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Neuroglobin (Ngb) is a neuronal expressed haem protein of the globin family. Initial 
studies focussed on Ngb’s genetics, structure, phylogenetic tree and evolutionary 
adaptations; the window to elucidating its cellular physiological functions. Ngb is indeed 
hypothesized to play a central role in vital biological mechanisms, knowing it to exhibit a 
3-fold slower evolutionary rate as in comparison to other globins, e.g. haemoglobin. In 
support of this idea, the (transgenic) upregulation of Ngb levels provides a beneficial 
outcome under a range of cellular stressors including, but not limited to, ischemic and 
haemorrhagic strokes, Alzheimer’s disease (AD) pathology, Huntington’s CAG-repeat 
expansions, and combustion smoke inhalation. The origin for such cytoprotective effects 
is grounded in Ngb’s ability to reduce pro-apoptotic cytochrome c as well as scavenge 
and detoxify reactive oxygen/nitrogen species. However, some neuroprotective 
outcomes of elevated Ngb amounts cannot be ascribed to the aforementioned 
functions. By way of example, there exists a positive relationship between Ngb levels 
and the length of axons. Ngb further impacts the generation of cytosolic plaques in 
mouse models of AD. Hence, new insights on the positioning of Ngb in cellular signalling 
cascades and mechanisms will create a better understanding of Ngb’s physiology as well 
as provide possible therapeutic points of application for aforesaid illnesses.  
 
Given that our understanding of Ngb’s upstream regulators, protein conformations and 
biological functions has greatly increased over the last decade, chapter I provides a 
coherent overview on the topic. The review contains different tables, summarizes the 
effects of stressors on cellular Ngb levels or mechanisms, and offers some graphics as 
visual and structural summaries.  
 
Although this overview shows that our knowledge of Ngb’s functions is still incomplete, 
we can conclude from it that Ngb has a well-established role in cytoprotection. In 
particular its ability to scavenge and detoxify reactive oxygen species has received much 
interest. Oxidative damage to biological macromolecules is a hallmark of both normal 
ageing and most neurodegenerative diseases, including AD. Moreover, transgenic 
overexpression of Ngb reduces β-amyloid formation and the aggregation-associated 
neurotoxicity. Nonetheless, Ngb transcription is only triggered in early and moderately 
advanced AD pathology. Considering that later stage AD is characterized by a lowered 
oxygen availability due to cerebral amyloid angiopathy, we questioned in chapter II 
whether hypoxia as a secondary insult could have a similar Ngb expression 
downregulating effect in young APP23 mice; a well-known mouse model of AD. 
Furthermore, while functions of another globin –cytoglobin– entail neuroprotection as 
well, its involvement in the AD pathology remained to be elucidated. We therefore 
opted to study the alterations of cytoglobin in parallel with those of Ngb. 
 
As for Ngb, we detected an age-related increase of cytoglobin levels in APP23 cortices. 
Hence, this study is the first to indicate a possible widening of the endogenous 
neuroprotective actions of cytoglobin to the β-amyloid pathology. In addition, we 
identified a decreased expression of both globins in APP23 brains when subjected to 
whole-body hypoxia. The latter implies a key role for cerebral hypoperfusion in the loss 
of these neuroprotective globins in the later stages of the AD pathology. To further 
unravel the underlying mechanism, we studied RE-1-silencing transcription factor 
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(REST/NRSF) expression levels, of which we identified a recognition site in the regulatory 
region of both globins. We detected Ngb-cytoglobin-REST expression correlations across 
the different study groups, making us to hypothesize REST activation patterns to 
contribute to alterations in globin expressions. 
 
It is important to note that nor the AD pathology nor other neurodegenerative 
pathologies can be reduced to an aggregation-induced apoptosis cascade. AD-affected 
brains show signs which do not correspond with apoptosis characteristics: glial 
inflammation and iron metabolism dysregulation. Interestingly, these features 
correspond to a newly discovered form of oxidative, iron-linked necrotic cell death: 
ferroptosis. As ferroptosis was detected to not only play a role in the context of AD, but 
in other human pathologies as well (e.g. haemorrhages, ischemic stroke, leukomalacia, 
and other neurodegenerative pathologies as Parkinson's disease and Huntington's 
disease), we invigorate the avenues of ferroptosis research to be of translational 
interest.  
 
Interestingly, Ngb provides neuroprotection towards these pathologies that also involve 
ferroptotic cell death.  Hence, we questioned in chapter III whether neuroglobin could 
oppose ferroptosis initiation. To this end, we generated a neuroblastoma cell line which 
stably expresses a fusion between human neuroglobin (hNgb) and the enhanced green 
fluorescent protein (EGFP). We detected the hNgb-EGFP SH-SY5Y cells to be significantly 
more resistant to ferroptosis induction. hNgb-overexpressing neuroblastoma cells show 
over 10% less cell death under erastin treatment as compared to EGFP control cells; with 
erastin being a small molecule inducer of ferroptosis. Consequently, we report the first 
results of a widening of the hNgb endogenous neuroprotective actions to ferroptotic cell 
death.  
 
To elucidate the underlying pathways we investigated hNgb-protein interactions both 
under a physiological and an erastin-stressed ferroptotic condition. We used a co-
immunoprecipitation approach, coupled to a mass spectrometric detection, making this 
study unique in having applied an integrated and sensitive method to discover hNgb-
protein interactions in a human-derived neuronal system. hNgb shows an elevated 
binding ratio towards cell death-linked proteins as HNRNPA3, FAM120A and ABRAXAS2 
under ferroptotic stress. Our data also point towards a constitutive interaction between 
hNgb and the longevity-associated heterodimer XRCC5/XRCC6. Disentangling the 
involvement of hNgb and its binding partners in cellular processes, using ingenuity 
pathway analysis (IPA), resulted in a better understanding of the positioning of hNgb in 
cellular pathways. As such the observed integration of hNgb in the protein 
ubiquitination pathway, mTOR signalling, 14-3-3-mediated signalling and the glycolysis 
cascade is of interest to the different pathologies associated with our ageing 
populations. IPA further retrieved motor neuropathies as the highest scoring group in 
the top of diseases and bio-functions. Such an understanding had not yet been 
established with in vitro or in vivo model systems.  
 
Mice hemizygous for the SOD1G93A transgene present with a phenotype analogous to 
amyotrophic lateral sclerosis (ALS) in humans; a progressive nerve-muscle disease 
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involving the degeneration of the motor neurons that regulate muscles under voluntary 
control. On the cellular level the latter includes an abnormal mitochondrial morphology, 
with fulminant mitochondrial swelling, as well as other disease mechanisms related to 
this cellular organelle. The autophagic marker microtubule-associated protein-1 light 
chain 3 (LC3) is upregulated in an mTOR-linked mechanism, impacting among other 
mitochondrial turnover by autophagy (mitophagy). Cellular ATP levels are reduced and 
oxidative stress is observed across affected tissues. Given our Ngb-protein interaction 
data to generate a link with both motor neuropathies in general as with these cellular 
functions and alterations, we invigorated that studying Ngb further in SOD1G93A 
transgenic mice would be of great mechanistic and clinical significance.  
 
Hence, in chapter IV we first analysed whether Ngb expression would be decreased in 
cases of high SODG93A-linked cellular stress. In analogy with our AD study, we detected 
lumbar spinal cords and motor cortices of 18 weeks old SODG93A mice to contain 
significantly lower Ngb transcript levels than those of 9 weeks. Interestingly, REST 
expression was found to be tissue-specific as was the expression of Ngb; being 4-fold 
higher in spinal cords as in brains. We looked for underlying mechanisms by validating 
downstream regulatory cascades of REST. REST’s inhibitory gene-regulating effects often 
include changes to DNA methylation patterns. Hence, GEO DataSets of human c9orf72 
and sporadic ALS cases were consulted to look for known regions in the Ngb gene with 
methylation changes. A methylation cluster in exon 1 (Chr12:87101763-87102586) was 
selected for analysis. Only position Chr12.87102586 had a significantly increased 
methylation percentage upon SODG93A pathology. A larger impact can therefore be 
expected from the detected alteration in REST splicing. In SODG93A-affected tissues, we 
found the splicing balance to lean towards the generation of full length REST over the 
alternatively spliced, gene-activating REST4 variant.  
  
To fully address above questions, we generated a new double transgenic mouse model. 
These mice express the G93A mutant form of human SOD1. In addition, the Ngb gene 
has been knocked-out by a constitutive deletion (Ngb-/-SODG93A). Breeding schemes 
further generated following genotypes for analysis: NgbWt/WtSOD1Wt, NgbWt/WtSOD1G93A 
and Ngb-/-SOD1Wt. Ngb-/-SODG93A mice display an accelerated occurrence of higher ALSTDI 
stadia as compared to NgbWt/WtSOD1G93A mice. Pathology-linked weight loss, another 
metric of disease, is not significantly affected. We than moved our focus to the 
mitochondrial pathology, optimizing a protocol to analyse isolated mitochondria by both 
flow-cytometry and spectrometry. A knockout of Ngb induces mitochondrial 
dysregulation, irrespective as to whether it co-occurs with the SOD1 gene mutation or 
not.  Hence, even though cells appear to be able to get around a loss of Ngb under an 
unstressed condition, resulting in no apparent clinical phenotype, reduced Ngb levels 
might render the cells more vulnerable to additional insults. As such, the presence of 
SODG93A-linked pathology leads to culminating cellular dysregulation and a pathological 
state of which the effects can be observed at the organism-level. 
 
These results give a positive outlook on the future in which a better understanding of 
the vital functions of Ngb in our nervous systems and on a smaller level, the cell, is 
invigorated (chapter V). 
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Neuroglobine (Ngb) is een heem-proteïne van de globine familie die hoofdzakelijk tot 
expressie komt in het zenuwstelsel. Na zijn ontdekking in 2000, werd er initieel gefocust 
op het ontrafelen van de sequentie van Ngb, zijn 3D-structuur en evolutionaire 
adaptaties; de grondslagen voor de opheldering van zijn cellulaire fysiologische functies. 
De hypothese wordt vooropgesteld dat Ngb een centrale rol speelt in vitale biologische 
mechanismen, wetende dat het een driemaal tragere evolutiesnelheid vertoont dan 
andere globines zoals hemoglobine. Dit wordt verder ondersteund door de wetenschap 
dat (transgene) verhogingen van cellulaire Ngb spiegels een positief effect hebben op 
een reeks van pathologische condities; met inbegrip van, maar niet beperkt tot, 
ischemische en hemorragische beroertes, de ziekte van Alzheimer (AD), Huntington 
CAG-herhalingsexpansies en rookinhalatie. Deze cytoprotectieve effecten vinden hun 
oorsprong in het vermogen van Ngb om pro-apoptotisch cytochroom c te reduceren 
alsook zijn capaciteit om reactieve zuurstof en stikstof verbindingen op te vangen en te 
detoxificeren. Verhoogde cellulaire Ngb niveaus bieden echter ook neuroprotectie op 
manieren die niet kunnen worden toegeschreven aan bovengenoemde intrinsieke 
functies. Zo bestaat er bijvoorbeeld een positieve relatie tussen Ngb niveaus en de 
lengte van axonen. Ngb overexpressie heeft verder een invloed op de vorming van 
pathologische aggregaten in AD-muismodellen. Bijgevolg zijn nieuwe inzichten nodig 
betreffende de positionering van Ngb in cellulaire signalisatiecascades en mechanismen; 
dit met het oog op een beter begrip van de Ngb fysiologie en therapeutische 
toepassingsmogelijkheden voor de eerder genoemde aandoeningen. 
 
Aangezien onze kennis van de Ngb regulatorische sequenties, eiwitconformaties en 
biologische functies sterk toegenomen is in de afgelopen tien jaar, bevat hoofdstuk I 
een overzicht van deze resultaten. De review bevat verschillende tabellen, waarin de 
effecten van stressoren op cellulaire Ngb niveaus worden samengevat, evenals figuren 
die een visueel en structureel overzicht bieden.  
 
Hoewel uit dit overzicht blijkt dat onze kennis van de functies van Ngb nog onvolledig is, 
kunnen we concluderen dat Ngb een rol speelt bij cytoprotectie. In het bijzonder zijn 
vermogen om reactieve zuurstofsoorten te vangen en onschadelijk te maken heeft veel 
belangstelling gekregen. Oxidatieve schade aan biologische macromoleculen is een 
kenmerk van zowel normale veroudering als van de meeste neurodegeneratieve 
pathologieën, waaronder AD. Daarnaast vermindert de transgene overexpressie van Ngb 
de vorming van β-amyloïde plaques en aggregatie-geassocieerde neurotoxiciteit. 
Niettemin wordt in een klinische setting Ngb transcriptie enkel geactiveerd in vroege tot 
mild-matige dementiestadia. Aangezien de hersenpathologie van laat-stadium AD wordt 
gekenmerkt door een verlaagde beschikbaarheid van zuurstof ten gevolge van cerebrale 
amyloïde angiopathie, vroegen we ons in hoofdstuk II af of de additie van externe 
hypoxiestress eenzelfde downregulatie van Ngb expressie zou veroorzaken in jonge 
APP23 muizen; een welgekend model van AD. Hoewel de functies van een ander globine 
-cytoglobine- ook neuroprotectie inhouden, moest de mogelijke betrokkenheid van dit 
globine in de AD-pathologie nog worden opgehelderd. Er werd aldus gekozen om de 
veranderingen in cellulaire transcript- en eiwitniveaus van zowel Ngb als cytoglobine in 
parallel te bestuderen.  
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Overeenkomstig de invloed van APP mutaties op de Ngb levels, detecteerden we een 
leeftijdsgebonden toename in cytoglobine concentratie in de hersenschors van APP23 
muizen. Deze resultaten zijn het eerste bewijs dat de endogene neuroprotectieve 
werking van cytoglobine uitgebreid kan worden naar de β-amyloïde pathologie. 
Daarnaast identificeerden we een verminderde expressie van beide globines in de 
hersenen van APP23 muizen wanneer deze blootgesteld werden aan een hypoxische 
atmosfeer van 7% zuurstof. Dit laatste impliceert een sleutelrol voor cerebrale 
hypoperfusie bij het verlies van neuroprotectieve globine niveaus in de latere stadia van 
de AD-pathologie. Om het onderliggende mechanisme verder te ontrafelen, hebben we 
de RE-1-silencing transcriptiefactor (REST) expressieniveaus bestudeerd waarvan we een 
herkenningssequentie identificeerden in het regulerende gebied van beide globines. We 
stelden Ngb-cytoglobine-REST-expressiecorrelaties vast in de verschillende studie-
groepen, waardoor we de hypothese formuleren dat activatiepatronen van REST 
bijdragen aan wijzigingen in globine-expressies. 
 
Het is belangrijk op te merken dat noch de AD-pathologie noch andere 
neurodegeneratieve pathologieën kunnen worden gereduceerd tot een aggregatie-
geïnduceerde apoptosecascade. AD-aangetaste hersenen vertonen eigenschappen die 
niet overeenkomen met kenmerken van apoptose: gliale inflammatie en de ontregeling 
van het ijzermetabolisme. Interessant is dat deze kentekenen overeenkomen met een 
recentelijk ontdekte vorm van oxidatieve, ijzer gebonden necrotische celdood: 
ferroptose. Aangezien ferroptose niet enkel een rol speelt in de context van AD, maar 
ook in andere pathologieën waaronder hersenbloedingen, ischemische beroertes, 
leukomalacie en neurodegeneratieve pathologieën zoals de ziekte van Parkinson en de 
ziekte van Huntington, zijn we overtuigd van het translationeel potentieel van 
ferroptose onderzoek.  
 
Ngb biedt neuroprotectie tegen deze cellulaire stressoren waarbij ook ferroptotische 
celdood betrokken is. Derhalve vroegen we ons in hoofdstuk III af of Ngb de initiatie van 
ferroptose kan tegengaan. Hiertoe hebben we een neuroblastoma cellijn gegenereerd 
die op stabiele wijze een fusie-eiwit tot expressie brengt, m.n. humaan neuroglobine 
(hNgb) verbonden met het versterkte groen fluorescerend eiwit (EGFP). We ontdekten 
dat de hNgb-EGFP SH-SY5Y-cellen beduidend resistenter zijn tegen inductie van 
ferroptose; we identificeerden meer dan 10% minder celdood in cellen die aan erastine, 
een inducer van ferroptose, werden blootgesteld. Onze studie heeft bijgevolg een 
belangrijke eerste stap gezet in het aantonen van de betrokkenheid van hNgb in het 
verweer tegen ferroptose. 
 
Om de onderliggende signalisatie-mechanismen op te helderen, onderzochten we 
interacties tussen hNgb en andere cellulaire proteïnes en dit zowel onder een 
fysiologische als een erastine-gestreste ferroptotische conditie. We gebruikten een co-
immunoprecipitatie benadering en dit gekoppeld aan een massaspectrometrische 
detectie. Bijgevolg is deze studie uniek in het toepassen van een geïntegreerde en 
sensitieve methode ter identificatie van hNgb-eiwit interacties in een humaan-afgeleid, 
neuronaal systeem. hNgb vertoont onder ferroptotische stress een verhoogde 
bindingsratio met celdood gelinkte eiwitten zoals HNRNPA3, FAM120A en ABRAXAS2. 
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Onze resultaten wijzen ook op een constante interactie tussen hNgb en het levensduur-
geassocieerde heterodimeer XRCC5/XRCC6. Het ontrafelen van de betrokkenheid van 
hNgb en zijn bindingspartners in cellulaire processen, met behulp van 'ingenuity 
pathway analysis' (IPA), resulteerde in een beter begrip van de positionering van hNgb in 
cellulaire mechanismen. Als zodanig is de waargenomen integratie van hNgb in de 
ubiquitinatie cascade, mTOR-signalering, de glycolyse en 14-3-3-gemedieerde 
signalisatie van belang voor de verschillende pathologieën die geassocieerd zijn met 
onze verouderende populatie. IPA detecteerde daarnaast motorische neuropathieën als 
de hoogst scorende groep in de top van hNgb-gelinkte ziekten en biologische functies. 
Een dergelijke link diende echter nog te worden bevestigd met in vitro of in vivo 
modelsystemen 
 
Muizen die drager zijn van het SOD1G93A transgen vertonen een fenotype dat analoog is 
aan het humane ziektebeeld van amyotrofe laterale sclerose (ALS); een progressieve 
zenuw-spierziekte waarbij degeneratie optreedt van de motorneuronen die spieren 
onder vrijwillige controle aansturen. Op cellulair niveau veroorzaakt de SOD1G93A mutatie 
een abnormale mitochondriale morfologie, waaronder fulminante zwellingen, evenals 
andere ziektemechanismen die gelinkt kunnen worden aan dit cellulaire organel. De 
autofagie merker 'microtubule-associated protein-1 light chain 3' (LC3) wordt op-
gereguleerd in een mTOR-gelinkt mechanisme, hetgeen o.a. invloed heeft op de 
mitochondriale turnover (mitofagie). Cellulaire ATP-spiegels liggen lager dan in gezonde 
cellen en oxidatieve stress wordt waargenomen in de verscheidene aangetaste weefsels. 
Aangezien onze data van de hNgb-eiwit interacties een link genereerden met zowel 
motorische neuropathieën in het algemeen alsook met deze juist genoemde cellulaire 
functies en mechanismen, stelden we voorop dat het verder bestuderen van Ngb in 
SOD1G93A transgene muizen van groot belang zou zijn voor het verder ontrafelen van de 
cellulaire (dys)functies van Ngb. 
 
Bijgevolg onderzochten we in hoofdstuk IV eerst of de Ngb expressie zou worden 
verlaagd in gevallen van ernstige, SODG93A-gekoppelde cellulaire stress. Naar analogie 
met de resultaten van onze AD-studie, detecteerden we significant lagere Ngb 
transcriptniveaus in het ruggenmerg en de motorische cortex van 18 weken oude 
SODG93A-muizen dan in deze van 9 weken. Het interessante is dat de Ngb expressie 
weefselspecifiek is, evenals deze van REST. Het ruggenmerg vertoont viermaal hogere 
waarden dan de hersenstalen. De onderliggende mechanismen werden bijgevolg 
gezocht in de benedenwaartse regulatie cascades van REST. De bewerkstelling van de 
inhiberende effecten van REST op genregulatie betreft vaak het doorvoeren van 
wijzigingen in DNA methylatiepatronen. Derhalve werden GEO DataSets van c9orf72 en 
sporadische ALS-patiënten geraadpleegd ter identificatie van gekende regio's in het Ngb 
gen die methylatieveranderingen vertonen. Er werd een methylatiecluster in exon 1 
geselecteerd voor analyse (Chr12: 87101763-87102586). Enkel positie Chr12.87102586 
vertoonde echter een significant verhoogd methylatiepercentage in SODG93A stalen. Een 
grotere impact kan daarom worden verwacht van de gedetecteerde wijziging in REST 
splicing. We merkten m.n. dat de splice-balans in SODG93A weefsel overhelt naar het 
afschrijven van het volledige REST transcript en dit ten koste van de alternatief 
gesplitste, gen-activerende REST4 variant. 
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Om bovenstaande vragen volledig te kunnen beantwoorden, creëerden we een nieuw, 
dubbel transgeen muismodel. Deze muizen brengen de G93A mutante vorm van het 
humane SOD1 gen tot expressie. Bovendien wordt Ngb niet tot expressie gebracht door 
een deletie in het gen (Ngb-/-SODG93A). Kruisingsschema’s genereerden verder volgende 
genotypes voor analyse: NgbWt/WtSOD1Wt, NgbWt/WtSOD1G93A en Ngb-/-SOD1Wt. Ngb-/-

SODG93A muizen vertonen een versneld optreden van hogere ALSTDI stadia tegenover 
NgbWt/WtSOD1G93A muizen. Pathologie-gekoppeld gewichtsverlies, een ander kenmerk 
van de ziekte, wordt niet significant beïnvloed. Vervolgens hebben we onze focus 
verlegd naar de mitochondriale pathologie, waarbij we een protocol optimaliseerden 
om geïsoleerde mitochondriën te analyseren via flowcytometrie en spectrometrie. Een 
knock-out van Ngb induceert een mitochondriale functie-verstoring, ongeacht of het 
gelijktijdig voorkomt met de SOD1-genmutatie of niet. Hoewel cellen bijgevolg onder 
niet-stress condities een verlies van Ngb lijken te kunnen omzeilen via 
bufferingsmechanismen, resulterend in de afwezigheid van een klinisch fenotype, 
kunnen lagere Ngb niveaus de cellen kwetsbaarder maken voor extra cellulaire schade. 
Als zodanig leidt de aanwezigheid van SODG93A-gekoppelde pathologie tot een 
culminerende cellulaire ontregeling en een pathologische toestand waarvan de effecten 
op het niveau van het organisme kunnen worden waargenomen. 
 
Deze resultaten geven een positieve kijk op de toekomst waarin een beter begrip wordt 
verwacht van de vitale functies van Ngb in ons zenuwstelsel alsook in de cel (hoofdstuk 
V). 
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1. Conservation and omnipresence in vertebrates  

The globin family is a group of ancient proteins on which a strong evolutionary pressure 
rests, making them well conserved across the phylogenetic three. They can be found in all 
kingdoms of life and are connected through one universal common ancestor. While new 
globins are still being discovered, we know vertebrate cells and systems to possess already 
8 different globins to date (Fig. I, [1, 2]). 
 
Figure I. Phylogeny of 
vertebrate globins. The 
ancestral globin, which 
existed over a 1000 
million years ago, gave 
rise to the eight globin 
proteins that we know 
today. The evolutionary 
model has been inferred 
from sequence analyses.  
 
 

 
 

Though divergence in protein sequence led to the emergence of the different vertebrate 
globins, each and every one of them has retained the distinctive 3D-globin fold. This 
classical conformation was first described by John Kendrew in 1958 [3]. About 150 amino 
acids are arranged in eight helixes which are numbered alphabetically A up to H, going 
from the N- to the C-terminus. The helixes are linked to each other by short loops (Fig. 
IIA). Secondary folding includes the formation of a helix-turn-helix motif by the two helixes 
at either side of the strand. Further organization into a three‐over‐three α‐helical 
sandwich generates a hydrophobic centre for the heme active site (Fig. IIB). The heme 
group (Fe-protoporphyrin IX), positioned within, obtains its activity from the central iron 
atom (Fig. IIC). The latter can occur in three different oxidation states: ferrous (Fe2+), ferric 
(Fe3+) and ferryl (Fe4+) [4], which impact binding affinities towards gaseous ligands.  
 

 
Figure II. Ribbon view of a standard globin fold. A) Helixes of the two layers of the three‐over‐three (AEF-
BGH) α‐helical sandwich are differentially coloured (myrtle and orange). The two planes are connected 
through the CD region (black). B) The nomenclature of amino acid positions within helixes comprises of the 
respective helix letter after which the position number follows. HisF8 interacts with the central Fe-heme atom 
at the heme proximal site. In the oxygenated state, the Fe atom is further oxygen-bound at the heme distal 
site, indicated by the red dashed line. Panels A and B are obtained from Pesce et al, 2002 [2]. C) The heme 
group consists of a central iron atom coordinated to a tetradentate porphyrin. 
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Further variation is obtained by the number of coordinative interactions between globin 
fold helixes and the iron atom. Invariantly are the four bonds between the iron atom and 
the four nitrogen atoms of the protoporphyrin group (Fig. IIC), and the penta-coordination 
with HisF8. One part of the globin family stays in this conformation; with the sixth Fe-
position unbound. Heamoglobin and myoglobin are two examples of such 
pentacoordinated globins. However, the heme iron atom of family members as 
androglobin, cytoglobin and neuroglobin is able to also reversibly interact with the HisE7 
residue and the ε-amino group of LysE10, which then function as endogenous ligands in a 
hexacoordinated state (Fig. III, [5, 6]). It may be clear that such a conformation requires 
structural reorganizations before an external ligand is able to bind, creating a rate limiting 
step in the process.  
 

 
Figure III. Schematic representation of penta-hexa iron coordination in recombinant human neuroglobin. 
For oxygen to be able to bind the iron atom, the HisE7 residue needs to be displaced to first create a penta-
coordinative state. The figure is obtained from Dewilde et al, 2001 [7]. 

 

2. Functions of the different globin family members  

Research into the biological importance and role of the hexacoordinated globins is in its 
infancy as compared to the one of the pentacoordinated members (heamoglobin and 
myoglobin). Proteins with a role in respiratory gas transport and storage became 
primordial when organisms evolved into multi-organ systems [8]. The existence and 
differential occurrence of the assortment of chains out of which heamoglobin is 
composed, substantiates how key creating a tissue-specific oxygen delivery system for 
aerobic cellular respiration is [9, 10]. The oxygen affinity of muscle-bound myoglobin (0.14 
kPa) is higher as the one of heamoglobin, promoting diffusion of oxygen from platelets to 
mitochondria and creating a cellular storage reservoir [10]. In line with such oxygen 
metabolism functions, haemoproteins are found to be regulators of nitric oxide (NO) 
homeostasis. Their nitrite reductase function regulates hemodynamics, e.g. arterial 
stiffness, peripheral resistance and myocardial contractility [11]. Conversely, the globin’s 
dioxygenase enzyme activity provides protection from nitrosative stress when excessive 
levels of NO accumulate [8]. Different hexacoordinated globins are ascribed with a similar 
NO balancing function (Fig. IV). Cytoglobin [12], myoglobin [13], and neuroglobin [12, 14] 
are further involved in limiting oxidative stress signals. They scavenge and detoxify 
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reactive species by having their central iron atom to function as an electron donor and 
acceptor. Lastly, ferric haemoglobin and myoglobin were recently detected to also 
function as carriers for H2S, a signalling molecule for i.a. metabolic downregulation [15]. 
On the contrary, information on the cellular mechanisms and signalling functions of the 
hexacoordinated globins (androglobin, cytoglobin and neuroglobin) is still sparse. They 
only make out a small fraction of the system’s protein content and have rather low oxygen 
affinities [10, 16, 17], whether or not due to the rate limiting step of displacing the HisE7 
residue. Such redox-dependant conformational changes would, however, lend 
themselves very well to transducing signals to other molecules [4]. 
 
 

 
 
Figure IV. Scala of functions carried out by one or more members of the globin family. Though most globins 
exert some kind of respiratory function, it became clear that their involvement in vertebrate systems extends 
beyond the storage and transport of oxygen. Given our knowledge on these functions to be still expanding, 
globin sizes within the figure reflect the certitude by which these globins can be ascribed to that particular 
function as well as the physiological weight and importance attributed to it. NO; nitric oxide, ROS; reactive 
oxygen species. 
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Neuroglobin (Ngb) is a hexacoordinated heme-protein, showing widespread expression in 
the central and peripheral nervous systems [1, 2]. Pronounced levels are also detected in 
endocrine-active regions of e.g. the pancreas and adrenal glands [2, 3]. Within cells, near 
8% of the Ngb protein fraction is associated with mitochondria [4], a cellular organelle 
that uses redox reactions to generate energy. However, about 2% of the oxygen 
molecules, receiving electrons generated by physiological respiration, is emitted as 
reactive oxygen species (ROS) instead of H2O. In former times, this "slippage" was thought 
of as an unwanted by-product. More recently, ROS have been recognized to impact 
cellular responses through redox-dependent signaling, e.g. mitochondrial biogenesis and 
metabolism, as well as the ageing clock [5, 6]. Central to the translation of the redox state 
into a cellular response are disulfide-bearing proteins, in which the oxidation or reduction 
of cysteines entails alterations in protein function. Ngb does contain such cysteine 
residues of which the position has been conserved even more as the global protein itself 
[7]. The cellular redox state controls the reduction or creation of a CysCD7-CysD5 
disulphide bond at the internal cavity in the CD-loop region, linking the C and D helices of 
the globin fold [7, 8]. Even though the different forms impact Ngb’s affinity towards 
oxygen, nitric oxide, and ROS [9-13], little data are available of such redox regulation on 
Ngb-linked signaling [14-16].  
 
An imbalance in ROS production and clearance imposes oxidative stress with pathological 
implications, inflicting damage to biomolecules i.e. proteins, unsaturated fatty acids, and 
DNA. Owing to the requisite of maintaining ROS levels within the limits that contribute to 
a physiological cellular functioning, several antioxidant mechanisms are present in the cell 
including superoxide dismutase 1 (SOD1), glutathione reductases, and catalase. However, 
different conditions cause these mechanisms to no longer meet with the anti-oxidative 
requirements of increased oxidative stress, initiating a runaway process through ROS-
related mitochondrial damage [6]. There is strong evidence for mutations in 
mitochondrial DNA and high ROS levels to occur early in the pathogenesis of the majority 
of neurodegenerative diseases (e.g. Alzheimer’s, Parkinson’s and Amyotrophic Lateral 
Sclerosis (ALS)), at least hinting to a strong underlying relationship [17]. Moreover, 
oxidative stress does contribute to ageing, the primary risk factor for aforementioned 
diseases [6]. Interestingly, Ngb is reported to be up-regulated by and protective against 
Alzheimer's disease (AD) [18, 19]. A similar effect is seen upon other neurotoxic insults as 
oxygen-glucose deprivation (OGD) [20] and acute inhalation of combustion smoke [21]. 
As Ngb knockout (Ngb-/-) mice maintain an overt normal phenotype [16], we hypothesize 
that Ngb’s neuroprotective effect is modest within physiological conditions and only 
comes strongly into effect under cellular stress. This notion is consistent with Ngb’s 
significant redistribution to the mitochondria upon OGD [4], and its ROS scavenging and 
detoxification potential [9-12].  
 
Ngb’s neuroprotective action may extend beyond reducing oxidative stress through direct 
ROS scavenging. Pro-survival signals, both up- and downstream of ROS-linked pathological 
events, have been described for Ngb. Ferrous (Fe2+) Ngb buffers limited stress signals and 
maintains homeostasis by swiftly reducing leaked ferric (Fe3+) cytochrome c to its inactive 
form [22], averting cytochrome c-induced apoptosis. In addition, Ngb may protect post-
mitotic neurons from excessive death by reducing the formation of deleterious aggregates 
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as seen for amyloid-β and prions [18, 23]. In the context of deploying the contribution of 
Ngb in sustainment of tissue homeostasis, these results underscore our interest to further 
study Ngb’s functions in depth.  
 
Objective   - Chapter 1 - 

Generate a literature overview on the current knowledge of Ngb’s expression regulation, 
its involvement in neuroprotective pathways and impact of its levels on outcome 
parameters in pathological states.  
 
It became apparent that though Ngb’s beneficial effect has been described in different 
model systems, the underlying mechanisms by which Ngb enables such results are less 
well understood. One prominent question being put forward is why neuroprotective Ngb 
levels are only upregulated in the early stages of the AD course. A prolonged elevation of 
Ngb levels would be desirable, knowing it to lower the amyloid burden, lipid peroxidation 
levels, caspase-3/7 activity and cell death [24], as well as to counter tau phosphorylation 
[25]. Moreover, some of the neuroprotective outcomes generated by elevated Ngb levels 
could not yet be ascribed to the already known functions and characteristics of Ngb; e.g. 
how does it contribute to a lowered amyloid burden in AD models? These research 
questions let us to objectives two and three. 
 
Objective   - Chapter 2 - 

Unravel the etiopathology of the downregulated Ngb levels in late stage AD.  
 
As severe AD pathology is characterized by a lowered oxygen availability due to cerebral 
amyloid angiopathy and given the strong link between globins and oxygen availability, we 
question whether hypoxia as a secondary insult could have a similar Ngb-expression 
downregulating effect in young APP23 mice; a mouse model of AD. Our interest is further 
caught by characteristics of the RE-1-silencing transcription factor (REST), which happens 
to have a regulatory binding sequence upstream of the Ngb gene. REST expression is 
induced during normal brain ageing and its activation generally entails neuroprotection 
by downregulating targets involved in cell death [26]. However, transcription of REST is 
markedly reduced in AD-affected neuronal populations [26, 27]. Moreover, REST 
increases transcription of genes related to neurotransmission in the early stages of AD. In 
later stages, these genes are suppressed [26]. To further unravel the mechanisms behind 
the globin expression alterations, we aim to correlate REST expression levels in our model 
with those of Ngb.  
 
Objective   - Chapter 3 - 

Study Ngb’s involvement in regulatory networks and pathways by identifying its binding 
partners under both stressed and unstressed conditions.   
 
Several key regulatory functions of the cell are carried out through signaling cascades in 
which one protein can differentially bind to multiple proteins, generating a different 
outcome, depending on the cellular environment and stimuli. To date, a small number of 
studies has reported experimental evidence for protein interactions with Ngb. A yeast 
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two-hybrid screen was most often used, entailing only limited coverage between studies 
and a lack of (sub)cellular context [15, 28-30]. Hence, we aim to identify Ngb-protein 
interactions in a neuronal relevant model - neuroblastoma SH-SY5Y cells - and further add 
an extra quantitative element by differentiating between constitutive and stimulus-
dependent interactions. Erastin-induced ferroptosis was chosen as a model of neuronal 
cell death as it was identified to contribute in the pathogenesis of different protein 
aggregation pathologies: i.e. AD [31], Parkinson's disease [32] and Huntington's disease 
[33]. Hence, we propose that by identifying ferroptosis-specific Ngb-protein interactions, 
Ngb could be placed in cellular signalling cascades and mechanisms with a known effect 
on cellular proteinopathies. In addition, a better general understanding of Ngb’s cellular 
functions could be invigorated.  
 
Interestingly, our Ingenuity Pathway Analysis on the identified Ngb-protein binders 
identified motor neuropathies as the highest scoring disease classification linked to the 
Ngb-binders’ associated pathways. Such a link between Ngb and neuromuscular diseases 
was of interest, given a double transgenic mouse model (Ngb-/- x SODG93A) was already 
being created for objective 4.  
 
Objective   - Chapter 4 - 

Unify pathway analysis with phenotypic effects in mouse model of SOD1G93A-induced 
oxidative stress 
 
To investigate the role of Ngb in tissue preservation and homeostasis, a model is chosen 
of SOD1G93A-induced oxidative stress, a nonsynonymous substitution in the SOD1 coding 
region. SOD1 mutations account for 20% of familial ALS [34], suggestive of oxidative stress 
being an major contribution towards pathology (vide supra). This adult-onset syndrome is 
the most common type of motor neuron disease. It is characterized by a progressive 
paralysis, reflecting the degeneration of a beforehand normally functioning motor 
system, covering the cortex, brain stem and spinal cord [34]. Of interest, Ngb expression 
is detected in all these ALS-affected areas [2]. Having ALS to be asymptomatic for years to 
manifest itself in mid-life, there is a sufficient amount of time for both survival cascades 
and cell replacement pathways to take into action, and therefore to be studied. 
Inadequate neurogenesis has indeed been detected in the lumbar region of the spinal 
cord of SOD-transgenic mice [35]. Moreover, in addition to oxidative stress, ALS-pathology 
is characterized by deleterious cytosolic and mitochondrial protein aggregation 
pathology. This raises the question whether Ngb could exert a similar beneficial effect in 
ALS as it did in AD models, in which it reduces amyloid-β loads [18].  
 
After obtaining the results of the previous two objectives, the model became even more 
relevant, being a motor neuropathy in which the involvement of Ngb was not yet been 
explored and as a link between REST and ALS was already known as well [36]. 
Furthermore, given the placement of Ngb in cellular energy pathways (objective 3) and 
given these pathways to be affected in SOD-linked ALS, the model provides an ideal 
background to study the identified cascades of objective 3 further in depth in an in vivo 
situation. 
 



 

26 

Graphical objectives overview 

 

  



Aims and scope 

27 

References 

1. Burmester, T. et al. (2000) A vertebrate globin expressed in the brain. Nature 407 (6803), 520-3. 

2. Reuss, S. et al. (2002) Expression analysis of neuroglobin mRNA in rodent tissues. Neuroscience 
115 (3), 645-56. 

3. Geuens, E. et al. (2003) A globin in the nucleus! J Biol Chem 278 (33), 30417-20. 

4. Yu, Z. et al. (2012) Mitochondrial distribution of neuroglobin and its response to oxygen-glucose 
deprivation in primary-cultured mouse cortical neurons. Neuroscience 218, 235-42. 

5. Handy, D.E. and Loscalzo, J. (2012) Redox regulation of mitochondrial function. Antioxid Redox 
Signal 16 (11), 1323-67. 

6. Balaban, R.S. et al. (2005) Mitochondria, oxidants, and aging. Cell 120 (4), 483-95. 

7. Wystub, S. et al. (2004) Interspecies comparison of neuroglobin, cytoglobin and myoglobin: 
sequence evolution and candidate regulatory elements. Cytogenet Genome Res 105 (1), 65-78. 

8. Van Leuven, W. et al. (2013) Is the heme pocket region modulated by disulfide-bridge formation 
in fish and amphibian neuroglobins as in humans? Biochim Biophys Acta 1834 (9), 1757-63. 

9. Herold, S. et al. (2004) Reactivity studies of the Fe(III) and Fe(II)NO forms of human neuroglobin 
reveal a potential role against oxidative stress. J Biol Chem 279 (22), 22841-7. 

10. Abbruzzetti, S. et al. (2009) Ligand migration through the internal hydrophobic cavities in 
human neuroglobin. Proc Natl Acad Sci U S A 106 (45), 18984-9. 

11. Hamdane, D. et al. (2003) The redox state of the cell regulates the ligand binding affinity of 
human neuroglobin and cytoglobin. J Biol Chem 278 (51), 51713-21. 

12. Yamashita, T. et al. (2014) Ferric human neuroglobin scavenges superoxide to form oxy adduct. 
Chem Pharm Bull (Tokyo) 62 (6), 613-5. 

13. Petersen, M.G. et al. (2008) Reactions of ferrous neuroglobin and cytoglobin with nitrite under 
anaerobic conditions. J Inorg Biochem 102 (9), 1777-82. 

14. Khan, A.A. et al. (2008) Regulation of hypoxic neuronal death signaling by neuroglobin. FASEB 
J 22 (6), 1737-47. 

15. Wakasugi, K. et al. (2004) Human neuroglobin interacts with flotillin-1, a lipid raft microdomain-
associated protein. Biochem Biophys Res Commun 318 (2), 453-60. 

16. Hundahl, C.A. et al. (2011) Neuroglobin-deficiency exacerbates Hif1A and c-FOS response, but 
does not affect neuronal survival during severe hypoxia in vivo. PLoS One 6 (12), e28160. 

17. Lin, M.T. and Beal, M.F. (2006) Mitochondrial dysfunction and oxidative stress in 
neurodegenerative diseases. Nature 443 (7113), 787-95. 

18. Khan, A.A. et al. (2007) Neuroglobin attenuates beta-amyloid neurotoxicity in vitro and 
transgenic Alzheimer phenotype in vivo. Proc Natl Acad Sci U S A 104 (48), 19114-9. 

19. Sun, F. et al. (2013) Neuroglobin protein is upregulated in Alzheimer's disease. J Alzheimers Dis 
36 (4), 659-63. 

20. Fordel, E. et al. (2007) Anoxia or oxygen and glucose deprivation in SH-SY5Y cells: a step closer 
to the unraveling of neuroglobin and cytoglobin functions. Gene 398 (1-2), 114-22. 

21. Lee, H.M. et al. (2011) Transgenic overexpression of neuroglobin attenuates formation of 
smoke-inhalation-induced oxidative DNA damage, in vivo, in the mouse brain. Free Radic Biol Med 
51 (12), 2281-7. 



 

28 

22. Fago, A. et al. (2006) The reaction of neuroglobin with potential redox protein partners 
cytochrome b5 and cytochrome c. FEBS Lett 580 (20), 4884-8. 

23. Lechauve, C. et al. (2009) Neuroglobin and prion cellular localization: investigation of a 
potential interaction. J Mol Biol 388 (5), 968-77. 

24. Li, R.C. et al. (2008) Neuroglobin protects PC12 cells against beta-amyloid-induced cell injury. 
Neurobiol Aging 29 (12), 1815-22. 

25. Chen, L.M. et al. (2012) Neuroglobin attenuates Alzheimer-like tau hyperphosphorylation by 
activating Akt signaling. J Neurochem 120 (1), 157-64. 

26. Lu, T. et al. (2014) REST and stress resistance in ageing and Alzheimer's disease. Nature 507 
(7493), 448-54. 

27. Orta-Salazar, E. et al. (2014) REST/NRSF-induced changes of ChAT protein expression in the 
neocortex and hippocampus of the 3xTg-AD mouse model for Alzheimer's disease. Life Sci 116 (2), 
83-9. 

28. Yu, Z. et al. (2012) Identification of neuroglobin-interacting proteins using yeast two-hybrid 
screening. Neuroscience 200, 99-105. 

29. Wakasugi, K. et al. (2004) Association of human neuroglobin with cystatin C, a cysteine 
proteinase inhibitor. Biochemistry 43 (18), 5119-25. 

30. Li, L. et al. (2014) Neuroglobin promotes neurite outgrowth via differential binding to PTEN and 
Akt. Mol Neurobiol 49 (1), 149-62. 

31. Hambright, W.S. et al. (2017) Ablation of ferroptosis regulator glutathione peroxidase 4 in 
forebrain neurons promotes cognitive impairment and neurodegeneration. Redox Biol 12, 8-17. 

32. Do Van, B. et al. (2016) Ferroptosis, a newly characterized form of cell death in Parkinson's 
disease that is regulated by PKC. Neurobiol Dis 94, 169-78. 

33. Skouta, R. et al. (2014) Ferrostatins inhibit oxidative lipid damage and cell death in diverse 
disease models. J Am Chem Soc 136 (12), 4551-6. 

34. Wijesekera, L.C. and Leigh, P.N. (2009) Amyotrophic lateral sclerosis. Orphanet J Rare Dis 4, 3. 

35. Chi, L. et al. (2006) Motor neuron degeneration promotes neural progenitor cell proliferation, 
migration, and neurogenesis in the spinal cords of amyotrophic lateral sclerosis mice. Stem Cells 
24 (1), 34-43. 

36. Rockowitz, S. and Zheng, D. (2015) Significant expansion of the REST/NRSF cistrome in human 
versus mouse embryonic stem cells: potential implications for neural development. Nucleic Acids 
Res 43 (12), 5730-43. 

 



29 

 

 

 

 

 

 

 

Chapter I 

 
 
 

Neuroglobin expression in the brain: a story of tissue homeostasis preservation  

 

 

Zoë P. Van Acker1, Evi Luyckx1, Sylvia Dewilde1 

 

 

 

 

 
1 Laboratory of Protein Science, Proteomics and Epigenetic Signalling, Department of Biomedical Sciences, 
University of Antwerp, Wilrijk, Belgium  

 

 

 

 

            

 
 

 

 

 

 

Published article: 

Mol Neurobiol. 2018. doi: 10.1007/s12035-018-1212-8. 



Chapter I 

30 

Abstract 

After its discovery in 2000, the notion grew that neuroglobin, a neuronal specific heme 
protein, is involved in cytoprotection. To date, neuroglobin levels have been positively 
correlated with a beneficial outcome in a plethora of neurotoxic insults, e.g. ischemic 
and traumatic brain injuries and Alzheimer’s disease. The first part of this review goes 
further into these changes of neuroglobin expression upon different neuronal insults as 
well as the underlying regulation. In the second part, we shed light on the mechanisms 
by which neuroglobin contributes to neuroprotection, being (i) the scavenging and 
detoxification of reactive oxygen/nitrogen species, (ii) the augmentation of the 
threshold for apoptosis initiation, (iii) its contribution to an anti-inflammatory milieu, 
and (iv) tissue regeneration. We also consider different neuroglobin models to address 
as yet unanswered questions. Based on the recent findings and progress in the field, we 
invigorate the avenues of neuroglobin in neurological ailments to increase in the coming 
years.  
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1. Introduction 

Sustainment of homeostasis in the central nervous system is essential to support vital 
physiological functions. In multicellular organisms, the maintenance of tissue homeostasis 
is based on a balance between cell death on the one hand and cell survival and 
proliferation on the other [1]. In case of a toxic insult or pathology, tissue integrity is 
preserved through an interacting network of signaling pathways, often including the 
activation of hypoxia-inducible factor 1 (Hif1) [2]. Hif1 modulates processes as 
erythropoiesis, angiogenesis, glucose transport, and glycolysis, allowing adaptations to 
oxygen delivery and metabolism [2]. Interestingly, globins are a class of hypoxia-activated, 
gaseous ligand-binding, heme proteins of which the ascribed functions surpass transport 
and supply of oxygen, the function for which they are best known [3].  
  
One of these globins is neuroglobin (Ngb). It shows a widespread expression in the central 
and peripheral nervous system [4, 5]. Highest expression levels are detected in the 
mammalian hypothalamus, which shows 100-fold higher transcription rates than other 
key Ngb expression regions as the cerebral cortex and hippocampus ([6], Fig. 1.1.).  
 

 
Figure 1.1. Cerebral expression pattern of Ngb. Mean 'reads per kilobase exon model per million mapped 
reads' (RPKM) values are indicated for the different areas. Values were obtained from a meta-analysis study 
on transcriptome data (RNA-Seq) [7]. Abbreviations: PTLP; posterior parietal association areas, Sub.; 
subiculum, CTXsp; cortical subplate, VTA; ventral tegmental area, SNr; substantia nigra. 

Pronounced levels are also detected in endocrine active regions of e.g. the pituitary and 
adrenal glands [5]. Like neurons, these cells sustain high metabolic rates. Being confined 
to high oxygen-consuming cell types, Ngb was first proposed to play a central role in the 
maintenance of cellular oxygen supply. This hypothesis, however, was hardly tenable in 
view of Ngb’s relatively low concentration (up to a μM range, or below 0.01% of the 
cerebral protein content [4]) and its oxygen affinity (P50) value of 7.5 Torr. The latter is 
below the oxygen tension existing inside neurons under physiological conditions [8]. 
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Further elucidation of Ngb’s structure and subcellular distribution entailed the premise of 
a better understanding of the vital biological functions performed by Ngb, knowing it to 
exhibit a 3-fold slower evolutionary rate as in comparison to other globins as hemoglobin 
and myoglobin [9-11].  
 
Though Ngb exhibits the classical three-over-three alpha-helical globin fold, generating a 
hydrophobic pocket for the central heme iron atom, its protein sequence only reveals an 
up to 25% identity with sequences of other globins as hemoglobin and myoglobin [12]. 
Ngb’s unique sequence supports the heme iron atom to be both hexa- and 
pentacoordinated, with the HisE7 residue and the ε-amino group of LysE10 to function as 
endogenous ligands in the hexacoordinated state [10, 12]. Beside the sixth coordination 
position of Ngb’s iron atom being involved in the regulation of exogenous ligand binding 
[13], its valence state (ferrous or ferric) has been found implicated in Ngb’s ability to 
interact with nitric (di)oxide [7, 14, 15] and reactive oxygen species (ROS) [16]. Moreover, 
ferrous (Fe2+) Ngb buffers limited stress signals and maintains homeostasis by swiftly 
reducing leaked ferric (Fe3+) cytochrome c to its inactive form [17], averting cytochrome 
c-induced apoptosis. In view of the neuroprotective nature of the latter interactions and 
the cellular redox state playing part in Ngb’s ability to engage in cytoprotection, it is 
hypothesized that Ngb’s functions are modest within physiological conditions and only 
come strongly into effect under cellular stress. In support of this idea, Ngb is a particularly 
stable protein. It retains most of its structural features under acidosis, a common side 
effect of cerebral pathological conditions as hemorrhages and pneumococcal meningitis 
[18]. Ngb expression is also upregulated in a plethora of neurotoxic insults; both studied 
in vitro (Table 1.1) as in vivo (Table 1.2). Given the wide variety of neurological injuries 
upon which Ngb expression is induced, this suggests the involvement of generalized or 
downstream pathways of tissue integrity preservation to which Ngb expression responds. 



 

 

Table 1.1. In vitro alterations and neuroprotective actions of Ngb. 

Neurotoxic insult Model Ngb mRNA Ngb protein Neuroprotection  

AD      

 Extracellular Aβ(25–35):  
20 μM 

Primary cortical cultures of Ngb-
overexpression mice 

n.d. n.d. ° Cell death about halved after 24 h 
° Further ↘ when pre-incubated with 4 μM Ngb  

[19] 

 Extracellular Aβ(1-42):  
100 μM 

PC12 cells, Ngb-transfected (~4-, 8- 
and 16-fold ↗ Ngb mRNA)  

n.d. n.d. ° ROS/RNS ↘ is Ngb dose-dependent  
° Lipid peroxidation, caspase-3/7 activity, cell death ↘ 

[20] 

 APP Swedish double 
mutation: K670N/M671L 

SHSY5Y cells, Ngb-transfected n.d. n.d. ° ↘ Aβ42: 34.1 to 21.3 pg/ml medium 
° ↘ late apoptotis: 4.43 to 2.53%  

[21] 

 NMDA toxicity: 300 μM and 2 
mM 

Primary cortical cultures of Ngb-
overexpression mice 

n.d. n.d. ° At 300 μM: ↘ cell death 
° At 2 mM: Ngb overexpression no effect 

[19] 

 Tau pathology HEK293 cells, EGFP-Ngb-transfected n.d. n.d. Counters tau-P at pS214, pT231, pS396 and pS404 [22] 

Anoxia      

 8, 10, 12, 16, 24 or 32 h of 
95% N2, 5% CO2 

SH-SY5Y cells No significant 
increase 

n.d. n.d. [23] 

 48 h of 95% N2, 5% CO2  Glioblastoma: M059J, M010b, 
M059K, M006x, M006xLo, U87T & 
U87R  

Between 2- and 
10-fold ↗ 

Intensities ↗ up to 
5.4-fold 

n.d. [24] 

 10 h of 90% N2, 5% CO2, 5% H2 Primary cortical cultures of Ngb-
overexpression mice (2.6-fold ↗) 

n.d. n.d. ° 14 h: ↘ lactate dehydrogenase, not at 6 h 
° Amelioration in oxi-HE formation, ATP level decline & 
loss of mitochondrial ΔΨ  

[25] 

 99.99% positive pressure 
flow-through of N2 

Primary neurons of Trachemys 
scripta elegans,siNgb-transfected 

n.d. 72 ± 6% ↘ ° 2.5-fold ↗ H2O2 release 
° Knockdown no effect on cell death 
° ↗ levels of activated ERK (p-ERK) 

[26] 

Axon disruption      

 Axonal damage seeing 
culturing 

Retinal ganglion cells of male Long 
Evans rats, Ngb-siRNA-transfected 

n.d. n.d. Cell survival at day seven decreased to 16.0% (control: 
46.6%) 

[27] 

Hypoxia-reoxygenation injury 

 ° 1h Argon-degassing  
° 2, 5, or 24 h recovery 

ND15 cells ° 2 h: marginal↗  
° 5 h: 5-6-fold ↗ 
° 24 h: baseline 

n.d. n.d. [28] 

 ° 1h Argon-degassing  
° 2, 5, or 24 h recovery 

 SH-SY5Y ° 2 h: 1.9-fold ↗ 
° 5 h: 7.0-fold ↗ 
° 24 h: 5.9-fold↗ 

n.d. Pre-incubation with the phenolic antioxidant 3,3',5,5'-
tetra-t-butyl-biphenyl-4,4'-diol reduces Ngb expression 

[29] 

 ° 1h Argon-degassing  
° 1, 2, 5, or 24 h recovery  

SH-SY5Y, Ngb-transfected n.d. ∼95% stably 
transfected 

° Unchanged average cell area (Wt:1.6-fold ↘)  
° Intracellular ATP preserved in transfected cells 

[30] 



 

 

 

° Less evident actin condensation 

Infection      

 500 ng/ml LPS for 5 h  Primary mouse cortical astrocytes n.d. ~2.3-fold ↗ n.d. [31] 

 500 ng/ml LPS for 5 h Primary mouse cortical astrocytes, 
siNgb-transfected 

n.d. Reduced with ~70% ° ~2-fold higher IL-6 mRNA levels 
° ~1.5-fold higher CXCL10 mRNA levels 

[31] 

 500 ng/ml LPS for 5 h Primary mouse cortical astrocytes, 
10 pM E2 

n.d. 4.5-fold ↗  Prevents LPS-linked elevation of IL-6 and CXCL10 
mRNA levels 

[31] 

Parkinson´s disease      

 C-terminally modified αSyn 
aggregation  

Human neuroglioma cells (H4), Ngb-
transfected 

n.d. n.d. ° ~2-fold lower number of aggregates per cell 
° No impact on lactate dehydrogenase release 

[32] 

OGD      

 ° 8-32 h 95% N2, 5% CO2 

° No recovery 
SH-SY5Y cells ° 24 h: ~2.5x ↗ 

° 32 h: 4.2x ↗ 
n.d. n.d. [23] 

 ° 16-24 h 95% N2, 5% CO2 

° No recovery 
SH-SY5Y cells, Ngb-EGFP-transfected n.d. Ngb/actin ↗ from 

100 to 25000% 
° More cell survival at both 16 and 24 h 
° H2O2 levels are about halved 

[23] 

 ° 4 h 90% N2, 5% CO2 
° 20 h recovery 

Primary mouse cortical neurons n.d. 1.8-fold ↗ n.d. [33] 

 ° 4 h 90% N2, 5% CO2 
° 4 h recovery 

Primary mouse cortical neurons n.d. 1.8-fold ↗ in 
mitochondria  

n.d. [34] 

 ° 4 h 90% N2, 5% CO2 
° 20 h recovery 

Primary Ngb-overexpressing 
transgenic cortical neurons (∼2.7-
fold ↗ Ngb protein level) 

n.d. 2.5-fold ↗ ° ~50% less neuronal death  
° Counteracts downregulation of i.a. Camk2g, Hif-1a, 
Il6st and Khsrp 

[33] 

 ° 4 h 90% N2, 5% CO2 
° 4 or 20 h recovery  

Primary mouse cortical neurons, 
AAV-Ngb-transduced  

n.d. 4.6-fold ↗  ° 16.4% less neuronal death  
° 0.26-fold less NAD+ level decline  

[35] 

 ° 4 h 90% N2, 5% CO2 
° 20 h recovery 

Neuronal mitochondria of mice, 
rNgb (90 μg/ml) co-incubated 

n.d. n.d. ° 0.82-fold less NAD+ release  
° 0.47-fold less Cyt c release 

[35] 

 ° 4 h 90% N2, 5% CO2 
° 4 or 20 h recovery 

Primary mouse cortical neurons, 
Ngb-shRNA-transfected 

Transfection 
efficiency ~40% 

n.d. ° 23.5% more neuronal death 
° 1.61-fold more Cyt c release  

[35] 

 ° 36 h 95% N2, 5% CO2 
° 12 h recovery 

SHSY5Y cells, Ngb-CPP-transduced 
(1 μM or 600 nM) 

n.d. n.d.  No significant improvement of viability  [36] 

Oxidative stress      

 24 h 300 μM H2O2 SH-SY5Y cells, Ngb-EGFP-transfected n.d. Optimal 12 h after 
transfection 

23.6% cell survival (only 11% in control cells) [37] 

AAV; adeno-associated virus, APP; amyloid precursor protein, AD; Alzheimer’s disease, CPP; cell penetrating peptide, E2; 17-oestradiol , EGFP; enhanced green fluorescent protein, LPS; 
lipopolysaccharide, Ngb; neuroglobin, NMDA; N-methyl-D-aspartate, RNS; reactive nitrogen species, ROS; reactive oxygen species, OGD; oxygen-glucose deprivation, wild-type; Wt. 



 

 

Table 1.2. In vivo alterations and neuroprotective actions of Ngb. 

Neurotoxic insult Model Ngb mRNA  Ngb protein Neuroprotection  

AD      

 28 d ICV Aβ(1-40) solution (4.6 
nmol/rat)  

° Male Wistar rats 
° Cortical coronal sections 

n.d. Ngb+ area 0.32% 
(1.85% in control) 

n.d. [38] 

 APP Swedish, Indiana 
mutation: K670N, M671L, 
V717F 

° 12-month-old Ngb++/APPSw,Ind 

double transgenics 
° Brain sections 

n.d. n.d. ° 12 m: 1.8 ng/g Aβ(1–40) (32 ng/g in Wt) 
° Normal somal microdomain distribution 
° Restored performance in Y-maze 

[19] 

 APP Swedish double 
mutation: K670N/M671L 

° 13-month-old Tg2576 mice 
° Brain sections and lysates 

n.d. ~ 3-fold ↘ as age-
matched controls 

Negative correlation between Ngb and tau-P at 
pT231 and pS396 sites in neurons 

[22] 

 APP Swedish + presenilin 1 
(PS1-dE9) mutation 

° 13-month-old APP/PS1 mice, 1 
mg/ml Ngb-pCDNA3.1 ICV 
° Brain lysates 

n.d. n.d. ° ↘ Aβ42: 105.9 to 79.5 pg/mg protein  
° Better Morris water maze performance 

[21] 

 Pathologically confirmed AD ° Mixed gender patients 
° Superior temporal lobe 

23% higher in AD cases 
as in controls 

n.d. n.d. 
 

[39] 

 Neuropathologies: AD, AGD 
and PD 

° Mixed gender patients 
° HC, subiculum and dorsal nucleus 
of the vagus 

n.d. ≈ in neurons with and 
without synuclein or 
tau  

n.d. [40] 

Combustion smoke inhalation      

 ° Wood shavings 
° 1 h: 5 min smoke, 10 s 
venting 

° Male Ngb++-Tg mice  
° Cerebrum 

Overexpression in 
cerebrum-cerebellum 

Broadly distributed in 
mid-brain region 

% inhibition of complex I 
° 0 h: 92.5±7.2 (78.2±4.4 in Wt) 
° 2 h: 76.7±7.4 (55.2±6.3 in Wt) 

[41] 

 ° Wood shavings 
° 1 h: 10 min smoke, 10-20 s 
venting 

° Male Ngb++-Tg mice  
° Cortical mitochondria 

n.d. Detected on blots, not 
in those of Wt controls 

° 1 h: 25% less OCR reduction as Wt 
° 24 h: lactate to baseline (↗ 60% in Wt) 
° 24 h: 120% ↗ c-Fos (250% in Wt) 

[42] 

 ° Cigarette smoke 
° 15 min/d for 5 d/w 

° Male Wistar rats (8 w) 
° Cortex and HC 

° Cortex 1.1-1.4x ↗ 
° HC 1.3-1.5x ↗ 

° Cortex 1.2-1.4x ↗ 
° HC 1-1.4x ↗ 

n.d. [43] 

 ° 25 ppm CO in 22% O2 

° 12 h/d up to age of 20 d  
° Sprague-Dawley rats 
° Cerebellum 

No significant change No significant change n.d. [44] 

Eye pathology 

 Predisposition to eye 
abnormalities, progressive 
glaucoma 

° DBA/2J mice (2 and 8 m), AAV2/2-
Ngb delivery 
° Retina 

3.4-/3.6-fold ↗ at 2/8 
months as compared to 
untreated 

Untreated: ↘ by age 
Treated: RGC 79% 
Ngb+ (2-fold ↗) 

° Decreased glial cell activation  
° Protection against RGC loss 
° Retinal morphology better preserved 
° Neuronal activity in the visual cortex ↗ 

[45] 

 Optic nerve injury ° C57BL/6 mice (8/9 w), 5 µM 
human/zebrafish chimeric Ngb  
° Retina 

n.d. Day 5: untreated (50% 
↘), treated (50% ↗)  

° 3x more of surviving RGC (day 14) 
° More than double # of regenerating axons as 
in control group 

[46] 



 

 

Huntington's disease 

 Huntingtin gene, carries 
approximately 120 ± 5 
(CAG)repeat expansions 

° Male and female R6/2 mice (7 and 
13 w) 
° Striatum 

n.d. ° ♂: ~2-fold ↗ as 
compared to Wt 
° ♀: higher in Wt 

Ngb protein mostly detected in neurons with 
large and medium perikarya 

[47] 

 Huntingtin gene, carries 
approximately 125 CAG-
repeat expansions 

° Male & female R6/2 mice (4-13 w) 
° Hippocampus 

n.d. ↘ by ~half in both 
female & male R6/2 
mice 

Mutant Huntingtin impairs 17β-estradiol-and 
BDNF-induced Ngb expression and 
mitochondrial localization 

[48] 

Hypoxia  

 1.5 h 7% O2, 93% N2 

 
° Female Ngb-/- mice 
° Brain lysates 

n.d. n.d. ° ↗ Hif1A, Cspp1, Adi1 & Prpf4b mRNA 
° ↘ Ubc, Rplp0, & Kidins220 mRNA 

[49] 

 2 h 7.6% O2, 92.4% N2 

 
° Female BALB/c mice 
° Cerebrum, cerebellum 

° Cerebrum: 1.1x ↗ 
° Cerebellum: 0.7x ↘ 

No upregulation 
across brain 

Expression only detected in neurons, e.g. 
Purkinje cells 

[50] 

 5 h, 6% O2 ° Sprague-Dawley rats  
° Whole brains 

↘ to half the normoxic 
value 

Slight down-regulation n.d. [51] 

 48 h 7% or 12% O2 

 
° Swiss CD1 mice 
° Total brains 

° 7 h: 1.95 ± 1.11  
° 12 h: 3.23 ± 1.16 

n.d. n.d. [52] 

 ≤ 48 h 7% O2, 93% N2 
 

° Swiss CD1 mice 
° Whole brains 

° 2,4,6, 12 h: = 
° 12, 48 h: ↗ 

n.d. Negative correlation between Ngb and H2O2 
concentration 

[11] 

 6 h 8% or 7 d 10% O2  ° Neonatal C57BL/6 mice 
° Whole brains 

7 d 10%: 2.01-fold ↗ P0: Ngb+ ↗ in cortex 
P7: unchanged 

n.d. [53] 

 14 d 10% O2, 90% N2  
 

° Male C57BL/6 mice 
° Whole brains 

Unchanged Unchanged n.d. [54] 

 ≤ 14 d 10% O2 
 

° Male Sprague–Dawley rats 
° Cortex 

Sustained ↗ of ~ 2-fold 
the baseline 

Sustained ↗ of ~ 1.8-
fold the baseline 

n.d. [55] 

 ≤ 14 d alternating 10%-21% 
O2 every 90 s 

° Male Sprague–Dawley rats 
° Cortex 

Only slight ↗ at day 1 Only slight ↗ at day 1 
and 3 

n.d. [55] 

 Deep subcortical WML ° Mixed gender cohort 
° Hypoxic milieu within WML 

n.d. # Ngb+ cells ↗ by ~10%  Ngb expression in activated microglia [56] 

Ischemia 

 ° 10 min MCAO 
° 3 d reperfusion 

° C57/B6, Ngb transgene under 
ubiquitin C promoter (10 w) 
° Hippocampus 

 Transgene: 4-fold ↗ Transgene: 2.5-fold ↗ ° Unaltered SOD, GPX, catalase activity 
° Ischemia injury ↘: i.e. lipid peroxidation, 
nitrotyrosine and ROS levels, cell death 

[57] 

 ° 30 min MCAO 
° 24 h reperfusion 

° BDF × CD1 mice: beta-actin 
promoter for Ngb overexpression 
° Whole brains 

n.d. Increased intensity on 
western blot 

° Overexpression: 30% ↘ infarct volume 
° Cerebral blood flow is ≈ in Wt and transgenic 
mice 

[58] 

 ° 1.5 h MCAO 
° 4-24 h reperfusion 

° Rats 
° Cortex, penumbra and core 

n.d. ↗ in cytoplasm of 
normal-appearing 
penumbric neurons  

n.d. [59] 



 

 

 ° 1.5 h MCAO 
° 24 h reperfusion 

° Male Sprague–Dawley rats, 0.72 nM 
Ngb oligodeoxynucleotide 
° Cortex 

n.d. Lower intensity on 
western blot 

° Knockdown: 56–60% ↗ infarct volume 
° Worsened neurological severity score 

[60] 

 ° 1.5 h MCAO 
° 24 h reperfusion 

° Male Sprague–Dawley rats, 
intracerebral AAV-Ngb 
 

n.d. ↗ IHC intensity in 
cortical neurons 

° 49–52% ↘ in the size of cerebral infarcts, 
primary in the cortex 
° Improved neurological function 

[60] 

 ° 2 h MCAO 
° 24 h reperfusion  

° Male C57BL/6J mice, 10 mg/kg i.v. 
TAT–Ngb 
° Brain hemispheres 

n.d. n.d. ° Decreased infarct volume & cell death 
° Improved neurological deficit scores 72 h after 
30-min MCAO  

[61] 

 ° 1,5 h MCAO 
° 24 h-1 w reperfusion 

° Spontaneously hypertensive rats 
° Brain hemispheres 

24 h: lowered by ~ 40% 1 w: no difference 
with sham animals 

° No difference in Ngb/NeuN ratio 
° Inverse correlation: infarct volume and # Ngb+ 
neurons 

[62] 

 ° 45 min MCAO 
° Up to 14 d reperfusion 

° Male hypertensive rats, CAV-2-Ngb 
transduced  
° Cortex and striatum 

n.d. 19 d: 25% ↗ (9.9% in 
Wt) 

° No effect on SBP or survival 
° ↘ infarct size in motor cortex & striatum 
° 14 d: less footfalls in tapered beam walk 

[63] 

 ° 12.5 min 2-vessel occlusion ° Male Wistar rats 
° HC, cortex; dentate gyrus 

No significant increases n.d. n.d. [64] 

 ° 1-2 h deep hypothermic 
circulatory arrest 
° 6 h reperfusion 

° Neonatal piglet model ° 1 h: unchanged 
° 2 h:↘ by ~ half 

n.d. Neuronal cell necrosis correlates with Ngb 
expression ↘ 

[65] 

Normal ageing      

 Neurologically normal 
subjects 

° Mixed gender cohort, 62±12.8 y 
° Superior temporal lobe  

°180x ↘ as ACTB  
° ↘ 1% per year 

n.d. Higher expression in rs8014408 carriers, but 
faster decrease upon ageing 

[66] 

TBI      

 Cryo-lesion in fronto-
parietal cortex 

° Mixed gender, C57BL/6j;129/Sv 
° Sagittal and coronal sections 

n.d. Astroglia: TBI edge 
(3d) & within (10d)  

n.d. [67] 

 Subarachnoid autologous 
arterial blood injection 

° Male Sprague–Dawley rats 
° Temporal cortex 

Peaks at 6 h post TBI: 3-
fold ↗ 

° ↗ up to 24 h after TBI 
° ↘ from 48 to 72 h 
after TBI 

Ngb positivity co-localizes for 98.9 % with 
NeuN, otherwise Iba1 but not GFAP 

[68] 

 450-g weight drop from 2 m 
height 

° Male Wistar rats 
° Whole brain lysates 

6/12/24/48 h: + 
929/490/171/133% 

6/12/24/48 h: + 447/ 
259/195/135 pg/mg 

n.d.  [69] 

 Needlestick injury ° Mixed gender Sprague Dawley rats 
° Neocortex 

n.d. ° 1 d: +++ staining  
° 3 d: ++ staining 
° 5-30 d: + staining  

Decrease in Ngb level after injury is statistically 
significant 

[70] 

 ° 3-mm injury tip  
° 6 m/s, 0.6 mm depth 

° Ngb++-Tg mice  
° Cerebral cortex 

n.d. 6 h: 196% of Wt shams ° ↘ 3NT levels and brain lesion volume 
° Unvaried sensorimotor/memory recovery 

[71] 

 ° 3-mm injury tip 
° 1.5 m/s, 1 mm depth 

° Male C57/BL6 mice 
° Cortex & coronal sections 

° 1/3/14 d: =  
° 7 d: ~2.2-fold ↗ 

7 d: glia/neurons of 
HC/cortex 

Ngb reactivity is primarily found near the injury 
site 

[72] 



 

 

 

 
 

 ° 3-mm injury tip 
° 1.5 m/s, 1 mm depth 

° Male B6.Cg-Tg(CAG-Ngb,-
EGFP)1Dgrn/J mice 
° Cerebral cortex 

n.d. 7 d: glia/neurons 
throughout the brain 

Improved sensorimotor recovery 
° 2 d: ~1.9 foot faults/min (~2.9 in Wt) 
° 7d: ~0.5 foot faults/min (~1.4 in Wt) 

[72] 

 Severe TBI: hematoma-and 
hemorrhage-related 

Caucasian patients n.d. n.d. ↘ outcome in rs3783988 alleles (Wt: TT): 
° 3 m: TT (30.3% good), CC/CT (14.0%) 
° 1 y: TT (51.5% good), CC/CT (29.4%) 

[73] 

 Intracerebral hemorrhage Patients with cerebral arteriovenous 
malformations 

n.d. ↗ in parenchyma 
adjacent to lesions 

Co-localization of Ngb with NeuN, but not GFAP [74] 

AD; Alzheimer’s disease, AGD; argyrophilic grain disease, APP; amyloid precursor protein, BDNF; brain-derived neurotrophic factor, HC; hippocampus, ICV; Intracerebroventricular, MCAO; 
middle cerebral artery occlusion, Ngb; neuroglobin, OCR; oxygen consumption rate, PD; Parkinson’s disease, RGC; retinal ganglion cells, ROS; reactive oxygen species, SBP; systolic blood 
pressure, TAT; trans-activator of transcription, TBI; traumatic brain injury, WML; white matter lesions, Wt; wild-type. 
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2. Ngb expression regulation  

2.1. Hypoxia linked elements - Hif1, SP1, mTOR -   

Despite the unlikelihood of Ngb having a primary role in maintaining oxygen homeostasis, 
its link with oxygen is strongly present. Many of the neurotoxic insults that increase Ngb 
expression are characterized by a direct (e.g. hypoxia) or indirect (e.g. ROS) dysregulated 
oxygen metabolism. Hence, it may be of no surprise that Hif1 levels are positively 
correlated with Ngb levels [11, 53, 75]. Though it is already noted that this is not a 
universal finding in all studies investigating Ngb expression under hypoxia (vide infra, [50, 
65]). The latter may be grounded in the regulatory elements upstream of Ngb’s promotor 
lacking a binding site for Hif1 [9]. As two GC-boxes in the region around the transcription 
start site are bound by transcription factors specificity protein (Sp) 1 and Sp3 [9, 76], it is 
hypothesized that Hif1 works through Sp1 to upregulate Ngb expression. Such a Hif1-Sp1-
Ngb axis is proposed, knowing Sp1 to participate in sequential gene activation 
downstream of Hif1 upon cerebral ischemia ([77], Fig. 1.2).  

 

 

Figure 1.2. Ngb expression regulation and downstream neuroprotective actions. Ngb is up-regulated under 
different conditions of cellular stress, containing binding sequences for regulatory elements as AP1, CREB, 
Ergr1, NF1, NF-κB, REST and SP1/3. Once expressed, downstream functions of Ngb can be paralleled to known 
effects of the respective pathways.  

 
Increases in Ngb levels originating from other cytological events could be promoted by 
Hif1 activity as well. The thyroid hormone 3,5,3'-triiodo-L-thyronine is involved in 
neuronal migration and differentiation, and regulates transcriptional responses related to 
mitochondria, neurotrophic factors, and the myelination of axons. In addition to its 
classical activation of thyroid hormone response elements, a non-classical mechanism 
was detected in which PI3K is activated by liganded thyroid receptor-β [78]. PI3K, in turn, 
upsurges transcription of Hif1 [78]. Hence, when intravenously administered to 
thyrodectomized rats, 3,5,3'-triiodo-L-thyronine was found to upsurge both Ngb mRNA 
and protein levels to control levels in cortices, hippocampi, and cerebella 24h after 
administration [79]. Higher mRNA levels were also detected at earlier time points, which 
did not correlate with still unaffected protein levels [79]. Such differences could be 
indicative for post-transcriptional processing of Ngb or for Ngb catabolism playing an 
important role in the regulation of its protein levels. By way of example, protein levels of 
Hif1 itself are mainly regulated by oxygen-sensitive prolyl hydroxylases, targeting Hif1 for 
ubiquitination and proteasomal degradation under normoxic conditions [80].
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In addition, Ngb is reported to be upregulated by and protective against Alzheimer's 
disease (AD) (Table 1.1, 1.2). AD brains exhibit a constitutive upregulation of Akt activation 
(p-Akt/total Akt ratio) [81], which could lead to Ngb expression through the TSC1/2-Rheb-
mTOR-Hif1 signaling pathway. This pathway could also contribute in Ngb levels being 
transiently affected during AD progression, i.e. being only elevated in up to moderately 
affected AD brains [39, 82]. Where prolyl hydroxylases are key to fine-tune protein levels 
of Hif1, microRNAs form an alternative mechanism for its post-transcriptional regulation. 
In particular, microRNA-155 expression is induced upon prolonged hypoxia, silencing Hif1 
translation [83]. Interestingly, we recently showed Ngb transcription to be downregulated 
in cortices and hippocampi of young APP23 mice subjected to whole body hypoxia [84], 
providing evidence for a key role in the downregulation of Ngb transcription to be played 
by AD angiopathogenesis. 
 
Mitochondrial functioning and autophagy in relation to cellular senescence and AD are 
other downstream processes of mTOR signaling [85]. Not only do Ngb protein levels 
undergo an age-related decline under physiological ageing [86], mitochondrial functioning 
and autophagy are cellular mechanisms to which Ngb has been linked (Fig. 2). Moreover, 
Ngb binds gamma-aminobutyric acid, which plays a key role in autophagosome formation 
[87]. Ngb silencing also downregulates expression of Entpd4. The associated Entpd4 
protein participates in nucleotide turnover in the lysosomal-autophagolysosomal 
membrane [88]. Although indirect evidence suggests a link between the mTOR pathway 
and Ngb, such a pathway of events remains to be studied. Regardless of the detection of 
a direct link between Ngb and mTOR, reductions in Ngb, with its cytoprotective 
properties, could contribute to the age-related susceptibility to ailments of the neuronal 
system. 
 

2.2. Neuronal survival linked elements - REST, CREB -  

The Ngb promotor contains two RE1-Silencing Transcription factor (REST) sites -359 and -
127 bp relative to the transcription start site [76]. REST activation is known to work 
neuroprotective, repressing pro-apoptotic genes [89]. Expression of REST is upregulated 
along physiological ageing. This is, at least partly, attributed to canonical Wnt-β-catenin 
signaling, a pathway known for controlling cell proliferation and fate throughout 
development and adult life [89]. In cases of aggregation pathology, e.g. AD and 
frontotemporal lobar degeneration, REST appears trapped in cytoplasmic inclusions. 
Subsequent depletion of its nuclear levels entails the loss of downstream oxidative stress 
resistance and apoptosis counteraction ([89], Fig. 1.2). The latter may also contribute in 
the Ngb transcription up-regulation, seen in early-AD-stage-brains, to be lost when the 
AD pathology reaches end-stages [39, 82]. REST transcription is indeed detected to 
correlate with the one of Ngb in cortices of mouse models of β-amyloid pathology and 
hypoxia [84]. REST-mediated Ngb expression regulation could be extended to other 
etiologies in which cellular damage reaches a certain threshold as well; e.g. Ngb 
expression is upregulated after sub-acute and chronic traumatic brain injuries but not 
after an acute injury [90]. Of note, the 5′-flanking region of the Ngb gene comprises two 
CpG methylation islands from -874 to -600 and from -157 to +885 relative to the 
transcription start site [76]. As REST activation also influences histone acetylation 
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modifications [89], it remains to be elucidated to which extend (de)acetylation and 
(de)methylation patterns influence Ngb expression upon different cellular conditions.  
 
Incubation with 10 nM 17β-estradiol (1h) enriches the H3K4me3 epigenetic marker at the 
Ngb promoter site in SK-N-BE and NT2 differentiated cells [91]. The expression-enhancing, 
non-coding RNA transcript (chr14:77,735,963-77,736,462; hg19) in Ngb’s first exon gets 
marked by H3K4me1 and H3K27Ac as well [91]. Hence, Ngb could be one of the neuronal 
genes that are influenced by steroid hormones, i.e. 17β-estradiol, which are known for 
their mitogenic, anti-apoptotic and anti-inflammatory effects. A 24 hours incubation with 
1 nM 17β-estradiol was detected to raise Ngb protein levels by 300% in SK-N-BE 
neuroblastoma cells and mouse hippocampal neurons [92]. Another study detected a 2- 
and 2.5-fold increase in SK-N-BE and NT2 cells at a higher concentration of 10 nM [91]. 
However, no (or almost no) Ngb reads could be identified in a recent RNA-seq study on 
the SK-N-BE cell line [6], putting the previous findings to the question. Other papers 
already pinpointed the need to consider the different detection methods and tissue 
preparations which are being used for Ngb quantification, as well as the necessity to 
validate antibodies [93]. Ngb is indeed characterized by a  low antigenicity and, as a result, 
the occurrence of antibody cross reactivity has been described before [94]. Discrepancies 
between Ngb transcript and protein levels have been detected as well [68, 79]. Given the 
above, it could be of interest to investigate the endogenous epigenetic status of Ngb in 
the different experimental setups, in addition to displaying extra vigilance on the used 
Ngb detection system.  
 
The cAMP response element binding (CREB) protein is another transcription factor with a 
binding site in Ngb’s regulatory region [95]. CREB-mediated transcription is linked to ROS 
detoxification, vertebrate synaptic plasticity and neuronal survival (reviewed in [96]). Of 
note, once transcribed, Ngb can induce a phosphorylation cascade, starting from Akt, 
which leads to i.a. CREB activation [38]. Hence, an elevated Ngb protein level could be 
sustained through such a positive feedback loop. The latter still has to be demonstrated 
experimentally.  
 

2.3. Pharmacological induction of Ngb  

In light of the neuroprotective effects of elevated Ngb levels, different pathologies and 
injuries of the nervous system might benefit from therapeutically increasing intracellular 
Ngb levels. The most self-evident way to address Ngb levels would be a recombinant 
protein replenishment therapy, which is incompatible with Ngb being membrane 
impermeable. Hence, studies have been elucidating the potential of pharmacologically 
increasing Ngb levels, in which the use of pharmaceuticals with a blood-brain-barrier 
(BBB)-crossing capacity would be most preferable.  
 
Administration of hemin, an iron-containing porphyrin, forms part of the clinical 
management of porphyria attacks, which are characterized by gastrointestinal and 
neuropathic symptoms, and etiologically grounded in a dysfunctional heme biosynthesis 
(OMIM #176000). When added to the culture medium of hippocampal HN33 cells, 50 μM 
hemin increases both Ngb transcript and protein levels up to 4-fold. The expression 
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is regulated by sGC-PKG signaling [97], an upstream effector of i.a. vesicle cycling, actin 
remodeling and neurite outgrowth. 
 
HN33 cells were detected to have increased their Ngb protein level 5 to 14-fold above 
control levels when grown in valproic acid and cinnamic acid containing medium, 
respectively. Though the mechanism of action is still unclear, the Ngb expression inducing 
effect of both short-chain fatty acids is unlikely caused by histone deacetylase inhibition 
[98]. Of note, valproic acid is the active compound in a variety of anticonvulsant drugs, 
primarily used in the treatment of generalized and partial epilepsy. Cinnamic acid 
(derivates), on the contrary, are being investigated as histone deacetylase inhibitors for 
the treatment of solid tumors and hematological malignancies (e.g. registered at 
www.clinicaltrials.gov as NCT01496118, NCT01451268). Hence, these therapeutic 
indications are less in accordance with those in which Ngb has been detected to have a 
beneficial effect (Table 1.1, 1.2). 
 
Ngb expression in primary mouse cortical neurons is elevated by 100 μM deferoxamine 
[59]. This chelating, BBB-crossing agent has therapeutic indications that include chronic 
iron overload (hemochromatosis, OMIM #235200), acute iron intoxication and chronic 
aluminum overload in end stage renal failure. The chemical works through the activation 
of hypoxia-inducible genes, such as Hif1 [59]. Another molecule is Tibolone. This synthetic, 
BBB-crossing steroid works through complex formation with Sp1 downstream of Hif1 [99]. 
It has a clinical efficacy in the prevention of osteoporosis and the relief of the symptoms 
related to estrogen deficiency. Interestingly, it has important neuroprotective effects on 
the central nervous system as well [100]. This raises the question as to whether Ngb 
upregulation could be in part attributing to these effects. When administered at 10 nM to 
primary cortical cell cultures of mice, Ngb expression levels increase ~1.8-fold [101]. The 
latter is increased to ~2.5-fold when combined with oxygen-glucose deprivation (OGD), 
an increase that is also observed on the protein level. Of interest, Ngb silencing prevents 
tibolone’s support of cell survival under OGD; with cells losing their mitochondrial 
membrane potential [101].   
 
CREB-linked Ngb transcription can be targeted by natural compounds as formononetin, 
providing protection against OGD-induced neurotoxicity in primary neuronal cultures 
[102]. In addition, given the cell survival characteristics of CREB and Ngb, an Ibuprofen 
and (R)-α-lipoic acid conjugate was developed as to combine the known AD-ameliorating 
effects of both components and as to study the molecular events attributed to Ngb 
activation. Subcutaneous administration of the conjugate to AD rats (250 μL/kg) results in 
their brains maintaining Ngb levels to healthy control levels, even at vast amounts of 
intracerebroventricular Aβ(1-40). Moreover, the sustained Ngb levels correlate with less 
apoptosome formation and cell death [38].  
 
Another fusion molecule, Tat-Ngb, was created, making recombinant Ngb cell- and 
possibly BBB-permeable. The protein, produced by Pichia pastoris, was found to increase 
Ngb levels in pheochromocytoma PC12 cells and, as such, to avert hypoxia-linked cellular 
damage [103]. The fusion protein was further detected to boost axon regeneration in N2a 
cells and primary mouse neurons after OGD-reperfusion injury [104]. Oxygen-Ngb-p38-
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GAP43 signaling is underlying the obtained results [104]. Irrespective, Ngb might have 
some cytoprotective effects in the periphery as well. Azarov et al. engineered human Ngb-
H64Q-CCC, which is 1200 times faster in displacing CO from carboxyhemoglobin in 
comparison to when only atmospheric oxygen is present [105]. Intravenous infusion of 
CO-poisoned mice with the Ngb-ligand-trap antidote increases their survival rate to 87.5% 
as compared to less than 10% in control mice. With CO-bound Ngb-H64Q-CCC to be 
detected in the mice’s urine, this approach also appears promising with regard to safety 
of therapy [105]. 
 
Given the different transcription factors with a known link to neuroprotection regulating 
the expression of Ngb transcription, the notion is underscored of Ngb being involved in 
the preservation of nervous system homeostasis. 
 

3. Ngb modes of action  

3.1. Constraint and use of oxidative molecules   

An essential element in the understanding of Ngb’s functions and mechanisms of action 
lies in its unique structure. The 8 alpha helixes (3’-A-B-C-D-E-F-G-H-5’) of Ngb’s secondary 
protein structure are stacked in the classical three-over-three alpha-helical fold to 
generate a 3-dimensional hydrophobic pocket for the central heme iron atom [12, 106]. 
A structural deviation from other globins, such as hemoglobin and myoglobin, lies in Ngb’s 
wide protein core cavity and its structural flexibility encompassing the C and E helix region 
[106]. The latter enables the sixth position of the Ngb heme iron to reversibly coordinate 
with either an external ligand (hexacoordinated), the HisE7 residue (hexacoordinated) or 
being unbound (pentacoordinated) [10, 12]. Hence, an external ligand as O2 or nitric oxide 
(NO) can only bind the heme atom after disruption of the iron-HisE7 bond, a process of 
which the kinetics are strongly influenced by the redox state of the internal Ngb CysCD7-
CysD5 disulfide bond [107-110]. By way of example, the kon of CO and O2 shifts from 40 
and 140 μm-1 s-1 to 50 and 170 μm-1 s-1 after disulfide bridge disruption, respectively [107].  
 
Both cysteines lie at the internal cavity in the CD-loop region, linking the C and D helixes 
of the globin fold [9, 111]. The importance of the intramolecular disulfide bond is 
represented by the position of both cysteine residues being remarkably conserved [111]. 
Such conservation is grounded in the cysteine bridge being able to translate the redox 
state of the cell into differential ligand affinities (binding and release) by controlling the 
heme iron coordination (hexa <-> penta) (Fig. 1.3). Electron transfers induce 
conformational changes of the imidazole planes of the heme pocket, completing the 
transitioning between the reduced (NgbSH) and oxidized (NgbSS) state [107, 112]. Hence, 
it may be of no surprise that Ngb is also detected in cellular compartments which set the 
redox environment of the cell. Where generally the vast majority of the cellular Ngb 
content is detected within the cytosol, different studies also describe a Ngb mitochondrial 
pool to be present under different cellular conditions [27, 34, 113, 114]. The 
mitochondrial Ngb fraction ranges from near 8% in primary mouse cortical neuron culture 
[34] to 70% in retinal neurons of the rat [27]; even though Ngb lacks a mitochondrial 
signaling sequence. 
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Figure 1.3. Impact of the cellular redox state on (neuro)protective functions of Ngb. The CysCD7-CysD5 
disulfide bond is indicated as present (S-S) or absent (depicted with reduced sulfhydryl –SH groups). 
Hexacoordinated Ngb interacts with mitochondrial voltage-dependent anion channels (VDAC), counteracting 
the release of apoptotic cytochrome c. Ferric (Fe3+) Ngb, e.g. formed after the reduction of ferric cytochrome 
c, is recruited to lipid rafts by binding to flottillin-1. The interaction opposes the activation of α-subunits of 
heterotrimeric G proteins (Gα) by acting as a guanine nucleotide dissociation inhibitor. Preventing cellular 
cAMP levels to drop adds to neuroprotection. The oxidation state of Ngb further contributes in the scavenging 
and detoxification of reactive oxygen and nitrogen species.  
 
Ngb exerts both a nitrite reductase function and a NO dioxygenase activity (Fig. 1.3). 
Hence, Ngb plays an important role in adapting NO levels to the cellular state. NO has 
beneficial effects under oxygen depletion. It evokes hypoxic vasodilation and reversibly 
inhibits cytochrome oxidase, limiting mitochondrial respiration and ROS production [115]. 
Interestingly, in case of oxidative stress, the cellular environment will favor the oxidized 
state of Ngb. NgbSS generates NO at a rate (k of NgbSS = 0.12 ± 0.02 m−1s−1) that
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 is close to 2-fold higher as to when the disulfide bond is reduced (k of NgbSH = 0.062 ± 
0.005 m−1s−1) [116]. The production of NO is further promoted by ERK1/2 and PKA 
activation upon hypoxic and ischemic insults. Both kinases have docking sites on Ngb 
(amino acids 17/19/50/51) and subsequent phosphorylation increases Ngb’s nitrite 
reductase activity up to 4-fold the non-phosphorylated level [117]. Phosphorylation also 
facilitates the binding of 14-3-3 scaffold proteins, which counteract dephosphorylation by 
phosphatase activity [117].  
 
However, NO excesses need to be detoxified, including when oxygen levels are stable. NO 
interacts with superoxide to form peroxynitrite that creates strong nitrating agents 
together with CO2. Being located in the vicinity of mitochondria and within, Ngb appears 
to be an ideal candidate scavenger. Ferric (Fe3+) Ngb can bind NO following bi-exponential 
kinetics (6.6 ± 0.5 × 10–3 s–1 and 2.0 ± 0.1 × 10–3 s–1). This generates a thermodynamically 
stable ferrous (Fe2+) Ngb-NO species by reductive nitrosylation [14]. Once bound, NO 
initially shields the ferrous iron from (auto)oxidation [109]. For Ngb’s NO dioxygenase 
activity, the globin contains multiple docking sites in which gaseous ligands can bind for 
up to several hundred microseconds before sequential reactions take place with the 
central heme atom [7]. The reaction could exist in a synergism with the scavenger activity 
of ferric Ngb against superoxide, which was detected to have a IC50 value of 7.4±0.7 µM 
([16], Fig. 1.3). 
 

3.2. Cell life and death decisions  

Mitochondria are not only key players in cellular ATP production, providing in the high 
energy demand of neurons, they also initiate or contribute in the apoptosis process when 
cellular damage accumulates. The notion of Ngb playing an important role in the 
counteraction of cell death is consistent with Ngb’s significant redistribution to the 
mitochondria upon OGD [34, 118]. Although the ratio of mitochondrial Ngb to the total 
intracellular Ngb level only slightly increases from 7.8% in healthy neurons to 9.9% upon 
OGD, this increase represents a significant 2.1-fold increase of mitochondrial Ngb [34]. Of 
interest, Ngb-interacting partners have been studied before, some of which are 
mitochondrial proteins involved in apoptosis (Table 1.3). One of these proteins is the 
voltage-dependent anion channel (VDAC) ([87], Fig. 1.3). VDAC is an important regulator 
of ATP- and Ca2+ transport, which spans the mitochondrial outer membrane. In cases of 
oxidative stress, superoxide initiates the fast release of cytochrome c through VDAC-
dependent permeabilization [119]. Hence, Ngb is proposed to oppose neuronal apoptosis 
by its binding to VDAC, blocking the discharge of cytochrome c into the cytosol. 
Furthermore, VDAC blockers (DIDS and dextran sulfate) inhibit OGD-induced Ngb 
translocation to the mitochondria. Inhibition of the mitochondrial permeability transition 
pore (mPTP) was detected to have a similar effect on mitochondrial Ngb transport [34]. 
Knowing mPTP activation to be linked to events of late apoptosis and necrosis, including 
matrix swelling [120], it is questioned whether Ngb might be involved in those processes 
in some or other way as well. In support of this idea, Ngb overexpressing SH-SY5Y cells are 
protected against Ca2+ influxes and increases of cellular uptake of Fe, Cu and Zn, 
associated with hypoxia-reoxygenation injury [30]. 
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Of the cytosolic Ngb fraction, a chief part has been detected in close proximity with 
mitochondria [121]. During hypoxic events, Ngb protects against the formation of a lipid 
raft-mitochondrial-actin cytoskeletal lattice death signal by opposing Pak1 kinase activity, 
reducing Rac1-GDP dissociation and the inhibition of actin assembly [122]. When localized 
in such mitochondrial vicinity, Ngb is also thought to prevent leaked ferric cytochrome c 
to interact with apoptotic protease-activating factor-1 (Apaf-1) and, hence, its 
oligomerization into an Apaf-1 apoptosome. Such impediment is achieved by ferrous Ngb 
being able to reduce ferric cytochrome c very fast (k = 2 × 107 M−1 s−1) [17]. A cytochrome 
reducing role for Ngb is further supported by the redox potential of cytochrome c, which 
is more positive as the one of Ngb [123]. Of note, in order to inactivate more than one 
cytochrome c, ferric Ngb is to be reduced back to its ferrous form. Such a reductase has 
not yet been identified (Fig. 1.3).  
 

Ferric Ngb also exerts a pro-survival function, evinced by its recruitment to lipid rafts by 
binding to flottillin-1 [124, 125]. The interaction is not carried out by ferrous ligand-bound 
Ngb [124, 125]. At the membrane, it is proposed that ferric Ngb counteracts ROS-induced 
activation of α-subunits of heterotrimeric G proteins, acting as a guanine nucleotide 
dissociation inhibitor. The subsequent maintenance of cAMP levels contributes to cell 
survival [124]. Glu53, Glu60, Arg97, Glu118 and Glu151 residues of Ngb are crucial for this 
interaction [126]. It is also reported that Ngb interacts with Na/K-ATPase subunits, of 
which the function reaches further then the establishment of concentration gradients. 
Na/K-ATPase can form a functional complex with Src family kinases, leading to 
downstream effects on the Ras/Raf/ERK1/2 cascade and mitochondrial ROS production 
[127, 128]. However, a direct link between Ngb and this pathway remains to be shown.  
 
Consideration should be given to the fact that the chronic inhibition of apoptosis paves 
the way for malignancy. To circumvent chronic promotion of tumor formation only ~30% 
of the neuronal Ngb fraction is present in the anti-apoptotic ferrous state [129]. In case 
of lowered oxygen concentrations (e.g. as seen in stroke), oxygen quickly dissociates from 
the previously oxygenated form (dissociation rate constant of 4 s−1) [129]. Reduction 
equivalents (NADH + H+) further accumulate within the cell, making Ngb to potentially 
function as an oxidator of NADH to increase ATP generation by glycolysis [130]. The latter 
could contribute to the observation of a readjusted redox cycle towards the active 
hexacoordinated NgbSS form of the protein (to ~80% of the cellular Ngb content) and this 
in a seconds time scale ([107, 129], Fig. 1.3). Moreover, Ngb levels need to outweigh those 
of Apaf-1, having both proteins binding to the same docking site on the cytochrome c 
surface [131]. Quantitative modelling even revealed the requirement of a high 
stoichiometric ratio of Ngb:cytochrome c to fully constrain apoptosis initiation [131]. The 
latter is in accordance with the significant increases of Ngb expression under neuronal 
stress (Table 1.1, 1.2). Hence, Ngb should be regarded as a protein that augments the 
threshold for apoptosis initiation rather than one that completely averts cell death.   



 

 

  Table 1.3. In literature-described Ngb-protein interactions. 

Ngb binding partner Cellular location Model(s) Identification Validation Ref. 

14-3-3 protein Cytosol SH-SY5Y cells, brainstem and 

thalamus of sheep 

Co-IP - WB FRET analysis [117] 

Casein kinase 2, alpha prime polypeptide Cytosol, nucleus, plasma 

membrane 

HEK293 Co-IP - MS Cross-laboratory 

comparison 

[132] 

Cystatin C Extracellular, cytosol, ER Yeast, recombinant proteins Y2H screen SPR analysis [133] 

Cytochrome C1 Mitochondrion, nucleus Yeast, primary mouse cortical neurons Y2H screen Co-IP - WB [87] 

Primary mouse cortical neurons IHC co-localization Co-IP - WB [118] 

Cytochrome B5, C ER, extracellular, mitochondrion, 

cytosol 

Recombinant proteins Absorbance spectrum Kinetic traces [17] 

Disheveled homolog 1 Cytosol, nucleus, plasma 

membrane 

Yeast, primary mouse cortical neurons Y2H screen Co-IP - WB [87] 

Electron transferring flavoprotein α 

subunit 

Extracellular, mitochondrion Yeast, primary mouse cortical neurons Y2H screen Co-IP - WB [87] 

Flotillin-1 Cytosol, plasma membrane Yeast, rat brain extract Y2H screen GST pull-down - WB [125] 

  Primary mouse cortical neurons Co-IP - WB  [122] 

GABAA receptor-associated protein-like 1 Cytosol, ER, Golgi  Yeast, primary mouse cortical neurons Y2H screen Co-IP - WB [87] 

Heterotrimeric G protein α subunit Plasma membrane, lysosome, 

cytoskeleton  

Recombinant human Ngb SPR analysis Functional assays [134] 

Huntingtin Cytosol, nucleus SK-N-BE cells Co-IP - WB Proximity ligation 

assay; Duolink 

[48] 

Microtubule-associated protein 1 Cytosol, cytoskeleton Yeast, primary mouse cortical neurons Y2H screen Co-IP - WB [87] 

Na/K ATPase β1,2,3 Plasma membrane Yeast, primary mouse cortical neurons Y2H screen Co-IP - WB [87] 

P21 (RAC1) activated kinase 1 Cytosol, Golgi, membranes Primary mouse cortical neurons Co-IP - WB Functional assay [122] 



 

 

p38 mitogen-activated protein kinase Cytosol, nucleus  N2a cells  Bimolecular fluorescence 

complementation assay 

GST pull-down - WB, 

Ngb mutant analyses  

[104] 

Synaptotagmin I Plasma membrane Yeast, primary mouse cortical neurons Y2H screen Co-IP - WB [87] 

Thioredoxin reductase Cytosol, extracellular, nucleus Recombinant proteins Absorbance spectrum MS [135] 

Ubiquitin C Cytosol, extracellular, nucleus Yeast, primary mouse cortical neurons Y2H screen Co-IP - WB [87] 

Voltage-dependent anion channel 1 Mitochondrion, nucleus, plasma 

membrane, cytosol 

Yeast, primary mouse cortical neurons Y2H screen Co-IP - WB [87] 

ER; endoplasmic reticulum, FRET; fluorescence resonance energy transfer, GFP; green fluorescent protein, GST; glutathione S-transferase, IHC; immunocytochemistry, IP; 

immunoprecipitation, MS; mass spectrometry, Ngb; neuroglobin, SPR; surface plasmon resonance, WB; western blot, Y2H; yeast two-hybrid. 
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Cancer cells, however, are known to circumvent cell cycle control [136] and to evade 
immune surveillance [137]. Hence, it is not unthinkable that, if of physiological relevance, 
malignant cells also dysregulate Ngb’s biology in their advantage, i.e. as part of their triad 
of defense mechanisms against cell death and the hypoxic tumor environment. Ngb 
expression is indeed found upregulated in some squamous cell carcinomas, 
adenocarcinomas [138], and glioblastomas [24, 139]. The ectopic activation of Ngb 
expression, however, does not appear to be a classic constituent of malignancy. No Ngb 
upregulations were detected in a wide screening on samples of: Burkit’s lymphoma, 
lymphoblastic leukemia, melanoma, glioblastoma and astrocytoma [140]. Hence, 
increased Ngb transcription could be rather attributed to a specific tumor environment 
as to tumor types. In support of this idea, Ngb levels were found to be upregulated in 
MCF-7 breast cancer cells upon addition of ROS inducers as hydrogen peroxide and 
lead(IV), but to be unaltered in a PO2 of 2%, representing the medium hypoxic tumor 
microenvironment [141]. Moreover, a better comprehension is needed on whether 
and/or how Ngb upregulation is contributing to the impediment of malignant cell 
eradication. In line with this indistinctness, Ngb levels have been detected to be up-
regulated in SK-N-LP neuroblastoma cells upon treatment with anti-cancer agents of the 
di-2-pyridylketone thiosemicarbazone series [142]. These compounds are highly potent 
copper chelators, inhibiting neuroblastoma growth [142]. In this case, elevated Ngb levels 
do not impact cell death. On the other hand, increased levels of Ngb have been detected 
to negatively influence the sensitivity of MCF-7 breast cancer cells to the active 
chemotherapeutic agent paclitaxel (Taxol) [143]. The latter acts through inhibition of 
microtubule depolymerization, opposing the dynamic reorganization of the microtubule 
network during mitosis.  
 

3.3. Implication of Ngb on astrocytic inflammatory and pro-healing pathways 

Consensus has not yet been reached on astroglial expression of Ngb. Though Ngb was 
detected in primary cultures of murine cortical astrocytes and in human T98G astroglial 
cells [101, 144], positivity was not detected in glioblastoma cell lines (DKMG, GAMG) 
[145], in astroglia across the adult subventricular zone of rats [146] or in astrocytes of 
whole mouse brain sections under control conditions [86]. Given the fact that culturing of 
astrocytes can endorse cellular stress due to the culture conditions or the disruption of 
process extensions [27], it was hypothesized that resting astroglia express negligible levels 
of Ngb. As for neurons, transcription could be increased in regions with or in the proximity 
of cellular damage. In addition to cell culturing conditions, the latter includes: traumatic 
brain injury [31, 67, 72], metabolic stress [147], cerebral malaria and autoimmune 
encephalitis [67]. Ngb-expressing astroglia are also linked to tolerance towards chronic 
environmental hypoxia as found in brains of aquatic mammals and the subterranean mole 
rat Spalax [51, 148]. Moreover, where neuronal transcription of Ngb returns to baseline 
after the insult [69, 70], Ngb immuno-reactive astrocytes persist up to 12 months after 
brain trauma in patients [90]. The latter is in accordance with astrocytes playing an 
important role in the maintenance of homeostasis in neural tissue, providing neurotrophic 
factors, regulating glutamate transport and neuroinflammation, and releasing 
neuroprotective molecules ([149], Fig. 1.4). One of these restorative and protective 
molecules is the platelet derived growth factor subtype BB. The latter was shown to also 
upregulate Ngb expression in T98G astrocytic cells [150]. Even in cases of cellular stress, 
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not every study so far has observed a link between Ngb and astroglia. Astroglial Ngb 
immunoreactivity was not detected in white matter lesions of a postmortem cohort [56], 
hypoxic murine brains [50, 68] and in ischemic stroke tissue of patients [151]. 
Dissimilarities could be the result of experimental differences, including the antibodies 
used, as mentioned earlier. The induction of astroglial Ngb expression could also be 
constraint to specific tissue regions and/or insults. A recent meta-analysis study of 
Fabrizius et al. indicated conserved patterns of Ngb expression, i.e. high- and low-
expressing cells and tissues [6].
 

 
 
Figure 1.4. Astroglia play a supporting, (anti-)inflammatory role in the central nervous system. No consensus 
is yet reached regarding as to whether Ngb does play a role in the astroglial functioning. Though, data point 
to increased Ngb levels to contribute to an anti-inflammatory phenotype of astroglia, an upregulation which 
may be induced under specific stress signals. BDNF; brain-derived neurotrophic factor, CNTF; ciliary 
neurotrophic factor, GDNF; glial cell-derived neurotrophic factor, IGF1; insulin-like growth factor 1, IL; 
interleukin, PDGF-BB; platelet derived growth factor subtype BB, TGF-b; transforming growth factor-beta, 
VEGF; vascular endothelial growth factor.
 

Irrespective of whether or not astroglia express Ngb, Ngb could indirectly effectuate 
changes in astroglial functions. When looking at neuron-specific AAV2-mediated 
overexpression of Ngb, mRNA levels of the glial fibrillary acidic protein (GFAP) are reduced 
by 19% in a murine model of Wallerian degeneration [152]. Knowing increased GFAP 
expression to be a hallmark of reactive astrocytes, it can be presumed that a Ngb-
associated anti-inflammatory environment contributes to the observed preservation of 
axons [152]. However, the latter remains to be investigated. Ngb silencing also impairs 
the reduction of the lipopolysaccharide-induced expression of the universal astroglial 
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marker vimentin [31]. To boost neuronal regeneration and anti-apoptotic mechanisms, 
injury-induced astroglia characteristically produce transforming growth factor beta (TGF-
b) [153]. Given the link with functions associated with Ngb, the synergism between TGF-
b and Ngb has been investigated in post-mortem cortical tissue of depressed and non-
depressed individuals. A significant change was found for neither of the molecules [154]. 
Hence, the white matter lesions and ischemia associated with depression might be of a 
too low severity for Ngb’s neuroprotection to act. 
 
Finally, an anti-inflammatory effect associated with Ngb increases could not be limited to 
astroglia. Glial Müller cells increase their Ngb content above the one of resting cells as a 
response to retinal injury [155]. Moreover, post-mortem tissue with white matter 
ischemia shows Ngb to be co-localized with microglial CD68 [56]. Ngb was also found in 
Iba1-positive cells in a rat model of subarachnoid hemorrhage [68]. The anti-
inflammatory, regenerative effect could be a conjunction between actions of different 
cells as well. Culture medium of human adipose tissue-derived mesenchymal stem cells 
(2%) upsurges the transcription of Ngb by 251% in human astrocyte T98G cells upon 
mechanical injury and glucose deprivation [156]. The subsequent protective effect is 
abrogated when Ngb expression is silenced: reducing the mitochondrial membrane 
potential, lowering mitochondrial mass and upsurging both superoxide and hydrogen 
peroxide levels [156]. In addition, transgenic overexpression of Ngb in a mouse model of 
acute myocardial infarction attenuates the expression of inflammatory markers in infarct 
border tissue: i.e. of Hif1, ICAM1 and VCAM1 [157]. 
 

3.4. Neurogenesis, improving brain integrity 

Like most tissues, the nervous system contains stem cells which, through amplification 
and differentiation, are capable of replacing damaged and/or aged cells [1]. Hence, the 
observed ameliorations in tissue integrity upon Ngb expression induction (Table 1.2) 
could be attributed to not only an enhanced cell survival of existing cells, but to a boosted 
cell proliferation and differentiation as well. Of interest, neuronal stem cells in the 
subventricular zone of adult rats show a clear Ngb immunoreactivity [146]. Ngb levels are 
further positively and negatively correlated with cell cycle proteins Cdkn1a and Cdk6, 
respectively, in murine neural stem cells [158]. Transcription factors SOX-3 and SOX-4, 
both associated with the preservation of the progenitor neuronal cell pool, are also co-
transcribed with Ngb in the neurogenic subventricular zone [159]. Moreover, the 
expression appears correlated to the differentiation state of the cells. Where the Ngb 
levels are barely noticeable in embryonic stem cells, the Ngb/actin density ratio increases 
to 0.10 in neuronal stem cells and is still further elevated by about 40% in neuronally 
differentiated neuronal stem cells [146]. Mouse Ngb transcript levels further increase 
steadily from embryonic brains over newborns to a yield which is the highest in young 
adult brain [6]. The inverse relationship is observed when looking at non-neuronal cells as 
peripheral blood hematopoietic stem/progenitor cells. Ngb protein levels are two-fold 
higher in uncommitted hematopoietic stem/progenitor cells (CD34high/bright) as in more 
mature ones (CD34low) [160]. These results are in accordance with a role for Ngb in the 
maintenance of the stem cell pool and with Ngb playing an even more pronounced role 
in neuronal differentiation, but not in the differentiation of other cell types. Accordingly, 
GATA2 binding to its transcription factor binding site upstream of the human Ngb gene 
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was identified to increase Ngb transcription [161]. Hence, Ngb might  take part in known 
effects of GATA2 activation, being migration and differentiation of immature neuronal 
precursors [162, 163]. The gene neighborhood of Ngb also contains other conserved 
vertebrate transcription factor binding sites linked to neuronal cell fate and development 
(AP2α, Churchill, INSM1, Klf4, REST) [164]. Developmental regulation was already 
described for two other globins, i.e. hemoglobin [165] and myoglobin [166].  
 
Basal ganglia and parietal lobes of patients with intracerebral hemorrhage exhibit 
increased levels of proliferation and neuronal stem cell markers involved in neurogenesis 
[167]. A role may be reserved for Ngb in this tissue repair process. Perihematomal neurons 
and those adjacent to unruptured arteriovenous malformations show an enhanced 
immunohistochemical staining of Ngb [74]. In line with a role for Ngb in neurogenesis, a 
main part of the cellular Ngb fraction is present in axons and dendrites during neuronal 
development [168]. This localization is associated with neurite outgrowth. Ngb silencing 
in N2a cells reduces the length of neurites to 0–20 μm in over 70% of the cells [168]. On 
the other hand, overexpression of mouse Ngb significantly enhances neurite outgrowth 
in RGC-5 cells [169]. An underlying mechanism is found in Ngb levels positively correlating 
with elevated Akt (Ser473) and downscaled PTEN (Ser380/Thr382/Thr383) 
phosphorylation levels [168]. Ngb was further found to interact with and activate p38, an 
important player during axon regeneration [104].
 

4. Considerations of cell lineage and phylogeny 

It is very important to choose the correct model for analysis of Ngb levels and functions. 
Some variation has been detected in Ngb transcription as a response to stress signals, e.g. 
on whether Ngb expression is increased [11, 53, 75], unaltered or decreased [50, 65] upon 
hypoxia. These results could be attributed to the expression of Ngb being strongly 
influenced by (I) the kind and degree of cellular stress, (II) the maturational stage of the 
cell or organism, and (III) the type of cell and organism. 
  
Ngb transcription is indeed upregulated under moderate traumatic brain injury [90] and 
early-stage AD pathology [39, 82], but returns to baseline when cellular damage increases 
in both models. An important factor in such downregulation could be the loss of REST as 
a Ngb expression regulatory element. REST can get trapped within the cytosol through 
interaction with pathological misfolded proteins, including Aβ [89], and is downregulated 
by hypoxia-induced miRNAs [170]. The total degree of cellular dysregulation could 
function as some threshold for Ngb involvement as well. In support of this idea, Ngb 
expression correlates with the level of cell death (necrosis and apoptosis) in a neonatal 
piglet model of deep hypothermic circulatory arrest [65]. Cortices with less than 10% 
necrosis stably express Ngb. In cases of high-grade (> 50%) neuronal cell necrosis, Ngb 
transcription is reduced by approximately half [65]. Moreover, while Ngb is ~6 times 
upregulated in P0 whole mouse brains after 6 hours of 8% O2, the expression stays 
unaltered after a chronic exposure to 10% O2 of 7 days [53]. The window of Ngb 
involvement appears to have a lower limit as well. Adult swiss-CD1 mice show a 
significantly increased Ngb transcript level after 24 and 48 hours of 7% O2, but not yet 
after 2 up to 12 hours of hypoxia [11]. A similar Ngb expression profile is seen in HN33 
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cells that are exposed to 1% O2, i.e. only a significant upregulation is detected as from 24 
hours hypoxia [64]. Additionally, where Ngb expression responds to sustained hypoxia 
(10% O2), no effect is seen after an insult of intermittent hypoxia of 10% O2 every 90 
seconds [55]. Such stress type-dependent upregulation of Ngb is not limited to terrestrial 
animals, with the freshwater turtle Trachemys scripta elegans showing increased Ngb 
protein levels to 416 ± 14% of the control level after 4 hours of hypoxia at 5% O2 [26]. In 
case of a 4 hours anoxic insult, Ngb protein levels are only elevated by 246 ± 10% over 
normoxic controls [26]. The zebrafish (Danio rerio) does not increase its Ngb transcription 
when subjected to mild hypoxia (PO2=~8.6 kPa) for 48 hours. Under severe hypoxia of 4.1 
kPa PO2, Ngb expression is 4-times elevated after 24 hours, but is almost returned back to 
baseline level after 48 hours [171].
 
An age-dependent Ngb expression is detected across different studies as well. Mouse 
cerebral Ngb expression increases along the ageing process up till its highest level is 
reached in young adults [6]. A similar trend is seen in the human carotid body in which 
the Ngb+ area on histology increases from 1.0±1.8% in children of 2 year to 4.4±2.8% in 
pensioners with a mean age of 73.5 years [172]. Age does also impact Ngb transcription 
under stress conditions. Cerebral Ngb mRNA concentrations are increased 6-fold in 
newborn mice subjected to an acute model of systemic hypoxia (8% O2, 6 h). At P6, the 
Ngb transcript levels do not significantly differ from those of the normoxic controls [53]. 
A study on Wister rats detected a Ngb-expression induction in carotid bodies at the age 
of 3 months after 10-12% O2 for 12 days. However, Wistars of 24 months did not show a 
significant upsurge in Ngb transcription after the insult [173]. It is noted, however, that 
the different studies cannot be compared between one another as different kinds or 
levels of insults are studied, in addition to the use of diverse model systems and tissues. 
 
Some organisms and cells are indeed better evolutionary adapted to certain types of 
stressors as other, being a third reason as to why differences in Ngb expression and 
functions are observed. By way of example, the human brain will develop irreversible 
brain injury after five to ten minutes of O2 depletion while aquatic mammals as Weddell 
seals do not encounter neurological deficits after dives of over 1.5 hours [174]. Ngb, as 
one of the resident neural globins, could be one part of the adaptation mechanisms. 
Goldfish (Carassius auratus), which live in isolated ponds with low O2 partial pressures, 
have Ngb protein levels that are 5 times the level of zebrafish [175]. Ngb protein levels of 
coastal marine animals (e.g. the sea lion, sea otter and bottlenose dolphin) are 1.7–1.9-
fold higher as those of terrestrial animals [174]. Here too is a limit observed with regard 
to the neuroprotective effect of Ngb; an inverse correlation exists between resident 
neural globin levels and maximum dive duration [174]. A basal elevated Ngb expression 
due to adaptations to extremely hypoxic/hypercapnic conditions could also explain the 
different Ngb expression patters observed in such animals under hypoxic conditions. The 
subterranean mole rat Spalax has up to 2.8- and 3.5-fold higher transcript and protein 
levels as the rat under 21% O2, respectively [51]. Given such a condition to represent an 
abnormal environment for the Spalax mole, the latter can be regarded as a stress 
condition with an excessive ROS production as a result of the higher as normal O2 level. 
This is in line with the observed downregulation of Ngb mRNA level to 40–75% of the 
normoxic condition after 22 and 44 hours of 10% O2, which is similar as the Ngb transcript 
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levels of the rat under 21% O2 [51]. A similar trend is seen in total fish preparations of the 
Japanese ricefish medaka (Oryzias latipes), showing a decrease in Ngb transcript levels 
after 24 and 48 hours of PO2 = 4 kPa [176]. However, brain samples alone showed an 
increase in Ngb transcripts, though significance was not reached [176].  
 
It can be deduced from the foregoing that Ngb ligand affinities and functions differ 
between organisms throughout the phylogenetic tree; in particular, Ngb’s structure and 
functions can be adapted to the specific circumstances and environmental requirements 
of the organism in which it resides. It is not only necessary to reflect on this when choosing 
a model system, but one can as well directly derive information from it regarding 
sequence-structure-function correlations. By way of example, gene orthologues of 
vertebrate Ngb are detected in organisms without a nervous system (e.g. placozoans) 
[164]. Hence, Ngb will exert more basic cellular functions within these organisms as 
compared to in higher order animals, in which its transcription is restricted to specific 
(neural) cell types. Such functional diversification was enabled through whole-genome 
duplication events in the stem lineage of vertebrates [177]. Indeed, with the increasing 
size of animals and the emergence of blood circulatory systems, vertebrate hemoglobin 
arose from co-option of duplicated Ngb genes [178]. Functional diversification can also be 
retrieved from phylogenetic footprinting. As such, neuron-specific expression of Ngb 
might be promoted by Klf4 and REST of which the binding sites around Ngb are conserved 
in vertebrates, but are not detected in or around other globin genes [164]. Many other 
excellent additions on phylogenetic analyses of Ngb were excluded here as they went 
beyond the scope of the present review. The reader is directed to Ascenzi et al. [179] and 
Burmester et al. [3] for comprehensive reviews of the topic. 
 

5. Discussion and future perspective 

Our understanding of Ngb’s genetics, structure, evolution and biological functions has 
greatly increased over the last decade. Given the positive correlation between Ngb levels 
and beneficial outcomes in numerous ailments (Table 1.2), the notion is underscored of 
Ngb having cytoprotective traits. While the focus was first on intrinsic neuroprotective 
contributions of Ngb (i.e. the reduction of pro-apoptotic cytochrome c [17], Ngb’s nitrite 
reductase activity [116] and its scavenger activity against superoxide [16]), the research 
field is now starting to move to studying the involvement of Ngb in signaling pathways in 
neuronal and non-neuronal cell populations [69, 70, 168].  
 
To obtain such biological insights, it might be required to study Ngb-/- mice or other model 
organisms. So far, most studies on Ngb have been on Ngb overexpressing transgenic mice 
[19, 41, 58, 180]. While Ngb silencing has been shown to augment neuronal vulnerability 
to cytotoxic events in vitro [27, 35, 181], only a limited number of studies has thus far 
been published that used a Ngb-/- mouse strain. Most recently, a Ngb-/- mouse was 
generated, using the knockout-first allele Ngbtm1a(EUCOMM)Wtsi, to study a possible 
role for Ngb in auditory functioning [182]. Ngb depletion resulted in minimal defects in 
hearing ability and had no impact on noise-trauma outcomes. Conversely, auditory 
brainstem peak-to-peak amplitudes were reduced in Ngb-/- mice four weeks after noise-
trauma. The latter may be grounded in a continuing loss of central neurons, which leads 
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to fewer neurons in the inferior colliculus to transmit signals [182]. Ngb-/- mice have also 
been used to elucidate the light-induced retinal gene expression response in the mouse 
retina [88]. Ngb deficiency only caused a small effect on the light-induced retinal gene 
expression response. However, some other systemic differences were observed with 
regard to the wild-type condition, e.g. different expression levels of Akap6, Entpd4 and 
Atp8a2 [88]. The first study investigated the transcriptional response to hypoxia in whole 
Ngb-/- mouse brains [49]. Neuronal viability in these Ngb-/- mice was not altered as 
compared to wild-type controls, though changes were observed in transcription patterns 
of the glycolytic pathway as well as increases in Hif1 and c-FOS expression [49]. The latter 
could be indicative of cells being depleted of Ngb to be more susceptible to hypoxia-
induced transcription [49]. However, some genetic buffering might be expected as well, 
knowing it was already seen in myoglobin knockout mice. Only finding the correct trigger 
to induce myoglobin’s physiological response and studying its regulatory networks in 
more detail revealed myoglobin’s vital functions [183]. Hence, studying Ngb-linked 
signaling pathways, using Ngb knockout models, may also shed light on cytotoxic 
pathways in which advantageous participation of Ngb can be expected. 
 
In conclusion, (non-)neuronal tissue benefits from an increase in Ngb cellular levels upon 
cytotoxic events, which contributes to the preservation of tissue integrity. Through an 
increased attention for Ngb’s neuroprotective traits, our understanding has grown on the 
underlying mechanisms, though most have been intrinsic to Ngb itself. With current 
research still broadening on the topic of Ngb, we have a good eye on the expansion of our 
knowledge on Ngb’s physiological functions and modes of action. 
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Abstract 

Though neuroglobin confers neuroprotection against Alzheimer’s disease (AD) 
pathology, its expression becomes downregulated in late-stage AD. Here, we provide 
evidence that indicates that this decrease is associated with the AD-linked angiopathy. 
While wild-type mice of different ages show an upregulated cerebral neuroglobin 
expression upon whole-body hypoxia, APP23 mice exhibit a decreased transcription. 
Interestingly, transcription of cytoglobin, of which the involvement in the amyloid 
pathology still needed to be elucidated, follows a similar pattern. To further unravel 
the underlying mechanism, we studied REST/NRSF expression levels after identifying a 
recognition site in the regulatory region of both globins. Neuroglobin-cytoglobin-
REST/NRSF expression correlations were detected mainly in the cortex. This raises the 
possibility of REST/NRSF being an upstream regulator.   
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1. Introduction 

Alzheimer’s disease (AD) is a prevailing neurodegenerative disorder with a clinical 
representation of neuropsychiatric disturbances and a progressive cognitive 
deterioration [1]. On the histopathological level, AD brains are typified by the 
emergence of insoluble neurofibrillary tangles and extracellular plaques [2]. The main 
building blocks of these aggregates are hyperphosphorylated tau protein and amyloid 
precursor protein (APP)-derived β-amyloid (Aβ), respectively. However, a clear 
correlation between the level of senile plaque burden and the dementia state is lacking 
[2]. This led to the study of soluble Aβ species which are now thought to be one of the 
toxic entities that drive neuronal dysregulation, culminating in widespread 
neurodegeneration [3]. Aβ possesses a metal binding capacity, entailing the generation 
of reactive oxygen species (ROS) through Fenton and Fenton-like chemistry [4]. Knowing 
the Aβ burden to progressively accumulate, it may be no surprise that anti-oxidant 
mechanisms no longer meet with such requirements, initiating a runaway process 
through ROS-related mitochondrial damage [4, 5].  
 
Cytoglobin (Cygb) [6] and neuroglobin (Ngb) [7] are heme-proteins of the globin-family 
with a ROS-scavenging potential [8]. Where the involvement of Cygb in neuroprotection 
is largely unexplored, Ngb has been receiving much attention given its neuron-specific 
localization [9]. Upon oxygen and glucose deprivation, Ngb transcription is upregulated 
in SH-SY5Y cells, which is associated with enhanced cell survival [8]. Moreover, elevated 
Ngb levels not only attenuate cortical hypoxic-ischemic injury in vivo [10], but are 
implicated in AD as well. In vitro studies showed an increased resistance of Ngb-

overexpressing primary neurons [11] and PC12 cells [12] against A25-35-induced 
neurotoxicity. Ngb also sequesters heme from Aβ-heme complexes, entailing a possible 
role in reducing the oxidation of neurotransmitters like serotonin [13]. Ngb interferes 

with Aβ production in vivo, reducing A1-40 and A1-42 levels in a double cross mouse 
model that overexpresses Ngb in an AD-linked background with both the Swedish 
(K670N/M671L) and Indiana (V717F) mutation [11]. In a clinical setting, however, Ngb 
has only been found to be upregulated in early and moderately advanced AD, while 
being reduced to baseline levels when the pathology progresses to more severe stages 
[14, 15].  
 
Interestingly, many risk factors for dementia are linked to acute ischemic events and the 
impediment of cerebral perfusion, e.g. smoking, hypertension and diabetes mellitus [16-
18]. Brain infarcts have, in particular, been identified as important modifiers of the 
severity of AD clinical symptoms [19]. Moreover, the prevalence of dementia increases 
from 57% to 88% [19]. In addition, neuroimaging data revealed ~80% more 
dysregulation in the cerebral vascular system of late onset AD cases as compared to 
other pathogenic events as e.g. Aβ deposition and metabolic dysfunction [20]. AD also 
shares features involving white matter changes, pathophysiological markers and clinical 
symptoms with vascular dementia [21]. With cerebral hypoperfusion generally foregoing 
neurodegeneration, some authors even suggested to classify AD as a vascular pathology 
[16]. The detrimental effect is found in a reduced brain Aβ clearance and its ensuing 
deposition in leptomeningeal and cerebral vessel walls as cerebral amyloid angiopathy 
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(CAA) [22], which is observed in up to 90% of AD patients [23]. Of note, sustained 
elevated ROS levels are a key mediator of CAA and microhaemorrhages as well [24]. 
Hence, given the additional strong link between globins and oxygen availability [25], we 
questioned whether hypoxia would impact Ngb expression in young APP23 mice to a 
similar extend as would vast Aβ pathology. Moreover, while functions of Cygb entail 
neuroprotection, e.g. detoxification of ROS [8, 26, 27], its involvement in AD pathology 
remained to be elucidated. We therefore opted to study the alterations of Ngb and Cygb 
levels in APP23 mice in parallel. 
 
Ageing APP23 mice represent a valid phenocopy of human AD, with a strong Aβ 
pathology in the neocortex and hippocampal region, and CA1 neuronal loss reaching up 
to 25% in mice with a high Aβ aggregation load [28, 29]. CAA initiates in 8-month-old 
APP23 mice as focal deposits in leptomeningeal vessels [23]. The transgene - human APP 
with the Swedish double mutation (K670N/M671L) - is expressed 7-fold above 
endogenous APP levels and driven by the neuron-specific murine Thy-1.2 promoter [28]. 
 
The present study shows for the first time Cygb expression upregulation in normoxic 
cortices of 12-month-old APP23 mice. We further detected Ngb and Cygb transcription 
to be downregulated in Aβ-overexpressing brains when the APP23 mice were subjected 
to an additional hypoxic insult. To further unravel the underlying mechanism, we studied 
RE-1-silencing transcription factor (REST/NRSF) expression levels, of which we identified 
a recognition site in the regulatory region of both globins. Ngb-Cygb-REST/NRSF 
expression correlations were detected mainly in the cortex. These findings provide 
evidence for the loss of globin-linked neuroprotection to be linked to AD 
angiopathogenesis, while raising the possibility of REST/NRSF being an upstream 
regulator together with hypoxia-inducible factor 1 (Hif1). 
 

2. Materials and methods  

2.1. Transgenic mouse model  

Male transgenic APP23 mice were studied along with wild-type control littermates at the 
age of 3, 6 and 12 months. The colony of experimental animals was maintained on a 
C57BL/6J background for at least 20 generations. Mixed-genotype groups (confirmed by 
PCR) were housed under a standard 12h/12h light-dark cycle. All procedures were 
approved by the animal ethics committee of the University of Antwerp (reference 
number 2012-26) and were compliant to the European Communities Council Directive 
on the protection of animals used for scientific purposes (2010/63/EU). 

 
2.2. Hypoxia induction and reoxygenation 

Experimental groups of wild-type or APP23 mice were either (I) housed for 48 hours at a 
normoxic oxygen concentration of 21%, (II) housed for 48 hours in a hypoxic chamber 
with 7% oxygen (premixed gases: 7% O2, 93% N2; IJsfabriek Strombeek N.V.) or (III), after 
the exposure to hypoxic air, reoxygenated for 6 hours under normoxic conditions, as 
previously described [30]. Mice of group 2 were euthanized by cervical dislocation 
immediately upon removal from the hypoxic chamber. 
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2.3. RNA extraction and real-time quantitative PCR 

The frontal cortex and hippocampus of each mouse was collected, snap frozen in liquid 
nitrogen and further processed for total RNA. RNA was extracted, using TRIzol Reagent 
in conjunction with the PureLink RNA Mini Kit (Life Technologies) according to the 
manufacturer’s instructions. First-strand cDNA synthesis was performed on 1 µg of total 
RNA (NanoDrop, Thermo Scientific) with the GoScript Reverse Transcription System 
(Promega) and random primers (0.5 µg/reaction). Real-time quantitative PCR was 
performed on a StepOnePlus system (Life Technologies), following a 2-min incubation at 
95°C before proceeding to 40 cycles of 95°C for 15 s and 60°C for 1 minute. Each real-
time PCR reaction comprised Power SYBR Green PCR Master Mix (Applied Biosystems), 
7.5 ng cDNA (RNA equivalents) and 150 nM of each primer:  

GAPDH (F-AGGTCGGTGTGAACGGATTTG, R-GGGGTCGTTGATGGCAACA)  
β-Actin (F-GGCTGTATTCCCCTCCATCG, R-CCAGTTGGTAACAATGCCATGT)  
B2M (F-GTATACTCACGCCACCCACC, R-TGGGGGTGAATTCAGTGTGAG)  
Pgk1 (F-CTCCGCTTTCATGTAGAGGAAG, R-GACATCTCCTAGTTTGGACAGTG)  
Ngb (F-TACAATGGCCGCCAGTTCT, R-TGGTCACTGCAGCATCAATCA)  
Cygb (F-CCGCAGCCTACAAGGAAGTGG, R-GGGAGCTGGGAGGGGTCTT)  
Hif1 (F-CGGCTCATAACCCATCAACT, R-CAACGTGGAAGGTGCTTCA)  
VEGF (F-GCCTCCCTCAGGGTTTCGG, R-CGATGATGGCGTGGTGGTG)  
REST (F-CATGGCCTTAACCAACGACAT, R-CGACCAGGTAATCGCAGCAG)  

The four used housekeeping genes (GAPDH, β-actin, B2M and Pgk1) were selected from 
a list of 10 reference targets, using geNorm in qBase+ (Version 3.0, BioGazelle), and 
achieved a value V < 0.15. Inter-run calibration factors for each target were included to 
remove the run-to-run difference.  
 

2.4. Oxidative damage 

Total brain hemisphere lysate levels of malondialdehyde, an end product of lipid 
peroxidation, were studied using the lipid peroxidation (MDA) assay kit (Biovision) 
according to the manufacturer’s instructions. The degree of lipid peroxidation was 
quantified with reference to a malondialdehyde standard.  
 

2.5. Immunohistochemistry 

Coronal paraffin sections of brains were immunostained after microwave-citrate (pH6) 
antigen retrieval for 10 minutes. Endogenous peroxidase activity within the tissue was 
blocked by incubation in 1% hydrogen peroxide in methanol for 30 minutes. After 
incubation in 1/25 normal goat serum and 1% bovine serum albumin in tris-buffered 
saline to block nonspecific antibody binding, slides were stained overnight at 4°C with 
primary antibody (1:500 Aβ ab2539, Abcam; 1:100 Ngb 13499-1-AP, Protein tech; 1:100 
polyclonal Cygb [31]). Subsequently, sections were incubated with 1:200 goat anti-rabbit 
antibody (E0432, Dako) and further developed with the ABC Kit (Vector Laboratories). 
Images were captured using an Olympus BX51 standard research fluorescence 
microscope (Olympus) equipped with an Olympus DP71 digital camera. Intensities of 
staining patterns were analysed with ImageJ software and represented as optical 
densities; OD = log(max intensity/mean intensity). 
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2.6. Data analysis 

The relative mean transcript values for the different conditions were calculated from 
normalized Cq values by reference to the mean of the baseline group, being the 3-
month-old wild-type mice that were housed under normoxic conditions. Calculations 
were performed with qBase+ (Version 3.0, BioGazelle). Pearson correlation coefficients 
were calculated to measure the linear correlation between two transcription levels. For 
immunohistochemistry data, the mean value of the cortex of the normoxic 3-month-old 
wild-type mice was considered as the baseline. GraphPad Prism 5 and -7 software were 
used for graphing and statistical calculations. Statistical comparisons were performed 
using repeated measures analysis of variance (One-Way ANOVA) with Bonferroni’s 
posthoc testing or Student's t-testing, as indicated. P-values below 0.05 were considered 
statistically significant. All data are depicted as the mean ± standard error of the mean 
(SEM).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1. Influence of Aβ deposition and lipid peroxidation on increases in neuroprotective Ngb and 
Cygb transcript levels. A) Cortical and B) hippocampal real-time qPCR data of murine Cygb, Ngb and VEGF 
expression levels of wild-type mice (n = 4/group) and APP23 mice (n = 4/group) under normoxic conditions. 
C/D) Transcription levels show a disease progression-dependent upregulation, i.e. upon limited plaque 
burden (C, n ≥ 2) and in the presence of oxidative damage (D, n = 3). Data are depicted as the mean ± SEM. 
Statistical significance was tested using one-way ANOVA with Bonferroni post-hoc test; * p < 0.05, ** p < 
0.01, *** p < 0.001. 
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3. Results  

3.1. Aβ accretion and lipid peroxidation impact globin levels 

To be able to follow the progression of pathology, we studied amyloid immunoreactivity 
in the cortex and hippocampus of APP23 mice and wild-type control littermates at the 
age of 3, 6 and 12 months. The hippocampus has a higher Aβ protein staining intensity 
than the cortex and the cerebral Aβ load significantly increases only in the hippocampus 
(t=4.174 Bonferroni, Fig. 2.1C). Given lipid peroxidation to be an early event in AD 
development and to be a major product of free radical-mediated damage [32], we also 
quantified the levels of malondialdehyde, an end product of lipid peroxidation (Fig. 
2.1D). The severity of both these inductors of cellular stress was correlated to the 
cortical and hippocampal transcription level of Cygb and Ngb (as comparison). APP23 
mice of 12 months of age show a 2.43±0.21-fold increase in Cygb expression in the 
frontal cortex, similar to the upsurge in Ngb transcription (Fig. 2.1A). Such an effect is 
not detected at the age of 3 and 6 months, i.e. before the onset of plaque formation 
(Fig. 2.1C) and the kick-in of oxidative stress (Fig. 2.1D). In contrast to the frontal cortex, 
none of the studied neuroprotective transcripts is significantly upregulated in the 
hippocampus (Fig. 2.1B). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2. Cerebral Cygb protein staining pattern along the amyloid pathology. High power 
photomicrographs represent 20X magnified pictures of Cygb immunohistochemistry. Optical densities 
relative to the 3-month-old wild-type cortex are listed below. The scale bar represents 100 µm. C; cortex, 
HC; hippocampus.  
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Next, we studied the relationship between the globins’ mRNA and protein levels, 
confirming that the Ngb protein staining pattern intensity increases at the onset of 
pathology (1.48±0.19-fold increase in cortices of 1-year-old APP23 mice, data not 
shown). However, we are the first to also show a trend of increase in the intensity of the 
Cygb protein staining; being 1.29±0.02- and 1.13±0.06-fold higher in the cortex and 
hippocampus of 12-month-old APP23 mice, respectively. Of note, the elevations in Cygb 
protein levels are not statistically significant (Fig. 2.2), in contrast to those of Ngb. 
 

3.2. Wild-type animals show a more pronounced hypoxia-counteracting 

transcriptional response 

Next, we sought to elucidate whether hypoxic events could underlie the previously 
observed downregulation of Ngb expression in the later stages of AD pathology [14, 15]. 
Moreover, we aimed to examine if a similar impact of experimentally induced hypoxia 
could be detected on Cygb levels in limited Aβ-stressed brains. Hence, mice of both 
genotypes and different ages were subjected to a general hypoxic insult of 7% oxygen 
for 48 hours. Wild-type mice showed the expected increase in globin expression ([10, 33, 
34], Fig. 2.3A). In APP23 mice of 3- and 6-months, however, Cygb and Ngb transcript 
levels stayed unaltered in comparison to the normoxic condition (Fig. 2.3A). Moreover, 
the globin expression levels were significantly lowered in the frontal cortex as compared 
to the normoxia group at 1 year (up to 0.62-fold). Interestingly, mice of the same 
genotype but from different age groups did not display a difference in cerebral oxidative 
stress level upon the hypoxic insult, as can be deducted from the lipid peroxidation 
levels (Fig. 2.3D, Anova: p = 0.0572 for wild-type mice and p = 0.1370 for APP23 mice). 
On the contrary, positive relationships could be detected between VEGF and globin 
transcript levels; with highest statistical significances being reached on the correlations 
between VEGF and Cygb in the frontal cortex (Table 2.1).  
 
Table 2.1. Pearson's correlation coefficients across the different oxygen availability conditions 

 

VEGF: Frontal cortex VEGF: Hippocampus 

 
Normoxia Hypoxia Reoxygenation Normoxia Hypoxia Reoxygenation 

 
Pearson 

r 
  P: two-

tailed 
Pearson 

r 
  P: two-

tailed 
Pearson 

r 
  P: two-

tailed 
Pearson 

r 
  P: two-

tailed 
Pearson 

r 
  P: two-

tailed 
Pearson 

r 
  P: two-

tailed 

Cygb 0.680 <0.001 0.881 <0.001 0.744 <0.001 -0.014 0.947 0.493 0.017 0.493 0.023 

Ngb 0.408 0.053 0.486 0.019 0.051 0.825 -0.242 0.254 0.185 0.397 0.088 0.704 

 
These results indicate that the differences in globin transcription, that are perceived 
under hypoxia across the different age groups, are not driven by differences in lipid 
peroxidation levels, but rather can be attributed to other cellular dysregulations, e.g. 
due to amyloid metabolism dysfunctions and VEGF signalling. Of note, although Cygb 
levels are lowered in the 1-year-old APP23 frontal cortices after hypoxia, their levels are 
still retained above the level of 3-month-old, normoxic wild-type mice (1.52-fold, Fig. 
2.3B). As for re-induction of globin expression after reoxygenation, the data of the 
hippocampus reveal a broader upregulation across the different conditions than the 
cortex (Fig. 2.3B). 
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Figure 2.3. Withdrawal of Ngb expression upregulation upon hypoxia in APP23 brain. Cortical and 

hippocampal transcript (A,B) levels of murine Cygb and Ngb after (A) 48 hours of hypoxia and (B) 48 hours of 

hypoxia, followed by 6 hours of reoxygenation. Data of wild-type and APP23 mice (n = 4/group) are depicted 

as the mean ± SEM and represent values relative to the age/genotype-matched normoxic condition. 

Numbers above horizontal bars represent mean values relative to the baseline (values of 3-month-old, 

normoxic wild-type mice). Significant differences with the baseline are defined as p < 0.05, according to 

Student's t-test and depicted above rectangles. Other statistical significances were tested using one-way 

ANOVA with Bonferroni post-hoc test; * p < 0.05, ** p < 0.01, *** p < 0.001. C) Hippocampal expression 

levels of VEGF. D) Quantification of malondialdehyde (n = 3/group), representing an end product of lipid 

peroxidation, in total brain hemisphere lysates. Given the lack of age-dependent differences, the values of 

all wild-type and APP23 mice were combined. 

 
In contrast to the transcriptional level where hypoxia reduces globin expression in 
APP23 mice, Ngb and Cygb protein levels are slightly elevated across all studied ages and 
in both the cortex and hippocampus of APP23 mice (Fig. 2.4A). The upregulation is 
paralleled with the lower degree of peroxidation as compared to the one of wild-type 
mice (Fig. 2.3D). Of note, increases in protein staining after hypoxia and reoxygenation 
are higher for Cygb than for Ngb (Fig. 2.4A/B). 
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Figure 2.4. Increased globin protein levels upon and after hypoxia in wild-type and APP23 brain. Cortical 
and hippocampal protein (A, B) levels of murine Cygb and Ngb after (A) 48 hours of hypoxia and (B) 48 hours 
of hypoxia, followed by 6 hours of reoxygenation. Data of wild-type and APP23 mice (n ≥ 2/group) are 
depicted as the mean ± SEM and represent values taken relative to the age/genotype-matched normoxic 
condition. Numbers above horizontal bars represent mean values relative to the baseline, i.e. the mean 
value of the cortex of the normoxic 3-month-old wild-type mice. Significant differences compared to 
baseline values are defined as p < 0.05, according to Student's t-test and depicted above rectangles. Other 
statistical significances were tested using one-way ANOVA (Bonferroni); * p < 0.05, ** p < 0.01, *** p < 
0.001. 
 

3.3. Influence of RE1-Silencing Transcription factor expression on globin 

transcription  

To further unravel the underlying mechanism, we searched for REST interactions with 
globin regulatory sequences. First, the regions upstream of the Ngb and Cygb promotors 
were scanned for predicted REST binding sites using the MA0138.2 REST binding profile 
on jaspar.genereg.net (Fig. 2.5A). This search revealed not only a REST transcription 
factor binding site before the Ngb promotor (Fig. 2.5B, chr12:87110424-87110444), but 
also in the Cygb regulatory region (Fig. 2.5B, Chr11:116653849-116653869). Moreover, 
ChIP-seq data on the UCSC Genome Browser (Human Feb. 2009 GRCh37/hg19 
Assembly) show REST binding to the regulatory region upstream of the Ngb promotor in 
H1-hESC cells. Hence, we analysed the expression levels of REST across the different 
experimental groups. Given that REST activation can be both gene transcription inducing 
and downregulating, figure 2.5 depicts the differences in REST expression levels 
between wild-type and APP23 mice. REST expression does not differ between normoxic 
wild-type and APP23 hippocampi across the different age groups (Fig. 2.5C). In the 
cortex, however, the difference in transcription between both genotypes increases with 
ageing (Fig. 2.5C). This brain region-specific expression alteration corresponds with the 
age-dependent upsurge in cortical globin expression, which was not seen in the 
hippocampal area (Fig. 2.1A/B). 
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After the hypoxic insult, cortical REST expression levels of wild-type and APP23 mice 
differ most clearly at the 3- and 12-month time points (Fig. 2.5D), which is also observed 
for globin transcription levels (Fig. 2.3A, capped lines between rectangles). The 
difference in wild-type and APP23 hippocampal expression of REST diminishes with age 
(Fig. 2.5D). Such a trend is seen for hippocampal Cygb expression as well, with the 
difference in fold change lowering from 1.04 over 0.34 to 0.13 (Fig. 2.3A). Ngb 
expression during hypoxia appears to deviate from this pattern, with the difference 
between genotypes being highest at the 3- and 12-month time points, as was the case 
for the cortical area (Fig. 2.3A, capped lines between rectangles). Nonetheless, hypoxic 
REST transcript levels are generally lowered relative to the age- and genotype-matched 
normoxic levels in both brain areas from 6 months onwards (Fig. 2.5F). After 
reoxygenation, no apparent trend can be perceived between the expression levels of 
REST and those of the globins. 
 
 

 
 
Figure 2.5. Linking RE1-Silencing Transcription factor to globins. A) Profile of the REST transcription factor 
binding sequence (ID: MA0138.2 from the JASPAR CORE database). B) Predicted REST binding sequences 
and their positions in the regulatory regions of the Ngb and Cygb genes. Mean differences ± SEM between 
wild-type and APP23 expression levels of REST under C) normoxia, D) hypoxia and E) after reoxygenation (n 
≥ 3/group). F) Mean fold changes in values of REST transcript levels after 48 hours of hypoxia, relative to the 
genotype- and age-matched normoxic condition and studied in wild-type and APP23 mice (n = 3-4 mice per 
group). 
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4. Discussion 

Over the past 15 years, the genetics, structure, evolution and biological functions of 
Cygb and Ngb have been intensively studied across the phylogenetic tree. In addition to 
the maintenance of cellular oxygen supply, a scala of physiological implications has been 
proposed for both globins, including the involvement in signal transduction, the 
detoxification of reactive oxygen or nitrogen species and the counteraction of 
cytochrome c-induced apoptosis [25]. Moreover, as mentioned in the introduction, 
transgenic overexpression of Ngb in the APP Swedish-Indiana double mutation mouse 
model reduced the Aβ(1–40) load, restored somal microdomain distribution and 
ameliorated performance in the Y-maze [11]. Despite its neuroprotective traits, Ngb 
transcription is downregulated to baseline levels in cases of severe AD pathology [14, 
15]. As later stage AD is characterized by a lowered oxygen availability due to CAA [16, 
22, 23], we questioned whether whole-body hypoxia as a secondary insult could likewise 
downregulate Ngb and Cygb expression in young APP23 mice. 
  
Upregulated cellular Ngb levels in AD-affected cells have been described before. In 
particular, Ngb protein levels in patients with early and moderately advanced AD were 
detected to be increased by 23% in the superior temporal lobes [15]. Ngb 
immunoreactivity further revealed the elevations in the cerebral cortex to be localized 
to both the cytoplasm of cell bodies and extracellular plaque-like structures [14]. To the 
best of our knowledge, this paper is the first to report an upregulation of Cygb levels in 
12-month-old, normoxic APP23 cortices. In contrast to the upregulated globin 
expression in the cortex, we detected no alterations in APP23 hippocampal Ngb and 
Cygb transcription rates. As a trend of increased VEGF expression was also noticed in the 
cortex, but not in hippocampus, the latter could be attributed to the positive correlation 
between both globins and VEGF, which we detected across all studied conditions. Our 
observation of increased neuroprotective VEGF levels to be brain region-specific is in 
line with the literature, which describes VEGF involvement to comprise the cerebral 
cortex and cerebrospinal fluid [35]. Hence, Ngb and Cygb involvement in AD pathology 
could be strongly linked to Hif1 and VEGF expression. It is, however, likely that a variety 
of different transcription factors and upstream signals together elicit the observed 
globin expression patterns. 
 
Binding sequences for REST, also known as Neuron-Restrictive Silencer Factor, have 
been identified before in the regulatory region of Ngb, using both rVista 2.0 [36] and 
MSCAN [37]. To the best of our knowledge, we are the first to identify a recognition 
sequence in the regulatory region of Cygb as well. REST expression is induced during 
normal brain ageing and its activation generally entails neuroprotection by 
downregulating targets involved in cell death [38]. However, transcription of REST is 
markedly reduced in AD-affected neuronal populations [38, 39]. Moreover, REST 
increases transcription of genes related to neurotransmission in the early stages of AD. 
In later stages, these genes are suppressed [38]. Given the dual and opposing effects of 
REST, no consensus is reached yet on whether upregulated REST levels are protective or 
detrimental [40]. Hence, we opted to focus on differences in transcription levels of REST 
between normoxic wild-type and APP23 mice. In doing so, we detected altered 



Impaired hypoxic tolerance in APP23 mice 

79 

expressions in frontal cortices of 1-year-old APP23 mice for Ngb, Cygb and REST, while 
hippocampal levels of all three genes remained relatively unchanged as compared to the 
wild-type levels. These findings strengthen the hypothesis of REST/NRSF regulating 
globin expression together with Hif1/VEGF along the AD pathology. 
 
In advanced AD stages, Ngb transcript levels in the CA1 region of the hippocampus were 
reported to return to values found in healthy control subjects [14]. In the present study, 
we identified a comparable decrease to baseline expression in 3-, 6- and 12-month-old 
APP23 mice when they were subjected to whole-body hypoxia. Based on our 
observations, we postulate the following two hypotheses: (I) the Ngb promotor activity 
is downregulated when a threshold degree of cellular damage/dysregulation is reached 
and/or (II) hypoxia and vast amyloid aggregation pathology effectuate a convergent 
pathway that interferes with the activity of an inducer of Ngb expression. Interestingly, 
hypoxia induces the miR-106b~25 cluster that downregulates REST in LNCaP and PC3 
prostate cancer cell lines [41]. We identified REST expression levels to be decreased 
relative to age- and genotype-matched normoxic levels, though this downregulation was 

only seen in animals aged  6 months. Hence, like for the normoxic groups, the globin 
expression patterns are more likely the result of a triad of upstream signals, e.g. related 
to Hif1 as well.  
 
In contrast to the downregulation of Ngb in hypoxic APP23 brains, Cygb transcript levels 
remain elevated relative to the normoxic condition. The reason as to why Cygb 
expression is able to overcome such negative regulation could be the confirmation of 
our previous finding of a strong positive relationship between Cygb and VEGF [34]. VEGF 
was chosen over Hif1 as Hif1 is regulated to a large extent at the post-mRNA level [42]. 
The cross-talk between Ngb and Hif1/VEGF, on the other hand, is indirect through the 
specificity protein 1 (Sp1) transcription factor [43]. However, we also detected a 
generally lower transcriptional response of Cygb expression alteration in the 3-month-
old APP23 mice as opposed to those of the 1-year time point. It is possible that due to 
AD-linked cellular dysregulations some kind of prior history of hypoxia (e.g. amyloid 
angiopathy) is required to trigger an upregulation in Cygb transcription. Such 
phenomenon could be similar to hypoxic preconditioning in which sublethal stress 
endorses (neuro)protective actions against acute injuries [44]. The latter would be 
consistent with the Cygb promotor containing a V-ets avian erythroblastosis virus E26 
oncogene homolog 1 (Ets-1) site [45]. Ets-1 is upregulated in cortices and hippocampi of 
AD patients, surmounted by Ets-1 being strongly connected with angiogenic markers as 
VEGF [46].  
 
In contrast to their transcript levels, the Ngb and Cygb protein levels in APP23 mice are 
all elevated after hypoxia and reoxygenation, thereby paralleling lipid peroxidation 
levels. Sustained protein levels could be attributed to Aβ oligomers impairing the 
proteasome and, hence, favouring a low protein turnover. Decreased proteasome 
functioning already occurs in pre-pathological disease stages in 3xTg-AD mice [47]. In 
APP23 mice, we recently detected an age-genotype interaction effect on expression 
levels of genes enriched for modules of the lysosomal pathway, the degradation by 
proteases and the proteasome (e.g. Psmb9) [48]. The decrease in rodent proteasome 
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activity is a good phenocopy of the human situation in which proteasomal inhibition 
reaches up to 48% in AD brains [49]. Furthermore, AD is not only characterized by a 
lysosomal blockage caused by Aβ, but cathepsin D transcript and protein levels are both 
reduced in AD-affected cells as well [50, 51]. As a consequence, globin-linked 
neuroprotection could be extended beyond stages with reduced transcript levels. We do 
not exclude that post-transcriptional regulations take into effect, hence impacting globin 
protein levels as well. In particular, a discrepancy between Cygb/Ngb transcript and 
protein levels was observed before [52, 53]. Moreover, the involvement of Cygb in AD 
pathology had not yet been described, with the exception of it being present in 
eosinophilic cytoplasmic inclusions [54]. Ngb immunoreactivity in AD cortices also 
exhibits a punctate distribution outside cell bodies, in addition to being elevated within 
neurons [14]. Hence, it should not be excluded that Cygb and Ngb become (in part) 
physiologically unavailable in later stages of AD pathology. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6. Scheme summarizing the proposed hypothesis for Ngb (post)transcriptional regulation. 
Hypoxia-induced Ngb expression is hypothesized to work through the Hif1-Sp1-Ngb axis as the Ngb 
promotor lacks a direct binding site for Hif1, but contains a Sp1-binding GC-box [36, 43]. Moreover, Sp1 is 
known to participate downstream of Hif1 in sequential gene activation upon cerebral ischemia [56]. Another 
transcription factor regulating Ngb expression is REST. Its upregulation is paralleled with ageing, largely 
ascribed to cell non-autonomous Wnt signaling. However, REST can get trapped with pathological misfolded 
proteins, including Aβ, losing its nuclear levels and downstream neuroprotective actions [38]. REST is also 
downregulated by hypoxia-induced miRNAs [41]. Hence, we hypothesize the co-occurrence of both nuclear 
REST-depleting events in hypoxic APP23 brains to outweigh Ngb expression-inducing signals. Of note, Aβ 
oligomers impair proteasome function as from pre-pathological disease stages, i.e. 3 months in transgenic 
mice [47]. The latter makes us postulate that the discrepancy between transcript and protein levels in 
hypoxic APP23 brains is caused by a blocked proteasomal function, favouring a low protein turnover. If still 
physiologically available, the sustained Ngb levels could entail a prolonged neuroprotective action being 
carried out. Legend: cAMP response element binding protein (CREB), hypoxia-inducible factor 1 (Hif1), RE1-
silencing transcription factor (REST), reactive oxygen species (ROS) and specificity protein 1(SP1). 

 
A combination of a reduced protein turnover, REST activation patterns and Hif1 
activation could underlie our observations, leading to a novel hypothesis concerning Ngb 
(post)transcriptional regulation as depicted in figure 2.6. Even though such a pathway 
seems to emerge from our obtained data, additional experiments will be required to 
fully support this hypothesis. Since REST has the potency to be both activating and 
inhibiting with regard to gene expression [38, 40, 55], its influence on globin expression 
requires further research to allow absolute expression levels of REST to be correlated 
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with globin transcription. The latter would also require data on REST protein levels and 
knowledge on its subcellular localization. In cases of aggregation pathologies, e.g. AD 
and frontotemporal lobar degeneration, REST appears trapped in cytoplasmic inclusions 
[38].  
 
In conclusion, our data point for the first time to a possible widening of the 
neuroprotective traits of Cygb to AD pathology and to Cygb being strongly associated 
with VEGF angiopathogenic alterations. Moreover, we showed that hypoxia up- and 
downregulates globin expression in young, wild-type and APP23 mice, respectively. 
Given the genotype- and brain region-specific expression of REST, we hypothesize REST 
activation patterns to also contribute to globin expression alterations.  
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Abstract 
Neuroglobin is a heme protein of which the functions extend beyond oxygen 
transport. Increased levels provide neuroprotection towards amyloid proteinopathy 
and haemorrhagic damage. These cellular stressors involve the promotion of 
ferroptosis, a newly discovered iron‐dependent, lipid peroxide-accreting form of cell 
death. Hence, we questioned whether neuroglobin could oppose ferroptosis initiation. 
Moreover, the pathways through which neuroglobin endorses its functions are far 
from resolved. To provide a more comprehensive understanding of which proteins 
bind to neuroglobin in a (non-)stress environment, we generated a neuroblastoma cell 
line which stably expresses a fusion between human neuroglobin (hNgb) and the 
enhanced green fluorescent protein (EGFP). We detected the hNgb-EGFP SH-SY5Y cells 
to be significantly more resistant to ferroptosis induction; identifying 0.68-fold less cell 
death in erastin-stressed hNgb-EGFP cells. When looking at hNgb protein interactors in 
a non-stress state, using a Co-IP and mass spectrometry-based protein identification 
approach, we identified 24 proteins. Functional IPA analysis detected a strong link 
with neurological diseases, motor neuropathies in particular. Identified canonical 
pathways include the protein ubiquitination pathway, mTOR signaling, 14-3-3-
mediated signalling and the glycolysis cascade. Interestingly, some proteins could also 
be linked to the cellular iron metabolism (RPL15 and PCBP3). To further differentiate 
and quantify constitutive from ferroptosis-dependent interactions, a SILAC experiment 
was performed. hNgb shows an elevated binding ratio towards cell death-linked 
proteins as HNRNPA3, FAM120A and ABRAXAS2 under ferroptotic stress. Lastly, our 
data hints towards a constitutive interaction between hNgb and the longevity-
associated heterodimer XRCC5/XRCC6. Hence, this is the first study to describe a 
widening of the endogenous neuroprotective actions of hNgb to ferroptotic cell death. 
We further describe hNgb protein interactions in a human-derived neuronal setting in 
both a physiological and a ferroptotic condition. The associated pathways highlighted 
by the IPA analysis provide a better understanding of hNgb’s cellular role and the 
cellular response towards ferroptotic stress in general.  
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1. Introduction 

Apoptotic cell death after injury is a well-established phenomenon. It contributes to the 
pathological progression of neurodegenerative diseases as e.g. Alzheimer’s disease (AD). 
However, the AD pathology cannot be reduced to an aggregation-induced apoptosis 
cascade. AD-affected brains show signs which do not correspond with apoptosis 
characteristics: e.g. glial inflammation [1] and iron metabolism dysregulation [2]. The 
latter may cause the levels of reactive oxygen and nitrogen species (ROS/RNS) to rise, 
leading to the observed increase in lipid peroxidation of membranes in AD brains [3]. 
Interestingly, these features correspond to a newly discovered form of oxidative, 
caspase-independent, iron-linked, necrotic cell death: ferroptosis [4]. Key to ferroptotic 
cell death is the accretion of lipid peroxide. In line with the latter, it was found that the 
abrogation of antioxidant defences is linked to ferroptosis initiation, i.e. the attenuation 
of the activity of the lipid repair enzyme glutathione peroxidase 4 (GPX4) and the 
cystine-glutamate antiporter system xc

− [4]. Immune-cell infiltration in ferroptotic areas 
is caused by the release of damage-associated molecular patterns [5]. Given the above, 
it may be of no surprise that ferroptosis not only plays a detrimental role in the context 
of AD [6], but in other human pathologies as well [7]: intracerebral haemorrhages [8], 
ischemic stroke [9], acute kidney failure [10, 11], periventricular leukomalacia [11], and 
other neurodegenerative pathologies as Parkinson's disease (PD) [12] and Huntington's 
disease [11].  
 
Pharmacologically, ferroptosis can be induced by three classes of molecules [13]. The 
first class inhibits GPX4 by reducing glutathione levels (e.g. erastin, SRS13-60, and 
buthionine sulfoximine). The second class directly works inhibitory on GPX4 itself (e.g. 
RSL3, DPI7, and DPI10) and molecules of the third group work through the generation of 
ROS (e.g. Sorafenib and artemisinin derivatives) [13]. With regard to this study, we will 
focus on erastin. This compound actually founded our knowledge of the ferroptosis 
process. It was identified in a high-throughput screening that aimed to detect new anti-
cancer agents [14]. Interestingly, this small molecule caused a new form of cell death 
with distinctive cellular characteristics such as a decreased mitochondrial volume and 
the reduction or vanishing of mitochondrial crista [14]. It was found that erastin works 
through a gain-of-function mechanism involving voltage-dependent anion channel2/3, 
altering ion selectivity and initiating mitochondria-driven oxidative stress [15]. 
Detrimental accretion of ROS is further promoted by erastin’s blocking of the cystine-
glutamate antiporter system xc

−, which is also involved in the formation of anti-oxidant 
glutathione [4]. Erastin signalling is reliant on the RAS–RAF–MEK cascade as well [15]. 
 

Neuroglobin (Ngb) was identified as a cytoprotective protein within the nervous system. 
This heme protein belongs to the globin family, scavenges ROS/RNS and augments the 
threshold for apoptosis initiation (reviewed in [16]). Expression levels of Ngb were 
recently correlated with those of repressor element 1-silencing transcription factor 
(REST/NRSF) [17]. Of interest, REST/NRSF represses genes that endorse cell death, 
oxidative stress and amyloid β-protein toxicity [18]. Given upregulated Ngb levels to be 
found neuroprotective in pathologies that also involve ferroptotic cell death, e.g. 
haemorrhages and AD [19], we questioned whether Ngb could indeed effectuate 
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protection against erastin-induced ferroptosis. To elucidate the underlying pathways we 
further investigated Ngb-protein interactions both under a physiological and an erastin-
stressed condition. To date, a small number of studies has reported experimental 
evidence for protein contacts with Ngb [20-23]. Most prominent are Ngb’s interactions 
with cytochrome molecules, B5 and C [21, 22], and 14-3-3 adaptor proteins [20], 
providing a direct link to the apoptosis process. However, a yeast two-hybrid screen was 
most often used, entailing only limited coverage between studies and a lack of 
(sub)cellular context [22, 23]. Moreover, no Co-IP mass spectrometry approach was yet 
used for the discovery of Ngb-protein interactions in a human-derived neuronal system. 
 

2. Materials and methods  

2.1. Stable cell line generation  

Neuroblastoma SH-SY5Y cells (ATCC CRL-2266) were cultured in complete growth 
medium, containing a 1:1 mixture of Eagle's Minimum Essential medium and F12 
medium (Gibco, Gent, Belgium). The mix was further supplemented with 10% foetal calf 
serum, 1 mM sodium pyruvate, 0.1 mM non-essential amino acids and 1.5 g/l sodium 
bicarbonate (Gibco, Gent, Belgium). The hNgb-EGFP fusion protein was generated with 
the coding region of human Ngb (NM_021257.3) which was ligated in the pEGFP-N1 
vector (Clontech, Saint-Germain-en-Laye, France), as described previously (58). The 
sequence of the resultant vector was verified by means of Sanger sequencing.  
 

Figure 3.1. DNA sequence of the hNgb-EGFP fusion protein. Sequence of the coding region of human Ngb 
(NM_021257.3) ligated in the pEGFP-N1 vector (Clontech), as verified by means of Sanger sequencing. 
 
The correct vector was transfected in SH-SY5Y cells, using nucleofector technology 
according to the manufacturer’s instructions (Lonza, Verviers, Belgium). Briefly, 1.5 x 
10E6 SH-SY5Y cells were resuspended in 100 μl nucleofector solution and combined with 
2 μg of vector. Subsequently, the cell/DNA suspension was inserted in the 
Nucleofector™ 2b Device (Lonza, Verviers, Belgium) and the G-004 program was 
executed. From twenty-four hours post-transfection, cells were cultured in complete 
growth medium containing 600 µg/ml Geneticin (G418) Sulfate (Fisher Scientific, Gent, 
Belgium). Selection medium was replaced every 3 to 4 days for the next 4 weeks. The 
vector-control cell line was generated accordingly with an empty pEGFP-N1 vector.  

2.2. Flow-cytometric phenotyping and analysis of cell viability  
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For intracellular staining of Ngb, hNgb-EGFP and EGFP control SH-SY5Y cells were fixed 
(2% paraformaldehyde), made permeable (ethanol -20°C) and stained subsequently with 
anti-Ngb (Protein tech., Manchester United Kingdom, 13499-1-AP, 1:100) and anti-rabbit 
IgG, F(ab')2 frag.Cy3 (Sigma-Aldrich, Overijse, Belgium, C2306, 1:200) for 1 h each. 
 
Staurosporine (apoptosis inducer, Enzo Life Sciences, Antwerp, Belgium) and erastin 
(ferroptosis inducer, Selleckchem, TE Huissen, The Netherlands) were dissolved in 
dimethylsulfoxide to a 1 mM stock solution and stored at −80°C. Prior to use, 
staurosporine and erastin were further diluted in complete growth medium to 
experimental concentrations. Cell death was analysed by staining with propidium iodide 
(PI) (ROTH, Keerbergen, Belgium) and annexin V-PE (Biovision, Kampenhout, Belgium); 
the latter being included for detection of staurosporine-induced apoptosis. Annexin 
V+/PI− cells were considered to be early apoptotic, while late apoptotic and necrotic cells 
were characterized as annexin V+/PI+ and annexin V-/PI+, respectively.  
 
Data were acquired on an EPICS XL-MCL Flow Cytometer (Beckman Coulter, Suarlée, 
Belgium) and analysed using FlowJo software (v10; Treestar, Ashland, OR, USA). The 
cytometer-stopping gate was set up for 10,000 events. The applied gating strategy can 
be consulted in fig. 3.2. 
 

2.3. Lipid peroxidation 

Levels of malondialdehyde (MDA), an end product of lipid peroxidation, were studied 
using the lipid peroxidation (MDA) assay kit (Sigma-Aldrich, Overijse, Belgium) according 
to the manufacturer’s instructions. Briefly, 10E6 cells were homogenized in MDA Lysis 
Buffer. The reaction with thiobarbituric acid was carried out at 95°C for 60 minutes, 
generating a colorimetric (532 nm) MDA-thiobarbituric acid adduct. Concentrations of 
MDA were calculated from a standard curve and corrected for sample amount. 
 
Table 3.1. Primers used for qPCR analysis. 

Housekeeping genes 

 ACTB F-GCCGCCAGCTCACCAT R-TCGATGGGGTACTTCAGGGT 

 B2M F-AGCAGCATCATGGAGGTTTG R-AGCCCTCCTAGAGCTACCTG 

Neuroprotective genes 

 hNgb F-GAAGCACCGGGCAGTG R-AGACACTTCTCCAGCATGTAGAG 

 GPX4 F-GAGGCAAGACCGAAGTAAACTAC R-CCGAACTGGTTACACGGGAA 

 HSPB1 F-AGGATGGCGTGGTGGAGAT R-GATGTAGCCATGCTCGTCCTG 

 NRF2 F-TCCAGTCAGAAACCAGTGGAT R-GAATGTCTGCGCCAAAAGCTG 

 NUBP2 F- CAGAGCATCTCGCTCATGTCT R- TATCAGCGCGTTTTTCTTGGG 

Regulators of ferroptosis 

 IREB2 F-GATTTTGCTGCTATGAGGGAGG R-GAGAGAGCTTTCCTGCTTTCTG 

 Ferritin F-ATTTCGACCGCGATGATGTGG R-GAACCCAGGGCATGAAGATCC 

 ATP5G3 F-CCAGAGTTGCATACAGACCAAT R-CCCATTAAATACCGTAGAGCCCT 

 CS F-TGCTTCCTCCACGAATTTGAAA R-CCACCATACATCATGTCCACAG 

 VDAC3 F-TTGACACAGCCAAATCCAAA R-CCTCCAAATTCAGTGCCATC 

 TFR1 F-TCGTGAGGCTGGATCTCAAAA R-CCTTACTATACGCCACATAACCC 
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2.4. RNA extraction and real-time quantitative PCR 

Total cellular RNA was extracted from control and hNgb-EGFP SH-SY5Y cells with the 
PureLink RNA Mini Kit (Life Technologies, Merelbeke, Belgium) according to the 
manufacturer’s instructions. Obtained RNA concentrations were determined on a 
NanoDrop (Thermo Scientific, Gent, Belgium) and 1 µg of the isolated RNA was used for 
first-strand cDNA synthesis. cDNA was made using the GoScript Reverse Transcription 
System (Promega, AJ Leiden, The Netherlands), following the manufacturer’s guidelines 
for random primed (0.5 µg/reaction) synthesis. RT-qPCR was conducted on a 
StepOnePlus system (Life Technologies, Merelbeke, Belgium). Each reaction contained 
7.5 ng cDNA along with Power SYBR Green PCR Master Mix (Thermo Scientific, Gent, 
Belgium) and 150 nM of each primer (Table 3.1). ACTB and B2M housekeeping values 
were used as invariant endogenous controls. Cycling parameters included 95°C for 2 
min, then 40 cycles of 95°C for 15 sec and 60°C for 1 min. Data analysis was performed 
with qBase+ (Version 3.0, BioGazelle, Gent, Belgium). 

 
2.5. Protein-protein interactions 

2.5.1. Cell culturing 
Stably transfected hNgb-EGFP and EGFP control SH-SY5Y cells were grown in complete 
growth medium. For SILAC experiments, the cells were maintained in DMEM:F12 (1:1) 
medium for SILAC (Thermo Scientific, Gent, Belgium), supplemented with 2 mM L-
glutamine (Gibco, Gent, Belgium), 10% dialyzed, heat-inactivated foetal bovine serum 
(Sigma-Aldrich, Overijse, Belgium) and 100 U/mL pen-strep (Gibco, Gent, Belgium). L-
arginine (Arg0) and L-lysine (Lys0) (‘Light’), 13C6 14N4-L-arginine (Arg6) and 4,4,5,5-D4-
L-lysine (Lys4) (‘Medium’), or 13C615N4-L-arginine (Arg10) and 13C615N2-L-lysine (Lys8) 
(‘Heavy’) were used for metabolic labelling (0.1 g/L, Thermo Scientific, Gent, Belgium). In 
the 'reverse' experiment, labels were moved to the next condition in line as compared 
to the first run. For the analysis of hNgb-protein interactions under ferroptosis, 50 μM of 
erastin (Selleckchem, TE Huissen, The Netherlands) was added to the medium of the 
labelled cells for the last 24 hours of culture. 
 
2.5.2. Co-immunoprecipitation 
Cells were pelleted, re-suspended in lysis buffer (10 mM Tris pH 7.5, 100 mM NaCl, 1% 
NP40, protease inhibitor complete mini-roche, Vilvoorde, Belgium) and further lysed by 
sonicating 1 min at 70 Hz. For SILAC experiments, the latter was performed after 6 
passages (validated incorporation degree of 99.5%). The resulting cell lysate was 
incubated with the anti-GFP ab290 Clone (Abcam, Cambridge, United Kingdom) for 1 h 
at 4°C on a rotating arm. Subsequent to centrifuging the mixture for 2 min at 1500 rpm 
(4°C), the supernatant of the lysate was mixed with a pellet of 20 µL protein G agarose 
(Roche, Vilvoorde, Belgium), which was pre-incubated with blocking buffer (lysis buffer 
without protease inhibitors + 2% milk powder). The mixture was kept for 90 min (4°C) on 
a rotating arm. After 4 washes with lysis buffer, proteins were eluted by boiling the 
samples for 3 min in decoupling buffer (4% SDS, 10% β-mercaptoethanol, 0.125M Tris 
HCL pH 6.8, 20% glycerol). Eluates were transferred to PBS buffer, using 6 wash steps in 
an Amicon Ultra-0.5 centrifugal device (Merck Millipore, Overijse, Belgium). 
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2.5.3. Protein digestion 
An amount of 100 µg protein was taken for non-SILAC analysis or equal amounts of 
proteins from different SILAC conditions were pooled (total of 100 µg). Rapigest (Waters 
Corporation, Asse, Belgium) was added to a final concentration of 0.1% (volume). After 
incubation at 100°C (5 min), the sample was let to cool down and treated with 8.7 mM 
tris(2-carboxyethyl)phosphine (TCEP, Thermo Scientific, Gent, Belgium). Proteins were 
reduced (1 h at 55°C) and, subsequently, alkylated with 15.6 mM 2-Iodoacetamide 
(Thermo Scientific, Gent Belgium) during a 30 min incubation at room temperature 
protected from light. Acetone precipitation was carried out with 6 volumes of pre-chilled 
(-20°C) acetone (Thermo Scientific, Gent, Belgium) and overnight freezing at -20°C. The 
protein pellet (8,000 g, 10 min, 4°C) was re-suspended in 100 mM triethylammonium 
bicarbonate buffer (pH 8.5, Sigma-Aldrich, Overijse, Belgium) and overnight incubated 
with Trypsin Gold (Promega, AJ Leiden, The Netherlands) to a final protease:protein 
ratio of 1:40 (w/w) at 37°C. The digest was abrogated by freezing the sample at -20°C. 
 
2.5.4. LC-MS/MS analysis 
Digested samples were separated by nano reverse phase C18 (RP-C18) chromatography 
on an Easy-nLC 1000 system (Thermo Scientific, San Jose, USA) by using an Acclaim C18 
PepMap™ 100 column (75 µm x 2 cm, 3 µm particle size) serially connected to an 
Acclaim PepMap™ RSLC C18 analytical column (50 µm x 15 cm, 2 µm particle size) 
(Thermo Scientific, San Jose, USA). For each sample a total amount of 1 µg of tryptic 
peptides was loaded on the column. Before loading, digests were diluted in mobile 
phase A (2% acetonitrile and 0.1% formic acid) at a concentration of 1µg/10µL and 
spiked with 20 fmol Glu-1-fibrinopeptide B (GluFib, Protea biosciences, Morgantown, 
USA) as internal standard. A linear gradient from 0 to 45% of mobile phase B (100% 
acetonitrile with 0.1% formic acid) over 50 min followed by a steep increase to 100% 
mobile phase B in 10 min was applied at a flow rate of 300 nL/min. Liquid 
chromatography was followed by MS (LC-MS/MS) and was performed on a Q-Exactive 
Plus mass spectrometer equipped with a nanospray ion source (Thermo Fisher, 
Waltham, USA). The high resolution mass spectrometer was set up in data-dependent 
acquisition mode where a full MS1 scan (mass range 350 – 1850 m/z) with a resolution 
of 70,000 was followed by a high energy collision activated dissociation (HCD) MS2 scan 
(mass range of 100 – 2,000 m/z) at a resolution of 17,500. Peptide ions were selected for 
tandem MS in a data-dependent set-up, in which the twenty most intense peaks of a full 
scan mass spectrum were consecutively selected for fragmentation. The normalized 
collision energy used was set at 28% and a dynamic exclusion list of 20 sec was applied. 
 
2.5.5. Mass spectrometric data analysis  
Proteome Discoverer 2.1 SP1 (Thermo Scientific, San Jose, USA) was used to perform 
database screening against the human SwissProt database (UP000005640, 20,231 
entries) according to the Mascot search algorithm (version 2.5.1). A precursor mass 
tolerance of 10 ppm and a fragment mass tolerance of 0.02 Da was applied. Trypsin was 
specified as digesting enzyme and 2 missed cleavages were allowed. Carbamido-
methylation of cysteine residues and SILAC 3-plex (Arg0, Lys0; Arg6, Lys4 and Arg10, 
Lys8) were defined as fixed modifications while methionine oxidation was selected as 
variable modification. Only medium and high confident peptides with a global FDR < 1% 
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based on a target-decoy approach and first ranked peptides were included in the results. 
In the SILAC 3-plex quantitation workflow the precursor ion quantifier node was used to 
calculate abundance ratios between light, medium and heavy labelled conditions. 
 
Pathway analysis was performed with the Ingenuity Pathway Analysis (IPA) software and 
database (Ingenuity® Systems, www.ingenuity.com, Redwood City, CA, USA) according 
to the instructions provided. Only molecules and/or relationships where considered in 
which 'species = human' and 'confidence = experimentally observed'. All nervous system 
tissues and cell lines were considered.  
 

2.6. Statistical analysis 

GraphPad Prism software (v5.0; San Diego, CA, USA) was used for statistical calculations 
and artwork. P-values below 0.05 were considered statistically significant. All data are 
depicted as the mean ± standard error of the mean (SEM). 
 

 
Figure 3.2. hNgb-EGFP SH-SY5Y cell line validation and anti-apoptotic characteristics. a) Gating strategy for 
flow cytometric analysis. Initial gating is performed on PI and SSC plot, eliminating dead cells. Within the 
viable cell gate, EGFP+ (or Cy3+) signals are identified. b) Representative histogram profiles of EGFP-
positivity in the wild-type (0% EGFP+, dashed line), EGFP control (99.2% EGFP+, gray shaded) and hNgb-EGFP 
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(99.6% EGFP+, black line) SH-SY5Y cell lines, as determined from the gated viable fraction (PI-negative cells). 
c) Bar graphs illustrate hNgb transcript levels in unstressed control and hNgb-EGFP SH-SY5Y cells (n = 4), as 
normalized to the global mean. d) Histogram overlays show a representative example of the mean 
fluorescent intensity (MFI) after intracellular staining of hNgb in SH-SY5Y cells, transfected with EGFP (gray 
shaded, MFI 0.62) or hNgb-EGFP (black line, MFI 5.37). e/f) Flow-cytometric data of SH-SY5Y cells subjected 
to 24 hours of staurosporine-induced cell death (n = 5-6). Data are depicted as the mean ± SEM. e) Total 
percentage of death cells, as indicated by PI-positivity. Statistical significance was tested using student's t-
tests; * p < 0.05, ** p < 0.01. f) Subclassification of cell death, i.e. early apoptosis (annexin V+/PI−), late 
apoptotis (annexin V+/PI+) and necrosis (annexin V-/PI+). 

 

3. Results 

3.1. Characterization and validation of a hNgb-EGFP SH-SY5Y cell line 

SH-SY5Y cells were stably transfected with a pEGFP-N1 vector in which the coding region 
of hNgb (NM_021257.3) was ligated. We first validated that over 99% of the cells 
expresses the construct, confirmed as EGFP-positivity on flow cytometry (Fig. 3.2b). The 
obtained hNgb-EGFP transgenic cell line has 69.23±7.56-fold increased transcript levels 
of hNgb (Fig. 3.2c), which results in hNgb protein levels to be about 8-fold above 
endogenous levels (Fig. 3.2d). Knowing Ngb to possess a well-documented anti-
apoptotic property, the functionality of the fusion protein was evaluated as an increased 
resistance against staurosporine-induced cell death (Fig. 3.2e/f). Given the generated 
cells lines to be overexpression models, we also validated the amount of cell death in 
untransfected SH-SY5Y cells. Overexpression under the cytomegalovirus (CMV) 
promotor does not statistically significant alter cell viability in our neuroblastoma model; 
with cell death values of EGFP control and wild-type cells being not significantly different 
from one another (Fig. 3.2e). 

 
3.2. hNgb-EGFP SH-SY5Y cells have a higher threshold for ferroptosis initiation  

Having assessed the validity of the model, we next sought to study the potential 
neuroprotective role of hNgb towards ferroptosis induction. To this end, the hNgb-EGFP 
cells were cultured in increasing concentrations of erastin over a period of 24 hours. At a 
50 µM erastin concentration, the EGFP control cell line displays a significantly higher 
percentage of cell death (37.03±2.76)% than the hNgb-overexpressing SH-SY5Y cells 
(25.30±2.69)% (Fig. 3.3a). We then studied lipid peroxidation levels in both cell lines. 
ROS, mainly consisting of lipid hydroperoxides, accrete during ferroptotic cell death due 
to the lipid repair axis 'XC

−/glutathione/GPX4' being compromised. Malondialdehyde 
levels are 4.48-fold higher in erastin-stressed EGFP control cells as compared to the 
unstressed condition. On the contrary, these levels are not significantly altered in the 
hNgb-EGFP cells upon ferroptosis induction (Fig. 3.3b).  
 
Consequently, we aimed to identify the underlying pathways contributing to the 
elevated threshold for ferroptosis-associated neuronal damage. For this, we first 
quantified the transcription levels of neuroprotective genes and regulators of ferroptosis 
(Table 3.1). No significant alterations were detected in the expression levels of IREB2, 
ATP5G3, CS, VDAC3, GPX4 and HSPB1 (data not shown). The NUBP2 levels, on the other 
hand, are higher in the unstressed EGFP control cells as compared to the unstressed 
hNgb-EGFP cells (Fig. 3.3c). A 24 hours incubation with 50 μM erastin lowers both levels 
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to an equivalent degree of 0.093±0.013 and 0.116±0.019 the baseline, respectively (Fig. 
3.3c). Transcription of ferritin is overall higher in hNgb-EGFP cells as compared to the 
controls, though these increases do not reach significance. Both cell lines further 
increase their TFR1 expression ~5.8-fold upon addition of erastin to the culture medium 
(Fig. 3.3c). Lastly, we detected a (2.55±0.36)-fold increase in the expression of 
neuroprotective NRF2 in erastin-stressed hNgb-EGFP cells, an upsurge not seen in EGFP 
control cells (Fig. 3.3c). 
 

 
Figure 3.3. Anti-ferroptotic characteristic of hNgb. a/b) EGFP control and hNgb-EGFP SH-SY5Y cells were 
treated with erastin for 24 hours (n = 3). a) Cell death was determined by flow cytometric analysis of PI 
permeability. b) Relative increases of malondialdehyde levels, an end-product of lipid peroxidation. 
Statistical significance was tested using student's t-tests; * p < 0.05. c) RT-qPCR data of human ferritin, 
NUBP2, TFR1 and NRF2 expression levels in EGFP control and hNgb-EGFP SH-SY5Y cells. Cells were 
unstressed or stressed with 50 µM erastin for 24 hours (n = 6/group). Data are depicted as the mean ± SEM. 
Statistical significance was tested using one-way ANOVA with Bonferroni post-hoc test; * p < 0.05, ** p < 
0.01, *** p < 0.001. 
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Figure 3.4. hNgb protein interactors in a non-
stress condition. Two independent Co-IP 
experiments were performed, followed by an LC-
MS/MS analysis. We detected 122 proteins in the 
hNgb-EGFP samples, of which 25 could be 
validated in both analyses. Proteins identified in 
the EGFP control samples 1 and/or 2 were 
considered to be false positives. The Venn 
diagram was created with the online tool Venny 
2.1 (http://bioinfogp.cnb. csic.es/tools/venny/).  
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3.3. Protein interactors of hNgb in a non-stress condition are enriched in the 
'Cell Death and Survival, Cellular Development, Cellular Growth and 
Proliferation' network 

Two parallel Co-IP experiments were performed in which we looked for specific (hNgb-
EGFP cells) and aspecific (EGFP control cells) protein interactions, using an LC/MS-MS 
approach. We detected 122 proteins in the hNgb-EGFP samples, which were not 
detected in the EGFP control samples (Fig. 3.4). Aside from hNgb, we identified 24 
proteins in both hNgb-EGFP samples, validating the interaction. Table 3.2 comprises a 
summary of the different described functions of each of the 24 proteins.  
 
 
Table 3.2. Physiological functions of the 24 proteins that bind to hNgb in a non-stress condition; unlabeled 
Co-IP MS/MS experiment.  

P
6

3
1

04
 

14-3-3 protein zeta/delta 

Adapter protein implicated in intracellular signaling, apoptosis, cell division and differentiation. As 
such the protein has been found implicated in neuronal disorders as Creutzfeldt–Jakob disease, 
Alzheimer’s disease (AD), neuronal migration defects and polyglutamine diseases [24]. 

P
6

2
7

01
 40S ribosomal protein S4, X isoform 

Cytoplasmic protein enhancing cell proliferation and translation [25]. The protein is upregulated in 
plaque tissue of multiple sclerosis [26]. 

P
0

8
8

65
 40S ribosomal protein SA 

Levels of this protein are positively associated with cell survival; i.e. both the generation of 
neoplasms as the protection of neurons against apoptosis-inducing stimuli [27]. 

P
1

8
1

24
 

60S ribosomal protein L7 
Structural constituent of ribosomes, involved in translation.  

P
6

1
3

13
 60S ribosomal protein L15 

A large deletion in the RPL15 gene is causative for the development of Diamond-Blackfan anemia 12 
[28]. The protein interacts with interferon-inducible protein p56 [29]. 

P
8

3
8

81
 

60S ribosomal protein L36a 
Structural constituent of ribosomes, involved in translation.  

P
1

1
0

21
 78 kDa glucose-regulated protein 

Cellular defense apparatus against protein misfolding with an altered expression in AD [30] and 
Amyotrophic Lateral Sclerosis (ALS) [31]. The protein has neurogenic functions as well [32]. 

P
6

8
0

32
 

Actin 
Actin is a highly conserved protein involved in synaptic dynamics [33] and axon degeneration 
through caspase-mediated cleavage. The latter may occur during development, the physiological 
turnover of neurons and neuronal injury [34]. 

Q
0

8
2

1
1 ATP-dependent RNA helicase A 

Nucleic acid helicase which, in addition, is involved in different forms of cell death: developmental 
apoptosis of neural progenitors [35] and pyroptosis as a host defense against viral infections [36]. 

O
7

5
5

3
1 Barrier-to-autointegration factor 

The protein is involved in chromatin decondensation and nuclear growth [37]. A homozygous 
mutation in BANF1 causes Nestor-Guillermo progeria syndrome [38]. 

P
1

2
2

77
 Creatine kinase B-type 

Energy transfer protein which is upregulated during cerebellar postnatal development [39] and 
downregulated in AD and schizophrenia [40]. It activates neuronal K+-Cl- co-transporter KCC2 [40]. 
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P
1

2
9

56
 

X-ray repair cross-complementing protein 6 
ATP-dependent helicase implicated in embryonic neurogenesis [73] and the production of IFN-λ1 [74]. 
Its expression levels are further correlated with telomere length [75]. Acetylated Ku70 induces 
caspase-dependent cell death [76]. It forms a heterodimer with X-ray repair cross-complementing 
protein 5 [77].  

 

P
0

6
7

44
 Glucose-6-phosphate isomerase 

Glucose metabolism enzyme with a role in proteostasis [41] and motor neuron sprouting [42]. It has 
more general neurotrophic properties as well [43]. 

P
0

4
7

92
 

Heat shock protein beta-1 
Molecular chaperone with a role in the anterograde axonal transport of proteins [44] and 
mitochondria [45], VEGF-mediated angiogenesis [46], oxidative stress regulation, negative 
regulation of apoptosis, and the mediation of translational repression [47]. 

P
0

1
8

34
 Immunoglobulin kappa constant 

Constant part of antibodies which gets significantly oxidized in AD affected serum [48] and is 
upregulated in inflammatory neuropathies [49]. 

P
0

7
1

95
 

L-lactate dehydrogenase B chain 
Part of the fermentation pathway that is involved in the brain energy metabolism [50]. 

P
6

7
8

09
 

Nuclease-sensitive element-binding protein 1 
YB-1 is a protein with pleiotropic functions e.g. transcriptional regulation, DNA repair, cell 
proliferation, and stress responses to extracellular signals [51]. Moreover, it influences the 
pluripotency state of embryonic stem cells [52]. 

P
0

0
5

58
 Phosphoglycerate kinase 1 

Glycolytic enzyme of which the overexpression alleviates spinal muscular atrophy phenotypes [53]. 
It participates in angiogenesis by reducing plasmin [54] and is involved in cell differentiation [55]. 

P
5

7
7

21
 

Poly(rC)-binding protein 3 
Alpha-CP3 has a role in post-transcriptional activities and functions as an iron chaperone [56]. 
Alpha-CP3 binds directly with ferritin and, hence, contributes to the iron deficiency response [56]. 
Splicing regulation of i.a. Tau, links Alpha-CP3 to tauopathy dementias [57]. 

P
6

3
2

44
 

Receptor of activated protein C kinase 1 
Scaffold protein implicated in axon guidance and outgrowth [58], the protection against oxidative 
stress-induced apoptosis [59], G0/G1 cell division transitions [60] and the inhibition of phagocytosis 
[61]. RACK1 contributes in cytoplasmic inclusion development in aggregation pathologies [62]. 

Q
0

1
8

4
4 RNA-binding protein EWS 

Transcriptional repressor with a role in stem cell quiescence [63]. Disease-specific variants are 
aggregation-prone and may lead to ALS pathology [64]. 

Q
1

3
2

6
3 Transcription intermediary factor 1-beta 

Scaffold protein which binds the transcription factor REST/NRSF, promoting neuronal differentiation 
[65]. TIF1-beta further regulates gene transcription through chromatin remodeling [66]. 

P
0

9
9

36
 

Ubiquitin carboxyl-terminal hydrolase isozyme L1 
Protein involved in the autophagy/lysosomal pathway [67], maintaining the structure and function 
of the neuromuscular junction [68] and the physiological working of the endoplasmic reticulum [69]. 
Mutations in UCHL1 are associated with autosomal dominant Parkinson disease [70] and lowered 
UCHL1 levels are detected in ALS and AD as well [69]. 

P
0

8
6

70
 Vimentin 

Class-III intermediate filament which promotes axonal growth and branching [71], and negatively 
regulates peripheral nerve myelination [72]. The protein is re-upregulated in regions with plaque 
pathology, repairing atrophic dendrites and their lost synaptic connections [71]. 
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Of note, cellular functions of RPL15 and PCBP3 can be linked to the iron metabolism, 
thus also establishing a link with ferroptosis on the protein level. While other functions 
of the 24 proteins can be linked to mechanisms as neuronal sprouting (YWHAZ, GPI, 
RACK1, VIM), proteostasis (RPS4X, HSPA5, GPI, RACK1, UCHL1, HSPB1) or cell division 
and differentiation (YWHAZ, RPS4X, TRIM28, YBX1, PGK1, RACK1, XRCC6, EWSR1) by 
sight, we also performed an Ingenuity Pathway Analysis (IPA) on these 24 binders. 
Functional analysis recognized the seven diseases and/or biological functions that can be 
most closely associated to the inserted proteins (Fig. 3.5a).  
 

 
Figure 3.5. Top diseases and biological functions related to the hNgb protein interactors in a non-stress 
condition. a) Network analysis by Ingenuity Pathway Analysis reveals the 24 specific hNgb interactors to be 
specifically linked to neurological diseases and organismal injury and abnormalities. b) Function annotations 
of the neurological diseases network show a clear link to motor neuropathies. 

 
Interestingly, a strong correlation was detected with neurological diseases, which could 
be brought back to especially motor neuropathies (Fig. 3.5b). The network of organismal 
injury and abnormalities was also detected to be significantly connected (p-value = 
1,26E-08 - 1,74E-02), as depicted in Fig. 3.5a. Canonical pathway analysis found links 
with i.a. the protein ubiquitination pathway (6,41E-03), mTOR signalling (3,62E-02), 14-
3-3-mediated signalling (1,58E-02), death receptor signalling (8,78E-03), the MAPK/ERK 
pathway (3,41E-02) and the glycolysis cascade (4,54E-04, Fig. 3.6). As for upstream 
regulators, the majority has been found to interact with hNgb-interacting vimentin (Fig. 
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3.7a/c). The other 3 (CREB3L1, REST/NRSF, EGFR) are linked to the cell death and 
survival pathway, in which hNgb interacts with multiple proteins (Fig. 3.7b).  
 
 

 
 

Figure 3.6. Canonical pathways linked to hNgb binders in a non-stress condition. Ingenuity Pathway 
Analysis on the 24 specific hNgb-binders reveals connections with i.a. the protein ubiquitination pathway, 
mTOR signalling, ER stress pathway, 14-3-3-mediated signalling and glycolysis. 
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Figure 3.7. Regulators and signalling cascades linked to hNgb protein interactors in a non-stress condition. 
a) Top predicted upstream regulators of hNgb-linked pathways b) The 'cell death and survival, cellular 
development, cellular growth and proliferation' network shows the highest connectivity with hNgb-protein 
interactions. The latter are indicated as green. c) Vimentin is the hNgb interactor with the highest number of 
predicted connections itself. These provide an indirect link with/influence on hNgb functions.  
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Ninety-seven of the hNgb-binders were, however, only detected in one of both hNgb-
EGFP samples; 38 and 59 proteins were solely identified in respectively hNgb-EGFP 
sample 1 and 2 (Fig. 3.4). The reason as to why they were not detected in both samples, 
could be due to their interaction with hNgb to be rare or weak (Table 3.3). It concerns, 
for example, neurodegenerative associated proteins (FUS, PARK7) and proteins 
belonging to cellular processes which are also associated with functions of the 24 
validated proteins (Fig. 3.8).  

 
Figure 3.8. hNgb protein interaction network. Representation of protein-protein associations of the hNgb-
specific binders identified in either hNgb-EGFP S1 or S2. The interaction network was obtained using the 
STRING database (http://string-db.org/) and obtained a PPI enrichment p-value of < 1.0E-16. Proteins 
belonging to functional KEGG pathway enrichments were indicated in the corresponding colour.  
 

In this regard, they could provide an extra connection between hNgb and processes as 
cell proliferation (MKI67), cytoskeleton organization and axon guidance (CRMP1, CFL1, 
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DPYSL2, PLXNA4), the cell energy metabolism (ALDOA, LRPPRC, ENO2) and proteostasis 
or protein folding (USP44, CCT4, PDIA6, CCT6A, CCT8, UBA1). Of interest regarding the 
link between hNgb and ferroptosis, hNgb was also identified to interact with glutathione 
s-transferase P in one sample (Table 3.3). Another ROS metabolism protein (PRDX2) and 
ATP synthase subunits (ATP5A1, ATP5B) were identified to bind hNgb as well. When 
generating a protein-protein association network of all the hNgb-EGFP non-background 
binders, irrespective of whether they were detected in sample 1 and/or 2, a PPI 
enrichment p-value was obtained of < 1.0E-16 (Fig. 3.8). Given the number of edges 
(734) to be higher as anticipated from a network obtained from a random protein list of 
the same size (289), this strengthens our hypothesis of hNgb binders to be biologically 
connected if nothing else. 
 
Table 3.3. Proteins identified to bind hNgb in only one of the two unstressed hNgb-EGFP samples, but which 
could be specific as they were not retrieved in EGFP control samples; unlabeled Co-IP MS/MS experiment. 

38 proteins identified solely in hNgb-EGFP S1 59 proteins identified solely in hNgb-EGFP S2 

TUBA1C Tubulin alpha-1C chain HIST2H2AB Histone H2A type 2-B 

IGLC2 Immunoglobulin lambda constant 2 TUBB4A Tubulin beta-4A chain 

HIST1H1E Histone H1.4 HIST1H2AA Histone H2A type 1-A 

FUS RNA-binding protein FUS CFL1 Cofilin-1 

C1QBP 
Complement component 1 Q subcomponent-

binding protein 
DUT 

Deoxyuridine 5'-triphosphate nucleotide-

hydrolase, mitochondrial 

HNRNPL Heterogeneous nuclear ribonucleoprotein L RPL38 60S ribosomal protein L38 

ALYREF THO complex subunit 4 GSTP1 Glutathione S-transferase P 

XRCC5 X-ray repair cross-complementing protein 5 PCBP1 Poly(rC)-binding protein 1 

EIF4A2 Eukaryotic initiation factor 4A-II RPL10 60S ribosomal protein L10 

HNRNPD Heterogeneous nuclear ribonucleoprotein D0 HMGB1 High mobility group protein B1 

NOLC1 Nucleolar and coiled-body phosphoprotein 1 TUBA4B Putative tubulin-like protein alpha-4B 

GDI1 Rab GDP dissociation inhibitor alpha YWHAE 14-3-3 protein epsilon 

TMPO Lamina-associated polypeptide 2, alpha SSBP1 Single-stranded DNA-binding protein 

RPLP2 60S acidic ribosomal protein P2 SNU13 NHP2-like protein 1 

KIF5B Kinesin-1 heavy chain YWHAB 14-3-3 protein beta/alpha 

HNRNPR Heterogeneous nuclear ribonucleoprotein R TEX264 Testis-expressed protein 264 

AHSG Alpha-2-HS-glycoprotein RPS3A 40S ribosomal protein S3a 

MIF Macrophage migration inhibitory factor IGLV3-19 Immunoglobulin lambda variable 3-19 

HMGA1 High mobility group protein HMG-I/HMG-Y DPYSL2 Dihydropyrimidinase-related protein 2 

PDIA3 Protein disulfide-isomerase A3 RPL34 60S ribosomal protein L34 

MATR3 Matrin-3 WBP11 WW domain-binding protein 11 

RPA1 
Replication protein A 70 kDa DNA-binding 

subunit 
HNRNPA3  

Heterogeneous nuclear ribonucleoprotein 

A3  

RPS7 40S ribosomal protein S7 YWHAG 14-3-3 protein gamma 

MKI67 Proliferation marker protein Ki-67 USP44 Ubiquitin carboxyl-terminal hydrolase 44 

HNRNPA0 Heterogeneous nuclear ribonucleoprotein A0 RPS13 40S ribosomal protein S13 

HSPA9 Stress-70 protein, mitochondrial KSR2 Kinase suppressor of Ras 2 

RPLP1 60S acidic ribosomal protein P1 ENO2 Gamma-enolase 

CBX3 Chromobox protein homolog 3 MYL6B Myosin light chain 6B 

ANXA2P2 Putative annexin A2-like protein EIF4A1 Eukaryotic initiation factor 4A-I 

KPNB1 Importin subunit beta-1 FSCN1 Fascin 

RPL32 60S ribosomal protein L32 RPL13A 60S ribosomal protein L13a 

RPS19 40S ribosomal protein S19 PRDX2 Peroxiredoxin-2 

U2AF1L5 
Splicing factor U2AF 35 kDa subunit-like 

protein 
GNB3  

Guanine nucleotide-binding protein 

G(I)/G(S)/G(T) subunit beta-3 

CRMP1 Dihydropyrimidinase-related protein 1 NAP1L1 Nucleosome assembly protein 1-like 1 
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SRSF3 Serine/arginine-rich splicing factor 3 RPA2 Replication protein A 32 kDa subunit 

TPR Nucleoprotein TPR CCT4 T-complex protein 1 subunit delta 

UVSSA UV-stimulated scaffold protein A PARK7 Protein/nucleic acid deglycase DJ-1 

RALGAPA1 Ral GTPase-activating protein subunit alpha-1 PDIA6 Protein disulfide-isomerase A6 

    ACTBL2 Beta-actin-like protein 2 

  
KIAA1614 Uncharacterized protein KIAA1614  

    RUVBL1 RuvB-like 1 

  
RPLP0 60S acidic ribosomal protein P0 

    PLXNA4 Plexin-A4 

  
RPL5 60S ribosomal protein L5 

    ATP5B ATP synthase subunit beta, mitochondrial 

  
KHDRBS1 

KH domain-containing, RNA-binding, signal 

transduction-associated protein 1 

    ATP5A1 ATP synthase subunit alpha, mitochondrial 

  
ALDOA Fructose-bisphosphate aldolase A 

    CCT6A T-complex protein 1 subunit zeta 

  
PDIA4 Protein disulfide-isomerase A4 

    CCT8 T-complex protein 1 subunit theta 

  
CCT3 T-complex protein 1 subunit gamma 

    UBA1 Ubiquitin-like modifier-activating enzyme 1 

  
KBTBD3 

Kelch repeat and BTB domain-containing 

protein 3 

    SMC3 
Structural maintenance of chromosomes 

protein 3 

  
NACA 

Nascent polypeptide-associated complex 

subunit alpha, muscle-specific form 

    LRPPRC 
Leucine-rich PPR motif-containing protein, 

mitochondrial 

  
FASN Fatty acid synthase 

    MUC16 Mucin-16 

 

3.4. SILAC labelling shows ferroptosis-specific hNgb interactions 

Stable isotope labelling with amino acid in cell cultures (SILAC) was used to make a 
distinction between constitutive and ferroptosis-specific hNgb interactions. Since the 
experiment was repeated after interchanging the SILAC labels between the conditions, 
the analysis contains two biological replicates (Fig. 3.9a). In order to obtain a high 
specificity of the interactions found, only proteins that were identified in both the 
forward and the reverse experiment were used. Proteins which were also identified in 
the control EGFP samples are considered to be aspecific binders to either EGFP, the 
antibody or agarose beads. Aside from hNgb, ten specific proteins were identified (Fig. 
3.9b). This number is lower as the one of the unlabelled experiments, which may be 
attributed to the increased complexity of a SILAC sample. Known biological functions of 
the ten interactors are listed in table 3.4. Binding ratios of hNgb and proteins involved in 
cell death (HNRNPA3, FAM120A, ABRAXAS2) are increased under erastin-stress (Fig. 
3.9b). Of note, though not validated, HNRNPA3 was also identified in hNgb-EGFP sample 
2 in the unlabelled experiment (Table 3.3). Popping up in both the unstressed and 
ferroptotic conditions of the SILAC experiment, this finding underscores our hypothesis 
that Table 3.3 could still contain specific binders. In this regard, the 36 proteins only 
identified in the SILAC forward experiment and the 26 proteins of the reverse 
experiment (Fig. 3.9a), are listed in table 3.5.  
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Figure 3.9. hNgb protein interactors in a ferroptotic condition. a) Venn diagram of the different samples. 
The forward and reverse samples contain differently labelled proteins of hNgb-EGFP cells being or 
unstressed or stressed with 50 µM erastin for 24 h. SILAC labelling was coupled to a Co-IP MS/MS analysis 
for protein identification. Proteins detected in the EGFP control samples 1 and/or 2 were considered to be 
background binders. The Venn diagram was created with Venny 2.1 
(http://bioinfogp.cnb.csic.es/tools/venny/). b) Abundance values of the ten proteins which were identified 
in both the forward and reverse run. Values are represented per condition and ratios are taken thereof. c) 
The top predicted upstream regulators of the signalling cascades which are linked to the 10 identified hNgb-
binders. 

 
Table 3.4. Functions of the 10 proteins that were identified in the SILAC experiment as hNgb-binders.  

P
6

2
0

81
 40S ribosomal protein S7 

Ribosomal protein linked to the cellular apoptosis process through abrogation of oncogene MDM2-
mediated p53 ubiquitination [78]. Mutation variants are linked to Diamond-Blackfan anemia [28].  

Q
0

8
2

1
1 

ATP-dependent RNA helicase A 
Protein detected in both the non-SILAC and SILAC experiment. Nucleic acid helicase which, in 
addition, is involved in different forms of cell death: developmental apoptosis of neural 
progenitors [35] and pyroptosis as a host defense against viral infections [36]. 

Q
1

5
0

1
8 BRISC complex subunit Abraxas 2 

Brcc36-containing isopeptidase complex unit which is involved in deubiquitinating proteins. Through 
this function it regulates p53 activity [79] and interferon-dependent responses [80]. 

Q
9

N
ZB

2 

Constitutive coactivator of PPAR-gamma-like protein 1 
Scaffold protein involved in phosphorylation cascades of the FAK and PI3K/AKT/mTOR pathways 
[81], with downstream the Akt-mediated antiapoptotic cascade [82]. It promotes secretion of 
neurotrophic IGF2 [82] and interacts with kinesins responsible for transporting molecular cargo [81]. 

P
8

4
0

90
 Enhancer of rudimentary homolog 

Protein that is linked to mRNA splicing, the replication stress response, the cell cycle, and optimal 
cell growth under stress conditions [83]. 

P
5

1
9

91
 Heterogeneous nuclear ribonucleoprotein A3 

Protein is actively ‘recruited’ in protein aggregates in C9orf72-linked frontotemporal lobar 
degeneration and motor neuron disease [84]. Reduced levels of hnRNPA3 induce cellular 
senescence, e.g. reduction in cell growth, the upsurge in dsDNA breaks, and the increase of p53 and 
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Concordantly, while XRCC6 was validated as a hNgb interactor in the unlabelled 
experiment (being present in both hNgb-EGFP samples), the other part of the DNA-
repair complex XRCC5/XRCC6 was actually also identified in the hNgb-EGFP sample 1 of 
the unlabelled experiment (Table 3.3). The opposite identification was found in the 
SILAC experiment, validating the XRCC5 protein with a hit in both the forward and 
reverse run (Fig. 3.9b) and identifying the XRCC6 protein in the reverse SILAC run but not 
the forward one (Table 3.5). However, no significant difference was observed between 
the interaction abundances of the non-stress and ferroptosis condition (Fig. 3.9b). This 
categorizes the hNgb-XRCC5/XRCC6 interaction as a constitutive one. hNgb further 
shows a mean 0.31-fold decrease in interaction abundance with the neurite repair 
protein vimentin when cells are erastin-stressed. On the contrary, hNgb binding to the 
axonal targeting protein HNRNPM is increased by 9.46-fold (Fig. 3.9b). Hence, though 
these interactions with hNgb are established, it remains to be shown whether hNgb-
binding works activating or rather inhibitory. As the abundance values of the interaction 
with VAPA are inconsistent between the forward and reverse experiment, additional 
validation is warranted to establish the role of this interaction during ferroptosis. Of 
note, IPA analysis of upstream regulators of hNgb-interactor pathways identifies again 
vimentin as the target molecule in the dataset (Fig. 3.9c). 
 
Table 3.5. Proteins identified to bind hNgb in only the forward or reverse SILAC experiment, but which could 

be specific as they were not retrieved in the EGFP control samples. 

  

Abundances: Forward Abundances: Reverse 

Elements found in either the "Forward" or "Reverse" 

experiment 
Stress 

Non-

stress 
S/NS Stress 

Non-

stress 
S/NS 

RTL1 Retrotransposon-like protein 1 2,28E+05 NA n.a. n.a. n.a. n.a. 

CNBP Cellular nucleic acid-binding protein NA 1,56E+06 n.a. n.a. n.a. n.a. 

RUFY1 RUN & FYVE domain-containing protein 1 3,96E+07 1,87E+07 2,12 n.a. n.a. n.a. 

RUFY3 Protein RUFY3 NA NA n.a. n.a. n.a. n.a. 

p21/WAF1 proteins [85]. 
P

5
2

2
72

 Heterogeneous nuclear ribonucleoprotein M 
Pre-mRNA binding protein linked to spinal muscular atrophy [86]. It also functions as a cell surface 
receptor, making it function in an ephrin receptor-like way to regulate axonal targeting [87]. 

Q
9

P
0

L0
 

Vesicle-associated membrane protein-associated protein A 
Integral membrane protein known to function in the regulation of sterol, lipid biosynthesis and 
vesicle trafficking. It binds the electromotility protein prestin [88] and protrudin [89], making VAPA 
involved in the neurite outgrowth process. Plays a role in the pathophysiology of amyotrophic 
lateral sclerosis [90]. 

P
0

8
6

70
 

Vimentin 
Protein detected in both the non-SILAC and SILAC experiment. Class-III intermediate filament which 
promotes axonal growth and branching [71], and negatively regulates peripheral nerve myelination 
[72]. The protein is re-upregulated in regions with plaque pathology, repairing atrophic dendrites 
and their lost synaptic connections [71]. 

P
1

3
0

10
 

X-ray repair cross-complementing protein 5 

Helicase of which the levels are positively correlated with longevity [77]. It forms a heterodimer 
with X-ray repair cross-complementing protein 6 [77]. As such XRCC5 is involved in embryonic 
neurogenesis [73]. 
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PFN2 Profilin-2 2,51E+06 NA n.a. n.a. n.a. n.a. 

HP Haptoglobin NA NA n.a. n.a. n.a. n.a. 

SNRPC U1 small nuclear ribonucleoprotein C NA NA n.a. n.a. n.a. n.a. 

YTHDF3 YTH domain-containing family protein 3 5,95E+06 3,18E+05 18,70 n.a. n.a. n.a. 

DLST 

Dihydrolipoyllysine-residue succinyltransferase 

component of 2-oxoglutarate dehydrogenase 

complex 

1,67E+06 NA n.a. n.a. n.a. n.a. 

TBC1D5 TBC1 domain family member 5 1,90E+06 1,16E+06 1,64 n.a. n.a. n.a. 

RPL30 60S ribosomal protein L30 NA NA n.a. n.a. n.a. n.a. 

VAPB 
Vesicle-associated membrane protein-

associated protein B/C 
3,88E+07 1,79E+07 2,16 n.a. n.a. n.a. 

WTAP Pre-mRNA-splicing regulator WTAP 3,15E+06 1,12E+06 2,80 n.a. n.a. n.a. 

SNRPF Small nuclear ribonucleoprotein F NA NA n.a. n.a. n.a. n.a. 

YBX1 Nuclease-sensitive element-binding protein 1 1,09E+06 4,89E+05 2,23 n.a. n.a. n.a. 

MT1G Metallothionein-1G NA 1,69E+06 n.a. n.a. n.a. n.a. 

SNRPD3 Small nuclear ribonucleoprotein Sm D3 1,99E+07 5,54E+06 3,59 n.a. n.a. n.a. 

HSPA9 Stress-70 protein, mitochondrial NA NA n.a. n.a. n.a. n.a. 

SNRPD2 Small nuclear ribonucleoprotein Sm D2 5,46E+06 NA n.a. n.a. n.a. n.a. 

RUVBL1 RuvB-like 1 NA NA n.a. n.a. n.a. n.a. 

TRIM28 Transcription intermediary factor 1-beta 2,37E+07 7,03E+06 3,38 n.a. n.a. n.a. 

SNRPA U1 small nuclear ribonucleoprotein A 4,58E+07 8,71E+06 5,26 n.a. n.a. n.a. 

SRSF8 Serine/arginine-rich splicing factor 8 NA NA n.a. n.a. n.a. n.a. 

CCT6A T-complex protein 1 subunit zeta 3,43E+05 NA n.a. n.a. n.a. n.a. 

IGKV1-5 Immunoglobulin kappa variable 1-5 NA NA n.a. n.a. n.a. n.a. 

ITIH3 Inter-alpha-trypsin inhibitor heavy chain H3 NA NA n.a. n.a. n.a. n.a. 

PTBP1 Polypyrimidine tract-binding protein 1 NA NA n.a. n.a. n.a. n.a. 

CNTNAP4 Contactin-associated protein-like 4 2,49E+07 NA n.a. n.a. n.a. n.a. 

IGHG4 Immunoglobulin heavy constant gamma 4 NA NA n.a. n.a. n.a. n.a. 

RPLP0 60S acidic ribosomal protein P0 2,58E+06 4,70E+05 5,48 n.a. n.a. n.a. 

HNRNPL Heterogeneous nuclear ribonucleoprotein L 7,89E+06 1,36E+06 5,79 n.a. n.a. n.a. 

TUBA4B Putative tubulin-like protein alpha-4B 1,53E+07 2,52E+06 6,10 n.a. n.a. n.a. 

TF Serotransferrin 2,21E+06 NA n.a. n.a. n.a. n.a. 

HNRNPD Heterogeneous nuclear ribonucleoprotein D0 1,11E+07 2,31E+06 4,78 n.a. n.a. n.a. 

CCT5 T-complex protein 1 subunit epsilon NA NA n.a. n.a. n.a. n.a. 

CBX3 Chromobox protein homolog 3 NA NA n.a. n.a. n.a. n.a. 

HIST2H2AB Histone H2A type 2-B n.a. n.a. n.a. 3,57E+08 1,10E+09 0,32 

TUBA1A Tubulin alpha-1A chain n.a. n.a. n.a. NA NA NA 

HSPB1 Heat shock protein beta-1 n.a. n.a. n.a. NA 1,18E+06 n.a. 

PCBP3 Poly(rC)-binding protein 3 n.a. n.a. n.a. NA 4,67E+05 n.a. 

SNRPD1 Small nuclear ribonucleoprotein Sm D1 n.a. n.a. n.a. NA NA n.a. 

RPL38 60S ribosomal protein L38 n.a. n.a. n.a. 8,00E+05 8,53E+05 0,94 

MYH10 Myosin-10 n.a. n.a. n.a. NA NA n.a. 

MYH9 Myosin-9 n.a. n.a. n.a. NA NA n.a. 

PDIA3 Protein disulfide-isomerase A3 n.a. n.a. n.a. NA NA n.a. 

BANF1 Barrier-to-autointegration factor n.a. n.a. n.a. NA 2,73E+07 n.a. 

GPI Glucose-6-phosphate isomerase n.a. n.a. n.a. NA 3,80E+05 n.a. 
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MAP4 Microtubule-associated protein 4 n.a. n.a. n.a. NA 9,15E+05 n.a. 

RPL26 60S ribosomal protein L26 n.a. n.a. n.a. NA NA n.a. 

ALYREF THO complex subunit 4 n.a. n.a. n.a. NA 1,52E+05 n.a. 

SLC25A31 ADP/ATP translocase 4 n.a. n.a. n.a. NA NA n.a. 

RPL7 60S ribosomal protein L7 n.a. n.a. n.a. NA NA n.a. 

RPLP2 60S acidic ribosomal protein P2 n.a. n.a. n.a. NA NA n.a. 

ANXA1 Annexin A1 n.a. n.a. n.a. NA 3,16E+06 n.a. 

NOLC1 Nucleolar and coiled-body phosphoprotein 1 n.a. n.a. n.a. 5,44E+05 2,92E+05 1,86 

HADHA 
Trifunctional enzyme subunit alpha, 

mitochondrial 
n.a. n.a. n.a. NA NA n.a. 

HSP90B1 Endoplasmin n.a. n.a. n.a. NA 6,31E+05 n.a. 

MYL6B Myosin light chain 6B n.a. n.a. n.a. NA NA n.a. 

SNU13 NHP2-like protein 1 n.a. n.a. n.a. NA NA n.a. 

XRCC6 X-ray repair cross-complementing protein 6 n.a. n.a. n.a. NA 3,52E+05 n.a. 

FASN Fatty acid synthase n.a. n.a. n.a. NA NA n.a. 

HMGN1 Non-histone chromosomal protein HMG-14 n.a. n.a. n.a. NA NA n.a. 

NA: no abundance value available, i.e. when there is a good MS2 available but the MS1 level peak is not sufficiently 

reliable for integration (e.g. due to co-elution of peptides, resulting in "shoulder formation").  n.a. = not applicable 

 
 

4. Discussion 

Since its discovery in 2000 by Burmester et al. [91], Ngb, a neuronal-specific heme 
protein, has been ascribed with neuroprotective functions. Ferrous Ngb inactivates pro-
apoptotic cytochrome c at a rate of 2 x 107 M-1s-1 [21]. Its expression is upregulated 
during hypoxic events [92] and upsurging Ngb levels entails more favourable outcomes 
in for example the AD pathogenesis and eye pathologies [19, 93]. As the alleviations of 
different pathological characteristics cannot be ascribed to solely the aversion of 
apoptosis initiation, current data leave a paramount question unanswered; in which 
cellular pathways is Ngb involved? To investigate Ngb-linked neuroprotective cascades, 
this study created and validated a transgenic hNgb-EGFP SH-SY5Y cell line for its further 
use in unraveling Ngb non-stress and stimulus-specific interactions. 
 
We chose erastin as a stressor, knowing ferroptotic cell death to be associated with 
pathologies in which increased Ngb levels were already described to work 
neuroprotective [16]. Eight-fold higher endogenous levels of hNgb in our hNgb-EGFP SH-
SY5Y cells were indeed ascertained to result in over 10% less cell death as compared to 
values of EGFP control cells when stressing the cells with 50 µM erastin for 24 hours. 
Hence, this is the first study to describe a widening of the Ngb endogenous 
neuroprotective actions to ferroptotic cell death. Searching for the underlying cascades 
that contribute to this promotion of cellular survival, we first quantified expression 
levels of neuroprotective genes and those associated to the ferroptosis process. We 
detected 0.63-fold lower NUBP2 transcript levels in unstressed hNgb-EGFP cells as 
compared to values of EGFP control cells. NUBP2 is a part of the iron-sulfur protein 
assembly machinery and polymorphisms within the NUBP2 locus influence IGF-1 and 
IGFBP-3 levels [94]. Such a link to IGF-signalling is of interest as the latter plays a key role 
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in the regulation of longevity, i.e. decreased IGF pathway activation increases lifespans 
[95]. Accordingly, IGF cascades and glucose metabolism dysregulation have recently 
been linked to the pathophysiology of AD [96, 97]. IGF1 did also pop up as an upstream 
regulator of hNgb-linked signalling in both our IPA analyses. Besides IGF1-signalling, 
canonical pathway analysis revealed other pathways linked to cellular senescence and 
ageing: mTOR signaling (p-value of 3.62E-02) and the glycolysis pathway (p-value of 
4.56E-04). Together with the protein ubiquitination pathway (p-value of 6.41E-03) being 
linked to hNgb, hNgb could be part of the cell’s main mechanisms to confer protection 
against age-related pathologies as AD, cognitive decline, type 2 diabetes, cancer and 
immune system decline [98]. In support of this idea, a knockout of Ngb was already 
detected to induce expression alterations of proteins linked to the glycolytic pathway 
[99], and recent research starts to ascribe immune-linked functions to Ngb as well. Ngb 
was detected to be linked to astroglial antioxidant mechanisms [100], a neuroprotective 
interaction between mesenchymal stem cells and astrocytes [101] and the expression of 
inflammatory markers in tissue surrounding an injury site [102]. In this study we 
detected the interaction of hNgb with DHX9 to be reduced under erastin stress. This 
helicase is known to take part in pyroptosis, a strongly inflammatory form of 
programmed cell death [36]. We also identified an increased binding of hNgb to 
ABRAXAS2 in the ferroptotic cells, a deubiquitinating complex involved in interferon-
dependent responses [80]. Ferroptosis is indeed a necrosis-like form of cell death with 
an inflammatory component due to i.a. the release of damage-associated molecular 
patterns, in contrast to the apoptosis process [5]. 
 
We provide further evidence for a link between hNgb and astroglia. In addition to an 
inflammatory function, astroglia are key to the upkeep of nervous system homeostasis, 
for which they regulate the glutamate cycle and secrete neurotrophic factors. Not only 
did we detect IGF1 as an upstream regulator in our network, but other growth factors 
(FGF2, TGFA, and EGF) were identified by IPA as well. Hence, the quest for a mechanistic 
explanation on how Ngb contributes to the beneficial outcome in a plethora of 
neurodetrimental insults should include cell renewal as well. In accordance, vimentin 
was identified as the target molecule in the network of most of the upstream regulators, 
including IGF1. This class-III intermediate filament promotes axonal growth and 
branching [71]. It is re-upregulated in regions with plaque pathology, repairing atrophic 
dendrites and their lost synaptic connections [71]. Of note, we detected the interaction 
abundance between hNgb and vimentin to be decreased by a mean fold of 0.31 when 
cells were erastin-stressed. This raises the question as to whether the interaction with 
hNgb is activating or inhibiting. We also do not exclude that there might be a different 
binding ratio when cells would be recovering in non-erastin containing medium. In the 
non-stress conditions, we further detected hNgb to bind to proteins linked to cell 
division and differentiation (YWHAZ, RPS4X, TRIM28, YBX1, PGK1, RACK1, XRCC6, 
EWSR1). Upregulated transcription of NUBP2 in our hNgb-EGFP cells may result in 
increased binding of katanin-like 2 protein isoforms, which are implicated in cytokinesis 
and cell cycle progression [103]. Positioning Ngb as such in cell fate pathways is in line 
with literature. While Ngb is expressed in embryonic brains and stem cells, its expression 
is further increased during the differentiation process [104, 105]. Closely related to the 
differentiation mechanism is the process of neuronal sprouting, which occurs during 
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embryogenesis as well as in response to neuronal damage. This study also identified 
proteins specifically linked to the axonal outgrowth process (YWHAZ, GPI, RACK1, VIM) 
to bind hNgb. These interactions may be linked to the previously observed positive 
correlation between Ngb levels and neurite length in Neuro-2a cells [106]. Playing part 
in the cellular attempt to re-establish tissue homeostasis is further in line with cells to 
increase their Ngb levels after brain injuries, and this primarily in cells in proximity of the 
damage [107]. Given the axons of motor- and spinal cord neurons to be of the longest in 
the nervous system, it may be of no surprise that our IPA analysis retrieved motor 
neuropathies as the highest scoring group in the top of diseases and bio functions. 
However, to the best of our knowledge, we are not aware of a study already linking Ngb 
to PD, ALS or other motor neuropathies.  
 
While aforementioned hNgb-linked regenerative mechanisms could provide a beneficial 
outcome in the long run, the reduction in ROS levels could arrange for the observed 
direct protection against ferroptosis induction in our hNgb-EGFP SH-SY5Y cells. In 
addition to the well-known ROS/RNS scavenger function of Ngb [16, 108], we detected it 
to bind HSPB1 (Fig. 3.4, Table 3.2 and 3.5). This protein is already known to protect 
against ferroptotic cell death trough the reduction of iron-linked production of lipid ROS 
[109]. Comparable results were found for hNgb binding to the iron chaperone PCBP3 
(Fig. 3.4, Table 3.2 and 3.5), which binds directly with ferritin [56]. In this study, we also 
detected a positive correlation between hNgb levels and the expression of ferritin, 
though this correlation did not reach significance. Being an intracellular iron storage 
protein, elevated ferritin levels can constrain Fenton chemistry and, hence, the 
formation of free radicals [110]. The importance of ferritin is further substantiated by 
ferritin knockout mice of which the brains show increased levels of oxidatively modified 
proteins and death cells [111]. Secondly, neuroprotective expression of NRF2 is 
increased 2.55±0.36-fold in erastin-stressed hNgb-EGFP cells, an upregulation which is 
not seen in EGFP controls. NRF2 is regarded as a negative regulator of ferroptosis and a 
neuroprotective protein in general [112]. For example, NRF2 induces transcription of 
radical-detoxifying quinone-1 and is the main regulator of enzymes that are responsible 
for the production and regeneration of glutathione [112-114]. In addition, NRF2 
regulates the expression of proteins which were identified as hNgb binders in this study. 
It binds antioxidant response elements to increase GPI expression [115] and targets 
RACK1 [116]. NRF2 itself is regulated by hNgb-binding RNA-binding protein EWS [117]. 
Hence, this Ngb-EWSR1-NRF2 path could be contributing to the observed upsurge in 
NRF2 transcripts in our erastin-stressed hNgb-EGFP overexpressing SH-SY5Y cells (Fig. 
3.3c, Table 3.2). Such a link between hNgb and the main regulator of enzymes of the 
antioxidant glutathione pathway, and the cellular oxidative stress response in general, is 
of interest [112-114]. It broadens hNgb’s anti-oxidative function beyond its intrinsic 
scavenger function [118]. 
 
In addition to oxidative stress, neurodegenerative pathologies are mostly characterized 
by deleterious cytosolic and mitochondrial protein aggregates. Ngb is already known to 
reduce amyloid aggregation [19, 119]. In this study, we detect hNgb to be embedded in 
the protein ubiquitination pathway and the endoplasmic reticulum stress pathway, 
which is tightly connected to the unfolded protein response [120]. Specifically, we 
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identified multiple proteins of the proteostasis machinery to bind hNgb: RPS4X, HSPA5, 
GPI, RACK1, UCHL1, HSPB1. The heat shock protein HSPA5 is part of the cellular defense 
apparatus against protein misfolding with an altered expression in AD [30] and ALS [31]. 
UCHL1 functions in the autophagy/lysosomal pathway and has been linked to 
pathologies of both the central and peripheral nervous system [67]. The hNgb-UCHL1-
APP axis is further of interest, providing a link with upstream regulator REST/NRSF. This 
transcription factor represses genes involved in cell death and upsurges expression of 
neurotransmission-linked genes in the early stages of the AD pathology [18]. In addition, 
REST-Ngb expression correlations were already described by us in cortices of APP23 
mice [17]. Interestingly, we furthermore detected hNgb to bind to the 14-3-3 protein 
(YWHAZ). This interaction has also been detected in the only other study on hNgb 
interactors in a human-derived setting, i.e. SH-SY5Y cells [20]. Jayaraman et al. used a 
protein sequence model to identify possible protein binding sites on hNgb, out of which 
14-3-3 came out as a candidate. The interaction was checked with a Co-IP/WB approach 
and a FRET analysis [20]. Detecting the interaction in both studies not only contributes in 
the validity of the other found interactions, but it provides interesting links to other 
studies and known aspects of the Ngb biology. YWHAZ is an adapter protein implicated 
in intracellular signaling, apoptosis, cell division and differentiation. Moreover, it is a 
strong candidate for cross-seeding and interacts with amyloid-β and tau [121]. 
Transgenic overexpression increases amyloid-β toxicity [121]. Hence, the combination of 
the hNgb-HSPA5-APP, hNgb-UCHL1-APP and hNgb-YWHAZ-APP axes could be central to 
the neuroprotective effect of hNgb towards the amyloid aggregation pathology (Fig. 
3.7b). 
 
In conclusion, we are the first to describe a widening of the endogenous 
neuroprotective actions of hNgb to ferroptotic cell death, detecting 0.68-fold less cell 
death in erastin-stressed hNgb-EGFP cells. We further describe hNgb protein 
interactions in a human-derived neuronal setting in both a physiological and a 
ferroptotic condition. The associated pathways highlighted by the IPA analysis provide a 
better understanding of hNgb’s cellular role. Future work will focus on identifying the 
activating or inhibitory nature of the interactions, with a special interest towards 
enzymes linked to both proteostasis and neuron sprouting (e.g. glucose-6-phosphate 
isomerase). Identifying vimentin as a hub protein in hNgb-linked networks makes further 
research into this interaction warranted. Lastly, our identification of a strong connection 
between hNgb and neuromuscular pathologies remains to be confirmed with in vitro or 
in vivo model systems.  
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Abstract 
Neuroglobin (Ngb) is a REST/NRSF-regulated protein, active in reactive oxygen species 
detoxification and cytochrome c inhibition, which provides a beneficial outcome in 
pathologies as Alzheimer’s disease and strokes. Considering that oxidative stress and 
cell death are typical hallmarks of amyotrophic lateral sclerosis (ALS), we sought to 
explore Ngb’s involvement along this disease progression. Ngb transcription was 
detected to be 2-fold down-regulated in late-stage SODG93A mice, similarly as 
previously described for Alzheimer disease. Interestingly, in accordance with 
REST/NRSF transcription, Ngb expression is higher in spinal cords than in cortices. 
Hence, downstream REST/NRSF mechanisms were studied. A methylation cluster in 
Ngb’s exon 1 (Chr12:87101763-87102586) was selected to assess methylation 
alterations, based on significantly altered positions in GEO DataSets of human c9orf72 
and sporadic ALS cases. However, only the methylation percentage on position 
Chr12.87102586 was significantly increased in SODG93A mice. A larger impact can 
therefore be expected from the detected altered REST splicing; with levels of 
alternatively spliced, gene-activating REST4 to be lower than those of the gene-
inhibitory full variant. To look further into the link between Ngb and ALS, we 
generated a double mutant Ngb-/-SODG93A mouse model, which shows an earlier onset 
and severity of hind limb deficits. Mitochondria derived thereof showed an altered 
mean volume, granularity and Ca2+-induced swelling as compared to NgbWt/WtSODG93A 

mice. These results indicate Ngb to be involved in and affected by the SOD1G93A 

pathology, which could in part be attributed to its role in halting destabilizing events 
of mitochondrial swelling and phenotypes. 
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1. Introduction 

Neuroglobin (Ngb) is a neuronal-specific heme protein, which is omnipresent in the 
vertebrate subphylum and is characterized by a slow evolutionary rate [1]. The latter 
may not be attributed to its low oxygen storage and transport capacity [2], but rather to 
Ngb being involved in cellular mechanisms of cell death and survival. Increased Ngb 
levels were already found to work neuroprotective in a plethora of neurotoxic insults: 
Alzheimer’s disease (AD), traumatic brain injuries and eye pathologies (reviewed in [3]). 
These results can in part be ascribed to ferrous Ngb averting apoptosis by reducing ferric 
cytochrome c [4] and Ngb’s reactive oxygen/nitrogen species scavenging potential [5]. 
Specifically with regard to beneficial outcomes in AD, increased Ngb levels reduce the 
cellular Aβ(1–40) load in double-transgenic (Ngb-TgxAPP(Sw,Ind)) mice and are positively 
correlated with inflammation-linked factors in an ischemic model [6, 7]. However, these 
effects could only take place in mild to moderate stress levels. In this respect, Ngb levels 
are downregulated again in cases of severe cellular damage following AD progression [8] 
and critical brain trauma [9]. Interestingly, we recently identified an RE-1-silencing 
transcription factor (REST/NRSF) recognition site in the regulatory region of Ngb, as well 
as a correlation between REST and Ngb expression levels in wild-type and APP23 
cortices [10]. This transcriptional repressor plays an important role in neuronal 
differentiation, neurogenesis and the apoptotic process [11]. Given REST to get trapped 
in the cytosol of cells with pathological protein aggregation, its nuclear functions will be 
dysregulated in neurodegenerative pathologies [12]. In this regard, silencing of genes by 
REST is obtained through histone modifications [13]. Hence, it is to be investigated 
whether such disordering of REST causes epigenetic changes on the Ngb gene.  
 
Of note, network analysis also revealed a strong relationship between REST targets and 
genes involved in amyotrophic lateral sclerosis (ALS) [14]. ALS is an early onset 
neurodegenerative disorder which is invariantly fatal. Although symptoms and duration 
vary widely between individuals, patients progress quickly to a stage marked by 
profound muscle weakness, "thick speech" and difficulty in breathing and swallowing; 
evolving to respiratory failure within 3 to 5 years of the onset of symptoms [15]. 
Moreover, the World Health Organization predicts that by 2040, neurodegenerative 
diseases will become the second leading cause of death after cardiovascular disease 
[16]. Up to date, no data are available on the involvement of Ngb in ALS. Given Ngb’s 
neuroprotective potential, the latter would be of interest. Moreover, the ALS pathology 
does involve events as oxidative damage to biological macromolecules, inflammation 
and apoptotic cell death, pathological cascades in which Ngb is expected to play a 
protective role [3]. As a result, we aimed to combine both questions and elucidate a 
possible link between Ngb and ALS, as well as look for the impact of the SODG93A 

pathology on REST regulation of the Ngb gene.  
 
Ngb transcription was detected to be 2-fold down-regulated upon progression to severe 
SODG93A-linked pathology, similarly as previously described in AD patients and mouse 
models [8, 17]. Interestingly, the degree of both REST and Ngb expression was found to 
be tissue-specific as well; being 4-fold higher in spinal cords as in brains. Hence, we 
looked for underlying REST-linked mechanisms: CpG methylation alterations and 
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alternative REST splicing. Where only small epigenetic changes were present, we found 
the REST-splicing balance to lean towards the generation of full length REST over the 
alternatively spliced, gene-activating REST4 variant. To fully address above questions, we 
further generated a new double transgenic mouse model (Ngb-/-SODG93A). Mitochondria 
derived thereof showed an affected Ca2+-induced swelling and an altered basal 
volume/granularity. Though, unexpectedly, Ngb-/-SOD1Wt mice showed a similar level of 
mitochondrial dysregulation as Ngb-/-SODG93A  mice. In conclusion, our data indicate that 
Ngb does play a role in/is affected by the SOD1G93A pathology and that it is involved in 
stopping destabilizing events of mitochondrial phenotypes and functioning. 
 

2. Materials and methods  

2.1. Mouse model  

Male heterozygous B6.Cg-Tg(SOD1*G93A)1Gur/J mice, which overexpress the G93A 
mutant form of human SOD1, were purchased from Charles River France and further 
bred within the institute together with C57BL/6J mice. Ngb floxed mice, previously 
described in [18], were crossed with sox2-cre mice to generate Ngb knockout (Ngb-/-) 
mice. Further crossings generated (I) NgbWt/WtSOD1Wt, (II) NgbWt/WtSOD1G93A, (III) Ngb-/-

SOD1G93A and (IV) Ngb-/-SOD1Wt mice. Genotyping for mutant SOD was performed 
according to the provider’s instructions with following primers: P1-
CATCAGCCCTAATCCATCTGA, P2-CGCGACTAACAATCAAAGTGA, P3-
CTAGGCCACAGAATTGAAAGATCT and P4-GTAGGTGGAAATTCTAGCATCATCC (Fig. 4.6B). 
Presence of Ngb was checked with PI-ACCACAGCTCCGTAGAGTCG and PII-
TCATTCCCCCAGATTCTGAT (Fig. 4.6C). A weekly assessment of body weight and ALSTDI 
neurological scoring was used to monitor disease progression, as well as to evaluate the 
well-being of each animal included in this study ([19], Table 4.1). Reaching a score of 5 
was used as a (humane) endpoint. All procedures were approved by the animal ethics 
committee of the University of Antwerp (reference numbers 2015‐12 and 2017-06).  
 
 
Table 4.1. ALSTDI score criteria. 
 

           

Score of 0:  
Full extension of hind legs away from lateral midline when mouse is suspended by its tail, 
and mouse can hold this for two seconds. 

           

Score of 1: 
Collapse or partial collapse of extension of one hind leg towards lateral midline (weakness) 
or trembling during tail suspension.  

           

Score of 2: Signs associated with a score of 1 are present on both hind legs.     
           

Score of 3: Toes curl under during walking or any part of foot is dragging along cage bottom/table. 
           

Score of 4: Rigid paralysis or minimal joint movement, foot not being used during forward motion. 
           

Score of 5: Mouse cannot right itself within 30 seconds after being placed on either side.   
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2.2. RNA extraction and (real-time) quantitative PCR  

Total RNA was isolated from mouse motor cortices, lumbar spinal cords and tibialis 
tissue that had been snap frozen in liquid nitrogen and stored at -80°C until processing. 
The TRIzol Reagent was used in conjunction with the PureLink RNA Mini Kit (Life 
Technologies, Gent, Belgium) according to the manufacturer’s instructions. cDNA was 
synthesized by random primers (0.5 µg/reaction) and the GoScript Reverse Transcription 
System (Promega, AJ Leiden, The Netherlands) from 500 ng of total RNA. SYBR Real-time 
quantitative PCR was performed on a StepOnePlus system (Life Technologies, Gent, 
Belgium), using the Power SYBR Green PCR Master Mix (Applied Biosystems, Merelbeke, 
Belgium), 7.5 ng cDNA (RNA equivalents) and 150 nM of following primers:  
 

β-Actin: F-GGCTGTATTCCCCTCCATCG, R-CCAGTTGGTAACAATGCCATGT  
TBP: F-CCCCACAACTCTTCCATTCT, R-GCAGGAGTGATAGGGGTCAT 
Ngb: F-AGGCACTTCTCCAGCATGTAGAG, R-GAAGCATCGGGCAGTG  
Cygb: F-CCGCAGCCTACAAGGAAGTGG, R-GGGAGCTGGGAGGGGTCTT  
VEGF: F‐GCCTCCCTCAGGGTTTCGG, R‐CGATGATGGCGTGGTGGTG 
REST: F‐CATGGCCTTAACCAACGACAT, R‐CGACCAGGTAATCGCAGCAG  
 

Each PCR was performed in duplicate, using thermocycler conditions of 40 cycles of 95°C 
for 15 s and 60°C for 1 min. The two used housekeeping genes (β-actin and TBP) were 
selected from a list of 7 reference targets, using geNorm in qBase+ (Version 3.0, 
BioGazelle, Gent, Belgium), and achieved a value V < 0.15. Samples were scaled to the 
mean expression level in the motor cortex of 9-weeks-old wild-type mice. Differentiating 
REST from REST4 transcripts was completed essentially as previously described [20], 
using following primers: F-GAGAACGCCCGTATAAATGTGAAC and R- CTGATCACATTTAAAT 
GGCTTCTCAC. cDNA amplicons were separated on a 2% agarose gel. Signals were 
quantified using ImageJ [21].  
 

2.3. Pyrosequencing 

Genomic DNA was isolated with the Wizard SV Genomic DNA purification system 
(Promega, AJ Leiden, The Netherlands) from 20 mg of tissue and quantified by Nanodrop 
spectrophotometry. Next, 500 ng gDNA was bisulfite converted using the EpiTect Fast 
Bisulfite Conversion Kit (QIAGEN, Antwerp, Belgium) according to the manufacturer’s 
instructions. The bisulfite-treated DNA (20 ng) was PCR amplified following the 
PyroMark PCR Kit’s protocol (QIAGEN, Antwerp, Belgium). Primers were designed to 
analyse CpG clusters of mouse exon 1, using PyroMark Assay Design 2.0 (QIAGEN, 
Antwerp, Belgium). All three primer sets obtained a quality score > 75:  
 

Ngb_1_FP: GTTTTTTTGGGTTAGGATTATATGGT 

Ngb_1_RP: CACTCTCCTCCCATTATTATCTCAA 

Ngb_2_FP: GAGTTATTGTTATTAGGGAAGAGTAGATGG 

Ngb_2_RP: AACCCTCTAAAACATAACACTATCCTATT 

Ngb_3_FP: TAGTTGGGTGGGGTTTAGTA 

Ngb_3_RP: TTCCCAAACCTCCAATAATACCTTCCTA  
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The 5’ end of each reverse primer was biotinylated for further pyrosequencing template 
preparation. Biotin-labelled PCR products were subsequently immobilized on 
streptavidin sepharose beads (GE Healthcare, Machelen, Belgium) and loaded in the 
PyroMark vacuum Q24 workstation to be made single stranded. Corresponding 
sequencing primers (Ngb_1_SP: GGGTTAGGATTATATGGTT, Ngb_2_SP: 
AGTAGATGGGATAGTATTATT and Ngb_3_SP: GGTTTAGTTTAGAGGATG) were annealed in 
the pyrosequencing run, which was analysed with the PyroMark Q24 1.010 software 
(QIAGEN, Antwerp, Belgium).  

 

2.4. Isolation of mitochondria 

Mitochondria were isolated from mouse spinal cords, brains and tibialis tissue, as 
previously described [22]. Briefly, animals were euthanized by cervical dislocation. 
Dissected tissues were suspended in 4 ml of homogenization buffer (225 mM mannitol, 
75 mM sucrose, 0.5% BSA, 0.5 mM EGTA and 30 mM Tris–HCl pH 7.4) per gram of tissue 
to be homogenized in a VWR VOS Power Basic Potter Elvehjem (eight strokes at 1500 
rpm, 4°C). The homogenate was subjected to differential centrifugation at 4 °C to obtain 
a crude mitochondrial pellet: (I) 740 g for 5 min, collecting supernatant, (II) repeating 
step I, (III) 9000 g for 10 min, collecting pellet, (IV) re-suspending pellet in microsomal-
removal buffer (225 mM mannitol, 75 mM sucrose, 0.5% BSA and 30 mM Tris–HCl pH 
7.4) to centrifuge at 10000 g for 10 min, collecting pellet (V) re-suspending pellet in 
microsomal-removal buffer without BSA to centrifuge at 10000 g for 10 min. The 
supernatant was discarded and the pellet was suspended in ice-cold mitochondria 
resuspension buffer (MRB: 250 mM mannitol, 5 mM HEPES pH 7.4 and 0.5 mM EGTA).   
 

2.5. Flow cytometric analysis of mitochondria 
Isolated mitochondria were analysed by flow cytometry for their relative size (forward 
scatter), relative granularity (side scatter), and membrane potential [DiIC1(5) - 
1,1′,3,3,3′,3′-hexamethylindodicarbocyanine iodide, Sc-391093, Santa Cruz 
Biotechnology, Dallas, US]. To differentiate mitochondria from debris, they were stained 
with nonyl acridine orange (NAO, Sc-214487, Santa Cruz Biotechnology, Dallas, US); a 
mitochondria specific fluorophore that binds lipids, such as cardiolipin, in inner 
membranes. Samples were incubated for 10 minutes with 100 nM NAO and 10 nM 
DiIC1(5) before being analysed on a Sysmex Partec flow cytometer. The cytometer-
stopping gate was set up for 50.000 events and analysis was performed using the FlowJo 
software (v10; Treestar, Ashland, OR, USA). ∆ψm values were expressed in arbitrary units 
[23].  
 

2.6. Calcium-triggered mitochondrial swelling assay 

Calcium-induced changes in mitochondrial volume were recorded on freshly prepared 
mitochondria samples, which were diluted to 100 μg/ml of protein in mitochondria 
resuspension buffer. Swelling was induced with the addition of calcium (500 nmol/mg of 
protein, CaCl2) and assessed by a decreased absorbance at 540 nm using a Shimadzu UV-
2101PC Spectrophotometer. Data are shown as percentages decreased from initial 
values (10 min recording). 
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2.7. Data analysis 

The relative mean transcript values for the different conditions were calculated from 
normalized Cq values by reference to the mean of the baseline group, being the 9-week-
old wild-type motor cortex samples. Calculations were performed with qBase+ (Version 
3.0, BioGazelle). The GraphPad Prism 5 software was used for graphing and statistical 
calculations, unless stated otherwise. Statistical comparisons were performed using 
repeated measures analysis of variance (One-Way ANOVA) with Bonferroni’s posthoc 
testing or Student's t-testing, as indicated. P-values below 0.05 were considered 
statistically significant. All data are depicted as the mean ± standard error of the mean 
(SEM).  
 
To identify regions of interest for pyrosequencing, data sets were extracted from Gene 
Expression Omnibus (GEO) – NCBI and imported in R, in which the lm(), or linear model, 
function was used for regression analysis (fitting methylation ~ sample group). Given 
non-parametrical tests to be not able to generate statistical significances in small 
datasets, as in the case of the retrieved data, and we aimed to identify nonetheless 
regions that showed a trend towards altered methylation patterns for further analysis, 
we opted for the parametrical ANOVA test. As such, we note that the analysis rests on 
the assumption that the distributions of the available biological data sets are normally 
(Gaussian) distributed. 
 

3. Results 

3.1. Ngb expression is downregulated along the SODG93A pathology 

We first evaluated our hypothesis that Ngb expression would be negatively affected by 
the SODG93A pathology, which would be in accordance with its downregulation under 
other cellular stress conditions as AD and brain traumas [8, 9]. Transcript levels were 
quantified in motor cortices and lumbar spinal cords of NgbWt/WtSOD1Wt and 
NgbWt/WtSOD1G93A mice of 9 and 18 weeks of age (Fig. 4.1A). Levels of cytoglobin (Cygb), 
another cytoprotective globin, were analysed in parallel to look for a possible co-
regulation, as in the case of AD [10]. Interestingly, the transcription of Ngb, but not of 
Cygb, is downregulated in advanced stage pathology (Fig. 4.1A). In addition, we detected 
the Ngb transcript levels to be higher in the lumbar spinal cord as in the motor cortex, 
with a 2.87±0.26 difference between means of the NgbWt/WtSOD1Wt mice (unpaired t-
test, p < 0.001, Fig. 4.1B). 
 
 

To support these results, we validated the expression of the omnipresent Cygb and 
nervous system-specific Ngb in tibialis tissue as well (Fig. 4.1). As expected, Ngb 
expression is virtually absent while Cygb transcripts are well detected. Hence, we first 
sought to study whether the observed expression pattern in NgbWt/WtSOD1G93A mice 
could be linked to REST physiology and/or to hypoxia-inducible factor 1 (Hif1)-vascular 
endothelial growth factor (VEGF) signalling; knowing about the strong link between this 
pathway and both Ngb expression and the ALS pathology [24, 25]. Though we did not 
detect significant changes in REST and VEGF levels on the transcript level (data not 
shown), we also detected REST expression to be higher in the lumbar spinal cord than in 
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the motor cortex as in accordance with Ngb transcription (Fig. 4.1B). There is a 
1.57±0.32 difference in means of the wild-type mice (unpaired t-test, P < 0.001). No such 
difference is seen for VEGF; difference in means is 0.24±0.33 (unpaired t-test, P > 0.05). 
These results prompted us to look further into gene regulating effects of REST, one of 
which is altering DNA methylation patterns [26]. 

Figure 4.1. Ngb transcription is downregulated along the SODG93A-ALS pathology. A) Real-time qPCR data of 
mouse Ngb and Cygb expression levels in NgbWt/WtSOD1Wt and NgbWt/WtSOD1G93A mice (n = 4/group). 
Samples were scaled to the mean level in the 9-weeks-old, wild-type motor cortex using the qbase+ 
software. Data are depicted as the mean ± SEM. Statistical significance was tested using one-way ANOVA 
with Bonferroni post-hoc test; * = p < 0.05. B) Tissue-specific expression of mouse Ngb, REST and VEGF in 
wild-type mice of 9 and 18 weeks. LSC, lumbar spinal cord; MC, motor cortex. Data are depicted as the 
mean ± SEM. Statistical significance was tested using an unpaired t test; *** = p < 0.001. 

 

3.2. Methylation patterns of the Ngb gene  

GEO DataSets (NCBI) were consulted to identify potential regions of interest out of 
already existing data. As we were not able to recover datasets on mouse models of 
neurodegenerative pathologies, we analysed following human datasets in silico: 
GSE97106 (cerebellar and cortical tissue of healthy, c9orf72 and sporadic ALS) and 
GSE46644 (frontal cortex of healthy and Alzheimer cases). We checked for differences in 
methylation status of CpG sites between groups using Anova (p <0.05, Fig. 4.2 and 4.3). 
Significantly altered sites were mapped on the mouse Ngb sequence to look for clusters 
of regulatory CpGs. Of note, the Ngb gene is located on different chromosomes in 
humans (Chr 14) and mice (Chr12). Two neurodegeneration-affected CpG regions were 
detected; one in exon 1 and the other right before the ATG start codon. The DNA 
sequence of human and mouse exon 1 do overlap well. Moreover, in general, 
methylation of exon 1 is strongly associated with transcriptional regulation [27]. Our 
cluster in exon 1 (Chr12:87101763-87102586) also falls within the known CpG island of 
the UCSC Genome Browser on mouse Dec. 2011 (GRCm38/mm10) assembly (position: 
chr12:87102114-87102587) and would be in accordance with the REST-associated 
silencing machinery working across larger intervals [28]. As the sequence upstream of 
the start codon was detected to be not well conserved across species, we chose to focus 
on methylation patterns of exon 1 across the conserved CpG island in our mouse model.  
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Figure 4.2. Statistically significant differences in methylation percentages of Ngb gene positions in 

healthy, c9orf72 ALS and sporadic ALS tissue of the human cortex and cerebellum. Box plots of an in silico 

analysis of CpG sites retrieved from a GEO DataSet (NCBI, GSE97106). Statistical significance was tested with 

Anova (p < 0.05). 

 

Figure 4.3. Statistically significant differences in methylation percentages of Ngb gene positions in healthy 

and Alzheimer’s disease cortical human tissue. Box plots of an in silico analysis of CpG sites retrieved from a 

GEO DataSet (NCBI, GSE46644). Statistical significance was tested with Anova (p < 0.05). 

 

When analysing the methylation percentages of the different studied groups, we 
observed a trend of methylation levels being higher in NgbWt/WtSOD1G93A mice than in 
wild-types (Fig. 4.4A). The largest difference between the two genotypes was detected 
in spinal cord tissue on the positions closest located to the transcription start site: 
Chr12.87102569, Chr12.87102571 and Chr12.87102586 (Fig. 4.4B). Though only the 
difference on position Chr12.87102586 reached statistical significance. Such a tight 
regulation of the positions downstream of Chr12.87102533 could be attributed to the 
transcription factor binding site for the metal-response element-binding transcription 
factor 2 (Mtf2) being localized in exon 1 (OREG1826826, chr12:87101884-87102530). 
Though, increasing sample sizes could also add to reaching higher statistical 
significances.  
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Figure 4.4. Ngb epigenetic profile in spinal cords and motor cortices of NgbWt/WtSOD1Wt and 
NgbWt/WtSOD1G93A mice. A) Methylation percentage for each methylation position in the CpG-rich region of 
exon 1. Panels on the results of the different sequencing regions are depicted as 1, 2 and 3 corresponding 
the upper panel annotation. B) Featured positions of the spinal cord with the highest genotype-methylation 
percentage correlation. Data are depicted as the mean ± SEM. Statistical significance was tested using one-
way ANOVA; * = p < 0.05. 

 

3.3 Altered REST4/REST ratios in the nervous system of SODG93A mice 

We then looked at other REST-linked mechanisms of gene regulation with a possible 
more significant impact on Ngb transcription. Of note, REST gets alternatively spliced 
(Fig. 4.5A). The truncated REST4 variant lacks 3 C-terminal zinc finger domains of which 
the last one is REST’s repressor domain. Hence, REST4 does not act as a main repressor 
but rather activates genes and inhibits repression of full length REST [29, 30], making a 
differentiation between REST and REST4 transcripts warranted (Fig. 4.5B).  

 
Figure 4.5. Differentiating REST from REST4 transcripts. A) Schematic representation of the REST gene and 
transcripts. The standard (black), alternatively-spliced (grey) and non-coding (white) exons are indicated. B) 
Influences on REST/REST4 ratios could impact downstream cellular gene activations. C/D) RT-PCR assay data 
of REST and REST4 transcript levels in NgbWt/WtSOD1Wt and NgbWt/WtSOD1G93A mice. Both motor cortex and 
lumbar spinal cord samples were assessed. C) A representative 2% gel of which we generated panel D) 
REST4:REST ratios for the different age- and genotype groups (n = 4/group). Statistical significance was 
assessed with an unpaired t-test; ns = not significant, * = p < 0.05. 
 
To this end, we performed a semi-quantitative PCR analysis on a 2% gel. We detected 
SODG93A affected motor cortices and lumbar spinal cords to exhibit a trend towards an 
altered alternative splicing mechanism, resulting in generally lower REST4 transcript 
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levels in NgbWt/WtSOD1G93A tissues as in wild-type samples (Fig. 4.5C). A statistically 
significant difference in REST4:REST ratio is detected between lumbar spinal cord values 
of 18-weeks-old mice of the two genotypes (unpaired t-test, p = 0.0109, Fig. 4.5D). Wild-
type mice show a mean ratio value of 1.17 ± 0.063, which only amounts 0.74 ± 0.10 in 
NgbWt/WtSOD1G93A mice. The latter corresponds with Ngb expression alterations to be 
bigger in the lumbar spinal cord than in the motor cortex as well (Fig. 4.1). 
 

3.4. Cellular depletion of Ngb impacts the ALS phenotype 

To further investigate Ngb effects in an animal model of ALS, we created a new double 
transgenic mouse model: Ngb-/-SODG93A. Given ALS pathology to be characterized by a 
hypermetabolism and a negative energy balance, we validated the clinical disease 
progression of the mice as a progressive loss of weight (Table 4.2). In accordance with 
literature, wild-type mice of 18 weeks of age have a mean weight of 29.93±0.51 g, a 
value significantly lower in NgbWt/WtSOD1G93A mice of the same age (26.17±0.54 g, 
p<0.001).  
 
 
 

Table 4.2. Body weight of the different genotypes. 

Weight NgbWt/WtSOD1Wt NgbWt/WtSOD1G93A Ngb-/-SOD1G93A Ngb-/-SOD1Wt 

Weeks Mean SEM N Mean SEM N Mean SEM N Mean SEM N 

4, ns 12,89 0,61 17 12,53 0,67 17 10,79 1,46 6 14,03 1,36 16 

5, ns 17,38 0,62 17 16,43 0,60 17 14,46 1,59 6 16,98 1,11 16 

6, ns 20,31 0,50 17 19,30 0,48 17 18,11 1,11 6 20,07 1,11 16 

7, ns 22,44 0,42 17 21,42 0,40 17 20,48 0,97 6 21,71 0,84 16 

8, ns 24,19 0,36 17 23,03 0,42 17 21,50 0,71 6 23,69 0,72 16 

9, ns 25,18 0,36 17 23,85 0,40 17 22,85 0,58 6 23,44 0,98 16 

10, ** 26,11 0,37 17 24,86 0,40 17 23,27 0,46 6 25,78 0,57 16 

11, ** 26,75 0,40 17 25,20 0,35 17 23,66 0,60 6 26,53 0,61 16 

12, *** 27,48 0,48 17 25,76 0,36 17 23,51 0,60 6 27,12 0,64 16 

13, *** 27,96 0,47 17 26,12 0,40 17 23,72 0,50 6 28,09 0,63 16 

14, *** 28,42 0,48 17 26,44 0,44 17 24,09 0,53 5 28,41 0,59 16 

15, *** 29,03 0,49 17 26,75 0,41 17 24,22 0,48 5 29,03 0,63 16 

16, *** 29,41 0,50 17 26,56 0,43 17 24,42 0,55 5 29,32 0,62 16 

17, *** 29,77 0,47 17 26,70 0,46 17 24,42 0,58 5 30,18 0,60 16 

18, *** 29,93 0,51 17 26,17 0,54 17 24,02 0,79 5 30,30 0,58 16 

19, *** 30,39 0,49 17 26,20 0,50 17 23,92 0,61 5 30,66 0,56 16 

20, *** 30,18 0,49 17 25,39 0,52 17 23,97 0,71 5 30,84 0,62 16 

21, *** 30,54 0,46 17 24,33 0,51 17 23,86 0,80 5 31,49 0,54 16 

22, *** 30,68 0,46 17 22,76 0,78 17 22,89 0,71 5 31,81 0,55 16 

23, *** 30,91 0,45 17 21,35 0,98 14 21,63 0,81 5 32,09 0,56 16 

24, *** 31,31 0,47 17 21,42 1,09 9 21,68 1,11 3 31,93 0,48 16 

25, *** 31,46 0,50 17 20,85 1,96 5 21,85 0,00 1 32,35 0,51 16 
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Though no significant difference in weight was detected between mice with and without 
Ngb expression (Table 4.2), Ngb-/-SODG93A mice do score worse on other metrics of 
disease phenotype. When SOD1G93A mice do not express Ngb, their survival drops from 
11.76±7.81% (NgbWt/WtSOD1G93A) to 00.00±0.00% (Ngb-/-SOD1G93A) at the 25 weeks point. 
This results in a median survival of 24.0 and 23.5 weeks, respectively. An accelerated 
deterioration of neuromotor dysfunctions could also be reflected in the double mutant 
mice reaching higher ALSTDI stadia at already earlier time points (Fig. 4.6A). At 18 weeks 
the mean ALSTDI score in NgbWt/WtSOD1G93A and Ngb-/-SOD1G93A mice amounts 1.82±0.15 
and 2.50±0.50, respectively. 
 

 

Fig. 4.6. Disease progression of the SODG93A transgenic mice. A) Measurements of ALSTDI neurological 
scoring were used to validate the disease progression in SOD1G93A carriers. Data are depicted as the mean ± 
SEM. B) Agarose (2%) gel electrophoresis of genotyping amplicons: the SODG93A transgene generates a 236 
bp product and the internal positive strand is 324 bp. C) Representative 1% agarose gel of the Ngb locus 
amplicons. The floxed construct generates a 2870 bp band, which is reduced to 1176 bp after 
recombination. The GeneRuler 1 kb DNA Ladder (Thermo Fisher Scientific) was used as a reference. 

 

3.4. Ngb-/- mice present with an affected mitochondrial phenotype and swelling 
parameters  
Given a Ngb knockout to worsen hind limb weakness in Ngb-/-SOD1G93A mice, we 
questioned whether Ngb-/-SOD1G93A mice would also display a more severe 
dysregulation of mitochondrial functioning. The specificity of the obtained mitochondrial 
population was first validated by staining with the mitochondria-specific marker NAO 
(Fig. 4.7A). A good correlation was further found between NAO-staining and the volume 
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of mitochondria (Fig. 4.7B). This plot also revealed 2 populations of mitochondrial 
phenotypes: one consisting out of the spinal cord and brain mitochondria, and the other 
containing tibialis mitochondria. Interestingly, mitochondria from Ngb-depleted cells do 
show a (significant) trend towards an increased mitochondrial volume and granularity 
(Fig. 4.7C/D). The membrane potential was not found to be altered (representative bar 
graph, Fig. 4.7E). 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7. Effect of a Ngb knockout on the phenotype and membrane potential of mitochondria. 
Mitochondria were isolated from total brains, spinal cords and tibialis tissue of mice of the 4 genotypes (n ≥ 
3). A) Specificity of the analysed particles was validated by comparing unstained mitochondria (gray shaded) 
with NAO-stained ones (black line, 10 min, 100 nM NAO). B) Correlation between mitochondrial relative 
sizes (FSC) and intensities of the NAO-staining. Isolated mitochondria were further analysed by flow 
cytometry for their C) size (forward scatter) and D) granularity (side scatter). E) Mitochondrial membrane 
potential (∆ψm) expressed in arbitrary units. Mean fluorescent intensities are depicted after staining for 10 
min with 10 nM of the membrane potential probe DiIC1(5). The GraphPad Prism software (v5.0; San Diego, 
CA, USA) was used for statistical calculations and artwork. 
 
Conductance permeability transition pores, including the Ngb-binding voltage-
dependent anion channel ‘VDAC’ [31, 32], are opened under cellular stress. This allows 
for solutes with a molecular weight less than 1.5 kD to exit mitochondrial containment 
and for colloid osmotic forces to induce mitochondrial swelling, mediating cell death 
[33]. Hence, swelling dimensions can be taken as a representative outcome of 
mitochondrial permeability transition pore opening. We induced swelling with the 
addition of CaCl2 (500 nmol/mg of protein). Figure 4.8 shows a decrease in percentages 
from initial values (10 min recording). Brain and spinal cord mitochondria of 18 weeks 
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old Ngb-/-SOD1Wt mice show a steeper decrease compared to the other groups. Indeed, 
though spinal cord mitochondria of double transgenic mice (Ngb-/-SOD1G93A) show a 
steep decline, such an effect is not perceived in brain-derived mitochondria.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8. Effect of a Ngb knockout on mitochondrial permeability transition pore opening. Graphs show 
data of a calcium swelling assay performed on brain-, spinal cord- and tibialis-derived mitochondria of the 4 
study groups of mice (n ≥ 3). Graphs delineate mean OD decreases from the 0 s time point. 
 

4. Discussion 

Ngb may play an important role in neural homeostasis, providing neuroprotection and 
contributing in tissue (re-)generation. Information about upstream regulation of Ngb 
gene transcription [1, 34], may provide valuable information about cellular pathways 
triggering the activation of Ngb’s functions. One of the transcription factors correlating 
with Ngb expression profiles is REST [10]. However, this generally inhibitory factor may 
function through different regulatory mechanisms such as epigenetic CpG methylation, 
the deacetylation of histones [35], and the regulation of Dicer and neuronal-enriched 
miRNAs (i.a. miR-9 and miR-124) [11]. It may even work activating through interactions 
with factors as the polycomb complexes [36]. Hence, this study aimed to further 
elucidate the mechanisms underlying REST-linked regulation of Ngb expression. Given 
the additional strong link between REST and ALS [14], and the involvement of Ngb in this 
inflammatory, neurodegenerative pathology to be unexplored, we set-up our research 
question in a mouse model of SODG93A-linked ALS. 
 
This is the first time that a downregulation of Ngb expression by the SODG93A pathology 
has been demonstrated, as it does upon cerebral amyloid aggregation [8, 10]. 
Interestingly, cytosolic inclusions in which REST can get trapped are a common feature 
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of the different neurodegenerative pathologies [12]. Moreover, the 5' upstream 
promoter region of the Ngb gene contains 2 CpG methylation islands from -874 to -600 
and from -157 to +885 relative to the transcription start site [34]. As REST reduces the 
activation-associated histone modification H3K9ac [12], and alters the DNA methylation 
status at a number of enhancer sites in embryonic stem cells [26], we questioned to 
which extend epigenetic changes could influence Ngb transcription. We first consulted 
GEO DataSets (NCBI) as to search for already known epigenetic methylation changes on 
the Ngb gene under conditions of neurodegeneration. Analysis retrieved two clusters of 
affected methylation sites: one in exon 1 (Chr12:87101763-87102586) and the other one 
right before the ATG start codon. However, when looking at this exon 1 cluster in our 
SODG93A mouse model, we were only able to detect slight shifts in methylation 
percentages. Nonetheless, small changes in methylation patterns as on positions 
Chr12.87102569, Chr12.87102571 and Chr12.87102586 could still be of biological 
significance. In addition to genes being switched on/off by large methylation changes, a 
new paradigm for DNA methylation arose. Small changes in methylation percentages 
(<10 %) were detected to generate a vast scala of phenotypes, some of which could be 
linked to the start and upkeep of complex disorders as schizophrenia and hypertension 
[37]. The latter would be in accordance with the Mtf2 recognition sequence being 
localized in the same exon 1 region of the Ngb gene. This polycomb group interacts with 
polycomb repressive complex 2, with which REST was found to interact for the context-
dependent regulation of CpG islands [36, 38]. This, however, is not invigorated to be the 
main mechanism underlying our observation of a downregulated Ngb expression. Of 
note, gene transcription is only achieved when there is both an open chromatin 
conformation and the required transcription factors are present [39]. Hence, we looked 
further in alternative mechanisms of downstream REST effects.  
 
In our RT-qPCR analysis, we used a primer set directed against exon 2. As such it 
recognizes all REST transcripts, including its translational frame shift variants: REST3 
(deletion variant), REST2, REST4 and REST5 (insertion variants) [40]. Interestingly, REST4 
is known to increase gene expression and to even inhibit repression of full length REST 
[29, 30]. We therefore elucidated further with semi-quantitative RT-PCR whether the 
REST4/REST ratio could be affected along the SODG93A pathology, even though the total 
REST expression levels stayed unaffected. Indeed, we detected the REST4 transcript 
levels to be overall lower in the SODG93A samples, reaching a significant ratio shift in the 
lumbar spinal cord samples of 18-weeks-old mice. Where an adapted REST-REST4 
splicing and functioning was already described in epilepsy models [41], spinal nerve 
injury [42], breast cancer [43] and small cell lung cancer [44], we are not aware of a 
study having already described such alterations in an ALS model. 
 
At the subcellular level, much emphasis was given on the mitochondrial phenotype as 
well. Under physiological conditions, SOD1 localization (cytosolic or mitochondrial) is O2-
dependently regulated, in parallel with Ngb distribution [31, 45]. Mutant SOD1 escapes 
the redox state control and oligomerizes within mitochondria. Knowing Ngb to reduce 
amyloid plaque formation and knowing its redistribution to the mitochondria to be 
linked with neuroprotection [6, 31], it was assessed whether the deprivation of Ngb 
causes the expected deterioration of mitochondrial pathology (e.g. an altered 
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membrane permeability and response to Ca2+). We detected both double mutant (Ngb-/-

SOD1G93A) and Ngb-/-SOD1Wt mice to show a (significant) trend towards an increased 
mitochondrial volume and granularity. The latter also corresponded with these groups 
showing the fastest and steepest declines in the Ca2+ swelling assay. Hence, Ngb is 
expected to contribute in halting destabilizing events of mitochondrial swelling and the 
subsequent disconnection of oxidative phosphorylation; a homeostatic balance which 
gets affected by Ngb depletion and results in increased mitochondrial volumes even 
under low Ca2+ levels. Another iron-containing protein, the Rieske iron-sulfur protein of 
ubiquinol-cytochrome c reductase (Complex III), has already been ascribed with a similar 
function [46], as well as other neuroprotective proteins as chaperones [47]. Moreover, 
overexpression of Ngb was already detected to inhibit Ca2+ influxes in an in vitro model 
of human neuronal cells exposed to hypoxia‐reoxygenation injury [48]. Interestingly, 
cellular Ca2+ regulation by mitochondria also impacts axonal growth as elevated levels 
would depolymerize axonal microtubules [49, 50]. The latter would be in accordance 
with an increased share of the cellular Ngb content to be present in axons and dendrites 
throughout developmental stages of the nervous system [51], and with Ngb levels 
showing a positive correlation with neurite length and outgrowth [51, 52]. This 
conservation of mitochondrial functioning by Ngb, could also be underlying the 
observation that Ngb is able to reduce the cerebral amyloid load in transgenic AD mouse 
models [6]. Mitochondrial dysfunction indeed causes the pathological accretion of 
reactive oxygen species, which in turn were detected to promote gamma-secretase 
activity and Aβ-42 production [53]. Neurotoxic Ca2+ also leads to cyclin-dependent 
kinase 5-dependent phosphorylation of tau and, hence, the formation of neurofibrillary 
tangles [54].  
 
Lastly, as the mitochondrial pathology in Ngb-/-SOD1Wt mice was detected to be 
unexpectedly similar as the one of Ngb-/-SOD1G93A mice, it is to be investigated whether a 
possible rescue or adaptation mechanism takes into effect when cells are both Ngb-
depleted and SOD1G93A-affected. As such, Ngb could be regarded as a risk factor, which 
renders neural cells more vulnerable to additional stressors (e.g. SODG93A-linked and 
traumatic brain injury) when abnormally expressed or dysfunctional. In support of this 
idea, the patients homozygous for the Ngb rs3783988 TT genetic variant show a positive 
correlation with better clinical outcomes after traumatic brain injury as compared to 
other allele carriers [55]. A significant association also exists between Ngb rs733416 and 
rs888059, and the risk of developing AD [17]. Moreover, transcription of Ngb in these 
risk allele carriers is ~13% lower as in non-carriers [17]. Other variants are detected to 
impact the speed with which Ngb expression is downregulated along the ageing process, 
including rs8014408 [56]. 
 
In conclusion, this study described REST(4)-regulated Ngb transcription to be affected by 
the aggregation/oxidative stress-linked SODG93A pathology. In addition, we show Ngb to 
be necessary for the preservation of a normal mitochondrial phenotype and 
permeability transition pore opening. Given mitochondrial dysfunction and cellular Ca2+ 
imbalances to play a central role in neurodegenerative pathologies, we invigorate our 
new double transgenic mouse model (Ngb-/-SOD1G93A) to be of particular interest to 
further study Ngb’s role herein in depth. Moreover, considering our observation of Ngb 
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transcription to be downregulated by the SOD1G93A pathology, as previously detected in 
AD cases, the model also provides a good representation of the Ngb levels in later stages 
of this disease.  
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1. Scientific and social implications 

Developed countries are going grey. Low birth rates and high life expectancies will make 
the share of people over 65 to increase from 19.2% in 2016 to 28.5% in 2050 [1]. 
Moreover, Eurostat demographics show a vast transition towards the relative 
importance of the very old - those 80 and over. No other group is increasing so rapidly in 
number as this segment of the population. It is expected to grow 2.4-fold by 2080 [1]. 
Our society must thus prepare for a growing burden of age-related diseases counting 
neurodegenerative pathologies, ailments due to immune system decline, strokes and 
cancer [2]. It is to be noted that some shifts can also be seen in the leading causes of 
death in industrialised countries. Data from Australia of the year 2016 show for the first 
time a decrease in the share of diseases classically making out the top three of the 
leading causes of death, i.e. ischaemic heart disease, cerebrovascular diseases and 
cancer of the respiratory system [3]. Rates of dementia have, on the contrary, risen and 
it is now the main killer amongst women [3]. The different types of dementia have 
indeed still an unmet medical need to this day. 
 
Though most people would initially think of Alzheimer's disease (AD), the spectrum of 
diseases presenting with cognitive impairment includes other neurodegenerative 
pathologies as well: Parkinson's disease (PD) [4], frontotemporal lobar degeneration 
(FTLD)[5], multiple sclerosis [6], chronic traumatic encephalopathy [7] and amyotrophic 
lateral sclerosis (ALS). By way of example, ALS is primary a neuromuscular disorder, with 
cognitive impairment occurring in approximately 30% of patients [8]. First symptoms of 
muscle weakness can occur at any age, though generally presenting between the ages of 
55 and 75 [9]. ALS has a rapid clinical progression, which is generally faster than of non-
motor, neurodegenerative pathologies. Most patients evolve to respiratory failure 
within 3 to 5 years from the onset of symptoms [9]. Hence, a therapeutic solution or a 
drug that slows the progression may be even more needed for ALS. 
 
This is in stark contrast to the observation that different pharmaceutical companies are 
downscaling or stopping their research into therapies for neurodegeneration. The 
reason can be found in the different drug candidates failing to reach the predetermined 
endpoints in the different clinical trials that have been undertaken over the years. The 
success rate of AD-clinical trials performed between 2002 and 2012 only attained 0.4% 
[10]. Such results underscore the requirement of a better understanding of the different 
etiopathologies and of (cellular) neurobiology in general. The idea that these disorders 
are caused by linear cascades is outdated [11]. Different proteins, cell types and 
metabolic pathways all interact with one another and may try to intervene when 
changes disturb the intended homeostatic balance. We can therefore speak of complex 
or multifactorial disorders.  
 
The aim of this thesis was to contribute in unravelling the (patho-)physiological 
mechanisms of the neuroglobin (Ngb) biology, providing fundamental information on 
this member of the globin family as well as gain a deeper insight in its involvement in 
neurodegenerative pathologies. The interest in such research sprouted from the high 
evolutionary conservation of Ngb. Haemoglobin and myoglobin, both indispensable to 
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mammals, have even a 3-fold higher evolutionary rate than Ngb [12-14]. Nonetheless, 
the reason behind such Ngb conservation is yet to be resolved. The latter became 
apparent after a decade of research into the intrinsic neuroprotective characteristics of 
Ngb. Its ability to reduce pro-apoptotic cytochrome c [15], perform a nitrite reductase 
activity [16, 17] and scavenge superoxide [18] could all in part contribute to the 
observed beneficial effect of increased Ngb levels in a plethora of neuron-damaging 
situations [19]. It can, however, not explain why AD mouse models that overexpress Ngb 
have a lower amyloid burden [20], why cellular Ngb levels are positively correlated with 
axon lengths [21, 22], or how Ngb could be linked to Ca2+ influxes and the cellular uptake 
of Fe, Cu and Zn [23]. Hence, this thesis project could be situated in the general trend of 
research efforts shifting towards elucidating the involvement of Ngb in signalling 
cascades and other cellular mechanisms [21, 24, 25].  
 

2. Brief discussion of the aims and results  

Given the above, our research efforts focused on ascribing involvements of Ngb in 
interacting networks of transcriptional and posttranscriptional pathways. We took into 
account the effect of cell type and state on Ngb’s cellular functions and worked 
specifically towards the following objectives:  
 

2.1. Study Ngb’s involvement in regulatory networks and pathways: 

identification of pathways-of-interest 

Protein interactions are essential for the majority of cellular functions. Identification of 
interaction partners can, therefore, place a protein into an enzymatic, metabolic or 
signal transduction pathway. However, one should not lose sight of the fact that protein 
interactions are of a dynamic nature and depend on structural conformation, post-
translational modifications and subcellular localization of the involved proteins. The 
latter are dependent on different stimuli and cellular perturbations. To date, a small 
number of studies has reported experimental evidence for protein interactions with 
Ngb. A yeast two-hybrid screen was most often used, entailing only limited coverage 
between studies and a lack of (sub)cellular context [21, 26-28]. In this project we used 
SH-SY5Y (ATCC CRL-2266) neuroblastoma cells, which stably express a fusion between 
human Ngb (hNgb) and the enhanced green fluorescent protein (EGFP). SH-SY5Y cells 
provide a hNgb-relevant physiological context and their replication capacity is suitable 
for SILAC [29], making them a good model to study hNgb:protein interactions. Both an 
unlabelled and a SILAC-labelled Co-IP/MS-MS approach were used. Hence, it was not 
only possible to identify interaction partners of hNgb on a system-wide scale, but also to 
differentiate constitutive from ferroptosis-dependent interactions.  
 
Interestingly, the 'cell death and survival, cellular development, cellular growth and 
proliferation' pathway was detected to be the pathway with the highest correlation with 
hNgb-protein interactions. As its name already reveals, the pathway substantiated our 
hypothesis that hNgb functions reach further than the obstruction of apoptosis 
initiation. hNgb binds 78 kDa glucose-regulated protein (HSPA5), ubiquitin carboxyl-
terminal hydrolase isozyme L1 (UCHL1) and 14-3-3 protein zeta/delta (YWHAZ). All three 
bind in turn to the amyloid precursor protein (APP). Hence, these pathway axes might be 
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essential in the observed lowering of the cellular amyloid load in AD mouse models that 
transgenically overexpress Ngb [20]. The network also revealed a connection between 
hNgb and 'nuclear factor (erythroid-derived 2)-like 2' (NRF2) through their common 
interactor RNA-binding protein EWS (EWSR1). NRF2 transcription was significantly 
increased in the hNgb-EGFP SH-SY5Y cells, but not in the EGFP control cells, under 
ferroptotic stress. Such a link between hNgb and the main regulator of enzymes of the 
antioxidant glutathione pathway, and the cellular oxidative stress response in general, is 
of interest [30-32]. It broadens hNgb’s anti-oxidative function beyond its intrinsic 
scavenger function [18].  
 
The quest for a mechanistic explanation on how Ngb contributes to beneficial outcomes 
in a plethora of neurodetrimental insults should further include cell renewal. Most up-
stream regulators were detected to be growth factors and to work through hNgb-
binding vimentin. Vimentin is already known to be re-upregulated in regions of tissue 
damage and to contribute in the regeneration of atrophic dendrites and their lost 
synaptic connections [33]. hNgb binds in fact to multiple proteins linked to processes of 
neuronal sprouting or cell division and differentiation. Indeed, one should not forget 
that like most tissues, the nervous system contains stem cells which, through 
amplification and differentiation, are capable of replacing damaged and/or aged cells 
[34]. A deregulation of either of these mechanisms (cell survival - cell proliferation) will 
result in pathology. Hence, an observed amelioration in tissue integrity could be 
attributed to either a boosted cell proliferation and/or an enhanced cell survival of 
existing cells.  
 

2.2. Generate a mouse model of SOD1G93A-induced oxidative stress 

Constituting a suitable model allows for more conclusive and robust testing of gene and 
protein interactions. During this thesis we generated a new Ngb-/-SOD1G93A mouse model 
to be analysed in parallel with NgbWt/WtSOD1G93A animals. This model was chosen 
because no data were yet available on the involvement of Ngb in ALS. However, the 
SOD1G93A-linked ALS pathology does involve chronic deleterious events as an abnormal 
respiratory electron transport chain, higher rates of total oxygen consumption, and an 
increased basal and induced lipid peroxidation [35, 36]. Such alterations entail 
pathological cascades in which Ngb is expected to play a protective role, making that the 
involvement of Ngb was envisaged. Moreover, these are considered prevailing 
pathogenic events in every (accelerated) ageing process, making the Ngb-/-SOD1G93A 
mouse model (generated within this project) an excellent model to study the role of Ngb 
in the shift of tissue homeostasis towards atrophy during ageing. 
 
Interestingly, while generating the model, our results of the ingenuity pathway analysis 
on the Ngb-protein interactions retrieved a high correlation between Ngb and motor 
neuropathies. Generally, studies looking into actions of Ngb had not focused on 
neuromuscular diseases and neuropathies. One group used a yeast model of PD in which 
the overexpression of Ngb halved the number of α-Synuclein inclusions [37]. The only 
other study revealed a particular localization of Ngb in neurons with large and medium-
sized perikarya, using an R6/2 mouse model of Huntington's disease [38]. However, the 
particulars were not discussed or followed-up. Hence, comparing our 4 available groups 
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of mice - (I) NgbWt/WtSOD1Wt, (II) NgbWt/WtSOD1G93A, (III) Ngb-/-SOD1G93A and (IV) Ngb-/-

SOD1Wt - will not only provide information about Ngb’s biology, but link those results 
directly to a pathological situation in which a strong involvement of Ngb can be 
anticipated.  
 

2.3. Unify pathway analysis with phenotypic effects 
Reading through this thesis, it becomes apparent that regulation of Ngb and its 
functions could be linked to the neuroprotective transcription factor REST [39]. While a 
transcription factor binding site was detected for REST in the 5'-flanking region [40], we 
now detected a correlation between REST transcription and Ngb expression in cortices 
of wild-type and APP23 mice [41]. Such connection could be accomplished through REST 
being an upstream regulator of UCHL1, which we also detected to bind Ngb. Given our 
general REST RT-qPCR primer pair to recognize all REST variants (including the REST3 
deletion variant and the REST2, REST4 and REST5 insertion variants [42]), we invigorate 
that in the case of amyloid pathology the combination of the full length protein and its 
variants effectuate together a role on Ngb. However, no relationship was detected 
between the Ngb and REST transcripts when assessing expression levels in motor 
cortices and spinal cords of mice with and without the SOD1G93A mutation. Conversely, 
our data point to a shift in REST4/REST ratio in these tissues when affected by the ALS 
pathology. The latter could attribute to our observation of a decreased Ngb expression 
when cellular stress augments. Such adapted REST-REST4 splicing and functioning is 
already known to occur in different forms of cancer [43, 44], epilepsy [45] and spinal 
nerve injury [46].  
 

3. Future perspectives  

3.1. hNgb-protein interaction kinetics and spatial occurrence  
Our mass spectrometry data have provided more information on the binding between 
hNgb and different proteins. However, as to interpret the biological implications of such 
a connection, it remains to be shown in which way the interactor’s activity is altered, if 
changed at all. By way of example, hNgb was detected to bind two axonal-linked 
proteins in a ferroptosis-specific manner. The binding ratio of hNgb with vimentin is 
decreased 0.31-fold under the stress condition, while its interaction with the 
heterogeneous nuclear ribonucleoprotein M (HNRNPM) is increased by 9.46-fold.  
 
Given the detection of binding-induced changes of enzymatic functions to be most 
straightforward, we first aimed to look at the impact of hNgb binding to glucose-6-
phosphate isomerase, alternatively named 'phosphoglucose isomerase' (PGI). Its 
cytoplasmic role as the enzyme catalysing the second step of the glycolysis cascade is 
best known. However, it has also been detected to mediate hypoxia-induced 
angiogenesis [47], to modify the secretion of the inflammatory response marker nitrite, 
and to function at the connection between proteostasis and neurodegeneration, 
impacting α-synuclein misfolding [48]. In the extracellular space, GPI functions as a 
nerve growth factor and cytokine [49, 50]. Of note, a secretory mechanism, providing 
the basis for such a function, is still to be identified. Aforementioned functions are of 
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interest as they overlap with most of the function-clusters associated with hNgb:protein 
interactors, identified by our ingenuity pathway analysis.  
 
As such, we did a preliminary test to check the nature of the PGI-hNgb interaction. The 
glucose-6-phosphate isomerase activity assay kit (ab155897, Abcam, Cambridge, 
England) was used according the manufacturer’s instructions with minor changes. To 
make the kit suit our experimental question, different ratios of recombinant hNgb were 
used in conjunction with the positive control (PGI). The recombinant protein was 
available in the lab, and generated as previously described [51]. Our results indicate a 
downward trend (inhibitory effect) to be present of hNgb towards the PGI activity (Fig. 
5.1). However, as some kind of parallel lines popped up from the data, we would 
consider the data inconclusive as such. A re-analysis would be necessary. But, as the 
positive control can only be reconstituted with 20 µl of assay buffer, we think the kit is 
not suitable for activation-inhibition experiments at the moment. Hence, it could also be 
of interest to first validate the interactions further for their hNgb binding kinetics and 
cost/time-effectively prioritize the interactions from there.  
 

 
Figure 5.1. Inhibitory effect of Ngb on the PGI activity. The effect of increasing levels of hNgb on the PGI 
activity was assessed by using the glucose-6-phosphate isomerase activity assay kit. For analysis, the zero 
standard reading as well as the background control value was deducted from all the readings.  

 

The Octet RED93e (PALL laboratory) technique could be an interesting technique in this 
regard. This label-free method comprises of a biosensor, on which hNgb could be 
spotted, and a 96-well plate platform that contains a different target molecule and/or 
concentration in each well. The thickness of the biosensor tip will increase once binding 
occurs between hNgb and the target protein. In turn, this changes the refractive index 
and causes a shift in the interference pattern of the reflected light. Such interferometric 
wavelength pattern shifts will be dependent on the number of bound molecules and, as 
such, provide kinetic data: association and dissociation rate constants. The affinity 
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constant (KD) can be subtracted from the plateau phase; when the interaction reaction 
reaches an equilibrium. Given the 96-well format, the different identified hNgb-binders 
can be prioritized for further in vitro or in vivo analysis based on their binding kinetics.  
 
For these proteins, the obtained information on the transient nature of the interaction 
can be complemented with lifetime measurements in a cellular context, providing 
spatial details. Fluorescence lifetime imaging microscopy (FLIM) - Förster resonance 
energy transfer (FRET) analysis would be particularly suitable [52, 53]. FLIM measures 
the time the donor fluorescence signal returns to the ground state after pulse excitation. 
Consequently, this method is insensitive to fluorophore concentrations. Moreover, 
donor/acceptor spectral bleedthrough or cross-talk could be resolved by using DsRed as 
a FRET acceptor and (E)GFP as a donor [54]. Of interest as hNgb-EGFP SH-SY5Y cells are 
already available. When computationally analysing the time correlated single photon 
counting with a double‐exponential decay analysis, one will obtain not only information 
on FRET efficiency (molecular distance) and subcellular localisation, in which the 
interaction takes place, but also on the percentages of interacting and non-interacting 
donor molecules [53].  
 
Once performed under an unstressed condition, the FLIM-FRET set-up could be used to 
analyse cells under ferroptotic stress, correlating these results with the binding ratios of 
the TRIPLCE-SILAC approach. If the technique could be implemented well and 
informative data would come out of it, we could raise the question whether these 
interactions are also detected under/affected by other forms of cell death. One could 
think of (I) parthanatos; poly (ADP-ribose)-polymerase-linked from, (II) oxytosis; 
ferroptosis-like mechanism, involving the cellular calcium metabolism and (III) 
pyroptosis; highly inflammatory form of caspase 1dependent cell death [55].  
 

3.2. Pathways of cellular senescence and ageing - metabolism  
Interestingly, many of the pathways identified in our ingenuity analysis and data from 
our SODG93A study point towards an involvement of Ngb in the energy status of the cell. 
High connections were detected between hNgb and mTOR signalling (p-value of 3.62E-
02), the glycolysis pathway (p-value of 4.56E-04), gluconeogenesis (p-value of 4.56E-04) 
and sirtuin signalling (p-value of 6.34E-04). Aside from GPI, hNgb also binds proteins as 
creatine kinase B-type and phosphoglycerate kinase 1. In this regard, findings of this PhD 
thesis will, last but not least, lead to work focusing on clarifying the physiological role(s) 
of Ngb by correlating the in vitro data and detailed signalling results with the observed 
impact on in vivo phenotypic alterations.  
 
Tissue samples from lumbar cords, motor cortices and hypothalami (as the highest Ngb-
expressing brain area [56]) of our four groups of mice (NgbWt/WtSOD1Wt, 
NgbWt/WtSOD1G93A, Ngb-/-SOD1G93A and Ngb-/-SOD1Wt) can be analysed with Ser/Thr Kinase 
and Tyr Kinase PamChips (Pamgene) to evaluate activation states’ of kinases. The 
technique comprises of a phospho-peptide substrate microarray system on which tissue 
lysates can be loaded, containing the tissue’s specific proteases and phosphatases. 
Ensuing phosphorylation events can be detected using fluorescently-labelled anti-
phospho antibodies. The technique evaluates the phosphorylation status of up to 144 
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Ser/Thr- or Tyr-containing peptides at once, making the drafting of biological signalling 
networks feasible. The latter can be followed by a targeted analysis by western blot. In 
addition, glucose metabolism and blood flow values of these mice could be investigated 
by positron emission tomography. This would not only be connected to the expected 
involvement of Ngb in energy-wasting mechanisms and metabolic remodelling, but 
could also be linked to neuronal hyperexcitability during the patho-physiological process 
of ALS patients [57]. As a matter of fact, ATP-sensitive potassium channels are electrical 
transducers of the bioenergetic state of the cell [58]. In addition, an altered glucose 
metabolism is linked to an uncoupling of the neurovascular flow-metabolism [59, 60]. 
 
Potassium appears not to be the only ion connected to the Ngb biology. Mitochondria of 
Ngb knockout mice show an altered phenotype and altered response towards Ca2+. 
Interestingly, hNgb was also detected to directly interact with APP-binding ubiquitin 
carboxyl-terminal hydrolase isozyme L1 (UCHL1), a protein involved in the 
autophagy/lysosomal pathway. Having a dysregulated protein and cellular organelle 
(mitophagy) degradation to be situated at the intersection between above-mentioned 
pathways and effects, a closer look should be given towards Ngb involvement in the 
autophagic-lysosomal pathway. This cellular mechanism is in itself already of interest 
given the prominent contribution to neurodegenerative pathologies in which high Ngb 
levels entail neuroprotection [61-63].  
 
In vitro experiments, comparing wild-type and Ngb-/- SH-SY5Y cells, could provide 
information on lysosomal functioning and generate a translation of the mouse model 
results to a human-derived setting. Lysosomal dysfunction could be caused by a too high 
pH (LysoSensor Yellow/Blue DND-160 dye) or Ca2+ dysregulation (cytosolic: Fura-2-AM, 
lysosomal: rhodamine2 dextran). One could assess the number and size of ATG5/ATG12/ 
ATG16L1-positive phagophore precursors. Commercial kits are available to specifically 
look at mitophagy, using both a mitochondrial and a lysosomal dye of which the 
mitochondrial one releases a strong signal after being taken up in the acidic lysosomal 
environment. Mitochondrial fractions could also be analysed on western blot for 
enrichments in ubiquitination and/or p62/SQSTM status [64]. Involvement of mitophagy 
would be of interest given the connection with both mTOR-linked autophagy and 
proteostasis as well as to mitochondrial pathology and dysfunction. 
 
With recent studies further widening on the subject of Ngb, we have a good prospect on 
a better understanding of Ngb’s modes of action and its cellular, situation-dependent 
functions. Concomitantly, we expect the avenues of Ngb in nervous system disorders to 
grow in importance during the coming years. 
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A 

Aβ  β-amyloid 

ABRAXAS2 BRISC complex subunit Abraxas 2  

ACTC1  Actin 

AD  Alzheimer's disease 

ALS  Amyotrophic Lateral Sclerosis 

Apaf-1  apoptotic protease-activating factor-1 

APP  amyloid precursor protein 

B 

BANF1   barrier-to-autointegration factor 

BBB  blood-brain-barrier 

C 

CAA  cerebral amyloid angiopathy 

CKB  creatine kinase B-type 

CREB  cAMP response element binding 

Cygb  cytoglobin 

D 

DHX9  ATP-dependent RNA helicase A 

DiIC1(5) 1,1′,3,3,3′,3′-hexamethylindodicarbocyanine iodide 

E 

ERH  enhancer of rudimentary homolog 

Ets-1  V-ets avian erythroblastosis virus E26 oncogene homolog 1 

EWSR1  RNA-binding protein EWS 

F 

FAM120A  constitutive coactivator of PPAR-gamma-like protein 1 

FTLD  frontotemporal lobar degeneration 

G 

G480  Geneticin 

Gα   α-subunit of heterotrimeric G proteins 

GFAP  glial fibrillary acidic protein 

GPI  Glucose-6-phosphate isomerase 

GPX4  glutathione peroxidase 4 
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H 

HCD  high energy collision activated dissociation 

Hif1  hypoxia-inducible factor 1 

HNRNPA3 heterogeneous nuclear ribonucleoprotein A3 

HNRNPM heterogeneous nuclear ribonucleoprotein M 

HSPA5  78 kDa glucose-regulated protein  

HSPB1  Heat shock protein beta-1  

I 

IGKC   Immunoglobulin kappa constant 

IPA  Ingenuity Pathway Analysis 

L 

LC3  microtubule-associated protein-1 light chain 3 

LDHB  L-lactate dehydrogenase B chain 

M 

MDA  malondialdehyde 

MFI  mean fluorescent intensity 

mPTP   mitochondrial permeability transition pore 

N 

NAO  nonyl acridine orange 

Ngb  neuroglobin 

NO  nitric oxide 

NRF2  nuclear factor (erythroid-derived 2)-like 2 

O 

OGD  oxygen-glucose deprivation 

P 

PCBP3  Poly(rC)-binding protein 3 

PD  Parkinson's disease 

PGK1  phosphoglycerate kinase 1  

PI  propidium iodide 

R 

RACK1  receptor of activated protein C kinase 1 

REST  RE1-silencing transcription factor 

RNS  reactive nitrogen species 

ROS  reactive oxygen species 
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RPL7  60S ribosomal protein L7 

RPL15  60S ribosomal protein L15 

RPL36A  60S ribosomal protein L36a 

RPS4X  40S ribosomal protein S4 X isoform  

RPS7  40S ribosomal protein S7 

RPSA  40S ribosomal protein SA 

S 

SEM  standard error of the mean 

Sp1  specificity protein 1 

T 

TCEP  tris(2-carboxyethyl)phosphine 

TGF-β1) transforming growth factor beta 1 

TRIM28  transcription intermediary factor 1-beta 

U 

UCHL1  ubiquitin carboxyl-terminal hydrolase isozyme L1 

V 

VAPA  vesicle-associated membrane protein-associated protein A 

VDAC  voltage-dependent anion channel 

VEGF  vascular endothelial growth factor 

VIM  vimentin  

W 

Wt  wild-type 

X 

XRCC5  X-ray repair cross-complementing protein 5  

XRCC6  X-ray repair cross-complementing protein 6 

Y 

YBX1  nuclease-sensitive element-binding protein 1 

YWHAZ  14-3-3 protein zeta/delta 
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