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1.INTRODUCTION

Oxygen, which is widely used in the neonatal intensive care, has a tremendous impact on the
developing brain and is a majtactor contributing to white matter damage in the preterm
brain™. This is associated with a clear distinction in the outcome between both the $exes
Male sex has been identified as a major risk factor for poor neurological outcome across
multiple stulies and steroid hormones have been speculated to be contributing to this
differencé' ® Sex is therefore being widely considered as one of the major decisive factors for
prognosis and treatment of these infants. But unfortunately we still lack a @&ao¥ihe
molecular mechanisms that lead to such a profound difference. We have been keenly
monitoring these aspects of preterm birth and investigating the adverse effects of hyperoxia
on immature glia and other brain cells along with changes in urinargidtprofiles in
preterm infants'% Even though a few recent studies have addressed preterm brain injury in
both the sexes separately, studies explaining the effect of oxygen on the development of male
and female brains and the effect of steroid horra@are extremely limited. We thought that

an understanding of the mechanisms that proceed as a response to oxidative stress and the
influence of steroid hormones on these mechanisms, especially in the progenitor cells in the

male and female brain will be cessary to design new effective neuroprotective strategies.

In this project mouse derived primary oligodendrocyte precursor cells isolated and cultured
separately from male and female littermatese used Different concentrations and time
regimes of teatment with high oxygen (corresponding to those used in the neonatal intensive
care)were testedin order to find an ptimum regime that would shothe first affected
proteins and pathways due to oxidative stress in both the populations. Later, tmsraeter
optimum treatment regime was used to treat the cells and monitor the effect on their

maturation.

The experimental results showing inhibition of maturation in male cells as an effect of high
oxygen along with drastic changes observed in mitochondndl stress response proteins
strongly indicate the need to study cellular responses in both the sexes separately. Regardless
of the cell type investigated or the type of insult, the fact that male and female cells can
respond differently makes thstudy mportant. he presence of inherent differences between

the sexes should not be ignored while decoding any cellular mechanism.



The functional finding of Nup133 being a direct upstream regulator of nuclear respiratory
factorl (Nrfl) reveals a completelyomel function of this nucleoporin protein. Nrfl is an
important transcription activator involved in regulating a number of mitochondrial and stress
response functions. The involvement of Nupl133 in mediating such a response has broad
implications because inumans Nup133 is a constitutive cellular protein expressed in a lot of
different cell types including a number of cancers. Other than being just a transporter protein,

its role in other cellular processes still needs to be studied in detail.

This study ado reveala di r ect i nteraction between the
Nupl33, opening up another novel regulation that leads to extending the female cells with
resistance towards oxidative stress via Nrfl regulation. Experiments with estradsmread

of the clinically relevant hormone precursor molecules (fetal zone steroids) showed how the
estrogen receptor alpha (ERU) along with Nup
cells. Considering that hormone regulations are critical for fetain development, we

believe that by means of our experimental data we have put forward an explanation to the

changes in urinary steroid profiles observed in human preterm infants and their implications.

Taken together, by means of this study we put forward the need for detailed investigations
into sex based differences in the steroid hormone profile during fetal development and the
role of nucleoporin prins not only in normal brain development but also under various
stress/disease conditions. We believe that changes in these essential cell components could be

reasons to some of the observed long term neurological effects in preterm infants.



2. THEORETICAL BACKGROUND

2.1.Preterm birth and PVL

Preterm birth (8 7 weeksd gestation) is one of the | €
mortality in the world. During the past years, although the incidence of preterm birth has not
reduced, the care of preterm neonates has drastically improved so that the stithioaé o

born at even 23 weeksd gestation is now bec
high risk of severe developmental disability and cerebral palsy. Extreme prematurity is
associated with neurological consequences ranging from mild behavandatognitive

defects to severe disability. Preterm brain injury occurs during a phase of rapid brain
development leading to delays in normal maturation. This delay in development after
premature birth may arise from a broad range of injuries thataise csignificant disruption

to ongoing endogenous developmental events in the brain thereby affecting fetal and/or
postnatal developmental programs and their normal physiological tithinhe main cell

types of the brain that are injured by prematurethbiare oligodendrocytes and
oligodendroglial progenitor cells which form the white matter. These cells are particularly
sensitive to injury between 24 and 32 weeks
The predominant stages of oligodendrocytedge cells present in the human brain during

this period are the preligodendrocytes and the immature oligodendrocytes, as the mature
oligodendrocytes become abundant only after t¥trithe progenitor cells are present in the
subventricular zone andadim there they migrate into the intermediate zone and cortical plate

where they then differentiate into immature and later mature oligodendrocytes, which

eventually myelinate axoré,
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Figure 1.Stages of oligodendrocytenaturation . Figure adopted from Ballabh P. (20123

Periventricular leukomalacia (PVL) is the predominant underlying pathology of cerebral palsy
and cognitive impairment in premature infants and is the most common form of white matter
injury in preterminfants resulting in a chronic disturbance of myelination. PVL has its peak
incidence in premature infants duringi 32 weeks postconceptional age which is a critical
period in human brain development, characterized by extensive oligodendrocyte migration
and maturatiort®. It is characterized by mainly two components: a focal necrotic component
with loss of all cellular elements in the deep periventricular white matter leading to cystic
PVL and a diffused cebpecific lesion with acute loss of developiotigodendrocytes

accompanied by astrogliosis, and microgliosis leading to diffused white matter injury.



PVL
(diffuse)

Figure 2. Periventricular leukomalacia. Coronal section of cerebrum (H + E stain)an
premature infant who died several weeks after a cardiac arrest. Note thenmwonents of
the lesion (i.e., deep focal areas of cystic necrosis and more diéusbral white matter
injury). Figure adopted from Volpe, J. J et al 2011.

Non-cystic perivefricular leukomalacia has been now reported in most infants born with a
birth weight under 1500 g whereas the incidence of cystic periventricular leukomalacia has
decreased over the yedrs Various studies in postmortem human brain have thrown light
into the cellular and anatomical abnormalities associated with diffuse WMI. These studies
observed hypomyelination in premature WMI which was associated with a delayed or
disrupted developmental program of oligodendrocyte (OL) lineage cells; in particular OL
progenitor cells (OPCsY. Under normal developmental conditions, OPCs give rise to the
mature oligodendrocytes that myelinate axons. In postmortem human brain, arrested
maturation of O4+ preOLs was observed, together with expansion of the cellular padlyof

OL progenitors and preOl%.

2.2. Hyperoxia and PVL

Preterm infants are in most cases born with immature lungs. They are therefore, frequently
exposed to increased oxidative stress as they need supplemental oxygen often for a long
period of time?2. Hence, oxygen is widely used in resuscitation and treatment of neonatal
lung diseases. Apart from oxygen being used in the neonatal intensive care, preterm birth
itself leads to an exposure to relative hyperoxia resulting from a dramatic rise of oxygen
tissue tension at a much earlier developmental phase when compared to intrauterine
conditions”. It is now known that hyperoxia may induce damage in immature lungs and retina
5



and it has been implicated in the pathogenesis of bronchopulmonary dysplasarephthy
of prematurity?.

Animal and cell culture studies have shown that hyperoxia is a powerful trigger for
widespread apoptotic neuronal death in the developing brain. An increase in the density of
degenerating cells was observed in various bragions of 7dayold Wistar rats and
C57/BL6 mice such as the caudate nucleus, layers Il and IV of the frontal, parietal, cingulate,
and retrosplenial cortices, as well as white matter tracts and the periventricular region after
hyperoxia®. This cell deathwas observed to be associated with oxidative stress, decreased
expression of neurotrophins, decreased activation of neurotroginitated pathways, and
increased levels of proinflammatory cytokin&s Hyperoxia also initiated the apoptotic
cascade in imature OLs and preoligodendroglial cells, but not in mature OLs in vitro.
Vulnerability to oxygerinduced cell death has been found to be age dependent with a

maximum during the first week of life in both OL cell cultures and aniffals

70 mmH

Damage to white matter

!

PVL

0O, 25 mmHg

preterm birth Long term effects:

Cerebral Palsy and
Cognitive impairment

Figure 3. Showing the effect of hyperoxia on preterm infants.Figure adopted and
modified from Collins MP, 2001

However, the influence of oxygen on the human brain is still not completely understood.
Previous reports have mentioned thatrea hyperoxic exposure during a few minutes after
birth may increase the oxidative stress for weeks. Because oxidative stress influences

apoptosis and cell death, this may have {wrgn consequences on growth and development
25



2.3. Sex difference inclinical outcome

It has been a general belief based on observations that females have a better outcome after
preterm birth. However, now there are accumulating evidences that females indeed have an
advantage over males with a better outcome in the perinatal period, Ipdstiafter preterm

birth. As a result of various studies focused on gender differences, it is now well known that
there is a higher death rate of male foetuses, an increase of about 30% in chromosomally
normal spontaneous abortions (i.e. significantlyhbigthan at birth) as compared to female
foetuses. The gender difference seems to persist throughout life, especially regarding age
related degenerative changes in the brain. A statistical analysis from Sweden showed that
boys are more likely to be delivast prematurely, accounting for i8®% of all newborns
between 23 and 32 gestational weeks. Also, neonatal deaths in these gestational weeks were
observed to be more common among boys. The difference in infant mortality (within 1 year)
was found to be thenost pronounced at extremely early birthi(28 gestational weeks),

being 60% for boys compared with 38% for gitlsExtremely preterm and extremely low

birth weight (ELBW) boys appear to be born with a higher constitutional risk for major
adverse neurodelopmental outcomes than girls. Previous studies of mortalitlypspital
morbidity, and neurodevelopmental outcomes have established a distinct male disadvantage
for extremelylow-birthweight (ELBW) and extremely preterm infants. However, male gender
remains an independent risk factor for adverse neurodevelopmental outtoresther

study that evaluated the effects of intrauterine growth restriction (IJUGR) and very preterm
birth on cognitive outcomes, found that children born very preterm after IUGR &
increased risk of cognitive impairment compared with children delivered very preterm and
that the differences in cognitive outcome were restricted to boys who may have been
especially vulnerable to the influence of IUGR and very preterm birth. Itheagver not

clear why gender may influence cognitive outcome in very preterm infants with fJGR

Taken together, it can be said that the explanation for neurodevelopmental differences
between males and females is unknown. Although, gender differengesate from a very

early period after conception, the exact mechanisms responsible for the continued differences
later in life remain still to be determined. As it is very evident, risk factors for poor
neurological outcomes have been identified acnagkiple studies and the increased risk has
been found to be independently associated with male sex. Hyperoxia being one of the major
risk factors for poor neurodevelopmental outcome as a result of preterm birth and combining
this with the fact that it isn turn associated with male susceptibility, it becomes utmost

7



important to identify the underlying mechanisms and biology. Male susceptibility arouses
interest particlarly because it implies that there may be hormonal factors that, if better

understoodmight open up new avenues in neuroprotective stratégies

2.4. Steroid hormones andFetal Zone Steroids

2.4.1 Estrogen

During pregnancy, due to the placental aromatization -0 Gteroids produced by fetal
adrenal gl ands, t kedtradlolg B2¥evVels in thé plasnaatinereasea Up tol 7 b
100fold (15,000pg/mL, approximately 55nM) as compared to the plasma estrogen
concentrations in nepregnant femaled” % The foetus is also exposed to the increasing
hormone levels during its development. But at tihee of birth, after the umbilical cord is
clamped, E2 level decreases by a factor of 1085pg/mL, or 20130pM) within 24 hours.

Since premature birth happens at a much earlier stage of development, these infants
experience this hormone deprivation amghultaneous increase of the oxygen tissue tension

much earlier than infants born at tefin

The presence of high amounts of estrogen is considered to be critical for normal brain
development and several studies have even highlighted that the femaleorseanes

represent potential neuroprotective agents against acute and chronic injuries in the adult brain.
The neuroprotective effects of E2 has been observed in the mature brain in several models of
neurotoxicity involving hypoxiaschemia and excitotoxict vy such as Par ki r
Al zhei mer 6s di seases, as wel | as cerebral |
hormones can influence the apoptotic cascade at different stages. Estrogens have also been
shown to promote survival and differentiationsafveral neuronal populations maintained in

culture *° and to reduce cell death associated with excitotoxitityoxidative stres$? or

exposure to betamyloid*3. It also has profound effects on the function and plasticity of the

brain and proliferationdifferentiation, and migration of neurofis

E2 and the estrogen receptors (ER) are known to play important roles in the development and
function of the central nervous system. Both the estrogen receptors, ER alpha and ER beta are
found in various regins of the human and rodent brain, which includes the hypothalamus,
hippocampus, cerebral cortex, midbrain, bistem, and forebrain. They show specific

distributions with high densities especially around the ventricles where the brain cell



progenitors a generated. Therefore, it was intriguing to investigate the role of E2 and its
receptors on OPC differentiation, especially under hyperoxia.

2.4.2 Fetal Zone Steroids

In humans, estrogen synthesis during pregnency is largely dependent on androgens from fetal
and maternal adrenal glands because the placenta lacks the cytochrome P450 enzyme CYP17
(17ahydroxylase) which is essential for de novo estrogen synthesis from acetate or
cholesterol. The human fetal adrenal cortex is an active endocrine organ that psidraid
hormones, which regulate intrauterine homeostasis and the maturation of the fetal organ
system. An active steroidogenic specialized compartment of the fetal adrenal cortex is called
the fetal zone whose mass increases in utero up to term andeitiares rapidly after birth.

During pregnancy, there is a continuous exchange of steroid molecules between the placenta
and the fetus as a result of which huge amounts of androgens produced by the fetal zone are
used by the placenta for estrogen biosgaif and therefore, this functional association is
termed apl abenti¥Btonito

As a result of preterm birth, the fepdacental unit is disrupted and the synthesis of estrogen
and progesterone in the placenta stops. However, the fete af the preterm infant
continues to synthesize DHEA which is the main precursor molecule for estrogen synthesis.
This DHEA gets converted into more hydrophilic metabolites and these are eventually
excreted from the body through urine. Studies have shbatnthe fetal zone shrinks much
slowly in preterm infants as compared to term infants where it rapidly shrinks after birth 36.
Consistent with this observation, it was found that the urinary excretion -GfH36-ene
steroids in preterm born infants wagrsficantly higher for a longer period of time and did

not approach that of term infants before 40 weeks postmenstrudt’.ageditionally, a
persistent higher plasma concentration of DHEAS was found in preterm infants from the day

of birth until 10 month of age when compared to that of term infants

However, a gender difference does not seem to exist in FZ regressioriorvoithumans, at

least in terms of hormone secretion, given the testicular secretion of androgens in male
infants. In one of the studie¥® it was shown that the serum levels of cortisol,
dehydroepiandrosterone (DHEA) sulfate (DHEAS), and androstereedioarply decreased
during the first week of life. However, only in males, the androstenedione levels increased as
of day 21. Another study reported that the plasma levels of adrenal steroids, with the

exception of cortisol, decreased progressively fronthktio 6 months of age. The plasma
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levels of 17hydroxyprogesterone, idesoxycortisol, and cortisol did not reveal gender
differences, whereas testosterone and androstenedione levels were higher in males and
DHEAS levels were higher in femal&s

Since,preterm birth is accompanied by a drop in estrogen level and an increase in the levels
of these precursor molecules to which the developing brain is normally exposed to, the
precise role of these precursor molecules in brain development need to be dddfesse

investigated in detail, they might as well prove to be novel neuroprotective agents that can

promote cell survival and maturation.

| FETAL | | PLACENTAL | | MATERNAL |
/ Adrenal \ / Cholesterol \ // Cholesterol \
(- ) l e |
Pregnenalone sulfate ¢ Pregnenolone 4 Pregnenolone
17-OH Pregnenalone-S SETTEREIRE
DHEA-S ) DHEA ¢ DHEA-S
15-0H-DHEA-S\ Esterone » Esterone
\ /\\ Estradiol s Estradiol
Liver \
~ 16-OH-DHEA
16-OH-Androstenedione
16-OH-DHEA-S l'
f Estriol
\ / \ Estriol ’ /

Figure 4. Estrogen and progesterone synthesis in the fetal, placental and maternal
compartments.

a) 16aOH-DHEA

Dehydroepiandrosterone sulfate (DHEAS) is the main steroid molecule produced by the fetal
zone. Its production starts at arounid 8 weeks of gestation and later it increases té 200
mg per day until term. In the fetal ke a part of the fetal DHEAS produced is hydroxylated
to form 16ahydroxy-dehydroepiandrosterone sulfate (ABH-DHEAS) and both these
compounds are required for estrogen synthesis in the placenta. Being the precursors for
placental estrogen synthesis,3%Zare structurally related to estrogens and thus can interact
with the ERs*°. For example, dehydroepiandrosterone (DHEA) and DHEAS and its
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metabolites, fandrosterBb, 17bdiol [androstenediol (Adiol)], and-&ndrosterBb, 16adiol-

17-one [16ahydroxy DHEA (160HDHEA)] are potent activators or agonists of -BlRha

and/or ERbeta.*®. Regarding the presence of DHEA in the brain, previous reports have
mentioned that higher concentrations of DHEA is found in the brain as compared to plasma
and that the brain is capable of de novo synthesis of DHEA and DHEA®wever, the
precise roleof 16aOH-DHEA in oligodendrocyte differentiation has not been addressed so

far.
b) Allopregnanalone

During pregnancy, in addition to estrogen, progesterone (PROG) is synthesized in increasing
concentrations in the placenta until term which then draalbticeduces to neonatal serum
levels after birth. Allopregnanolone (ALLO) is a progesterone derivative that has been studied
in the greatest detail. It is initially produced by the placenta and later the brain. It has been
reported that ALLO reduces celeath, increases cell proliferation and promotes myelination
443 making it an excellent candidate for treating preterm brain injury. As a consequence of
preterm birth, infants are withdrawn prematurely from placentdlyved steroids such as
ALLO, which may enhance the risk for cerebral injury. Since the levels of ALLO peaks just
prior to delivery, it has been suggested to possibly play a role as an endogenous
neuroprotective agent for the developing bréinStudies in several animal models have

S47 it also limits

repated that ALLO reduces apoptosis following in utero hypbisichemia’
apoptosis and neurite outgrowthhile promoting myelinatior® and that it can protect
developing neurons and glia from injuf§ *> However, the underlying mechams are
largely unknown Despite these prelinical findings, there is not much data available
regarding the ALLO levels in human ndwrns and data correlating ALLO levels with
neurological outcomes, especially in the most preterm infants (<28 wee&sagsivho are

deprived of ALLO much earlier than norntél
c)  Adiol

5-Androstene3 b , -dibl {Adiol) is a major natural metabolite of dehydroepiandrosterone
(DHEA) that acts as an intermediate in testosterone and estrogen synthesis. Itis a member of
the 5androstene family of endogenous steroids and can activate &®rl/or ERR °°°2
Additionally, intracellular aromatases (CYP19) present in the brain can convert it into more
estrogenic molecules exerting an even stronger effect on ERs. It is defoiénd to the
androgen receptor (AR) and to influence sexual development and behaviour in several
mammals. A number of studies have reported varithesapeutic properties of Adiol

11
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including antiinflammatory , antrapoptotic °* and neuroprotecta activities in an
experimental autimmune encephalomyelitis model of multigelerosis®® *° Adiol is also
capable of modulating the action of gamamaino butyric acid A (GABAA) receptors in the

brain and is reported to have anticonvulsant and anelgesperties. It has also been
suggested to affect memory and learning. In addition, some investigators have proposed that
Adiol may increase intracellular cAMP levels through binding to the sex hormone binding

globulin®°,

2.5. Nucleoporins

In eukaryotes, # nuclear and cytoplasmic compartments are separated by the nuclear
envelope (NE). It is a double lipid bilayer system consisting of two concentric membranes,
the inner nuclear membrane (INM) which stays directly in contact with chromatin and Lamin
filaments and the outer nuclear membrane (ONM), which is contiguous with the endoplasmic
reticulum and studded with ribosomes on the outer side. The space between these membranes
is called the perinuclear space (PNS) which is interrupted by nuclear pore confplRg=)
spanning the nuclear envelope through pores formed by the fusion of inner and outer nuclear
envelope membranes. NPCs are large roolthponent protein assemblies that function as
mediators of selective bidirectional exchange between the nucleaplasich cytoplasmic
compartments, thus allowing communication between the nucleus and the cytépl&sm

They show a broad degree of compositional and structural conservation among all eukaryotes
and are estimated to be the largest protein complexdeioell, D90i 120 MDa in human

cells. The NPC has a highly conserved doughnut shaped structure with an eight fold rotational
symmetry which is composed of multiple copiesD#0 individual components, termed as
Nucleoporins (Nups). Its core consists of teater rings of membrarembedded scaffold

sub complexes at the nucleoplasmic and cytoplasmic periphery and two adjacent inner rings
built around a central transport channel. The central channel has a diameter of ~38nm,
corresponding to the maximum size kfiown transported particle®’. Its component
nucleoporins (Nups) can be subdivided into two major classes. The first class represents the
structural scaffold of the NPC which is stably embedded into the NE and it includes the
NUP107/160 complex and theU®205/188/93 complex. They are remarkably stable once
assembled into the NPC and have longer residence times exceeding one cell cycle. The
second class represents the peripheral components of the NPC consisting of approximately 15
Nups, most of them contang phenylalaninglycine (FG) repeat motifs, which bind directly

to soluble transport receptors and facilitate transport through the nucle&f. poterestingly,
12



many nucleoporins of this group are mobile and display highly variable rates of associati
with the nuclear por&. Many of them are highly dynamic, being able to move on and off the

pore with kinetics of seconds to a few hotfrs

Nup160 Nup85
mngfg Nup133 Nup37
- P Nup107 Sec13
Cytoplasmic filaments Nup96 Seh1

Nup43

POM121
GP210
NDC1

Nup93
Transmembrane nucleoporin Nup205 and/or Nup188

Inner ring
Central channel :35?25

Nup62
Nup58
Nup54

Cytoplasmic ring

Nucleoplasmic ring

Nup160 Nup85
Nup133 Nup37
Nup107 Sec13
Nup96 Seh1

Nup153 Nup43 MEL28
Nup50
Tpr

Nuclear basket

Figur% 5. General organization of NPCFigure adopted from (Marion Weberruss et al.
2016Y)".

Only recently, it has become evident that the NE and its associated proteins play a major role
in cellular organization, gene expression and the regulation of developf&nthe NPC

plays an obvious role in gene regulation by controlling the export of generated RNA and
import of transcription and signalling factors. However, in addition to its role in transport, the
NPC and its individual Nups have been shown to play a majerin genome organization

and gene expression by direct binding to specific genomic locdfi8hsviultiple studies in a
number of organisms have identified the presence of specific Nups at active and silent gene
loci, and have also revealed a funnabrequirement of NPC components in the execution or
maintenance of selective transcriptional programs and chromatin states. It has been observed
that a gradual deterioration of NPCs leads to accumulation of cytoplasmic tubulin inside the
nuclei of aged at neurons which is a characteristic of neurological disorders including
Par ki ns o f'oHenceimmymatkae an intact NPC is important to avert pathological

progression of neurodegenerative diseases in the Hraidditionally, a number of Nups
13



have been demonstrated to be critical for tissue specific differentiation. These observations
indicate that the NPC is capable of integrating its transport and gdmadiag activities, for
example, by bridging the nuclear import of developmental trgignr factors to their
activating functional target promoters. Hence, emerging as a new scaffold for genome
organization, and may play a role as a nexus of developmental signalling, being able to
coordinate transport, spatial genome organization andeygmessiori°.

2.5.1 Nup133

Nupl33 is a component of the evolutionarily conserved NuiBl7complex. It consists of

nine polypeptides in total (Nup160, Nup133, Nup107, Nup96, Nup85, Nup43, Nup37, Sehl
and Sec13) which are assembled in-ahéped compleX’*. This complex extends on both
sides of the nuclear envelope and is one of the major NPC structural s§bifiitSeveral
studies have illustrated the role of NupillBO complex in interphase nuclei as a NPC
component and in mitosis for spindle assenasid proper kinetochore functiéf®. Nup133

was initially thought to be essential for NPC assembly in vertebtat€but later studies in

whole organisms including mouse demonstrated that it is dispensable for any essential
structural function of e Nupl07160 complex. It was found that Nupl33 was not
ubiquitously transcribed in all cell types in mouse during development and that it was not
critical for cell survival . Nupl33 doesndt
export but is cagde of regulating protein transport via NHiSlependent nuclear transport
pathways similar to those uncovered for a number of transcriptional regifattireas also

been observed that a perturbation of Nup133 function can contribute to oncogenesis.

Thefunctions of Nup133 were specifically interesting in this study because it was reported to
be essential for neuronal differentiation during mouse development. A study revealed that
neuronal differentiation was dependent upon the activities of Nupl33eatirtte of
differentiation and/or even at earlier steps in the neural lineage. They also found that the
neural progenitor cells lacking Nup133 abnormally retained features of pluripotency and
differentiated inefficiently along the neural lineage, both ifgmnic stem cell culture and in

the developing embryo. Thus, pointing towards an important role of Nup133 in establishing

the neural lineagé™.

Moreover, itbés positi o+60admpléexhwihitpH2 iepg hmgrmya |l o fb
propeller domainfree for interaction, makes it prone to interact with other proteins and

protein complexes or even protdRiNA complexes in the nucleus though which it could
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mediate its role in cell differentiation and developniénThus, in addition to participating in
nuclear transport and mitosis, Nupl33 might also bind to components of chromatin
remodeling complexes and repressor/activator complexes with histodiéying activities in

the nucleus to mediate as yet unknown functions of the NPC in vertebraf&.cells

2.5.2 Nup210

Nup210 is a large transmembrane nucleoporin with a long luminal domain, a single
transmembrane segment with a smalle@ninal region facing the NPC, and a large, well
conserved Nerminal domain that protrudes into the perinuclear space betiveenner and

outer nuclear membrané$ It was the first transmembrane nucleoporin to be discovered and
was initially thought to be involved in anchoring the NPC to the NE and initiating nuclear
membrane fusion during nuclear pore assenibfy. However,it was later observed that
Nup210 was recruited at a later stage during the nuclear pore assembly suggesting that it is
not required for NPC formation and that it also exhibits a tissue specific expression with

higher levels in brain, kidney, skin, lurgyt and pancredd *°

The possibility of a potential role of Nup210 in regulating cell differentiation was first
proposed when it was observed that it had a differential expression in the kidney during
mesenchymal to epithelial transiti3h*® Late, it was identified to play a pivotal role during
myogenic and neuronal differentiation. When the expression pattern of Nup210 was studied
in anembryonic stentell (ESC)to neuroprogenitor (NP) cell differentiation system, it was
seen to be absent in ES cells but was strongly expressed in neuroprogenitors. Nup210 was
found to be important for the induction of genes essential for cell differentiation via
recruitment of trascription or mRNA export factors to the NPC and hence, essential for

neural differentiation and the maintenance of the neuroprogenitofstate

2.5.3 Nup50

Nup50, a component of the nuclear basket in the NPC structure, was initially noticed as it
underg@s unusual changes in localization during male germ cell differentiftidnis a

mobile Nup that shuttles between the NPC and the nucleoplasm with very short residence
times of seconds at the NPC. This dynamic behaviour of Nup50 is dependent on active
transcription by RNA polymerase Il and is achieved through tkeriinal half of the
protein, whi ch ¢ ont abindisg domaipsolr attdchres tt) theaNP@ byNu p 1
interacting with Nup153 and is uniformly distributed in the nucleoplasm withnarge

exclusion from nucleoli. However, it has been observed that the dynamic nature of Nup50 is
15



independent of importin U, Nupl1l53, and Nup9
exhibit transcriptiordependent mobility. It is a ubiquitously expres$deiC protein in adult
and embryonic tissues with the highest expression in the denglogiural tube and adult

testes®®

It mainly functions as a soluble cofactor in nuclear protein import by actively displacing
NLSs from importinalpha and facilitatig disassembly of the importapha:betacargo

complex and also in importin recycling. Apart from its role in protein transport, Nup50 has
been shown to perform additional functions related to chromatin biology within the
nucleoplasm and away from the NPICwas observed that a targeted disruption of Nup50
caused severe neural tube and CNS abnormalities and growth retardation in mouse embryos,
indicating its important role in CNS development. Another study in C2C12 myoblasts showed
that the depletion of Nab0 did not affect cell proliferation but inhibited their differentiation

i nto myotubes. These studies point t owar ds
developmental genes that might be functionally required for developmental and

differentiation pocesses such as the formation of terminally differentiated myotfh&¥

2.6. Lamins

Lamins are prominent 60 to 80 kDa intermediate filament (class V) proteins of the nuclear
lamina. They are the major structural proteins of the animal cell nucleusxtpammeshwork

lining the inner nuclear membrane (INM$. They have a tripartite structure with two

gl obul ar head and t ai-helica mandoinainsThi$ dtracturk enabljes a c e
them to form higkorder polymers and a framework to suppuirilti-protein complexes that

are involved in several nuclear functions, hence, serving as a scaffold for spatial genome

organization.

The lamina is mainly composed of two types of Lamins; type A and B which are encoded by
three lamin genes, LMNA, LMNB1 andMNB2. Lamin A and C are the two major splice
variants produced by LMNA gene along with two minor isoforms, while Lamin B1 and B2
are transcribed from the LMNB1 and LMNB2 genes respecti®ly.amins undergo a
number of different podranslational modi€ations and are spliced alternatively to create
multiple isoforms. For example, ptamin A undergoes enzymatic cleavage to become
mature Lamin A" 1% What connects Lamins to their role in regulating gene expression is
that the various isoforms areffdrentially expressed in different cell types and at specific

developmental stages. For instancaype lamins (B1 and B2) are constitutively expressed in
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most cell types, whereas the expression of A and C type lamins are cell type and
developmental stge specific, Lamin A being predominantly expressed in the most
differentiated cell types®® *° Studies in mouse have shown that a depletion of Lamin A
accelerated the transition to pluripotency in somatic cells, whereas cells overexpressing
Lamin A todk longer to reprogram to form iP@duced pluripotent cells). Also, mutations

in the human Lamin A (LMNA) gene has shown to be responsible for an array of serious
diseases called laminopathies, including cardiomyopathy, musculardystrophy, lipodystropy
neuropathy and progert&. Moreover, latest studies have established that the Lamin proteins
tether heterochromatin and developmentally silenced domains to the nuclear péfiptary

and that they interact with a number of proteins affecting chiiomarganization,
condensation and DNA replication, which include transcription factors and chromatin re
modellers'®® 1¢2° Taken together, these studies demonstrate that the Lamins are expressed
in a tissue specific manner and form unique territanake lamina which likely contributes

to a cell type specific NE composition and even though the mechanistic details are largely
unknown, these studies establish a pivotal role of Lamins cellular organization, chromatin and

gene regulation necessary fhe determination and manifestation of cell f&fe??

The role of Lamins in regulating differentiati@pecific gene expressioprograms
specificallyin CNS development and differentiation has been studied in Lamin B knockout
mouse models that disply an array of organogenesis defects in the brain while the self
renewal and pluripotency properties of mouse ESCs remained’fritact

Genome wide studies of Lamin B1 Associated Chromatin Domains (LADs) during neuronal
differentiation in mice showed thavhile ESCs and terminally differentiated cells share a
broad LAD structure, smaller subregions of gene clusters undergo rearrangements
corresponding to steps of the differentiation procéss'>> For example, genes associated
with -imeteamol aacell cyck Irelated genes, become laraissociated during
differentiation. Conversely, cell type or lineage specific genes were released from the lamina

andder epressed or fAunlockedod for expfession at

In Drosophila, the gene encoding a critical transcriptional factor hunéhbvas shown to
move to the nuclear lamina during differentiation of neuroblast cells to netffoikis gene
repositioning correlated with a loss of progenitor cell competence and wad fo be
dependent on the B type Lamin DmO. Depletion of Lamin Dm0 extended neuroblast

competence, presumably through disruption of targeting the hunchback locus to the nuclear
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lamina. These studies indicate the nuclear lamina is extensively utilizedgjtiot metazoan
to stably silence differentiatiespecific gene&’.
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3. HYPOTHESIS

Based on previous reports and clinical observations we hypothesized that hyperoxia has
differential effects on the developing male and female bamdsthat it brings about profound
changes in the intricate cellular machinery of male OPCs that possibly affects their capability
to differentiate. Hence, we developed a mouse primary OPC cell culture model to find

answvers to the following questions:

FEMALE MALE
\ \ _
~ ® ‘ Why is the male brain more affected?
L L
__What does  hyperoxia change
OPCs OPCs differently in the male derived OPCs?
02 02 . . . .
Developing brain being highly
. N e — | dynamic, why is it not able to
) X\ et \& recover?
T N - T " . g
A S 4 _F What could be the possible
R DA N — | mechanisms?
Immature OL Immature OL
? /9 How does the drop in estrogens and
X ° — | presence of FZSs influence the whole
w/ scenario?
~ 'J‘;.I . "t
- \ || Could it be the sex hormones and
o~ . Ve o FZSs that make a difference?
. ] CAXon -, / i

Myelinating Mature OL

We believe that hyperoxia brings about an imbalance of important proteins in the male OPCs
that can result in altered cell division capability producing an abnormal pool of OPCs
compromised on their ability to give rise to mature oligodendrocytes. Thdestwng the

brain unable torecover after hyperoxic injurgven though it is known that there is an
apparent replenishment of OP@sst injury;leading to long term effectsspeciallyin the

male subjects.

We also wanted to investigate how the drop itmtogen concentration and the presence of
FZSs influence these hyperoxia induced mechanisms. We hypothesised that the presence of
t he f emal e s estradiblpandritibenF&Ss pakiffively affect the OPCs in females

but not males.
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4. MATERIA LS AND METHODS

4.1. Materials

All materials used including details of chemicals, kits, antibodies, labwares, machines,
softwares and details of preparing cell culture medium, buffers and other solutions are listed
in AppendixI.

4.2. Methods

4.2.1 Animal strains

Mouse protocols were approved by the Veterinary and Food Control Office, State Department
of Agriculture, Food Safety and Fisheries Mecklenbdogpommern, Germany (Permit
Number: ZSF3936/11/17). Animal colonies were housed w@maihtained following the
international FELASA, national GVsolas and local University of Greifswald animal research
guidelines. Animal care and breeding was performed at the Central Core & Research Facility
of Laboratory Animals, Medical School of Greifswal Experimental procedures were
performed under specific pathogen free conditions in accordance with established institutional
ethical guidance and approved protocols from the animal facility. TheGHHPtransgenic
mouse line, in which expression of thd-I& reporter gene is driven by the plp regulatory
sequences in a C57BL/6J background mouse strain, was obtained as a kind gift from Prof.
Bernard Zalc (Centre de Recherche de ['Institut du Cerveau et de la Moelle epiniere UPMC
Paris6, UMR_S 975; Inserm U 57CNRS UMR 7225, Paris¥’. Transgenic mice did not
display any obvious developmental defects. CrkCDCR) mice were received from Charles
River Company and breed for maximal two generations at the facility to get the donor mice.

Both strains were udeo generate oligodendrocyte precursor cells.

4.2.2 Isolation and cultivation of mouse primary OPCs

Hypoxia is particularly important for the central nervous system, where oxyggne{@Is

range from 8% at the pia to 0.5% in the midbrath Traditionally, all in vitro stem cell
systems have used oxygen tensions that are far removed from the in vivo situation,}21% O
This has shown to affect the survival of cells particularly in transplantation experiments due

to the stress caused by switartlie oxygenension*>**°.
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Hence, we tested the protocol on cells derived from three different wild type mouse strains
(Balb/C, B6NAIbino and CD1) and used 3% and 21%cOnditions to cultivate the cells.

Later, the purity of the culture was analyzed using FACS.
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Figure 6. FACS data showing the difference between the percentage population of OPCs
in different mouse strains.
FACS staining was performed using AA2B5-APC antibody(Miltenyi Biotec) and PE
antrmouse CD140a antibody (Biolegend). Control cells were kept in neurosphere growth
medium containing EGF/FGF throughout while the induction group was fed with the OPC
medium containing B104 conditioned medium. (A) Shows thdtseeBom B6NAIbino strain,

(B) from the BalbC strain and (C) from CD1 strain.
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Figure 7. FACS data showing the difference between the percentage population of
OPCs under 3% and 21%Q conditions.

The graphs show eomparison between the percentage of OPC yeild from the three strains
when cultured under (A) normoxic (21%)Gnd (B) hypoxic (3% &) conditions. The CD1

wild type strain showed the maximum yeild of approximately 9BPCs when cultured at

3% O,, While the yeild of OPCs was boosted from approx. 50% to 75% in the B6Nalbino
strain, the BalbC cells did not show any considerable difference. This clearly shows that the
primary cells derived from different wild type mouse strains respond differently towards th

protocol.

The resultgFigure 6)showed that the different wild type strains responded differently to the
protocol and that the CD1 wild type strain could yield more than 95% pure OPCs under
hypoxia. Furthermore, hypoxic conditioning could increase tbkel wyf OPCs by an average

of 10% in all the three strairfBigure 7)

The PLRGFP strain derived OPCs were validated using immunoflourescence. Cells were

isloated and cultured as per the same protocol. The images (Figure 8) showed more than 90%

of all cdls PLP positive with cells at different stages of maturation.
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Figure 8. Flouresence microscopy images of OPCs derived from®EP strain that were
plated onpoly-ornithine coated coverslips and stained with DAPI (blslkewing OPCs
(green) in different maturation stag&sale bar €.00um.

Hence,OPCs were isolated from postnatal day 2 to postnatal day 4 old (Mald type
strain) mice. For each isolation, tissue from the mid brain region comprising the sub
ventricular zone from 3 male and 3 female (from the same litter) brains were pooled
separately. The sex of the pups was determined visually with occasional genotyping to
confirm. Animal care and breeding was performed at the Zentralen Servicd
Forschungseinrichihg flr Versuchstiere der Universitdtsmedizin Greifswaldl. animal
usage for cell isolation was performed according to the institutional regulation regarding

animal ethics and applicable laws.
A) Isolation and Neurosphere expansion

Before starting the @ation, 4 sets of sterile dissection instruments were prepared in order to
reduce the chances of contamination: separate sets for the skin, skull, for removal of the brain
and to cut out the desired region of the tisg\feer decapitation, the brawwasisolated intact

and transferred to a petridish containing sterileciolel dissection solution. The brains were
rinsed in cold dissection solution once to wash off any remaining blood. The meninges was
stripped off from the surface of the brain by lookingder a dissection microscope and then

the SVZ region was carefully isolated from each brain of both the sexes separately. The tissue
from both the groups was then subjected to enzyme digestion at 37°C-1&mi@s. The
reaction was stopped using trypsnhibitor solution. The resultant single cell solution was
resuspened in 1ml Neurosphere growth medium and seeded in equal densities-iffo 5 T
suspension culture flasks each (for male and female) containing 15ml neurosphere growth
medium. The flasks werkept at 3%Q, 5%CQ and 37°C incubator. After 24hrs the flasks

were first inspected for any signs of contamination before the cells were allowed to expand
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further. After 2 days, 5 ml of neurosphere growth medium was added to each flask and the
cells wereallowed to divide and form spherical aggregates (neurospheres) for at least 2 more

days so that considerable amount of neurospheres were formed.
B) Oligosphere formation

In order to program these neural progenitor cells to become OPCs, afiedays wherthe
neurospheres were around 100um in diameter, gradually the neurosphere growth medium was
replaced by the B104CM containing oligosphere medium every alternate day for 2 weeks.

After this time period, the cells were trypsinized and used for experiment.

@)
P 0w © @ © fa
.-~ = J
Enzyme digestion
_> - - = W Q@
N

Micro-dissected SVZ region
Brain dissection

Stop enzyme}igestion

0 (U] (h) (@) (f

ﬁ' ‘ Determine yield
1week ) 1o . o — and viability
- —-“' <« »_‘“‘.‘ «~—
) ‘7"7”’ y — 3
v i - Cells seeded in culture dishes/flasks-  Single cell suspension
. Incubate at 3%02
Enrichment of OPCs (PLP —GFP)- Neurospheres ? Proliferation medium

Conditioned medium

Figure 9. Flow diagram for tissue isolation and culture of OPCs.

C) B104 Neuroblastoma cell culture and Conditioned Media preparation

B104 Neuroblastoma cell line was purchased from ATCC. The cells were growa75n T

flasks foradherent cells with 18ml growth medium.

For preparing conditioned medium, the B104 cells were allowed to grow till the flasks were
completely confluent. The culture media was then removed and the cells were washed once
with Puckds BSS Then thd celsBvBre feds witke 20ml N2 )supplement
containing medium per flask and kept in the incubator at 37°C andGf4or 4 days.

After 4 days, the medium was collected and PMSF was added to a final conc. of lug/ml. It
was then centrifuged immediately 2000g for 30min at 4°C. The supernatant was filter

sterilized, aliquoted and stored-80°C.
*Note: Detailed protocol is published online'?®
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4.2.3 OLN93 cell culture

The OLN93 cell line was obtained from Prof. Dr. Christiane Rieb&ardsberg (Universitat
Oldenburg, Germany). It is a rat derived, -@k adherent cell line derived from
spontaneously transformed cells in primary rat brain glial cufttttes

A) Thawing and cultivating

The cells were cultured as per the protocol mentioned by Gerstner‘eiah  Dul bec c o8
modi fied Eagl eds medi umgs 2500M BBPES, 4,5gil Bslacose,, 7 g/ |
4,4 g/l NaCl; Biochrom), supplemented with 10% heat inactivated Fetal Calf Serum (FCS,
Biochrom), 0,01% Human Serum Albumin (HSA, Grifols) and 1% Penie3treptomycin

solution. In order to initiate a culture, the cells were first taken out from liquid nitrogen and

for example, one vial of cells was kept in a 37°C waterbath with continuous shaking for
aprroximately #2mins and was then transferred immediatedI9ml| warm culture medium.

The cells were then centrifuged for 7 mins at 300g and the pellet was resuspened in 1 ml
medium. The resusupended cells were then transferred completely to a-if&sidferent

cell culture flask containing 18ml culture medlde flask was then kept in a humidified cell
culture incubator at 37°C and 5% &With normal air (21% @ Normoxia). Medium changes

(9ml media exchange) were done evef§ days. Cells were passaged after eveiy days
depending upon the cell density. Cells upto only 10 passages were used for the experiments,

after which the culture was discarded and neazdn vials were thawed.
B) Passage and Plating cells for Experiment

The cells were passaged when they were arour@D80 confluent. For passaging, the cells

were first washed wi-bdiferetl galin® (DPBSgRAN &i6tech) and 0 s p h
then trypsmnized using 2ml TrypLE (TrypLE Express, Life Technologies) solution until all the

cells were detached from the surface. TrypLE was deactivated (to stop the enzyme reaction)

by adding 8 ml of PBS and the complete 10ml cell suspension was transferredrd a 50
Falcon tube. The flask was the washed 2 times again with 10 ml PBS each to recover all the
cells and then centrifuged at 300g for 7 mins. The pellet was resuspended in 1 ml medium and
appropriate volume from this suspension was diluted to count the csing a
hemocytometer. Required amount of cells were then seeded into féw flasks for

cultivation.

For hyperoxia experiments, 200,000 cells per well were seeded il lates (Cell+,

Sarstedt) containing 1ml media in each well (to improve oxydjusion). Once the cells
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were seeded, they were given the respective treatments (steroids, blockers and 80%O
hyperoxia) immediately. The cells were kept under the treatment conditions-#48 Brs

depending upon the experiment.
C) Freezing

Cells fromthe earliest passages were always forzen in liquid nitrogen to maintain the cell
repository. For freezing, after trypsinization, the cell pellet was resuspended in FCS and the
cells were counted and diluted in FCS in such a way to obt&icell® per 90al FCS. 900ul

each of this cell suspension was distributed into labelled Cryotubes (Carl Roth) and then
mixed with 100ul Dimethylsulfoxid (DMSO, Sigmaldrich) to get a final volume of 1ml.
Since, DMSO is cytotoxic, the tubes were transferred immediatgly pre cooled,
isopropanol (Carl Roth) filled Cryoboxes (Cryo 1°C Freezing Container, Thermo Fisher) and
kept at-80°C. After 48hrs the cryotubes were transferred to liquid nitrogen (ARPEGE, Air

Liquide) or kept at80°C for maximum 6 months.

4.2.4 Treatment strategies

A) OPCs

For each experiment, the oligoshperes in suspension from all the 5 flasks of each sex were
pooled into falcon tubes separately, centrifuged at 3000 rpm for 10 mins and the pellet was
trypsinized using TrypLE" (Thermo Fischer). After tpsinization, the cells were counted

and seeded in equal densities into 6 well plates for adherent cells (without any coating; Cell+,
Sarstedt) containing 1ml respective treatment media per well (Table 1). The plates were then
kept at 80%Q@ 5%CQ and 37°C(hyperoxia) and 3%§&) 5%CQ and 37°C (normoxia)

incubators respectively, for 4B hrs depending on the experiment.

For differentiation experiments, the cells were first given 8@%ick for 24hrs with or
without steroid treatment in 1ml treatment media and later 1ml fresh respective treatment
media was added to each well and all plates were returned te @%@oxia) condition. The

cells were then allowed to differentiate for 4ydawith 1ml media (respective treatment

media) change every alternate day.

The hormones and other substances used were all reconstituted in DMSO and diluted
accordingly (as shown in Table 2) to be used as working stock solutions. All control samples
were teated with 1pl/ml (1:1000) DMSO.
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Table 1: Treatment media.

Experiment Media composition

Differentiation Oligosphere medium
24/48h Treatments DMEM/F12 (without NaHCQ) + 45% glucose solutio
(666 pl for 50ml DMEM/F12)

Table 2: Steroid hormones, Agonists, Antagonists and Inhibitor concentrations.

o . Working stock Final conc.
Substance Abbreviation Function
conc.
ERU/ BOR 100nM
1 7-Bstradiol E2 _ 100uM
Agonist
4, 44 4¢
Propyl-[1H]- .
PPT ERU Agon 100uM 100nM
pyrazole-1,3,5
triyltrsiphenol
5-Androsten-3Db, .
. 1 6 UDHEA FZS 100uM 100nM
16U-diol-17-on
5-Androsten- _
_ Adiol FZS 100puM 100nM
3b, -dbl7 b
ERU/ BOR
IC1 182,780 ICI Antagonist, 1mM 1uM
GPERAgonist
(30,50)-3-
Hydroxy - Allopregnanolone FZS 100puM 100nM
pregnan-20-one

B) OLN93 cells

The OLN93 cells were trypsinized, counted and seeded in equal densities into 6 well plates
for adherent cells (without any coating; Cell+, Sarstedt) in 2ml reduced serum m@@um

FCS). The cells were then allowed to recover for 24hrs under normal oxygen conditions, after
which the medium volume was reduced to half, the respective steroid treatments were

administered and the cells were kept at 8Q%¥e048hrs.

27



After 48hrs, the lates were taken out, complete media was aspirated from the wells and the
cells were washed once with 1x DPBS. The plates were kept on ice and the cells were then
lysed directly in the plate using 3@D0ul M-PER lysis buffer (MPER Mammalian Protein
Extraction Reagent, Thermo Fischer) containing protease & phosphatase inhibitors (Halt
Protease & Phosphatase Singge inhibitor cocktail 100x, Thermo Fischer). The cell lysate
was centrifuged at 10,000xg for 6 mins at 4°C and the supernatant was quamtitieel o

spectrophotometer.

4.2.5 Preparation of protein extracts for Mass Spectrometry

Cells were harvested in 8M urea/2M thiourea and proteins extracted by 5 cycles with 10 min
incubations at 37°C at 1400 rpm and freezing in liquid nitrogen for 5 min. Nucleie aere

fragmented by sonification and insoluble cell compartments pelleted via centrifugation (1h,
156009, 20°C). The supernatant was storeeB@tC. Bradford protein assay was used to
determine the protein concentotemtwasélladuptdavol un
tot al vol ume of 20elL with 20mM ammonium bic
added and samples were incubated at 60AC f ot
groups were alkylated with 2¢l37°@ih dakies§smMM | o0cC
Samples were digested with trypsin in a ratio of 1: 50 (protease: protein) overnight at 37°C.

The digestion was stopped via addition of acetic acid in a final concentration of 1%. Resulting
peptide extracts were purified at C18 materi@ipTip, Merck Millipore, Darmstadt,
Germany).

Analysis was carried out on an tgdupled EStandem mass spectrometer as described
earlier (Murr et al. J.Prot. Res., 2017). Separation of peptides was achieved on a reverse phase
nancAcquity UPLC column L. 7 ¢ m, 100em i.d. | 100 mm, Wa
Germany) using a 90 min ndimear gradient ranging from 2 to 60% ACN in 0.1% acetic acid

at a flow rate of 400 nl/min. The detection was carried out with a-OFgitrapVelos mass
spectrometer (Thermo Elkeon, Bremen, Germany) in datependent mode selecting 20
precursor ions with the highest intensities for CID fragmentation per cycle. Once measured
masses were excluded 60s from a new fragmentation. Proteins were identified by searching in
a forwardrevase UniProt/SwissProt database with a restriction on Mus musculus (and using
the SorcererTM software platform with sequest algorithm implemented in Rosetta Elucidator
software suite (Ceiba Solutions, Boston, MA, USA). A statistical evaluation of thesressdt
performed by analysis in peptide/protein prophet and the annotation of peptides was carried

out at a falsgositive rate of <1% that is equivalent to a peptide probability >0.87. Only
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proteins with a probability foOstaBstical andlysia pept

carried out in Analyst (Genedata, Basel, Switzerland). For functional categorization of
differentially abundant proteins-{@lue<0.05) Ingenuity Pathway analysis, STRING and Go

annotation as provided by UNIPROT database were used.

4.2.6 Western blotting

A) Protein extraction and sample preparation

Protein extracts were prepared either from freshly treated cells or from frozen cell pellets.
Cells were first scraped off using cell scraper while still in the medium and then centrifuged at
3000rpm for 10 mins at room temperature. The pellet was then washed once with 1x DPBS,
centrifuged again and then lysed usingPER lysis buffer. For lysis, the cells were incubated

on ice for 30mins with repeated vortexing. Then the lysate was centriiigegdj000g for 6

mins at 4°C and the supernatant was quantified on the spectrophotometer.

Samples were prepared for western blot using the quantified protein extracts as shown in
Table 3.

Table 3: Sample preparation calculation forwestern blot.

A B C D E F G
Sample Protein Volume H20 (ul) Sample Sample Total
conc. for 40ug loading reducing  volume
(ug/ul)  protein dye (4x) agent (uh
(ki) (1) (10x) i)
Formula 40/B  G-C-E-F
M 3%0 , 22,42 1,78 19,42 8,5 3,3 33
CTRL
M 80%0, 32,65 1,23 19,97 8,5 3,3 33
CTRL
F 3%0, 30,54 1,31 19,89 8,5 3,3 33
CTRL
F 80%0, 32,57 1,23 19,97 8,5 3,3 33
CTRL
B) SDSPAGE

For gel electrophoresis, 12% or 8% gels were prepared as mentioned in the solution

preparation section (appendix 1). The gels were cast using the-Géinimodule for
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electrophoresis (BioRad) and 1x Running buffer (Rotiphorese, 10x SDS Page buffer, Roth)
was used for filling the tank during PAGE. Before loading, the samples were cooked at 80°C
for 10 mins with continuous shaking, cooled and spun down. After loading, the gels were
allowed to run at 100V (PowerPac1000, ##ad Laboratories) for 280mins tillthe samples

were stacked and then the voltage was increased to 120V. The samples were allowed to
migrate till the end of the glass plate, after which the electrophoresis was stopped and the

separated proteins were transferoedb nitrocellulose membrane.
C) Transfer

The WetTank transfer method was used to transfer the proteins onto a membrane. For
transfer, 1x transfer buffer was first prepared as mentioned in the solution preparation section
(appendix 1) and chilled shortly in €20°C freezer before us@he transfer cassette was
assembled while immersed in chilled transfer buffer by putting the spongeRéslio
Laboratories), filter paper (Criterion blotter Filter paper, -Biad Laboratories), the gel,
nitrocellulose membrane (Amersham Protran 0.45um Né&stéfn Blotting Membrane, GE
Healthcare), filter paper and sponge in the same order as mentioned. Once the cassettes were
prepared, they were inserted into the transfer apparatus filled with 1x chilled transfer buffer. It
was allowedd run for 3hrs at 75V on ice.

D) Immunodetection

After the transfer was complete, the membrane was retrieved from the cassette and stained
with Ponceau S solution to check the transfer efficiency and protein loading. The membrane
was then washed-3 timeswith 1x TBST to destain, after which it was blocked for 1hr in

bl ocking sol ut i-Eree (TBP iBleckingeBkffer PTihermoeFisaher) at room
temperature (RT) on a rocking platform. After blocking, the membrane was incubated with
the respectivenmary antibody solution overnight at 4°C on a rocking platform.

*Primary antibody solutions were prepared
ProteinFree (TBS) Blocking Buffer. The solutions were always store@GIC and reused as

long asit gave good bands (minimum 30 times). Once the prepared antibody solution was
exhausted, it was discarded and a fresh dilution was prepared. For all Cell Signaling
Technology antibodies, a 1:1000 dilution was used. For all other antibodies, 1.5:1000 dilut

was used.
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The next day, the primary antibody solutions were retrieved; the blots were washed once with
1XTBS and then incubated with secondary antibody for 1hr at RT on a rocking platform. After

the incubation, the blots were washed with 1xTBST, 3 difioe 5 mins each on a rocking

platftorm at RT. Then washed once with 1XTBS for 5 mins at RT and developed. For
devel oping, Super Signal E West Femt o Maxi mur
substrate was poured directly on the membrane and the chemdanuaiwas detected using

a Gel Doc system (Gel Doc SysteBip-Rad Laboratories). Images were taken att 3

different exposure times for each membrane.
*A 1:10000 dilution was used for all secondary antibodies.

After developing, the blots were washed agaitimes with 1xTBS and fprobed directly

with another primary antibody (if the proteins to be detected were of different molecular
weights) or stripped using the stripping buffer and theproded. For stripping, the blots

were incubated with strippiniguffer for 1620 mins on a rocking platform with the highest
speed and then washed 2 times with 1XTBS for 5 mins each. They were washed again 2 times
with 1x TBST for 10 mins each and then 1 time with 1xTBS for 5 mins. The membrane was

blocked for 1hr at R and then incubated with pnary antibody overnight at 4°C.
E) Analysis

The chemiluminescent images were analyzed using the Image Lab software frétadBio
Densitometric analysis was done by calculating the intensities of individual bands and then
normalzing with the house keeping control for each condition. Relative quantification was

then performed by calculating the ratios between different conditions.

4.2.7 Immunofluorescence staining

A) CNPase staining (Differentiation Experiment)

For IF staining, the alls were trypsinized and plated in equal densities inieB chamber

slides (8well on PCA detachable, Sarstedt) designed for microscopy. The cells were given

80%Q, treatment in 100ul differentiation treatment media (as mentioned in Table. 1) per well

containing the respective steroids or vehicle control for 24hrs. The normoxia control slides

were also treated exactly the same way but kept at,3%0 reduced medium for 24hrs.

After 24hrs, the slides were taken out and 100ul respective treatment needadded to all

wells and all slides were returned to 3%{@ormoxia) incubator. The cells were then allowed

to differentiate for 4 days with 100ul media change every alternate day. After 4 days, the cells
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were fixed and processed for IF with CNPase AmibMouse AntiCNPase (Clone 14B),
Abcam) as mentioned below in the general protocol.

B) NUP133 staining

For the NUP133 staining, the cells were trypsinized and plated in equal densitiesveilo 8
chamber slides (@ell on PCA detachable, Sarstedgsigned for microscopy. The cells were
given 80%Q treatment in 100ul of the normal treatment media (as mentioned in Table. 1) per
well containing the respective steroids or vehicle control for 24hrs. The normoxia control
slides were also treated exacthe same way but kept at 3%@ith reduced medium for
24hrs. After 24hrs, the cells were fixed and processed for IF with NUP133 Antibody (Anti

Rabbit NUP133 Polyclonal, Proteintech) as mentioned below in the general protocol.
C) General protocol

After treament, slides were taken out from the incubator and the media in each well was
aspirated off. The cells were then washed once with 1XxDPBS (200 ul per well) and then
incubated with 200 pl per well of cold 4% PFA at 4°C for 30mins to fix the cells. After
fixation, the wells were washed 2 times for 10 mins each with 1x DPBS (200 ul per well) and
the cells were blocked with freshly prepared blocking solution (200 pl per well, prepared as
mentioned in the solutions section) for 2hrs at RT. Meanwhile, the priaméityody solution

was prepared. For both CNPase and NUP133 staining, a dilution of 1:500 was used to prepare
the primary antibody solution in 3% NGS in 1x PBS + 0.3% Triton x100 and was stored at
4°C until used. After the 2 hr incubation, blocking solotwas removed and 50 pl of the
prepared primary antibody solution was added to each well. The slides were then incubated

overnight at 4°C.

Secondary antibody preparation: Alexa Fluor 594 antibodies (GoatMiknise IgG (H+L)

Alexa Fluor 594 Conjugate ordat AntiRabbit IgG (H+L) Alexa Fluor 594 Conjugate, Life
Technologies) that were originally diluted 1:1 in glycerol were used in a dilution of 1:250 in
3% NGS in 1x PBS + 0.3% Triton x100 for preparing the secondary antibody solution. The
total amount ofantibody required was calculated according to 200 ul per well. Being light
sensitive, the secondary antibody solutions were always prepared and stored in dark at 4°C till

use.

After the primary antibody incubation, the wells were washed 3 times with 1x PBS for 10

mins each and then 100 pl of the prepared secondary antibody solution was added to each
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well and incubated at RT for 2hrs in dark. Later, the wells were washed 3atyai@swith 1x

PBS for 10 mins each. After the last wash, complete PBS was aspirated from the wells and
the detachable wells were carefully removed. The slide was then mounted with Vectashield
Mounting Medium with Dapi (Vector Laboratories) over a thin glegverslip and allowed to

dry overnight at 4°C in dark after which they were ready for microscopy.

4.2.8 Real time PCR

A) RNA isolation

RNA isolation was performed from the 24hr treated OPCs using TRIzol reagent (Life
Technologies). The cell pellet was dirgctlomogenized in 1ml TRIzol and incubated at RT

for 5mins to allow complete dissociation of the nucleoprotein complex. Later, the protocol
was followed as mentioned by the manufacturer to obtain the phase separation. After the
phase separation, RNA was gatated with 0.5ml of 100% isopropanol and for this step an
incubation of 30mins at RT was performed instead of 10mins mentioned in the protocol. After
precipitation, the RNA pellet was washed as mentioned in the protocol and resuspended in
30ul of DEPECwater and stored aB0°C without heating at 60°C. The isolated RNA was

guantified on a Nano drop before freezing.
B) cDNA preparation

For cDNA preparation, the QuantiTect Reverse Transcription Kit from QIAGEN was used.
The kit protocol was followed asish without any changes. An initial RNA amount of 1ug
was used for each reaction. All steps were performed on thR&1oMyiQTM Single Color
RealTime PCR Detection system. The prepared cDNA was then stor2d°at

C) gPCR

For QgPCR, the P onanMaseEMIXSTérB RiErmdGFischer was used. A
total reaction volume of 10pl containing the master mix, primers and cDNA template was

prepared by adding the components as mentioned below.

Component Concentration/Dilution Volume per well
SYBER greenmaster mix  2x 5ul

Primer forward 5umol/l 0.5ul

Primer reverse Sumol/l 0.5ul

cDNA template 1:10/1:15 4ul
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*A cDNA dilution of 1:15 was used for the house keeping genes (Gapdh and Hprtl), for all
other genes 1:10 dilution was used.
All primers used aréisted in appendix II.

The qPCR reaction was set up on a 96 well PCR plate (MicroAmp Fagelb&eaction

plate (0.1ml), Thermo Fischer) by pipetting 6l of the master mix for each gene per well and
then adding 4ul of the diluted cDNA template to eachl.w@hce the plate was prepared, it

was sealed with an optical adhesive cover (Optical Adhesive covers, Thermo Fischer) and
mixed on a shaker for 1 min at 800 rpm. The plate was then spun down and inserted into the
StepOne Plus Realime PCRSystem from Aplied Biosystems. The PCR cycling program

was set up in the software as mentioned below.

Step Temperature Duration Comment

Initial 95°C 5 mins DNA polymerase is

activation/Amplification activated

Denaturation 95°C 30 sec Melting of dsDNA

Annealing 58°C 30 sec Annealing of primers

Extension 72°C 30 sec Synthesis of new
strands/measuremer

of fluorescent signal
Melting curve 65- 95°C 10 sec In 1°C steps

Total number of cycles = 45

D) Analysis

After the run was completed, the raw data files includithghe Ct values were exported as
Excel sheets from the PCR machine. The dat e
method. Data from 3 biceplicates were then analyzed together using the Graphpad Prism
software to calculate the standard deviation,iBgance and mean standard error.

4.2.9 Immunoprecipitation (IP)/Co-IP

A) OPCs

| mmunoprecipitation was perfor medIPKisfomg t he
Thermo Fischer. In order to identify the proteins interacting with Nup133, IP was performed
on the 24hr treated OPC cell lysates using the &R&bbit NUP133 Polyclonal antibody from
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Proteintech. For each I P reaction, 5egg of

bead solution and 1mg protein lysate was used for the antigen immunoptiecistep.

The protocol supplied by the manufacturer was followed as such except that the bead
antibody coupling reaction was incubated for 1hr at 4°C and the quenching reaction was
carried out with incubation at 4°C for 30 mins. The cell lysate was itedibaith the
antibodybead complex overnight at 4°C and the final elution step was performed with 30l
of Elution buffer instead of 100ul mentioned in the protocol. The eluted protein was first

neutralized and then frozen directly-80°C (to be analyzelly western blotting later).

B) OLN93 cells

IP was performed exactly as mentioned above using the OLN93, 24hr treated cell lysates with
Anti-Rabbit NUP133 Polyclonal antibody from Proteintech. But in this case, after the antigen
was immunoprecipitated, thmplex was washed as mentioned in the protocol and then the
precipitated proteins were directly digested on the beads and were prepared for Mass

Spectromertic analysis.

4.2.10 Chromatin Immunoprecipitation T Next generation sequencing

A) ChIP

Chromatin immunoprecipitation was performed using the MAGnifyTM Chromatin
| mmunoprecipitation System kit from Ther mo
with the kit was followed to perform the experiments except for the below mentioned

changes:

Step 1- For the immunoprecipitation, 20ul of Dynabeads Protein A/G was used for each
reaction and an antibody (Arfdabbit NUP133 Polyclonal antibody, Proteintech)
concentration of 10ug was used for the baatibody coupling step. The volume of dilution
buffer used in the subsequent step was also scaled up accordingly. The coupling reaction was
carried on for 2 hrs instead of 1hr mentioned in the protocol. For positive control, 5ug of
Mouse AntiEstrogen receptor alpha (33) mAb from Thermo Fischer was asd the
respective negative control antibodies provided in the kit were used for the negative control

samples.

Step 2- For each experiment; male and female derived OPCs were trypsinized and directly
fixed with 37% Formaldehyde solution for 15 mins. Tieaction was stopped by adding

Gl ycine as mentioned in the manufacturerso
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with 1xPBS (cold) and then lysed using 100ul of lysis buffer (provided in the kit) per tube.
Cells were kept on ice and incubated 15 mins with intermittent vortexing {8 times) to
ensure that the cells were lysed properly. The lysate was then froz&0°at till the

chromatin shearing was performed.

Step 3- Mechanical shearing of the chromatin was performed by sonicating rifesaon

ice using a Bandelin Probe Sonicator for 35 sec, 9 cycles and at a power of 40%. The samples
were then centrifuged at 14,000rpm for 5mins at 4°C and the supernatant was collected and
stored in labelled tubes &0°C. To check the DNA fragmentatio5ul of the supernatant

was | oaded onto 2% agarose gel and el ectropt

range DNA ruler was used to determine the fragment size on the gel.

Step 4- For diluting the chromatin, a 1:1 dilution was used for allezxpental samples
including the input controls and the positive and negative controls. The dilutions were

performed exactly as mentioned in the protocol.

Step 8- For purifying the DNA, 80ul of DNA purification magnetic beads diluted in DNA
purification bufer was used for each reaction. The samples were incubated with the
purification beads for 10 mins at RT. Finally, the purified DNA was eluted in 30ul of DNA

elution buffer.
The eluted ChIP output DNA was quantified oNano drop and stored #0°C.
B) lllumina NextSeq sequencing and data processing

The prepared ChIP output DNA form 4 individual doeplicates, along with an Input Control

for each sample was outsourced for NGS. The Illlumina NextSeq 500 platform and a high
output v2 1x75bp cycles kit weresed to sequence the Illlumina TruSeq ChIP libraries. The
produced single n d reads which passed I 11l umi nads ct
mul tiplexing and trimming of 'l l umi na adapt
software (no furtherefinement or selection was done). The quality of the reads was checked
with the software FastQC (version 0.11.7). Subsequently, the reads were mapped to the mm10
reference genome using the software BWMEM (version 0.7.17). PCR and optical read
duplicates were removed from the mapping files using the software Picard (version 2.9.0).
Peak calling, annotation (e.g., distance to nearest transcription starting site), motif search and
pathway analysis was done with the software HOMER (version 4.9). Librapanation,

sequencing and data analysis described in this section were performed by Microsynth AG
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(Balgach, Switzerland). Integrated Genome Viewer (IGV) softwaas used for further

analysis.
C) ChIP-gPCR (NGS Validation)

Validation of the NGS results wgserformed using ChHgPCR. Three independent ChIP
experiments were performed using exactly the same protocol described above f&eGhlIP

and the data was generated from separate gPCR runs. The identified peaks of the genes of
interest were overlaid on¢hreference genome using the USCS genome browser to identify
the specific regions of the target genes to which the detected peak sequence aligned. Primers
were then designed using these specific regions of the gene to yield a maximum product size
of not mae than 100bp. The NCBI Primer design tool, prtB&AST (https://www.
ncbi.nlm.nih.gov/tools/primeblast/) was used to design the primers using RefSeq mRNA for
reference to flank each targeted peak site. Primer pairs werectwdsed for spurious
hybridization potential using UCS@-Silico PCR web server (https://genome.ucsc.edu/cgi
bin/hgPcr?db=mm10) against the mouse (mm10) reference genome to minimize spurious

hybridization. The primers used for validation are as listed in appendix I

4.2.11 Genotyping

Genotyping was performed for the sgatermining region Y (SRY) gene of mouse by PCR

using DNA isolated from CD1 mouse (pups) tissue in order to determine the gender.

DNA isolation T DNA was isolated from tail tip or a part of the brain tissue using the
QlAamp DNA Kit Mini from QIAGEN. The protocol was followed exactly as mentioned by
the manufacturer. In the final step, DNA was eluted from the column using 50ul of elution
buffer, was quantified on the Spectrophotometer (Genesys 108i$)\hermo Fisherand
stored at20°C.

PCRT The primer sequence for the SRY primer used is as follows:

Forward RETGARAGGCAGAYGTTGGC3 Nj and Reverse Pr i
TCTTAAACTCTGAAGAAGAGAC-3 N} (Eurofins). The primer wa:
working concentration. Faamplification, the DreamTaq DNRolymerase (Thermo Fisher)

was used. The reaction mixture was prepared with a total volume of 20ul per reaction as

shown below:
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Component Volume Final concentration

DNA 500ng 25ng/ul
10x Buffer 2ul 1x
dNTPs 0,4ul 200nM
Primer F 0,1pl 100nM
Primer R 0,1ul 100nM
Polymerase 0,1pl 0,5U

DEPC-ddH,0O Fill upto 20ul -

A master mix was prepared first with the 10x buffer, ANTPs and primers calculated together
for all samples. At first, DEP@dH20 was pipetted into-Bube PCRstrips followed by 2.7l

of the master mix per tube and the DNA template was added at the end. PCR was run on the
Bio-Rad MyiQTM Single Color Realime PCR Detection system. The PCR amplification

program was as follows:

Phase Temperature  Duration

Initiation 95°C 3min

Denaturation 95°C 30sec

Annealing 57°C 30sec 40 cycles
Elongation 72°C 1min

Final Phase 72°C 7min

After the reaction was finished, the samples were loaded on a 2% agarose gel and
electrophoresed at 100V. The bands wasealized under UV light using a Gel Doc system

(ChemiDoc, BieRad Laboratories) and images were captured.

4.2.12 Flow cytometry (FACS)

A) Primary OPC culture characterization

Flow cytometric analysis was performed initially during establishment of the pri@R6y

cell culture method, for identifying the percentage population of cells in male and female
derived cultures that expressed the OPC mar
B104 conditioned media for 2 weeks. For this characterization, FACS measusewere

performed with cells cultured at 21%@nd 3%Q simultaneously and also from different

wild type mouse strains to identify the best conditions that could yield the highest amount of
A2B5 and PDGFRU positive OPCs.
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Cells were pooled from male aridmale flasks separately (only the spheres in suspension
were used) into 50 ml falcon tubes, centrifuged at 2000rpm for 10 mins and the supernatant
was discarded. The cell pellet was then trypsinized with 2ml TPplsBlution by incubating

at 37°C for 10 nms. After trypsinization, the pellet was resuspended in 5 ml cold FACS
buffer and the cell suspension was passed through a 40um Cell strainer (BD Bioscience). The
resultant suspension was centrifuged at 2000rpm for 10 mins and the pellet was then
resuspeded in 1ml cold FACS buffer. Cells were then counted using a hemocytometer and
the dilution was adjusted in such a way as to obtain approximately’ tell® per 100yl
volume. A total volume of 100ul was dispensed into each FACS tube and the antibodies
(Anti-A2B5-APC mAb conjugate (Clorel05-HB29), Miltenyi Biotec; Mouse IgMAPC
Isotype control antibody, Miltenyi Biotec; PE AsMouse CD140a (Clone APA5),
Biolegend; PE Rat IgG2a, k Isotype Ctrl (Clef¥€TK2758), Biolegend) were added directly

to the tubego obtain a final dilution of 1:50. Tubes were mixed shortly and incubated in dark
at RT for 1hr. After the incubation, the cells were washed 2 times by adding 2ml of FACS
buffer to each tube and centrifuging at 1500rpm for 5 mins each. After washirgjaitied

pellet was resuspended in 300ul FACS buffer and the tubes were kept in dark on ice until they

were measured.

Measurement was done on a BD FACS Canto machine. For compensation, the compensation
beads (Comp Beads, BD Bioscience) coupled with PEAdexk Fluor 647 (for APC) was

used. After the compensation, using the isotype controls, the gates were set and the samples
were measured with 100000 events per sample. Data was later analysed using the FlowJo

software.
B) Apoptosis detection

In order to deermine the extent of apoptosis in the male and female derived OPCs after 24
48hrs 80%Qtreatment, the CellEventTM Caspa®@ Green Flow Cytometry Assay kit was
used. For each test, staurosporin treated cells (in a concentration of 0.5uM) for 24/48hrs we
used as positive control. The staining protocol was performed exactly as mentioned in the

manufacturer 6s°cpllsin¢achdubd. wi t h 1x10

Measurement was done on a BD FACS Canto machine. For compensation, the compensation
beads (Comp Beads, BDdgicience) coupled with PE (for Caspase) and Alexa Fluor 647 (for

SYTOX) was used. After the compensation, using the controls, the gates were set and the
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samples were measured with 100000 events per sample. Data was later analysed using the
FlowJo software.

4.2.13 In silico molecular docking

The chemical structures of the FZSs (ligands) were downloaded from PubChem
(https://pubchem.ncbi.nim.nih.gov/) and the structures of the receptor molecules including the
ligand binding sites were downloaded from the RCSBotein Data Bank
(http://www.rcsb.org/). Downloaded structures were loaded onto the Maestro 10.4 software
where the structures were modified. For example, the ligands already attached to the receptors
were removed making the binding sites free for thé ltgands. The modified ligand and
receptor structures were then loaded onto the UCSF Chimera (1.10.2) software and docking

was performed using the Autodock Vina function.

4.2.14 siRNA transfection

Transfection experiments were performed using Lipofectamine RMXiM ransfection

Reagent (1377 5 0 , Thermo Fischer Scientific) accol
Reverse transfection was the chosen method used for performing the experiments. For each
experiment, cultures of OLN93 cells (passage32bwere trypmized, counted (2 x fpand

seeded into standardvéell plates into which the siRNAipofectamine complexes were

directly added at the same time. A final siRNA concentration of 50pm per well was used.
Stealth RNAIi E si RNA NegatiOye T@e@mtmoo IF,i séiagr G
was used as the negative contyamwlharmalQeomhlis wer ¢

for 48h. The cells were then subjected to RNA (with Trizol) and protein isolation.

Table 4. siRNA sequences

SiRNA sequence Company Catalog no.

si RNA seegudence Nubpbl 3 3 Thermo Fischer Cat # 1330001;

GAUUGCUUCCUGGACAGCUACGUUU Scientific Assay ID#
AAACGUAGCUGUCCAGGAAGCAGUC RSS307530
si RNA seegudence Nubpbl 3 3 Thermo Fischer Cat # 1330001;
GCACCACAGCUCAUCAGUCUGUAUA Scientific Assay ID#
UAUACAGACUGAUGAGCUGUGGUGC RSS307532
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4.2.15 Human infant urine study

This study was approved by the Ethics Committee of the Justus Liebig University of Giessen
(reference number 04/02) and confirm to the Declaration of Helsinki regulatory standards and
was performed in Giessen. A written informed parental consent was ebtom all the

subjects included in this study.

Preterm infants with a gestational age of less than 30 weeks 11 and more than 30 weeks 130,
who had no family history of adrenal illnesses and who had no major congenital anomalies,
were eligible for the teidy. Postnatal steroid therapy was considered as a criterion for
exclusion. Gestational age was determined using the expanded Ballard score and/or
obstetrical dating.

Preterm infants were classified as being well according to previously described &fiteria
Well infants had no signs of infection and did not receive treatment with surfactant or
inotropes. Ill preterm infants suffered from one or more of the following diseases: respiratory
distress syndrome treated with surfactant, infection at birtteéCtive protein > 10 mg/liter

and symptoms of an infection during the first 72 h of life), hospital infecticreéCtive
protein > 10 mg/liter and symptoms of an infection after the first 72 h of life), ventricular

hemorrhage more than 1I° according te ttiteria described by Papile et 4f.

Twenty-four-hour urine collections were made frequently in the first week after birth, i.e. on
the first, second, third, and fifth day. Only the data from the first three days after birth was
considered to genemthe data as the severity of illness was expected to be highest in this
period. The urineollection procedure was performed as described previously 133. Urinary
steroid profiles were determined by @S analysis according to the procedure previously
descibed™® A total of 17 C2isteroids/metabolites were determined by selected ion

monitoring as listed in Table 5.

Table 5: List of 3R-hydroxy-5-enesteroids identified in human infant urine samples.

Metabolites
1 A5-3R17a 5-androstens3,17adiol
2 DHEA 5-androstens8 b ;1T0dde
3 16aOH-DHEA 5-androstens8 b ;dibl-d@one
4 1630H-DHEA 5-androstene(3,16Rdiol-17-one
5 15R316a0OH-DHEA 5-androsteng(3, 150, 164riol-17-one

41



6 16-O-A5D 5-androsten8 b , -diblZ1&one

7 A5T-16a 5-androsteneg(3,16a,17friol

8 A5T-1603 5-androstene(3,1613,178riol

9 16a180H-DHEA 5-androsten8 b,  1-#idl-17-orie 8
10 15R17a0H-P5-0lon 5-pregnened(3,153,174riol-20-one
11 16a0OH-P5-olon 5-pregnened(3,16adiol-20-one

12 A53b16al7bl8tetrol 5-androstene(3,16a,1713,18trole

13 A53b15b16al7btetrol | 5-androstenes(3,15i,16a,1#fktrole
14 15(5OH-P5tetrol 5-pregnene3 b, 15@etrol 17 a,
15 21-OH-P5-0lon 5-pregnened(3,2xdiol-20-one

16 P5-3320a21triol 5-pregnened(3,20a,24triol

17 P5tetrol 5-pregnenedf3,16a,20a,21etrole

To assess the overall secretion, these 17 major urinary metabolites were quantifieddépeak
integration) and summed. Daily urinary excretion rates of the metabolites were corrected for
body weight per micromoles creatinine to take into account changglemerular filtration

rate™

Differences in fetal zone steroid concentrations between healthy terms and healthy preterms
were visualized by box plots. Associations between groups of infants (sick preterms, healthy
preterms and terms) with fetal zortersid concentrations were analyzed by linear regression
models in the whole population as well as stratified by sex. The beta coefficients and the
belonging 95% confidence intervals were plotted. All analyses were performed using the
Stata version 15.1 #ware (Stata Corporation, College Station, TX, USA).

4.2.16Statistical analysis

The statistical analysis for western blot and real time PCR were performed using the
GraphPad Prism 5 software. Data from allf@plicates (minimum 3 for each experiment) for

each experiment was plotted with the mean value and standard error bars (standard error of
SEM) .
used and One way ANOVA (ornea y

me an, For statistical compar iTestomas bet we

analysis of wvarioanpm)stwith
Test was applied to compare between multiple treatment groups. A variance with a P value <
0.05 was considered significant. Various levels of significance were depicted as follows: *p <

0.05; **p < 0.01; ***p <0.001.
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5. RESULTS

5.1. PART 1 (EFFECT OF HYPEROXIA)

5.1.1 Hyperoxia leads to impairment of differentiation in male OPCs.

To begin with, we testediféerent concentrations and time periods of oxygen treatment
(corresponding to what is used in the regahintensive cardp find an optimumnthat allowed

usto identfy the initial target proteinaffected by hyperoxia whose effect could be otherwise
masked by the later response of large number of proteins responding to wide spread severe
oxidative stress and cell deatim our model systemexperiments wer performed with
separate male and female derived OR{Dsultaneously The cells were given an optimum
treatment regime of 80% oxygen shock for 24h and then were returned back to normal
oxygen conditions and were allowedrexover and differentiate fordays.It must be noted

that at thetime point O, shock, theyare largely immature and vulnerable to oxygen damage.
The aim of designing the experiment with a recovery time was to see how this exposure of
oxygen to the immature cells affects their maturation capab#ifier this, the protein
expression of CNPasen early OPC differentiation marker was checked in both male and
female cells using western blot (FiguréAL We checked CN&se expressioasunder the

given culture conditinswe did not use any additional specific factors for indueidganced
myelinaton. The expression of CNPase was found to be significantly downregulated in the
male OPCs (p<0.01). A qualitative assessment using immunofluorescence with CNPase
antibody showed a much more severe effect of oxygen on the male cells with very few cells
evenattached to the surface of the plate. On the other hand, the female cells could adhere to
the culture plate and also differentiate. Even though the overall observed number of
differentiated cells was relatively less as compared to the normoxia congrégntiale cells
looked much more vital and also differentiated much better than the male cells (Figure 1
Concerning cell death, we assessed the paltsoscopicallyusing prgidium iodide staining

and found that after 24h oxygen treatmant¢l recoverythe male cells were only stressed to

an extend that they no loagcould adhere to the surfabat rather floated in the medium

with 90% of the cells aliveThe cells in suspension were however washed away during the
subsequent stages of immunofluresestaning. Even though it is previously known that
hyperoxia leads to ammipairment of maturation in OPC%" 3 these results indicatihat
thereexists a sex based difference in this response and that the male cell® seemore

sensitive to hyperoxic treatme
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Figure 10. Hyperoxia leads to impairment of maturation in OPCs.

(A) Western blot analysis of male and female OPCs with@NfPase antibody at normal
(3%0,) differentiationconditions and 24h post 80%6hock, showing a significant decrease

in expression in the male OPQENPaseis usually expressed in two differentolmgical

active isoforms, observed as bands molecular size 46 kD and 48 kD Since the
representative bteshown in the figure was generated from846 resolving gethe difference

of 2kD is observed as a single thick band. However, when analysed on a 12% gel, 2 bands
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were observeddowever, br the analysigind results shown herall blots with 8%resolving

gel were used and hee both isoforms were included).

(B) Representative images of male and female OPCs stained for the OPC maturation marker
CNPase after differentiation under normal oxygen conditions and post 24h,886C€k.

Scale bar represents 75um.

Data are representative of three independent experiments. Bars and error represent mean +
SEM of replicate measuremene&p < 0.05,2 p < 0.01,z zpz< 0.001,z z p ¥ 0.0001
(Studentds t test).

Alterations were also observed in the expression of proteiliased to cell adhesion and
migration in the male derived cells post hyperoxia (Figle Since the ability of cells to
adhere is considered one of the essential factors to initiate cell differentiation, this could also
be an additional factor affectirdifferentiation post hyperoxic treatment.
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Figure 11. Proteins involved in cell adhesion and migration downregulated in male
OPCs.
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(A) Immunoblot analysis of RhoA protein showing downregulation in male OPCs post 24h
80%0; treatment.

(B) Heatmap representation of adhesion proteins that were dysregulated in male and female
derived OPCs post 24 h 80%@eatment in comparison to 3%@normoxia) controls.
Mapped expression ratios are depicted with a color scale as showm figute, such that

highly downregulated proteins are indicated in red, intermediate in yellow, and highly
upregulated proteins in green. Proteins are sorted according to Gene ontology (biological
process). Dark outlined cells represent the significanepr® in each group. The cut off p
value being 0.07. Data are representative of five independent experiments.

(C) Independent intensities of Racl, Mapkl, Map2kl and Arpclb plotted from MS results
showing a significant downregtian in maleOPCs post hypexia.

Data are representative of three experiments. Bars and error represent mean = SEM of
replicate measurementp <0.05Z p<0.017Z zpz < 0. 001 (Student s t

5.1.2 Hyperoxia leads to downregulation of lamins and nucleoporins.

In order to further assess the actual reasons behind such a pronounced effect of oxygen in the
male cells, a global proteome analysis was performed using tandem mass spectrometry (MS).
Male and female derived cells were treated with 80% oxygen for 24r;this time point

they were lysed and tryptic peptides were prepared for MS from this cell lysate. Analysis of
MS data revealed a higher number of altered proteins in male than in female cells when
compared to the respective normoxic control, with a liettg overlap between the identified
proteins in both the groups (Figui®-B). This finding strongly supported the previous
observation that the male cells were much more sensitive to oxygen than the female
counterparts. Gene ontology based cellular tioncanalysis showed that some of the major
cellular functions such as protein synthesis, cellular growth and proliferation, and molecular
transport were affected to a much greater extent in the male cells (Exgéje
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Figure 12. Hyperoxia leads to an overall severe effect on the male OPCs.

(A) Functional categorization of significantly enriched proteins in male OPCs and female
OPCs post 24h 80%reatment using IPA. Bar graphs depict the most extensively enriched
biological pocesses among the altered proteins. Cut off p value < 0.05 (Fisher's exact test).
(B) Venn diagram of significantly altered proteins (normalized to the normoxic conditions) in
male and female OPCs post 24h 80%d@atment. Cut off p value < 0.0®ata are
representative of five independent experiments.

Detailed protein interaction analysis of the significantly altered proteins as a result of
hyperoxia in both male and female cells using STRING interaction networks and the
independent intensity plots from3/showed a downregulation of all detected types of lamins

and many nucleoporin proteins only in the male derived cells (FigufeB).

Male (H vs N)

Tran;p(!ptlon - Proteasome

- %

O

% ih
s 2

\Nuclear envelope | "%

o

a8 Fe
y ":*r‘*t« == i
> S S
u ¢ /:{ 7.8
Translation \“ i _—
Mitochondrial Energy
Post translational / &57° " . & Metabolism
5 : [ AR -
modifications o B |

~

®a

Cytoskeletal & Vesiculartransport

Female (H vs N)

Mitochondrial Energy &
Metabolism

Proteasome & Post
translational modifications

47



3 Normoxia HE Hyperoxia

LaminB1_MS LaminB2_MS PreLamin A/IC_MS
15— 20 167
-
£ £ 1.5 £
[72]
5 1.0+ E E‘ 1.0
= £ =
o o 1.0 =
= 2 =
s 0.5 k= 5 0.51
E; & 051 2
0.0- 0.0 0.0-
Male Female Male Female Male Female
NUP155_MS NUP210_MS NUP98_MS
2.0q 1.5q 1.59
ok
*
Z 151 z z
§ é 1.04 E 1.04
c = =
o 1.0 IS e
2= = =
5 5 0.54 % 0.5+
2 0.54 & o
0.0 T T 0.0 T T 0.0-
Male Female Male Female Male Female

Figure 13. Nuclear envelope (NE) proteins are downregulated in male OPCs as a result

of hyperoxia.

(A) STRING Protein interaction analysis of the significantly altered proteins (p< 0.05) in the
male (hyperoxia vs normoxia) and female (hyperoxia vs normoxia) groups, with an
interaction score of highest confidence (0.900), showing the muste@lope proteins to be
altered only in the male group.

(B) Intensities of Lamin B1, Lamin B2, Rteamin A/C, Nup210, Nup155 and Nup98 plotted
from the mass spectrometry results show a significant downregulation of Lamin B1, Lamin
B2, Nup155 and Prelami&/C in male derived OPCs post hyperoxia. For Nup210 and Nup98
a similar trend in both cell groups was observgd< 0.052 p<0.012z zp=< 0.001z z p <
0.0001 (Studentés t test), n=3. Values are

Independent validations of Nup133, Nupdi@min B1, and Nup210 by western blot and
gPCR confirmed the downregulation only in the male cells (FigdreA-C). The above
mentioned proteins were particularly interesting as all of them have been previously identified

across different studies to be aived in CNS development.
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Figure 14. Independent validation of the mass spectrometry results proving that the

expression of some of the nuclear envelope (NE) proteins are significantly

downregulated in male OPCs as &esult of hyperoxia.

(A) Western blot analysis of male and female OPCs withMinpi133, antiNup-50 and anti

Lamin Bl antibodies under normal (3%Cconditions and post 24h 80%GQreatment,
showing a significant decrease in expression in the male OPG=eW¢hin female OPCs,
Nupl33 protein expression showed a trend towards upregulation and Nup50 showed a
significant upregul ation post hyperoxi a. *
n=3. Values are means + SEM.

(B) mRNA expression of Nup133 dariNup210 showing downregulation in male OPCs and
upregulation in female OPCs post hyperoxi a.
test), n=3. Values are means + SEM.

(C) Representative images of mouse male and female OPCs stained for Nupl33 after
treatment under normal oxygen conditions and post 24h 8G%ark. Scale bar represents
25um.

Hence, all these nuclear proteins that are known to be important for CNS development can be
identified as novel targets of oxidative stress leading to extended vulnerability in male cells.

It was notable that in case of all these nuclear proteins, albashbifference in expression

was observed with a higher abundance in the male cells compared to female cells. A similar
difference with a slightly higher expression in the male cells was also found in case of
CNPase (Fig. @ A). This could imply thatunder similar conditions, the male OPCs
differentiated more than the female cells. A previous study in rodent Médepporting this
observation reports that at any given time point, the density of oligodendrocytes present in
different parts of the malbrain are 2840% higher than in female®ur results from the
proteome analysis also showed that there exists differences between male and female derived
cells under normal conditions (Figure 15BA. Therefore, a better understanding of such
inherent diferences between both the sexes might also be helpful to predict cellular behavior.
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Figure 15. Inherent protein profile differences between male and female OPCs under

normal conditions.

(A) Functional categorization of signifatly different proteins in male and female OPCs
under normal conditions using IPA. Bar graphs depict the most extensively enriched
biological processes among the significantly different proteins. Cut off p value being 0.05.

(B) STRING Protein interactioanalysis of the proteins detected to be significantly different
(p< 0.05) in the male vs female (Normoxia) group from the MS data, with an interaction score
of high confidence (0.700), showing proteins related to energy and metabolism, protein
synthesis ad a few cytoskeletal proteins to be differentially expressed in male and female
cells.

5.1.3 Nupl133 is involved in actively regulating the expression of

differentiation related genes in OPCs.

Nupl33 was further chosen to investigate its downstream targetssbeeaen though it is
known that Nup133 plays a crucial role in neural cell differentiation, the mechanisms of its
action are largely unknown. Hence, assuming that Nupl133 could bind to the mammalian
genome, targeted chromatin immunoprecipitation expergnéaifowed by next generation
sequencing were performed to identify its genomic targets. The Nup133 antibody to be used
for ChIP-Seq was first validated by immunofluorescence and it was found that it stained intra

nuclear sites and nuclear periphery infbotale and female derived cells. Additionally, the
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antibody also proved to be efficient and specific in western blot and immurmp{atan
experiments (Figure 16
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Figure 16. Nup133 antibody validation.

(A) Nup133immunoprecipitation (IP) detected by immunoblot in male and female derived
OPCs without any treatment. Positive control shown here is cell lysate obtained from male
OPCs and negative control is the pull down product obtained from IP performed using control
IgG antibody.

(B) Western blot detection of Nup133 bands in cell lysates prepared from untreated OPCs.
(C) Representative immunofluorescence images of OPCs stained for Nupl33 at different
focal plains. Scale bar represents 25um.
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The ChIRSeq results weréurther validated by randomly selecting a few NUPbL#3ding
peaks called from the Chi®eq experiment and confirming the interaction between NUP133
and these selected regions by CRHFRCR on three independently perfed ChIP

experiments (Figure }7
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Figure 17. Validation of ChlP-Seq targets by ChIRgPCR.

(A) IGV genome browser tracks showing enrichment peaks for each respective target.

Primers were designed specifically @atget coveringhe highest peak areas. Graphs

depicting enrichment over total genomic input (%lnput) for male, female and mock IgG

(IgG) control conditions for 6 chosen gene targets identified by Seldf Results for all

ChIP-gPCR data were generated frtimee independent experiments.

Initially, to evaluate the global distribution of Nup188cupied regions, the identified
Nupl33 bound sites were plotted against their distance to the nearest transcription start site
(TSS). A strong enrichment for Nup133 occupancy within 1 kb of the nearest aindo&®

in both male and femalgroups (Figure 1&\) was detected, indicating that Nup133 has a
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stronger occupancy around target promoters. Further analysis identified 18% of the total
identified peaks localized to known (annotated) promoters in maleatedlsl6% in female

cells with the highest occupancy at intron regions in both the populations {n#%,
femalei 41%) (Figure 18). Analysis of targets with proteicoding and no#proteincoding
designations showed 87% of all identified targets as ipra@ding in both male and feneal

cells (Figure 18C). These results signify that Nup133 apart from its role in transportation
might actually be involved in actively regulating gene expression. In order to see if there was
any notable difference betwedmettargets of Nup133 in male and female derived cells, the
peaks identified upstream of promoter regions (1000bp) were analyzed in both the groups and
it was found that there was only very little overlap of 17.6% suggesting a greater difference
(data notshown). However, further analysis of these targets that were found to be unique in
both the groups using Ingenuity Pathway Analysis software did not show any significant

difference in the involved canonical pathways (data not shown).
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Figure 18. Identification of Nup133 targets in male and female OPCs.

(A) Line plot representation of ChHBeq signal density for Nup133 male and female ChIP
and Input Controls centered on predicted TSS.

(B) Pie chart showing proportions of genomic landmarks corresponding to Nbpl38d
targets.

(C) Pie chart showing proportions of targets with pretamiding or norproteincoding
designation.

ChIP-Seq data are representative of four independent expgame
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Most importantly, Nup133 occupancy was found at the promoter sites of many genes known
to be critical for oligodendrocyte differentiation, like Cnp, Olig2y2, Sox8, 1d4 etc. (Figure

19). Some of these genes were also validated by gPCR and tlie sbswed a trend exactly
fitting into the hypothesis of Nup133 regulating the expression of tlesesdFigure 20

Hence, theeresults show that NUP133 associates with and is actively involved in modulating

the expression of developmentally regulagedes in both male and female derived OPCs.

Asclt Egr2
F ChIP e e i ki e e b e e il b il s . ens b Sdn w
M_ChIP e e ki B n sl e mhaniine i M st s MM by b e A e
F_Input Control - i e e R ) ™ S TR ST S o~ o em & oo o o,
M_Input Control = ==== = = s = . S TEmcs s 00 s e ol el ol
Chr10: 87491000-87494000 3.6kb Chr10: 67536231-67542338 Y 1 1T
1d4 Cnp
F_ChiP o ek A s VR YW RSN PR "SRR
M ChIP R, m"—‘f--{- PP - bererc b albihe st be oot eaodiph o phgoskullll Loa
F_lnput Control . . .aa o . i T T I i i L i SO R A i S S S ) S
M_Input Control -- = - - — - dad o = ee mou s T P P VY Ty
Chr13: 48259000-48264000 5.6kb chm:100574000;1605820qu o 11kb
Sox8 Olig2
E ChIP FAPR VI S | ey "_'u'""'.""' e TSPy ¥ 7 ¥ ¥ P S U T RSP
M_ChIP Pt o it depdddlabe . crrop ... o = _‘._A..._,.__ ~~~~~ T
F_lnput Control === « ~tl = —a- s asuhe. s dfpre gpcd bl depcdfbcbde £ oo oo =
M_Input Control |= s=suecr wem  2oeee ocd e smcse: mog sosddes  cas aa T | e e e oo+

Chr17: 25563660-25572537 8.8kb Chr16: 91224000-91230000 7.0kb

Figure 19. Integrative Genomics Viewer (IGV) visualization of Nup133 occupancy at
selected target sites related to oligodendrocyte differentiation.
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Figure 20. mRNA expression validationof Cnp and Egr2 showing downregulation in male
OPCs post hyperoxia. Whereas Hes 5 that acts as a transcription repressor and a negative
regulator of oligodendrocyte differentiation is upregulated in male OPCs post hyperoxia.
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Data are representative of three independent experiments. Bars and error represent mean +
SEM of replicate measuremeng&p < 0.05,2 p < 0.01,z zpz< 0.001,z z p € 0.0001
(Studentds t test).

5.1.4 Nup133 mediates oxidative damage in male derived OPCs through its
direct target Nrfl.

Analysis of known motifs using the software HOMER, identified Nuclear respiratory factor
(Nrf1) as the highest ranking significant motif common in bo#itenand female cells (Figure
21-A). Nrfl is an important transcription factdrat activates the expression of various key
metabolic genes regulating mitochondrial function and oxidative stress reSpoti&eThis

finding strongly advocates for Nrfl being a direct target of Nup133.
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Figure 21. Motif analysis of Nup133 binding regions.

(A) Known motif analysis of Nup13Binding regions identified by the software HOMER.
The highest significant motif was identified as Nrfl and found to be common in both male
and female groups.-galue determine by Benjam correction was 0.0000 for all the
represented motifs.
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(B) mRNA expression validation of Nrfl showing downregulation in male OPCs and a slight
upregulation in female OPCs post 24h hyperoxia. Real time PCR data is representative of
three independent expeents.

(C) De novo motif analysis of Nupl38nding regions identified different motifs with the
highest significance ranking in male and female groups. Fhalugs for all the presented
motifs were determined as 0.01.

ChIP-Seq data are representatofdour independent experiments.

To confirm if a downregulation of Nup133 resulting from hyperoxia in male OPCs could also

lead to a downregulation of Nrfl, we performed independent gPCR experiments using
hyperoxia treated male and female OPCs. The results showed a matching patterh of Nrf
expression change post hyperoxic treatment asse@as in case of Nup133 (Figure-B}1

Nrfl expression was significantly downregulated in male derived cells, whereas, in case of
female cells a slight upregulation was observed. This observation suppssisle regulation

of Nrfl expression in OPCs by Nup133. Furthermore, de novo motif analysis also revealed
certain novel motifs that were found to be different in both male and female cells and await

further investigtion in future studies (Figure 2T).
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Figure 22. Results of transient knock down of Nup133.

(A) Western blot of Nup133 and NRF1 showing +1 for Nup133 specific SIRNA 1, +2 for
Nupl133 specific sSiRNA 2; for scrambled siRNA and Ctrl for ndnansfected cellysate.
Transfection was performed in the OLN93 cells with 48h siRNA incubation. Data is
representative of three independent experim@)t&RT-gPCR analysis of Nup133 expression
following siRNA transfection for 48h. Scrambled siRNA (siRNA NC) and untdeasanple
(Ctrl) are used as controls. Data is representative of three independent experiments.

For additional confirmation, small interfering (si) RNA transfection was performed to-down
regulate Nupl133 expression in the OLN93 (immature oligodendroglia)iree We found
that Nrfl expression was also dowegulated along with Nup133 proving the regulation of

Nrfl expressionin OPCs by Nupl133 (Figure R2It also explains the drastic effect on
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mitochondrial and stress response proteins in the male dedledhat was observed in the
proteomic data and sheds light into why the male derived cells have increased susceptibility

towards oxidative damage.

5.1.5 Hyperoxia leads to disrupted mitochondrial function and stress

response pathways in male OPCs.

Most interestingly, a number of proteins related to mitochondrial function were seen to be
significantly downregulated in the male OPCs. Nrf mediated oxidative stress response
pathway and some of the fatty acid oxidation pathway proteins were also seen to be
significantly affeced in the male cells (Figure R35iving a very clear picture of the impact

of hyperoxia on different molecular functions; these results indicate that the downregulation
of these stress response pathways and extensive mitochondrial ctipsfumight be the
critical reasons behind a stronger negative effect on the male cells. The effect on NRF
mediated oxidative stress response provides additional support to the above mentioned

regulation of Nrfl by Nup133.
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Figure 23. Heatmap representation of mitochondrial and stress responsproteins that
were dysregulated in male and female derived OPCs post 24 h ,80%#ment in
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comparison to 3%&(normoxia) controls. Highly downregulated proteins are indicated in red,
intermediate in yellow, and highly upregulated proteins in green. Proteins are sorted
according to IPA categories. Cells marked with * represent the significantly altered proteins
in each group. The cut off p value < 0.@Jata are representative of five indagent

experiments.

5.1.6 Hyperoxia inhibits mitophagy in male OPCs resulting in elevated

stress.

The mass spectrometry results also showed a decredSeparoxide dismutase [€4n]
(SOD) and Superoxide dismutase 2, mitochondrf80D2 levels in the male OPCs,

whereas in the female cells both remained unchaffggdre 24. Since both these enzymes

are well known to play vital roles in regulating mitochondrial and intracellular ROS levels, a

downregulation in these proteins would resukexcessive increase in intracellular ROS in the

male cells which in turn inhibits mitophagy. Mitophagy is a selective autophagy method by

which the defective and dysfunctional mitochondria are degraded to maintain a healthy

organelle population. This @cess is particularly important under conditions like oxidative

stress that leads to mitochondrial dysfunction.

[ Normoxia
Bl Hyperoxia

Bcl2 Sod2
1.5 e 1.5+
—
= £
i [J Normoxia ‘@
§ 1.01 Bl Hyperoxa & 1.0
£ c
2 g
T 05 T 0.5
@ &
0.0 T T 0.0 T
Male Female Male Female
Sod1
*RK
1.5+ — _
T [ Normoxia
2 Il Hyperoxia
2
S 1.01
2
£
o
2
® 0.54
o
'3
0.0
R g
® &

QQ-

Figure 24. Changes in mitophagy related proteins in male OPCs as a result of hyperoxia.
Intensities of Sod1, S@dnd Bcl2plotted from the mass spectrometry resi$isdl and Sod2
show adownregilationin mde derived OPCs post hyperoxia while Bcl2 shows a significant
upregulationzp < 0.05,2 p <0.01,2 zpz< 0.001z2 zp< 0. 0001

Values ae means + SEM.
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On looking into the mechanistic details in the male cells, an upregulation in Bcl2, an inhibitor
of the autophagic protein Beclinl and a downregulation of Beclinl wselfobserved/Vhile

Park7 (DJ1) and Atg7 levels remained the sanmglicating an inhibition of mitophagyon

the other hand, in female cells, Bcl2 was downregulated and Beclinl, Park7 and Atg7 were all
seen to be upregulated, indicating that mitophagy occurs in female reby aithg in

their survival (Figure 2b
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Figure 25. mRNA expression changes in mitophagy related proteins in male OPCs as a

result of hyperoxia. mMRNA expression changes of Park7, Atg7 and Beclinl as observed by
gPCR in male and female OPCs post 24h hyperoxia. Data are representative of three
independent experiments. Bars and error represent mean + SEM of replicate measurements.
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However, the present results are not conclusive of this effect and therefore we intend to
further investigate the effect of hyperoxia in male and female OPCs on the-HRirikifh

pathway of mitophagy usinginkl and Parkin knockout mice.
5.1.7 DISCUSSION

Hyperoxia is well known to hinder the maturation of OPCs, being a worrying cause of white
matter damage in preterm braiff. Considering the backdrop of clinical studies mentioning
male sex as an independessociated risk factor” ?°, it became evident that the male and

female brains respond differently to hyperoxic insult.

These results shothat there exists a very clear distinction between how the male and female
derived OPCs respond to high oxygerthAugh we observed a difference in the basal level
expression of CNPase in both the groups, the effect of oxygen was very prominent on the
male cells being highly vulnerable. Even after returning the cells to normal oxygen
conditions, they remained in gension with very few cells that attached to the surface of the
plate. CNPase was seen to be significantly downregulated in these cells and also the number
of CNPase positive differentiating cells was observed to be extremely few. Interestingly, the
femaleOPCs could recover much better after the oxygen shock. Surprisingly, 24h treatment

with 80% Q did not result in wide spread cell death in both the populations (data not shown).

The following global proteome analysis results revealed the severity of fiibet en
mitochondrial proteins as well as on the NRF mediated oxidative stress response pathway in
the male derived OPCs. However, the most striking observation was the alteration in nuclear
envelope proteins in the male derived cells. Like any other difftrentiation of OPCs into
mature oligodendrocytes require extensive chromatin reorganization and programmed gene
repositioning which is achieved by the aid of nuclear envelope components including the
nuclear lamina, nuclear membrane and the nuclea gomplex protein® 2% 3739 | the
male cells, hyperoxia leat the downregulation of lamin and NPC proteins which disrupts
the finetuned chromatin reorganization and gene repositioning, resulting in a delay in their
maturation. Since the NP@se the primary channels for communication between the nucleus
and the cytoplasm, it is very likely that they have an impact on nearly every cellular process.
This could also mean that in a developing brain, such an imbalance of NPC proteins in the
OPCs an result in altered cell division capability producing an abnormal pool of OPCs
compromised on their ability to give rise to mature oligodendrocytes. Thereby, these facts
might explain why the brain fails to recover after hyperoxic injury even thoughkiown
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that there is an apparent replenishment of OPCs'* Their subsequent failure to
differentiate might lead to long term effects in the male subjects. Hence, a more detailed study
into the compositional changes in NPC and the functional signifie of these variations in
brain development could be useful for understanding the underlying pathologies of various

developmental issues.

Nupl33 targeted Ch#Beq study results support the above mentioned argument of NPC
components being responsible #rdelay in OPC maturation in male derived cells due to
hyperoxia. We show that it is involved in regulating the expression of a number of
oligodendrocyte differentiation related genes in both male and female OPCs. Since Nup133
occupancy was found at theamscription start sites of these genes, it might act as a
transcription factor or transcription factor activator/repressor, hence directly regulating gene
expression. Alternatively, it may also indirectly induce differentiation by gating the
expression obther transcription factors, for instance, Oligl, Egr2 and Hes5 etc. Hence, a
downregulation of this important NPC component in the male cells as a result of hyperoxia
leads to disruption of the programmed regulation of these genes required during OPC
differentiation. Moreover, the involvement of Nupl33 in regulating mitochondrial and
oxidative stress response functions through its direct downstream target Nrfl illustrates that it
could be involved in a myriad of overlappingechanism#ot only during cell differentiation

but also other important cellular functions. Hence, further studies on Nup133 functions will
provide insight into its role in additional cellular processes and regulatory networks. This will
be particularly beneficial fofully understanding the role of NPC components in various

disease models.

To conclude, thidata provides direct evidence that there exists a sex based difference in
oxidative stress response of OPCs. This observation itself conveys a strong message
suppoting the need to study how complex cellular processes are regulated differently in male
and female brains during development and for a better understanding of how the brain copes
up with different forms of stress after preterm birth. Even though we hax@/ered the
reasons behind the susceptibility of male OPCs towards oxidative stress, this study also very
strongly advocates that there may exist unknown novel mechanisms in the female cells that
help them to resist oxidae stress. These mechanisms inuad steroid hormones and their
receptors have been explained in the second Aaftinctional level, our findings on Nup133
playing a key role in regulating cell differentiation as well as cellular stress response provides

insight into a new mechanism bf/peroxia induced damage in OPCs and thereby reveals a
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new function of Nup133 that has not been described before; opening up new avenues for

understanding the molecular mechanisms behind hyperoxia induced white matter damage in

the developing brain.
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Figure 26. Summary of hyperoxia induced mechanism in female OPCs.
Figure showing an upregulation in Nup133 as a result of hyperoxia in female cells leading to

normal transcriptional regulation of differnetiation related geare&ban upregulation in Nrfl
expressionpositively regulating mitochondrial function and oxidative stress response.
Another mechansim with an upregulation in mitophagy related genes indicating efficient
mitophagyin female cellso combabxidativestresselated damage
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Figure 27. Summary of hyperoxia induced mechanism in male OPCs.

Figure showing a dowegulation in Nup13 and Lamin proteings a result of hyperoxia in
male cells leading to disruption in theanscriptional regulation of défnetiation related
genes and a dowegulaton in Nrfl expression disrupting the normal regulation of
mitochondrial function and oxidative stress resmon Another mechansim with a
dowrregulation inSOD isoforms indicatig increased ROS production and downregulation in
mitophagy related genes indicatingefficient mitophagy in male cells leaving them
vulnerable taxidative stress related damage.
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5.2. PART Il (EFFECT OF ESTROGEN AND FETAL ZONE
STEROIDS)

5.2.1 Nup133 directly interacts with Estrogen receptor alha and together

control Nrfl expression.

Our experiments with oxygen treatment showed a significant upregulation in the expression
of estrogen receptor alpha (BRn the female derived mouse OPCs indicating a possilde

of ERUin oxidative stress sponse in female cells (Figure -2§. It was notable that even
though the estrogen receptor beta BER known to be more prominently expressed in brain
tissue™® we did not observe any notable changes in its exprefsiets post hyperoxic
treatment in both male driemale derived cells (Figure 28). A number of previous studies

have shown that BRcontrols Nrfl expression®*'®2 Hence, to decipher the interaction
between Nup133 and ERn these cells, we performem-immunoprecipitation experiments
using Nup133 antibody and found BB be ceprecipitated with Nup133, indicating a direct
interaction between the two (Figure -H. Treatment with the ER specific agonist PPT
(1,3,5tris(4-hydroxyphenyB4-propyt1H-pyrazole) increased Nupl33 expression in male
cells under normal conditions whereas in the presence of the ER antagonist ICI 182,780
(70170-[9-[(4,4,5,5,5Pentafluoropentyl)sulfinyljnonyl]est 1,3,5(10)triene-3, 1 7-diol),

Nupl33 abundance decredsin the female cells (Figure 28). These results indicate

towards the possibility of BRbeing an upstream regulator of Nup133 in the female cells.
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Figure 28. Nup133 directly interacts with ERU. 5
(A) Western blot analysis of male and female OPCs withEaiRiU a nEIRBanant i bodi
at normal (3%@ conditions and 24h post 80%®hock, showing a significant increase in

ERU expression in the female OPCs.
(B) Western blot results of eéenmunopreciptation performed using aANup133 antibody
showing the interaction between ERU and Nupl

and hyperoxia.

(C) Western blot results showing Nup133 expression post treatment of male and female OPCs
with 4,4',4*(4-Propyl-[1H]-pyrazolel,3,5triyl)trisphenol (PPT) and ICI 182,780 (ICI) under
normoxia and 24h hyperoxia.

Tr eat me n testradiolt(ER) showéd an exact similar trend in Nup12BNafii mRNA
expression (Figure 28,B) rendering a positive effect especialiy the male cells post
hyperoxia by bringing back Nup133 and Nrfl expressions comparable to normal. Proteome
analysis of the cells post treatment with E2 under hyperoxia also showed that the
mitochondrial dysfunction was significantieduced in male call (Figure 29C). These
findings along with the observation that treatment with E2 increased the Nrfl mRNA levels
significantly in femalecells post hyperoxia (Figure Z29), suggest that steroid hormones and
their receptors do contribute to a differencéaw Nrfl is regulated in male and female cells.

I n female cell s, there possibly exists a str

seems to be regulated mainly by Nup133.
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Figure 29. Nup133 directlyinteracts with ERU.

(A) RT-gPCR results showing Nup133 mRNA expression changes pdst 18 st r adi ol
treatment in male and female OPCs under normoxia and hyperoxia.

(B) RT-gPCR results showing NRF1 mRNA expression changes pebt 12 st r adi ol
treatment in male and female OPCs under normoxia and hyperoxia.

(C) Functional categorization of significantly enriched proteins in male and female OPCs post
24h 80%Q and E2treatment using IPA. Bar graphs depict the most extensively enriched
biological processes among the altered proteins. Cut off p value < 0.05 (Fisher's exact test).
0CO6 represents control. Data is representat:i
All other dda are representative of three independent experiments. Bars and error represent
mean + SEM of replicate measuremenfs< 0.052 p <0.012 zpz= 0.001z z p €0.0001
(Studentds t test).

5.2.2 FZSs can act as potent ligands to human steroid hormone recepgo
In silico analysis

Apart from estrogensince the FZSs are present in high concentrations darntanfetal
development and since not much is known about the poteintal role of these molecules in brain
development, we first investigated their ability to interact with the conventional steroid

hormone receptors using ansilico method of analysis.
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The chemtal structures of the FZ3s well aghe structures of the receptor moleculee
dockedtogether using the softwares as mentioned in the method$-pagach docking, the

negative score that was generated by the software based on the chemicabétttygand

and receptor structures was then plotted to compare the affinity of the ligand to specific
receptor molecules. A higher negative docking score predicts a stronger interation between

the ligand and the receptor. We chose the ligand moletadssd on their concentraions
observed in the human urine sample deith 16aOH-DHEA being especially found in very

high concentraionUpon comparison between the probability of interaction of the chosen
ligand molecules with the estrogen receptors alpi beta, we found that 1-&H-DHEA

and 16a0H-Pregnanalone had a sepcifichehf f i ni ty scores tdéagar ds E
OH-Pregnanalonshowed a particularly high affinity ietr act i on wi t h )t he ER
Considering this high binding probabyliof 16aOH-DHEA t o t he ERU, we | &
experiments on our model system by giving specific treatments witOHEBHEA.
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Figure 30.Molecular docking results showing the probability of interaction between FZS
molecules withthe estrogen receptors alpha and beta.

68



A Binding probablility of 16a-OH- B Binding probability of AS tetrol

DHEA
B Negative Score

B Negative Score 14

14
12

12
10

10
8

8
6

5]
. 4
2 2
v} 0

ER alpha ER beta ERalpha  ER beta

Binding probability of 16a-OH-

C D
Pregnenolone Binding prohability of P5 triol

W Negative score
B Negative Score

12

14,5
10

14
13,5 6
13 4

12,5
12 0

ERalpha  ER beta ER alpha ER beta

=)

(¥

Figure 31 Binding probability of specific FZSs to the classical steroid hormone
receptors.

We also analysed the specific binding probability of a few selected FZSs touthan
androgen reeptor (AR), estrogen receptors alpha and beta, progesterone receptor (PR) and
the metallocoticoid receptor (MCR) (Figure 31The results showed varied affinity towards

the different receptors indicating that each of these molecules had the proledlbiitgling

to multiple steroid hormone receptors.
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5.2.3 Fetal zone steroid amounts differ in the urine of preterm male and

female infants.

As mentioned earlier, in case of humans, it is not only E2 but also a number of other steroid
hormone precursors that can play potential roles in brain development and combatirlg stress
1 which can contribute to a differential outcome in preterm infavits. analyzed urine
samples collected from human preterm and term infants along a period of time starting from
day 1 to day 3 after birth using gas chromatographgs spectrometry. The urinary steroid
profile showed high level of total FZSs in the urinéneélthy preterm infants when compared

to healthy term infants (Figure 3®). On analyzing the profiles in male and female preterm
infants, we found that the total concentration of FZSs was significantly higher in sick female
infantsas compared to malefigure 32B). Since the sick infants were exposed to longer
hyperoxia, this increase in the FZS concentration in female infants is notable considering their
potenti al rol e as +OH-DHEA was fotind © be present & geeyrhighs . 16
concentations when compared to the other detected metabwiitee preterm group (Figure

32-C) and significantly higher in the healthy preterrawgr than in the terms (Figure-E9.
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Figure 32. Fetal zone steroids are excreted ihigh amounts in preterm infant urine.

(A) Total FZS excretion in healthy term (>36 weeks gestational age, n=42) and healthy
preterm (<36 weeks gestational age, n=71) infants during the first three days after birth
measured in pg/kg bodyweight/day/umol dreme. z zpz < 0.001 as determined by
Wilcoxoni Manri Whitney test.

(B) A comparison of the total FZS excretion in healthy male preterm (<36 weeks gestational
age, n=42) and healthy female preterm (<36 weeks gestational age, n=29) infants compared to
sick mde preterm (<36 weeks gestational age, n=38) and sick female preterm (<36 weeks
gestational age, n=26) infants during the first three days after birth.

(C) Graph showing the concentrations of the highest ten analyzed FZSs over a period of first
3 days ater birth in all preterm infants (healthy and sick, n=135).

( D) -QH@HEA concentration in preterm (n=135) and term (n=63) infants. p

0.0001 as determined by Wilcoxdvianri Whitney test.

( E) Co mp ar-OHsDHBA ercfetiof ii hikalthy male @term (<36 weeks gestational

age, n=42) and healthy female preterm (<36 weeks gestational age, n=29) infants compared to
sick male preterm (<36 weeks gestational age, n=38) and sick female preterm (<36 weeks
gestational age, n=26) infants during the finsee days after birth.

(F) Comparison of Adiol excretion in healthy male preterm (<36 weeks gestational age, n=42)
and healthy female preterm (<36 weeks gestational age, n=29) infants compared to sick male
preterm (<36 weeks gestational age, n=38) ackl f@male preterm (<36 weeks gestational
age, n=26) infants during the first three days after birth.

( G) Co mp a r iOBl-DHEA extretidn @nUhealthy male early preterm (<30 weeks
gestational age, n=7) and healthy female early preterm (<30 weeks ayedtaige, n=10)
infants compared to sick male early preterm (<30 weeks gestational age, n=23) and sick
female early preterm (<30 weeks gestational age, n=21) infants during the first three days
after birth.

(H) Comparison of 2DH-P5 olon (a pregnane derivative) excretion in healthy male preterm
(<36 weeks gestational age, n=42) and healthy female preterm (<36 weeks gestational age,
n=29) infants compared to sick male preterm (<36 weeks gestational age,amd38ick

female preterm (<36 weeks gestational age, n=26) infants during the first three days after
birth.

Concentration in term infants is considered as the baseline control for all regression analysis
plots.

Further comparison based on-Oy-BDHEA®aspraserdin wel | n
a higher concentration in healthy preterm males than females and was found to be increased in
the sick female preterm infants (Figure -E). Upon considering only the ma preterm

i nfants (<30 weeks ges®OHDHEAWSS dignifecantty)higheren s a w
the healthy as well as sick male infants with a slight drop in contientia the sick males

(Figure 32F). Androstene b , -dibl {Adiol) at the same tie was found tde similar in

healthy female and male preterms and a greater increase was obsettvedsick female

group (Figure 3%5). The pregnane derivative -Z1H-P5 olon in healthy pretrms was seen to

be almost similar to term group and showed aiBaant higher concentration ithe sick

female group (Figure 3B). Hence, in order to understand the conseges of these

observed differencan FZS concentrations, we tested a few on the meUWes.
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5.2.4 FZSs have a protective effect on both male andrfele cells.

We tested t h-©HDHEA alang witlh fdiol la6dUallopregnenalone on the
maturation of OPCs and found that all the three FZSs had a positive effect on the maturation
of male and female OPCs postpleroxia (Figure 33\) as seen by changen MAG levels,
especially in the male cells. We also found that FZSs upregulate the expression of NRF1 post
hyperoxia in the female cells and maintained it to the normoxic contallite the male cells
(Figure 33B). Considering the otherwise drastiop of NRF1 in male cells post hyperoxia,

it can be clearly seen that the FZSs have a significant protective effect. On looking at the
expressions of Nupl133 and ERU, It becomes ¢
medi at ed by b ot rhfenalRdelsavhereadin male 8edls, this effect seems to
be medated mainly by Nupl133 (Figure €3 D). Hence, we show that the FZSs have a

positive effect on stress response and maturation post hyperoxia in the male cells.
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Figure 33. FZSs and E2 show protective effects on male and female OPCs.

(A) Western blot results showing the expression of MAG in OPCs after treatment with
100nM Adi ol ( AD) , 100nM Al | op+OE-DHEA rumdéro n e (.
normoxiaand hyperoxia.

(B) Western blot results showing the expression of NRF1 in OPCs after treatment with
100nM Adi ol (AD) , 100nM Al | op+OE-DHEA umderone  ( .
normoxia and hyperoxia.

(C) Western blot results showing the expression of Nuph33PCs after treatment with
100nM Adi ol ( AD) , 100nM Al | op+OE-DHEA rumdéro n e (.
normoxia and hyperoxia.

(D) Western blot results showing the express
Adiol (AD), 100nM Allopregnanolone () and 1-OH-DHEA undetdnormoxia and

hyperoxia.
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These results also illustrate that the FZSs
OPCs against oxidative stress. Considering that the basal FZS levels in healthy preterm
females are highghan in male infants and get further in@ed in case of illness (Figure-32

B), we propose that the presence of these FZSs render the female cells more resistant towards
oxidative stress compared to the males. This also makes it worth to investigatailiarde

changes in the concentration of these FZSs in male and female infants under specific disease

conditions. An overall combination effect as mentioned above must also be considered.

5.2.5 Estradiol in presence of 1680H-DHEA exerts a negative effect on the

maturation of male derived cells.

Since preterm birth is associated with a drop in estrogen levels, it has been advocated that
substituting estrogen to intrauterine levels can be benefféi’. But considering the high
amounts of circulating FZS#&, is important to investigate the effect of E2 substitution in
presence of FZSs in male and female infants. Hence, we choseH-®EHA since it is the
second most abundant FZS founcreterm infant urine (Figure 32) and checked its effect

on differeriation of OPCs in the presence of E2. We treated male and female OPCs with
100nM 17ZR-estradiol alone and in combination with 100nMM®BH-DHEA. On giving high
oxygen treatment for 24h, we found that thetremtment resulted in downregulation of
CNPase ad myelin associated glycoprotein (MAG) ex@esn in the male cells (Figure 34

A). We checked the expression of Nup133 andlERder the same treatment conditions and
found that both were downregulated in the EA3+081-DHEA group in male cellsSame was
observed with Nup50 and LaminB1 expression too (Figur®B4ANhereas in the female
cells, an upregulation was seen in both Nup133 and (ERure 34B,C). This observation
coincides with significant higher levels of #®H-DHEA in the urine of early (<30 &eks

gestational age) male preterm infants and in be#ithy and sick group (Figure 3.
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Figure 34. FZSs and E2 show discrete effects on male and female OPCs
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(A) Western blot results showing trexpression of CNPase and MAG in OPCs after
treatment with 100nM B est r adi ol (E2) alone andHE2 i n
DHEA (E2+D) under normoxia and hyperoxia.

B) Western blot results showing thelOénMpr essi
17b estradi ol (E2) al one andOHDHEA (E2+D)onde i nat i
normoxia and hyperoxia.

(C) Western blot results skving the expression of Nupl138 OPCs after treatment with
100nM17b estradi ol (E2) alwdneér amdDRBEEAIE2*DE o mbi n .
under normoxia and hyperoxia.

(D) Western blot resultshowing the expression of Nup50 and LaminiB1OPCs after
treatment with 100nM 6 estradi ol (E2) al one anedHE2 i n
DHEA (E2+D) under normoxiand hyperoxia.

Data are representative of three independent experiments. Bars and error represent mean +
SEM of replicate measuremene&p < 0.05,2 p < 0.01,z zpz< 0.001,z z p ¥ 0.0001
(Studentdos t test).

5.2.6 16U-OH-DHEA activates different mechanisms in male and female

cells.

A cot r e at me ROH-DHER with 60D 182, 780 (ICI) which is an estrogen receptor
antagonist resulted in a significant upregulation of Nup133 as well as MAG in teeefial

post 24h hyperoxia (Figure 3%\,B). A similar trend in upregulation was also observed in

Nup50 and LaminB1 (Figure 35). In the female cells on the contrary, no such upregulation

was seen in Nupl133 but MAG (Figure 35, B). However, Nup50 and LaminB1 showed
upregulation in the female cells post hyperoxia (FigurCR5This shows that it potentially
activates other steroid hormone receptors aj
different interactions in the male afemale cells. These results also show the importance of
considering FZSs and their effect on male and female brain development separately,

especially for E2 substitution as a therapy.
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Figure 35. 1 6-OH-DHEA activates different mechanisms in male and female cells
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