
(CALCA/B-actin)
W

Un Low Med HighA HighB Un Low Med HighA HighB

G SCG-2

5- * * * *

Relative units
(SCG-2/B-actin)

=

LLINZ

Un Low Med HighA HighB

FIGURE 7 | Validation of expression of key differentially expressed genes identified by microarray. (A) Real time PCR measurement of expression of
thioredoxin-interacting protein (TXNIP) in different clones. Results are combined of three independent experiments. Data analyzed by one-way ANOVA with Tukey’s
post-hoc test of significance. Results indicate level of significance. *p < 0.05; **p < 0.01, **p < 0.001, ***p < 0.0001. (B) Western blot showing relative levels of
TXNIP protein in different clones compared to expression of FtMt and B-actin. ns: not significantly different (C) Real time PCR measurement of expression of
thioredoxin (TXN) in different clones. Results are combined of three independent experiments. Data show no significant differences between expression levels of
different clones. (D) Real time PCR measurement of expression of microsomal glutathione transferase (MGST)—1 in different clones. Results are combined of three

independent experiments. Data analyzed by one-way
(Continued)
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of significance. *p < 0.05.

FIGURE 7 | ANOVA with Tukey’s post-hoc test of significance. Results indicate level of significance. *p < 0.05; **p < 0.01. (E) Real time PCR measurement of
expression of growth differentiation factor-15 (GDF-15) in different clones. Results are combined of three independent experiments. Data analyzed by one-way ANOVA
with Tukey post-hoc test of significance. Results indicate level of significance. **p < 0.01. (F) Real time PCR measurement of expression of calcitonin gene related
peptide alpha (CALCA) in different clones. Results are combined of three independent experiments. Data analyzed by one-way ANOVA with Tukey’s post-hoc test of
significance. Results indicate level of significance. **p < 0.01. (G) Real time PCR measurement of expression of secretogranin-2/chromogranin C (SCG-2) in different
clones. Results are combined of three independent experiments. Data analyzed by one-way ANOVA with Tukey’s post-hoc test of significance. Results indicate level

It was initially identified as a powerful protective factor for
cultured dopaminergic neurons exposed to toxic doses of
iron and other toxins (Strelau et al., 2000, 2003). Deficiency
of GDF-15 has been shown to increase the vulnerability of
dopaminergic neurons to 6-OHDA administration in mice
(Machado et al.,, 2016). GDF-15 was shown to have a role
in normal erythropoiesis, and its expression was increased
in erythroblasts from patients with refractory anemia, which
is associated with large increase in iron in mitochondria
(Ramirez et al., 2009). GDF-15 can regulate energy homeostasis
in mitochondria in muscle through elevation of oxidative
metabolism (Cheung et al., 2009). Expression of calcitonin gene
related polypeptide alpha (CALCA) and beta (CALCB) genes
were significantly altered. These genes produce pro-peptides
that are cleaved to neuroactive peptide hormones calcitonin
and calcitonin gene related polypeptide (CGRP), which are
involved in calcium homeostasis, including vasodilation. CGRP
expression is high in the CNS suggesting neurotransmitter
activity. CGRP was shown to provide significant protective
properties in different experimental systems, including heat
injury and ischemia/reperfusion in rats and overexpression in
Schwann cells subject to oxidative stress (Russell et al., 2014; Wu
et al,, 2015; Yang et al., 2016; Lu et al,, 2017). Secretogranin II
(SCG2)(Chromagranin C) is also a neuroendrocrine secretory
protein that is cleaved to form the peptide secretoneurin.
Expression of SCG2 is modulated by extracellular calcium
(Zhan et al, 2008), and it can induce expression of the
anti-apoptotic protein Bcl2 through activation of JAK2/STAT3
signaling, providing protection in a murine stroke model (Shyu
et al., 2008). This gene is involved in neuronal differentiation
and resistance to apoptosis. Due to the large amount of data
generated by the microarray profiling of different FtMt clones,
there are a number of other genes of potential interest to neuronal
phenotype and differentiation that can be explored.

In conclusion, our data have identified that FtMt
overexpression has significant effects on neuronal-like cells.
The results indicate that the protective effect is not dependent
on amount of FtMt expression. High levels of expression did
not appear to harm the viability of cells in terms of growth
and differentiation, but some mitochondria abnormalities were
observed in the highest expressing clone. There was a clear
difference in expression of many genes between low and high
expressing clones that suggest a dose effect. cells. The data
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