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Abstract: Neuroglobin (NGB) is an O2-binding globin mainly expressed in the central and peripheral
nervous systems and cerebrospinal fluid. Previously, it was demonstrated that NGB overexpression
protects cells from hypoxia-induced death. To investigate processes promoted by NGB overexpres-
sion, we used a cellular model of neuroblastoma stably overexpressing an NGB-FLAG construct.
We used a proteomic approach to identify the specific profile following NGB overexpression. To
evaluate the role of NGB overexpression in increasing energetic metabolism, we measured oxygen
consumption rate (OCR) and the extracellular acidification rate through Seahorse XF technology.
The effect on autophagy induction was evaluated by analyzing SQSTM1/p62 and LC3-II expres-
sion. Proteomic analysis revealed several differentially regulated proteins, involved in oxidative
phosphorylation and integral mitochondrial proteins linked to energy metabolism. The analysis
of mitochondrial metabolism demonstrated that NGB overexpression increases mitochondrial ATP
production. Indeed, NGB overexpression enhances bioenergetic metabolism, increasing OCR and
oxygen consumption. Analysis of autophagy induction revealed an increase of LC3-II together
with a significant decrease of SQSTM1/p62, and NGB-LC3-II association during autophagosome
formation. These results highlight the active participation of NGB in several cellular processes that
can be upregulated in response to NGB overexpression, playing a role in the adaptive response to
stress in neuroblastoma cells.

Keywords: neuroglobin; mitochondria; autophagy; energy metabolism; SH-SY5Y neuroblastoma
cells; label-free proteomics

1. Introduction

Neuroglobin (NGB) is an O2-binding globin which is expressed in vertebrates mainly in
the central and peripheral nervous systems and cerebrospinal fluid [1]. NGB reversibly binds
oxygen with an affinity higher than that of hemoglobin, stores oxygen to supply cells and
plays an important neuroprotective role [2,3]. Notably, NGB is physically and functionally
related to mitochondrial functions [4]. Indeed, NGB is sensitive to changes in O2 availability
and may play a role in ATP production [5]. Furthermore, this protein intervenes by inhibiting
the intrinsic pathway of apoptosis, interfering with the release of cytochrome c (Cytc) from
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the mitochondria [6]. NGB overexpression in cortical, hippocampal neurons and human
neuroblastoma cells protects from hypoxia-induced death, while NGB knockdown in cortical
neurons exposes them to hypoxia and oxidative stress [7–10]. NGB is variously distributed
in the cell, has been found in the cytosol, but also in the nucleus and mitochondria [11–15],
a preferential localization site when NGB is overexpressed [13,16]. Regardless of the type
of damage, the protective role of NGB appears to depend on two specific conditions: its
overexpression and mitochondrial localization [16]. The redox state of the cell is strongly
influenced by reactive oxygen species (ROS) which are by-products of aerobic metabolism [17].
In fact, while an excessive level of ROS involves an intracellular toxicity with processes of
peroxidation, DNA damage and consequent cell death, low concentrations of ROS have a
trophic action promoting the differentiation and cell growth. As a consequence, the balance
between pro- and anti-oxidant compounds may greatly affect cell fate. Many papers reported
the close relationship between NGB and oxidative stress in the nervous system; in fact,
in conditions of high ROS, NGB demonstrates neuroprotective capacity both in vitro and
in vivo [18–22]. To define the cytoprotective role of NGB, several mechanisms have been
proposed [6,13,23–25]: NGB can act as a ROS/reactive nitrogen species (RNS) scavenger;
with consequent antioxidant effect [23,24], it can play a role in the apoptotic pathway [6],
or even regulate some pathways involved in cell survival [13]. In our previous study, NGB
overexpression also showed a protective effect against 1-methyl-4-phenylpyridinium (MPP+)
induced cytotoxicity in SK-N-B-E2 cells [16]. However, the possible interaction of NGB with
various other molecules, either cytosolic or mitochondrial [26], broadens the horizons of the
potential functional roles of NGB.

Autophagy is known to be one of the physiological mechanisms that the cell uses in
survival strategies; therefore, it participates in the maintenance of homeostasis by carrying
out a cytoprotective role [27,28] and NGB has already been challenged as an inducer of
autophagy machinery [29]. Functional mitochondria are essential for the maintenance of
cell integrity and reactivity [30–32], while dysfunctional mitochondria have severe cellular
consequences on energy supply and these dysfunctions are clearly linked to diseases. In this
context, alterations in mitochondrial metabolism have been widely described in metabolic
disorders related to different pathologies [33], and a growing body of data showed a
pivotal role of mitochondrial disfunction in Neurodegenerative Diseases (ND) [34]. For
this reason, mitochondrial dysfunctions in ND may represent a potential therapeutic
target [35,36]. Several pathogenic mechanisms take advantage by the overcoming of all
protein quality control systems or, vice versa, by being the result of an altered function of
systems, such as ubiquitin/proteasome and autophagy/lysosomes [37]. Mitochondrial
homeostasis is therefore crucial for energy metabolism and for the well-being of the
cell. The well-being of the mitochondria, in turn, depends on the correct folding of
functional proteins and their turnover. In order to investigate processes promoted by NGB
overexpression, here we used a cellular model of neuroblastoma that stably overexpresses
an NGB-FLAG protein construct. Since human dopaminergic neurons are difficult to
acquire and sustain as primary cells, established neuronal cell models are often used in
research. Many dopaminergic cell lines lend themselves to this type of experimentation,
including PC12 cells, a neuroendocrine cell line of rat pheochromocytoma, which has also
been widely used in therapeutic [38] and oxidative stress trials [39,40] in neurodegeneration.
However, one of the main advantages of working with SH-SY5Y cells is their human
origin. This ensures not only a model of human gene and protein expression, but also the
expression of the human form of proteins relevant for the disease [41,42].

In the current paper, a proteomic investigation was performed on NGB-FLAG cells us-
ing a shotgun label-free quantitative approach. An explicative workflow that schematically
describes the experimental plan followed to discover the effects of overexpressed NGB on
neural cells functions is reported in Figure 1. Globally, our proteomic and bioinformatic
analyses revealed some altered processes in SH-SY5Y cells, such as transport, cytoskeleton
organization and bioenergetic pathways, that may be linked to NGB function [43]. Fur-
thermore, functional validation of our data revealed that neural cells possibly present a
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positive regulation of the energy metabolism, mitochondrial health, and lysosomal path-
ways. Therefore, the turnover of mitochondria could be correlated on the one hand with
the mitochondrial mass and on the other with cell survival.
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Figure 1. Schematic workflow of the experimental procedures performed in the current manuscript.
Proteomic and bioinformatic analyses followed NGB overexpression in SH-SY5Y cells. Technical and
functional experiments were performed to validate and support the data obtained from proteomic
investigation. CTRL = control cells; HR-MS = High Resolution-Mass Spectrometry; NGB-FLAG = cells
overexpressing NGB-FLAG protein.

2. Materials and Methods
2.1. Cell Culture and Transfection

Human SH-SY5Y neuroblastoma cells (ATCC, LGC Standards S.r.l., Milan, Italy)
were grown in DMEM/F12–Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal calf serum
(FCS), 10 mg/mL streptomycin and 100 units/mL penicillin in humified 5% CO2 atmo-
sphere at 37 ◦C. The stable expression of vector was obtained with transfection through
Lipofectamine Plus reagent (Invitrogen, Waltham, MA, USA) according to the manufac-
turer’s instruction, as previously described [44]. After 3 weeks of selection with 400 µg/mL
G418 (Gibco, Waltham, MA, USA), single clones were isolated and screened according
to their capability to express human NGB fused with 3XFLAG at C-Term (NGB-FLAG).
The wild type SH-SY5Y neuroblastoma cells or SH-SY5Y cells transfected with an empty
construct were used and control (CTRL).

2.2. Plasmid Construction

According to Garofalo et al. [16], we subcloned the human NGB ORF (NCBI Reference Sequence:
NM_021257.3) using the forward primer 5′-AAAAAGATATCATGGAGCGCCCGGAGCCCGAG-3′

and the reverse primer 5′-AAAACTCGAGCTCGCCATCCCAGCCTCGACT-3′, by con-
ventional PCR techniques from NGB-pCMV6-XL5 (Origene Technologies, Inc., Rockville,
MD, USA). The resulting PCR fragment was inserted into EcoRV/XhoI restriction site
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of pcDNA3.1-FLAG (Invitrogen, USA). The plasmid construction was evaluated with
automated sequencing.

2.3. Sample Preparation and LC-MS/MS Analysis

Cell samples were collected and processed as described for proteome extraction,
quantization and digestion [45–47]. Briefly, six biological cell replicates per condition
were lysed in RIPA buffer (Sigma-Aldrich, St. Louis, MO, USA) applying mechanical
homogenization with TissueLyser II homogenizer (Qiagen, Duesseldorf, Germany). Lysates
were treated with 1% Benzonase (E8263-5KU, Sigma-Aldrich, St. Louis, MO, USA) in 2 mM
MgCl2 at 37 ◦C for 30 min, and then centrifuged at 18,000 rpm for 30 min at 4 ◦C to
discard membranes, cell debris and nucleic acids. Digestion of proteomes was performed
at 47 ◦C for four hours on S-TrapTM micro spin columns (Protifi, Huntington, NY, USA),
using trypsin (Promega, Madison, WI, USA) 1:25 per 50 µg of protein extracts. Eluted
peptides were injected onto a liquid chromatography-tandem mass spectrometry (LC-
MS/MS) system, constituted by an EASY-nLCTM coupled with a LTQ-Orbitrap XL mass
spectrometer (Thermo Scientific, Bremen, Germany) [48].

2.4. LFQ Proteomics Analysis and Bioinformatics Enrichment

Quantitative analysis of proteomics data was carried out by means of the LFQ (Label-
free Quantification) approach using the MaxQuant software (version 1.6.17.0, MPI of
Biochemistry, Martinsried, Germany), set as previously reported [43,49]. In addition,
Perseus software, (version 1.6.14.0, MPI of Biochemistry, Martinsried, Germany) was
employed for proteomic quality control and statistic comparative analysis [50,51]. The
dataset matrix was reduced filtering out proteins for which valid values were found in
less than the 50% of the samples. The imputation of missing values was done replac-
ing by random numbers drawn from a normal distribution with width = 0.5 and down
shift = 1.8. The comparison between the NGB-FLAG and CTRL conditions was carried
out selecting proteins with values of S0 = 0.5 and t-test based on (False Discovery Rate)
FDR = 0.01. The quantitative difference in the abundance of the statistically significant pro-
teins was calculated as difference of the average log2 protein LFQ intensities of NGB-FLAG
and CTRL samples. Thus, the differential dataset was graphically reported as volcano
plot. Multivariate statistical analysis was carried out using MetaboAnalyst 5.0 software
(https://www.metaboanalyst.ca accessed on 27 October 2021). In particular, the Principal
Component Analysis (PCA) was used to assess the statistic segregation of the two compared
groups [52,53]. Finally, the bioinformatic treatment of proteomics data was conducted
using FunRich (version 3.1.4) (http://www.funrich.orgaccessed on 27 October 2021) to re-
veal the functional enrichment of biological processes, graphically depicted in the form of
Doughnut chart [54]. Moreover, a cluster enrichment analysis was performed in STRING
(version 11.0) (https://string-db.org accessed on 27 October 2021) to determine functional
clusters in the protein–protein interaction (PPI) network produced using the differential
dataset [55]. Western blot analysis for the validation of VDAC1 protein dysregulation was
performed according to published procedures [49]. As primary antibody, an anti-VDAC
pAb (Sigma-Aldrich, St. Louis, MO, USA) was used in 1% milk in PBS with 0.05% Tween-20
and incubated O/N at 4 ◦C. The primary antibody for the detection of GAPDH (Santa
Cruz Biotechnology, Dallas, TX, USA) normalizing protein was incubated for 1 h at RT in
the same milk solution. Three Western blot experiments were performed independently
and data were averaged, with subsequent Student’s t-test for NGB-FLAG versus CTRL
significant at p-value < 0.05.

2.5. Bioenergetic Analysis

By Seahorse XF96e Analyzer (Seahorse Bioscience—Agilent, Santa Clara, CA, USA),
we analyzed the mitochondrial function and the energy phenotype of cells. The cells were
plated at the density of 5 × 104 and were incubated with growth medium for 24 h. Mito-
chondrial stress test and Real-Time ATP rate assay was carried out according to Agilent’s

https://www.metaboanalyst.ca
http://www.funrich.orgaccessed
https://string-db.org
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recommendations. For the Mitochondrial stress test, the growth medium was replaced with
XF test medium (Eagle’s modified Dulbecco’s medium, w/o glucose, pH = 7.4; Agilent
Seahorse) supplemented with 1 mM pyruvate, 10 mM glucose and 2 mM L-glutamine.
Before the assay, the cells were incubated without CO2 at 37 ◦C for 1 h to allow the pre-
equilibration with the assay medium. The test was performed by measuring at first the
baseline oxygen consumption rate (OCR), followed by sequential OCR measurements
obtained with injection of oligomycin (1.5 µM), carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP) (1 µM) and Rotenone (0.5 µM) + Antimycin A (0.5 µM). This
allowed to characterize the key parameters of the mitochondrial function including basal
respiration, calculated as baseline OCR before oligomycin addition; after oligomycin ad-
dition, the ATP-linked respiration was obtained from the difference between the basal
respiration and the minimal respiration. The maximal respiration was obtained as OCR af-
ter FCCP addition. On the other hand, in the real-Time ATP rate assay, the growth medium
was replaced with XF test medium (Eagle’s modified Dulbecco’s medium, w/o glucose,
pH = 7.4; Agilent Seahorse) supplemented as described above. The test was performed by
measuring the baseline oxygen consumption rate (OCR), followed by sequential OCR mea-
surements through the injection of oligomycin (1.5 µM) and (1 µM) and Rotenone (0.5 µM)
+ Antimycin A (0.5 µM). This allowed to characterize the bioenergetic parameters and the
production of cellular ATP (ATP production rate) related to the conversion of glucose to
lactate in the glycolytic pathway (glycoATP Production Rate) and to mitochondrial oxida-
tive phosphorylation (mitoATP Production Rate). Accordingly, the ratio between mitoATP
Production Rate and glycoATP Production Rate is considered as a valuable parameter to
detect changes and differences in the metabolic phenotype OCR values. The assays were
normalized to the total number of cells for each well and analyzed with XFe Wave software
(Santa Clara, CA, USA).

2.6. DNA-RNA Isolation and Real Time qPCR

The content of mitochondria in the cells was performed with quantitative real-time
PCR. Mitochondrial and genomic DNA were isolated according to Miller [56], using the PK,
whereas total RNA was extracted with Trizol and retro-transcribed with a SensiFASTtm cDNA
synthesis kit (Bioline, London, UK). Mitochondrial DNA content and mRNA expression levels
were evaluated by Real Time qPCR reactions using Light Cycler 480 SYBR Green System
(Roche ETC, Basel, Switzerland). Cp values of ND5, ND2 and NRF1 were calculated using
the ‘second derivative max’ algorithm of the Lightcycler software (Roche Basel, Switzerland).
Relative mitochondrial DNA content was normalized with the genomic genes TNF-alfa and
Interleukin 2 (IL2), whereas relative mRNA expression values were normalized with the
housekeeping gene TATA box binding protein. Primers sequences are in Table 1.

Table 1. Target genes and oligonucleotide sequences.

Target Forward Sequence Reverse Sequence

ND5 5′-AGCATTCGGAAGCATCTTTG-3′ 3′-TCGGATGTCTTGTTCGTCTG-5′

ND2 5′-CTACCGCATTCCTACTACTCAACTT-3′ 3′-GCTTGTTTCAGGTGCGAGAT-5′

NRF1 5′-CAGCCGCTCTGAGAACTTCA- 3′ 3′-CGGTGTAAGTAGCCACATGGA-5′

IL2 5′TAGGCCACAGAATTGAAAGATCT- 3′ 3′GTAGGTGGAAATTCTAGCATCATCC-5′

2.7. Analysis of LC3-II and SQSTM1/p62 Levels by Immunoblotting

SH-SY5Y cells, SH-SY5Y cells transfected with an empty construct (CTRL) and stably
transfected SH-SY5Y-FLAG-NGB cells were lysed in cold lysis buffer, containing 1% Triton
X-100 (Bio-Rad, Segrate, Milan, Italy), 10 mM Tris-HCl, pH = 7.5, 150 mM NaCl, 5 mM
EDTA, 1 mM Na3VO4 (Sigma Aldrich) and 75 U of aprotinin (Sigma) for 20 min at 4 ◦C.
The lysate was centrifuged for 5 min at 1300× g to discard nuclei and large cellular debris.
Then, immunoblotting analysis was employed as reported above. The membranes were
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subsequently probed with rabbit anti-LC3 pAb (Novus Biologicals, Centennial, CO, USA),
with rabbit anti-SQSTM1/p62 mAb (Cell Signaling Technology, Danver, MA, USA) or with
anti-ACTB (actin, β) mAb (Sigma). Bound antibodies were visualized with horseradish
peroxidase (HRP)-conjugated anti-rabbit IgG (Sigma) or anti-mouse IgG (Sigma) and im-
munoreactivity assessed by chemiluminescence reaction, using the ECL western detection
system. Densitometric scanning analysis was performed by Mac OS X (Apple Computer
International, Cupertino, CA, USA), using NIH Image, Version 1.62 software (National
Institutes of Health; Bethesda, MD, USA).

2.8. Autophagy Induction

For autophagy induction, SH-SY5Y cells transfected with an empty construct or
stably transfected SH-SY5Y-FLAG-NGB cells were starved by culturing under condition of
nutrient deprivation with Hank’s Balanced Salt Solution (HBSS) (Sigma Aldrich) for 2 h
at 37 ◦C. After treatment, cells were collected and prepared for experimental procedures
described below.

2.9. LC3-II Immunoprecipitates

SH-SY5Y cells transfected with an empty construct (CTRL) and stably transfected
SH-SY5Y-FLAG-NGB cells untreated and treated with HBSS for 2 h at 37 ◦C were lysed
in lysis buffer as reported in the section for autophagic analysis. The lysates were mixed
with protein G-acrylic beads (Sigma-Aldrich) for 2 h at 4 ◦C and washed extensively.
After centrifugation (500× g for 1 min), the supernatant was immunoprecipitated with
anti-LC3-II pAb (Abcepta, San Diego, CA, USA) plus protein G-acrylic beads. A rabbit
IgG isotypic control (Sigma, I5006) was used. The immunoprecipitates were checked by
immunoblotting analysis, using anti-LC3-II mAb (Abcam), anti-LAMP1 mAb (Santa Cruz
Biotechnology, Dallas, TX, USA) and for the detection NGB using anti-NGB pAb (Santa
Cruz Biotechnology).

2.10. Statistical Analysis

All statistical analyses were performed by GraphPad Prism software Inc. (version 7, Graph-
Pad Prism Software, San Diego, CA, USA). All data reported were verified in at least 3 different
experiments performed in duplicate and reported as mean± standard deviation (SD) or standard
error of the mean (SEM). The p-values for all graphs were generated using Student’s t-test as
reported in the figure legends; * p < 0.05, ** p < 0.005, *** p < 0.001, **** p < 0.0001.

3. Results
3.1. Proteomic Analysis following Genetic Overexpression of NGB in Neuroblastoma SH-SY5Y Cells

We preliminarily investigated the effects of NGB gene overexpression, stably trans-
fected in a cellular model of human neuroblastoma cells (SH-SY5Y), in the form of a FLAG-
tagged protein. Several cellular clones expressing NGB-FLAG were obtained, from which
clone 10 was selected on the basis of immunoblotting analysis (Supplementary Figure S1).
Precisely, the proteome of NGB-overexpressing cells (NGB-FLAG) was analyzed in compar-
ison to control cells transfected with an empty construct (CTRL) by label-free quantitative
(LFQ) proteomics. The PCA revealed a good segregation of the two analyzed groups of
samples (Figure 2A). In total, proteome analysis led to the quantification of 1654 out of
2580 identified proteins. Of these, 178 differential proteins (107 up- and 71 down-regulated)
were selected on the basis of both relative abundance (Difference) and statistical signif-
icance (FDR) levels, then graphed in a volcano plot (Figure 2B). Among these proteins,
NGB was uniquely identified in the NGB-FLAG samples and not in the CTRL, as expected,
considering the low basal levels of endogenous NGB in SH-SY5Y cells, thus confirming the
data obtained by immunoblotting detection. Then, the differential proteome of SH-SY5Y
cells was subjected to bioinformatics enrichment analysis to highlight the main cellular
pathways and processes enriched by NGB overexpression. The analysis of the biological
processes highlighted the most represented terms (Figure 2C), some of which are known to



Cells 2021, 10, 3394 7 of 18

be related to NGB function, such as transport, cytoskeleton organization and energy path-
ways [43]. Furthermore, the cluster enrichment analysis performed by STRING showed the
formation of six major clusters, as reported in the protein–protein interaction (PPI) network
in Figure 2D. Interestingly, NGB overexpression may positively regulate the expression of
proteins involved in oxidative phosphorylation, mitochondrial transport and lysosomal
pathways, which were all upregulated, as revealed by the proteomic analysis. Details of the
differential proteins included in these three clusters are reported in Table 2. Among them,
one protein of the differential dataset belonging to the cluster of the mitochondrial protein
import, the voltage-dependent anion-selective channel protein 1 (VDAC1), a subunit of
mitochondrial complex III and cytochrome c1, was chosen and tested as target of technical
validation of the proteomic LFQ experiment (Figure 2E). Accordingly, immunoblotting
analysis confirmed the increased relative abundance of VDAC1 in NGB-FLAG cells as well
as revealed by LFQ analysis (Difference = 1.7).

These observations have provided us with strong indications on the impacted pro-
cesses to investigate, dependent on overexpressed NGB in neuroblastoma cells. In par-
ticular, we decided to perform functional validation of the data retrieved from the LFQ
experiment by focusing on two main aspects. First, we explored the effects of the alteration
of proteins involved in the oxidative phosphorylation and mitochondrial transport on the
whole energy metabolism of SH-SY5Y cells, i.e., VDAC1, considering the possibility for
NGB to directly modulate the permeability of the outer mitochondrial membrane through
the VDAC1 interaction [16]. Next, we evaluated the specific involvement of NGB in the
autolysosome formation during autophagic process by Western blot analysis, since NGB
overexpression leads to an increased level of LAMP1 (Lysosome-associated membrane
glycoprotein 1).

3.2. Effect of NGB Overexpression on the Energy Metabolism in Neuroblastoma SH-SY5Y Cells

To evaluate the differences in bioenergetic metabolism between SH-SY5Y transfected
with an empty construct (CTRL) and SH-SY5Y-NGB-FLAG cells, we measured the key
parameters of cellular bioenergetics through Seahorse XF technology: oxygen consumption
rate (OCR) that allows an estimation of mitochondrial ATP production, and the extracellular
acidification rate (ECAR; quantification of glycolytic activity through changes in pH by
lactate production), that allows the estimation of ATP produced by glycolysis.

The overexpression of NGB globally enhanced bioenergetic metabolism of SH-SY5Y-
NGB-FLAG cells respect to control cells (Figure 3A). In particular, NGB improved oxidative
metabolism increasing respectively basal oxygen consumption (OCR), oxygen consumption
uncoupled to ATP production (maximal respiration) and oxygen consumption coupled
to ATP synthesis (ATP production); this latter represents an indirect measurement of total
cellular ATP production (Figure 3B–D).

The ATP assay, performed on SH-SY5Y-NGB-FLAG cells and control cell lines, al-
lowed to discriminate between ATP produced by glycolysis and ATP produced by oxidative
phosphorylation. According, to the previous results, NGB overexpression favored mito-
chondrial ATP production reducing the ATP produced by glycolysis in SH-SY5-NGB-FLAG
cells (Figure 4A–C). The energy map summarized the bioenergetic changes induced by
NGB overexpression in SH-SY5Y cells, showing the transfected cell line positioned in an
aerobic/energetic area of the map, with respect to the control cell line positioned in a
glycolytic area (Figure 4D).
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anion-selective channel protein 1 (VDAC1) was validated by Western blot. The upper panel shows representative X-ray film
scans for the protein and its loading control (GAPDH). The panel at the bottom reports the densitometric mean ± SEM of three
immunoblotting replicates with a significant two-tailed t-test p-value for NGB-FLAG samples with respect to CTRL; * p < 0.05.
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Table 2. Description of the quantitative changes related to the proteins belonging to the clusters identified by STRING
analysis in NGB-overexpressing SH-SY5Y cells.

UniProt ID Gene Name Protein Description Difference Cluster

P13073 COX4I1 Cytochrome c oxidase subunit 4 isoform 1,
mitochondrial 2.3

Oxidative Phosphorylation

P56134 ATP5J2 ATP synthase subunit f, mitochondrial 2.2
P31930 UQCRC1 Cytochrome b-c1 complex subunit 1, mitochondrial 2.0
O75947 ATP5H ATP synthase subunit d, mitochondrial 1.9
P22695 UQCRC2 Cytochrome b-c1 complex subunit 2, mitochondrial 1.7
P20674 COX5A Cytochrome c oxidase subunit 5A, mitochondrial 1.6

O75489 NDUFS3 NADH dehydrogenase [ubiquinone] iron-sulfur
protein 3, mitochondrial 1.4

P00403 MT-CO2 Cytochrome c oxidase subunit 2 1.3

Q99623 PHB2 Prohibitin-2 1.8
Mitochondrial protein
import, and integral

component of mitochondrial
inner membrane

P35232 PHB Prohibitin 1.7
P21796 VDAC1 Voltage-dependent anion-selective channel protein 1 1.7
Q9Y277 VDAC3 Voltage-dependent anion-selective channel protein 3 1.5

O43615 TIMM44 Mitochondrial import inner membrane translocase
subunit TIM44 1.5

P45880 VDAC2 Voltage-dependent anion-selective channel protein 2 1.4

P08962 CD63 CD63 antigen 3.9 Lysosome-associated
membrane glycoprotein, and
Fibronectin matrix formation

P11279 LAMP1 Lysosome-associated membrane glycoprotein 1 2.3
P13473 LAMP2 Lysosome-associated membrane glycoprotein 2 2.0

Proteins were ordered for each cluster according to decrescent values of Difference.
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Figure 3. NGB overexpression enhances bioenergetic metabolism of SH-SY5Y cells. (A) Mitochondrial
stress test profile measuring oxygen consumption rate (OCR) in cells SH-SY5Y and SH-SY5Y stably
transfected for expression of neuroglobin. One representative experiment out of four and with each
sample in octuplicate, is shown. (B–D) Individual parameters for basal respiration, ATP production
and maximal respiration. Each data point represents an OCR measurement. Data is shown as
mean ± SD. Values significantly different from the relative control (SH-SY5Y) are indicated with
*** p < 0.001, **** p < 0.0001.
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Figure 4. NGB overexpression improves the mitochondrial ATP production and induces a con-
comitant decrease of the glycolytic ATP in SH-SY5Y cells. (A) A comparison of mitochondrial ATP
(mitoATP) production rate and glycolytic ATP (glycoATP) production rate between the cells SH-SY5Y
and SH-S5Y stably transfected for expression of neuroglobin. (B) Mitochondrial OxPhos-linked
production of ATP, estimated from the OCR corrected for the P/O ratio. (C) Glycolytic production of
ATP, estimated from the ECAR following conversion of the pH changes in the absolute amount of H+
released and correction from the CO2 release. MitoATP and GlycoATP are shown as stacked bars
and are the means ± SEM of five biological replicates; **** p < 0.0001. (D) Energy map of SH-SY5Y
and stably transfected for expression of neuroglobin by graphing baseline OCR versus baseline
extracellular acidification rate (ECAR) values.

3.3. NGB Overexpression Increases NRF1 mRNA and Mitochondrial DNA Levels in
Neuroblastoma SH-SY5Y Cells

To support our findings on the role of NGB overexpression in increasing energetic
metabolism, we analyzed NRF1 mRNA. Since nuclear respiratory factor 1 (NRF1) is a tran-
scription factor which activates the expression of some key metabolic genes regulating cellular
growth and nuclear genes required for respiration, heme biosynthesis and mitochondrial
DNA transcription and replication. Our aim was to analyze NRF1 mRNA expression levels
in SH-SY5Y cells. As shown in Figure 5A, NRF1 mRNA levels displayed up-regulation under
NGB overexpression in SH-SY5Y cells, as compared to control cells. Simultaneously, levels of
mitochondrial DNA were significantly higher in SHSY5Y-NGB FLAG cells as compared to
control cells, as revealed by the mt DNA/genomic DNA ratio (Figure 5B,C).

3.4. Effect of NGB Overexpression on Autophagy Induction in Neuroblastoma SH-SY5Y Cells

Since a bidirectional relationship between autophagy and mitochondrial metabolism
was reported in cancer cells, in which mitochondria regulate the supply of free fatty acid
by regulating the formation of autophagosomes [57], we investigated the effect of NGB
overexpression on autophagy induction. Endogenous LC3-II and SQSTM1/p62 levels
were measured by immunoblotting, using anti-MAP1LC3/LC3 (microtubule associated
protein 1 light chain 3) or anti-SQSTM1/p62 (sequestosome1) antibodies (Figure 6). All
these proteins were modulated by NGB overexpression, indicating a cellular condition that
is more prone to autophagy process. Indeed, Western blot analysis showed an increase



Cells 2021, 10, 3394 11 of 18

of LC3-II together with a significant decrease of SQSTM1/p62 in SH-SY5Y-NGB-FLAG as
compared to the control cells, as also confirmed by densitometric analysis. Similar findings
were obtained in neuroblastoma SK-N-BE2-NGB FLAG cells (Supplementary Figure S2).
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Figure 5. NGB overexpression increases NRF1 mRNA and mitochondrial DNA levels in SH-SY5Y cells. (A) Expression of
mRNAs coding for NRF1 in the SH-SY5Y cells transfected with an empty vector (CTRL) and SH-SY5Y stably transfected
for expression of neuroglobin. (B,C) RT-qPCR quantification of ND2 and ND5 genes encoded by mitochondrial DNA in
the CTRL and SH-SY5Y stably transfected for expression of neuroglobin. The control cells were arbitrary set at 1. Data are
presented as mean ± SEM, *** p < 0.001 **** p < 0.0001, unpaired Student’s t test, RT-qPCR n = 4.
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Figure 6. Effect of NGB overexpression on autophagy induction in SH-SY5Y cells. (A) SH-SY5Y
cells, SH-SY5Y cells transfected with an empty construct (CTRL) and stably transfected SH-SY5Y
FLAG-NGB cells were lysed in lysis buffer, subjected to 15% SDS-PAGE and analyzed by Western
blot using anti-LC3 polyclonal antibody or rabbit anti-SQSTM1 mAb. Loading control was evaluated
using anti-ACTB mAb. A representative experiment among 3 is shown. (B) Bar graph on the right
shows densitometric analysis. Results represent the mean ± SD from 3 independent experiments.
*** p < 0.001, **** p < 0.0001.



Cells 2021, 10, 3394 12 of 18

3.5. Effect of NGB Overexpression on the Lysosome Compartments of Neuroblastoma
SH-SY5Y Cells

To confirm a possible link between NGB and autophagy process, we investigated the
role of NGB in the formation of autolysosome. We first validated the results obtained by
LFQ proteomic analysis, which revealed that NGB overexpression leads to an increased
expression of LAMP1 (log2 Difference of 2.3, Table 2), a structural protein of lysosome/late
endosomes, used as a marker for autophagy flux confirmation [58]. As expected, Western
blot analysis confirmed a significant increase of LAMP1 in NGB-overexpressing cells in
comparison with both CTRL and wild type SH-SY5Y cells, as revealed by densitometric
analysis (Figure 7A,B).
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Figure 7. Effect of NGB overexpression on LAMP1 expression in SH-SY5Y cells. (A) SH-SY5Y cells,
SH-SY5Y cells transfected with an empty construct (CTRL) and stably transfected SH-SY5Y-NGB-
FLAG cells were lysed in lysis buffer, subjected to 7.5% SDS-PAGE and analyzed by Western blot
using anti-LAMP1 mAb. Loading control was evaluated using anti-ACTB mAb. A representative
experiment among 3 is shown. (B) Bar graph shows densitometric analysis. Results represent the
mean ± SD from 3 independent experiments. * p < 0.05, *** p < 0.001.

3.6. NGB Associates with LC3-II during Autolysosome Formation in Neuroblastoma
SH-SY5Y-NGB-FLAG Cells

We then evaluated the role of NGB in the autolysosome formation. In agreement with
the evidence that LC3-II colocalizes with LAMP1 during autophagy [59], we analyzed by
coimmunoprecipitation experiments the possible association of NGB with LC3-II-LAMP1
complex following autophagy induction (Figure 8A,B). After triggering with HBSS, a signif-
icant proportion of NGB became associated with LC3-II, which was more evident in stably
transfected SH-SY5Y-NGB-FLAG cells treated with HBSS for 2 h in comparison with un-
treated cells. In the same LC3-II immunoprecipitates, we also evaluated the association with
LAMP1 and observed a positive band of coimmunoprecipitation which was more evident
in cells stimulated with HBSS for 2 h. No bands were detected in control immunoprecipita-
tion experiments with an IgG having irrelevant specificity. LC3-II immunoprecipitation
was verified by Western blot. Altogether, these results clearly suggest that the induction of
autophagy could trigger a molecular interaction between NGB and a complex of two key
molecules, such as LC3-II and LAMP1, involved in autolysosome formation.
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 Figure 8. NGB associates with LC3-II during autolysosome formation in SH-SY5Y cells. (A) SH-SY5Y
cells transfected with an empty construct (CTRL) and stably transfected SH-SY5Y-NGB-FLAG cells un-
treated or treated with HBSS for 2 h at 37 ◦C, were lysed in lysis buffer, followed by immunoprecipitation
with rabbit anti-LC3-II. A rabbit IgG isotypic control (IpCtr) was employed. The immunoprecipitates
were checked by Western blot analysis, using anti-LC3-II mAb, anti-LAMP1 mAb and anti-NGB pAb.
A representative experiment among 3 is shown. (B) Bar graph shows densitometric analysis. Results
represent the mean ± SD from 3 independent experiments. ** p < 0.005.

4. Discussion

In this study, we show the role for NGB in enhancing mitochondrial energy metabolism,
as well as its involvement of NGB in autolysosome formation. In a previous study, we
demonstrated a neuroprotective activity of overexpressed NGB associated specifically
with mitochondrial raft-like microdomains in a human neuroblastoma cell line triggered
with the neurotoxin MPP+ [16]. In the current work, we propose a possible mechanism
through which NGB may exert its protective role. Furthermore, we used for the first time
a proteomic approach with the aim of identifying the specific profile following the over-
expression of the NGB. This approach revealed several differentially regulated proteins,
including those proteins involved in oxidative phosphorylation and integral mitochon-
drial proteins linked to energy metabolism. These findings suggested a direct or indirect
involvement of NGB in a variety of mitochondrial pathways. In particular, the analysis
of mitochondrial metabolism clearly demonstrated that overexpression of NGB increases
mitochondrial ATP production and induces a concomitant decrease of the glycolytic ATP
in SH-SY5Y-NGB-FLAG cells. The energy map confirmed the increase in the oxidative
capacity of the overexpressing NGB cells, with a decrease in the glycolytic function. In-
deed, overexpression of NGB globally enhanced bioenergetic metabolism, increasing basal
oxygen consumption (OCR), oxygen consumption uncoupled to ATP production (maximal
respiration) as well as oxygen consumption coupled to ATP synthesis. To support the role
of NGB overexpression in increasing energy metabolism, we analyzed NRF1 mRNA, since
it encodes a protein that functions as a key transcription factor required for respiration,
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heme biosynthesis and mitochondrial DNA transcription. The increase of NRF1 mRNA
and mitochondrial DNA levels clearly indicated the increase in the mitochondrial biogen-
esis in NGB overexpressing cells. Several evidence highlighted that stressing conditions
induce a re-localization of endogenous human NGB to mitochondria, where it displays
a pivotal redox-dependent protective role against neurodegeneration by preventing neu-
ronal apoptosis and mitochondrial damage [16,60]. Furthermore, Bosc et al. [57] suggested
a functional link between autophagy, lipid metabolism and oxidative phosphorylation:
autophagy participates in lipid catabolism to support oxidative phosphorylation, showing
that autophagy occurring at this specific contact sites between the endoplasmic reticulum
(ER) and mitochondria regulated fatty acid availability for oxidative phosphorylation
to maintain mitochondrial energy metabolism in cancer cells. In fact, in a previous pa-
per we demonstrated that upon cell oxidative stress, NGB re-localizes to mitochondria
at level of mitochondrial raft-like microdomains, where it may interact with lipid rafts
components [16]. These microdomains represent preferential sites on the mitochondrial
membrane where some key reactions can be catalyzed, thus contributing to cell apoptosis
and autophagy [61–66]. In particular, our recent papers demonstrated that mitochondrial
raft-like microdomains, at the contact site between mitochondria and ER, may participate
to the formation of autophagosome during autophagy process [66–68].

Autophagy is an intracellular degradation system that supplies cytoplasmic materials
to the lysosome or vacuole. In all kinds of stress conditions as well as in pathological
conditions, potentiation of autophagy is known to play a role as a protective mechanism.
Considering that NGB can act in a protective way in various pathological circumstances, in-
cluding oncological pathologies, in the present study we verified whether this globin could
represent a critical regulator of mitochondrial metabolism and autophagy. Although other
authors have hypothesized an extraneousness of NGB in the autophagic machinery [29],
our results clearly demonstrated a role of overexpressed NGB, in fact HBSS-induced au-
tophagy triggered a molecular interaction between NGB and a two key molecules complex,
such as LC3-II and LAMP1, involved in autolysosome formation. Therefore, the involve-
ment of NGB with autophagic machinery could represent one of the pathways to prevent
cell death associated with stressing conditions. Autophagy has been found frequently
activated in cancer and inevitably associated with metabolism. In fact, from this point of
view, autophagy is also to be considered as a crucial process capable of promoting cancer
survival under metabolic and genotoxic stress, endowing cancer cells with resistance to
treatment, even if some support an ambivalent role of autophagy in cancer [29,69–71]. In
this regard, some papers have suggested an involvement of autophagy in resistance to
apoptosis and in some cases autophagy and apoptosis have been found to be inversely
correlated [72–74]. The antiapoptotic role of NGB against oxidative stress, as well as other
hypothetical functions of this globin, seems to be linked to the set of factors of expression,
localization and interaction of NGB with other proteins [15,75].

In this concern, our data suggest a potential metabolic compensatory mechanism
regulated by autophagy activation in which NGB plays a pivotal role. Cells can limit
mitochondrial damage thanks to various surveillance strategies [76,77], such as mito-
chondrial biogenesis, dynamic (fusion/fission) and selective mitochondrial autophagy.
Mitochondria therefore have different systems of proteostasis; the failure of one of these
mechanisms always opens the possibility of an alternative way to remove damaged mito-
chondria [31,78,79].

5. Conclusions

In the current paper, we highlighted the active participation of NGB in several cellular
processes that seem to be upregulated in response to NGB overexpression. Overall, our
hypothesis is that NGB plays a role in orchestrating stress adaptation in both neural and
non-neural cells as well as in cancer. This role is highlighted not only by the participation
of NGB in the autophagic flow, but also in the activation of oxidative phosphorylation and
in the increase of mitochondrial mass.



Cells 2021, 10, 3394 15 of 18

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cells10123394/s1, Figure S1: Immunoblotting analysis of the cellular clones expressing
NGB-FLAG; Figure S2: Effect of NGB overexpression on autophagy induction in SK-N-BE2 cells.
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