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ABSTRACT

The mammalian central nervous system (CNS) develops primarily during the
embryonal period, but final structuring and tuning occurs postnatally. Before or
soon after birth, the mammalian CNS loses its ability to fully regenerate after
injury. Therefore, neuroregeneration studies are mostly conducted on rodent
embryos (mice or rats) or derived in vitro preparations, such as primary cell or
tissue cultures. However, an intrauterine surgical procedure is necessary to access
rodent embryos, which usually means sacrificing the mother - an ethically
guestionable issue. Therefore, to study regenerative mechanisms of the CNS, we
have used an alternative experimental animal: the grey South American short-
tailed opossum (Monodelphis domestica), a marsupial without a pouch. Opossum
neonates are very immature, and their CNS develops mostly postnatally, with the
cortical plate not observed until postnatal day (P)3-5. Therefore, harming the
mother is not necessary in order to investigate CNS development in opossums.
Furthermore, opossums are uniqgue among mammals in their ability to successfully
regenerate the spinal cord after injury during the first two weeks of their life. After
that period, the regenerative capability of their spinal tissue is lost. Thus, the first
aim of this work was to characterize primary cortical cell cultures obtained from
opossums at two developmentally different ages, P3-5 and P16-18, using
immunofluorescent microscopy. The results showed a high percentage of neurons
in primary cultures derived from both P3-5 and P16-18 opossums (>96% and
>80% at DIV7, respectively). The second aim was to genetically silence activating
transcription factor 3 (ATF3) in opossum primary cortical cultures, via transfection
with specific siRNA molecules, to further investigate its role in heuroregeneration.
The cell transfection protocol was optimized to reach the optimal transfection
efficiency, and the ATF3 gene and protein levels were assessed with quantitative
real-time PCR and Western blot, respectively. Altogether, the results indicate that
primary cortical cultures obtained from opossum M. domestica are favorable
preparation that can be used to investigate mechanisms underlying CNS
regeneration, particularly the involvement of regeneration-related transcription

factors, such as ATF3.

Key words: opossum, primary cell culture, CNS regeneration, ATF3, gene

silencing



SAZETAK

Sredidnji zivéani sustav (SZS) sisavaca se razvija primarno tijekom embrionalnog
razvoja, a funkcionalno sazrijevanje zivéanih mreza i procesa dogada se
postnatalno. Prije ili nedugo nakon rodenja, sisavci gube sposobnost potpune
regeneracije SZS-a nakon ozljede. Vedina istrazivanja regeneracije S7S-a provodi
se na embrijima glodavaca (miseva ili stakora) ili in vitro preparatima, poput
primarnih stani¢nih ili tkivnih kultura. Embrijima se ne moze pristupiti bez
intrauterine operacije, a to obi¢no podrazumijeva zrtvovanje majke sto je eticki
upitno. Iz tog razloga, za istrazivanje regenerativnih mehanizama SZS-a odludili
smo se za alternativhi organizam: sivi kratkorepi oposum (Monodelphis
domestica), tobolCar bez posteljice. Mladunci oposuma se radaju vrlo nezreli, te
se njihov SZS vedinom razvija postnatalno, kortikalnu plocu, primjerice, nije
moguce uoditi do postnatalnog dana (P)3-5. Dakle, razvoj SZS-a se kod oposuma
moze istrazivati bez potrebe da se pritom sSteti majci. Nadalje, oposumi su posebni
medu sisavcima jer u prva dva tjedna Zivota mogu uspjesno regenerirati lednu
mozdinu nakon ozljede. Nakon tog razdoblja, moguénost regeneracije mozdanog
tkiva se gubi. Stoga, prvi cilj ovog rada je bio pomocu imunofluorescentne
mikroskopije opisati primarne stani¢ne kulture korteksa pripremljene od dvije
razvojno razli¢ite dobi oposuma, starih P3-5 i P16-18. Rezultati su pokazali visok
postotak neurona u stani¢nim kulturama pripremljenih od P3-5 (>96%) i P16-18
(>80%) oposuma nakon 7 dana u kulturi. Drugi cilj bio je genetski utisati
aktivirajudi transkripcijski faktor 3 (ATF3) u primarnim stani¢nim kulturama
korteksa oposuma koristec¢i metodu transfekcije sa specificnim siRNA molekulama,
kako bi se poblize istrazila njegova uloga u neuroregeneraciji. Protokol je bio
optimiziran kako bi se postigla optimalna ucinkovitost transfekcije, a razine ATF3
mRNA i proteina, bile su provjerene kvantitativnim PCR-om u realnom vremenu,
odnosno Western blot-om. Zaklju¢no, rezultati ovog rada ukazuju na to da su
primarne stani¢ne kulture korteksa oposuma M. domestica pozeljan preparat za
istrazivanje mehanizama regeneracije S7ZS-a, osobito u istrazivanju uloge

transkripcijskih faktora povezanih s regeneracijom kao Sto je ATF3.

Kljuéne rijedi: oposum, primarna stani¢na kultura, regeneracija SZS-a,

ATF3, utiSavanje gena
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1. INTRODUCTION

1.1. Central nervous system pathologies

Alzheimer’s disease (AD), Parkinson’s disease (PD), schizophrenia,
depression, epilepsy, cerebral palsy, spinal paralysis, and stroke are some
of the most common disorders that affect the central nervous system
(CNS). In the United States of America, more people are hospitalized
because of neurological or mental disorders than because of any other
group of diseases (1). CNS pathologies are an enormous financial burden
on patients and health systems. Furthermore, the therapies available are
limited and a lot of them are still in the experimental phase, which are not
available and/or affordable for everyone. However, when there is a little or
no hope for recovery from the disease, the emotional burden on patients

and their families is far greater than just the economic aspects described.

CNS disorders cannot be prevented and effectively treated without at
least a basic understanding of CNS physiology. Thus, knowledge collected
from neuroscience research is important and is growing exponentially.
Increasingly effective treatments for PD (2), depression (3) and
schizophrenia (4) are being developed, while strategies for rescuing dying
neurons and potentiating regenerative processes in AD patients (5) and

patients who suffered from a stroke (6) are being tested.

1.1.1. CNS diseases
CNS diseases affect the brain and/or the spinal cord. Brain diseases
can roughly be divided into developmental, neuropsychiatric and
neurodegenerative diseases, as well as brain tumors and infections (1). The
latter are relatively rare due to immune privilege (7) of the brain, as well
as currently available therapies and advances of modern medicine. The
brain is considered “immune privileged” because it is protected by the

blood-brain barrier (BBB) and the immune system in the brain is
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suppressed compared to the rest of the body. The BBB consists of tight
junctions between brain vasculature endothelial cells, the basal lamina of
endothelial cells and the ends of astrocyte processes (7). The BBB
consistently protects the brain from pathogens, immune cells and various

factors that could enter through the blood.

Among these types of CNS diseases, heurodegenerative diseases are
estimated to be the most common. The following three paragraphs provide
a brief overview of the epidemiology and characteristics of Alzheimer’s,

Parkinson’s and Huntington’s disease (HD).

AD makes up 60-80% of all cases of dementia and it is estimated to
affect 24 million people globally (8). Two typical neuropathological features,
the accumulation of extracellular plaques, made of 42-amino-acid amyloid-
beta, and intracellular neurofibrillary tangles of hyperphosphorylated
microtubule-associated tau protein, are found in AD patients’ brains. Since
anatomical distribution of these pathologies can vary, AD clinical

phenotypes are extremely heterogeneous (5).

PD is the second most common neurodegenerative disease, with an
estimate that it affects 3% of the population older than 80 and 0.3% of the
overall population. PD patients develop a wide range of motor symptoms,
such as bradykinesia, resting tremor, rigidity, and postural instability.
Neuropathological changes in the affected brain usually include the loss of
dopaminergic neurons in the substantia nigra and the formation of so-called
Lewy bodies. Lewy bodies are eosinophilic, intracytoplasmic neuronal

inclusions that contain insoluble aggregates of a-synuclein and ubiquitin
(8).

HD is an autosomal dominant neurodegenerative disorder that is
caused by excessive expansion of CAG repeats in the huntingtin gene on
chromosome 4. Its symptoms manifest as involuntary movements,

personality changes and dementia and they start to develop in relatively



younger people. On average, it is diagnosed in people 40 years old, and

the yearly incidence is estimated to be 0.38 cases per 100,000 people (8).

1.1.2. CNS injury

The two most common types of CNS injuries are traumatic brain
injury (TBI) and spinal cord injury (SCI). TBI is the disruption of brain
activity due to an external force or violent impact to the head (9) and SCI
results from a sudden impact to the spine that fractures or dislocates
vertebrae (10). Based on the number of people that sought medical care
after injury, it is estimated that there are around 55 million people suffering
from TBI and around 27 million people with SCI in the world. TBI and SCI
give a poor prognosis for recovery, and the medical care they require is
complex and expensive. The most common causes of CNS injuries are falls,
road injuries and interpersonal violence, such as gunshot wounds or war
(11).

TBI leads to long-term cognitive and behavioral deficits, and to an
increased risk for developing neurodegenerative disorder(s). It can also
have consequences on other organ systems such as hormonal dysfunction

and disrupted bone metabolism (9,12).

SCI can happen in any part of the spinal cord, from cervical to sacral.
Depending on the severity of the injury, it can cause loss of function below
the lesion site. Loss of function is usually permanent, making the patient

severely disabled and susceptible to numerous secondary illnesses (13).

In the 19t century, brain injury was known to disrupt movement,
sensations and thought, and that it can cause death. Today we know that
that main reasons for a fatal outcome are the inability of CNS axons to

regenerate after injury and insufficient generation of new neurons (1).

When CNS injury occurs, the processes that follow can be divided into
events called primary injury and secondary injury. Primary injury (12) is
caused by the initial mechanical forces delivered to the CNS tissue, and its

3



extent determines the outcome and severity of the injury. Additionally,
blood vessels, axons, and glial processes at the site of injury are sheared.
In both SCI and TBI, mechanical deformation of the tissue results in instant
and thus, necrotic, cell death. Secondary CNS injury (10,12) begins
immediately after the primary injury, and it lasts for weeks or months,
causing progressive damage. Generally, secondary injury refers to a series
of cellular, molecular, and biochemical processes that continue to self-
destruct the CNS tissue after injury, while reducing the chances of recovery.
Secondary injury is divided into acute, sub-acute and chronic phases. The
acute phase starts immediately after the primary injury and is characterized
by a series of events such as vascular damage, disrupted ionic balance,
excitotoxicity, calcium influx, generation of free radicals and oxidative
stress, lipid peroxidation, inflammation, edema, and necrotic cell death. As
the injury progresses, the sub-acute phase of secondary injury begins. This
phase is characterized by a series of destructive processes such as cell
death by apoptosis, demyelination of surviving axons, retrograde
degeneration of the distal end of an axon, retraction bulb formation,
extracellular matrix remodeling, and evolution of a glial scar at the site of
an injury. Eventually, the chronic phase occurs, which involves the
formation of a cystic cavity, progressive axonal dieback, and maturation of
the glial scar. Also, there is an increased risk of infection at the injured site

since post-injury events disrupt the consistency of the BBB.

1.2. CNS regeneration
In early neuroanatomical research, the adult mammalian CNS was
considered incapable of regeneration (1). Neurons are post-mitotic cells,

which means that they do not divide, and their number is limited.

During development, neurons are generated from neural progenitor
cells (NPCs). NPCs include neuroepithelial cells and basal progenitors.

Neuroepithelial cells are present at the earliest embryonic stages and from



them both basal progenitors and RGCs are generated. Basal progenitors
are neurogenic in the early embryonic stage, while in later embryonic
stages they mostly generate non-neuronal CNS cells - astrocytes and
oligodendrocytes. RGCs are distributed in various brain regions and they
generate most of the neurons in the midneurogenesis phase (14). In the
developing cerebral cortex, RGCs function both as NPCs and as guides for
neuronal migration, as Goétz et al. (15) have reported, and these processes

are regulated by the expression of the paired box-6 (Pax6) gene.

Eventually, more and more evidence indicated the presence of two
brain regions in which regeneration occurs even in adulthood: the
subventricular zone (SVZ) and the subgranular zone (SGZ). Formation of
new neurons was also found in various brain regions such as the basal
forebrain, striatum, subcortical white matter, and hypothalamus. In these
brain regions, after injury, interaction of non-neuronal cells, certain
proteins and factors induces progenitor cell differentiation, as well as
migration and integration of newly produced cells into the lesioned site
(16). Although these findings seem promising, the intrinsic regenerative
capacities of the adult mammalian CNS are not sufficient in the case of
traumatic injury or to overcome chronic pathological changes that occur in

neurodegenerative diseases.

CNS neuroregeneration implies generation of new neurons, a process
that physiologically occurs during CNS development, and re-growth of
injured axons. Thus, investigation of CNS developmental mechanisms may
help to understand underlying processes of neuroregeneration, and
potentially allow us to manipulate them in order to treat CNS pathologies
such as neurodegenerative diseases and CNS injuries. Another approach is
to investigate axonal regeneration in the peripheral nervous system (PNS),
which occurs naturally, and to determine the molecular, cellular and
extracellular differences between regenerating PNS and non-regenerating
CNS.



1.3. Monodelphis domestica in neuroregeneration

studies
The grey short-tailed opossum (Monodelphis domestica) is a
pouchless marsupial. Its natural habitat is the South American countries
Brazil, Bolivia, Paraguay, and Argentina. Opossums breed during the whole
year and have up to 6 litters per year, with up to 11 neonates per litter.
Neonates are born approximately 14 days after conception, and they stay
attached to the nipple for another 14 days. Young opossums are weaned at

approximately postnatal day (P)56 (17).

CNS development in opossums starts before birth and finishes
postnatally. Saunders et al. (18) and Puzzolo & Mallamaci (19) investigated
postnatal neuro- and gliogenesis in M. domestica. Saunders et al. (18)
tracked the development of the neocortex in the M. domestica brain from
birth to adulthood and found that the cortical plate was not present until
P3-5. Therefore, complete cortical development can be studied in postnatal
opossums. A transcriptomic study by Cardoso-Moreira et al. (20) reported
that opossums at P3-5 correspond to embryonal day (E)15.5-18.5 rats or
E14-16 mice, and that P16-18 opossums correspond to P1-2 rats or mice,
indicating the immaturity of opossum neonates. Moreover, opossums can
successfully regenerate their spinal cord after injury in the first two weeks
of their life, after which the regenerative ability of their spinal tissue is lost
(21,22). Differences in gene expression, epigenetics and/or
posttranslational modifications of proteins between developmentally
different ages (Figure 1) could point out the key mechanisms involved in
regeneration of CNS, making opossum a favorable organism to study

regenerative mechanisms.
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Figure 1 Opossum neonates are very immature. Opossum (Monodelphis domestica)
pups that (P3-5) can and (P16-18) cannot regenerate their spinal cord after injury.

1.4. ATF3
Activating transcription factor 3 (ATF3) is a member of the ATF/cAMP

responsive element binding (ATF/CREB) protein family of transcription
factors. Proteins of the ATF/CREB family regulate eukaryotic gene
expression by binding to a short DNA sequence (TGACGTCA) in promoter
regions. This sequence is called the ATF/CREB consensus sequence. All
members of the ATF/CREB family bind DNA with a similar, basic leucine
zipper (bZip) domain, and they can form homodimers, or heterodimers with
other members of the family (23). ATF3 is induced under stress conditions

in different cell types and affects their survival, proliferation, and death.

According to the information available in the Ensembl (24) database,
human ATF3 gene is located on the g arm of the chromosome 1 and has 11
transcript variants, 8 of which are protein coding. Since in this work

opossums were used, human ATF3 was compared to opossum ATF3. ATF3



splice variants and respective protein sequences (Table 1) were compared

using data available in Universal Protein Resource (Uniprot) database!.

Table 1 Human and opossum ATF3 gene transcripts and their products.

_ splice variant | protein isoform | _
organism _ size (aa) | size (kDa)
(Ensembl entry) | (Uniprot entry)
H. sapiens ATF3-202, -206 P18847-1 181 22
H. sapiens ATF3-210, -211 P18847-5 124 14
M. domestica ATF3-201 AOA5F8HAS1 181 22
M. domestica ATF3-202 F6Q0B9 124 14

According to human ATF3 Uniprot entries, the full-length protein
isoform can have 3 different posttranslational modifications (PTMs):
SUMOylation of lysine 78 (Lys78) and lysine 175 (Lys175),
phosphorylation  of 162 (Thr162). SUMOylation

phosphorylation are reversible PTMs. SUMOylation is the covalent binding

and
threonine and
of a small ubiquitin-like modifier (SUMO), and it adds approximately 12 kDa
to the mass of a protein. Phosphorylation is the addition of a phosphate
group, usually to a serine (Ser), threonine (Thr) or Tyrosine (Tyr) hydroxyl
group, and it adds around 1 kDa to the mass of a protein. An alternatively
spliced 14 kDa isoform lacks 64 amino acids from the C-terminus and it can
only have the Lys78 PTM.

1.4.1.
ATF3

conditions. However, after PNS axonal injury, its expression increases, and

Role in neuroregeneration

is almost undetectable in neurons under physiological

it acts in a neuroprotective manner. It induces survival and expression of

1 https://www.uniprot.org/
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growth-associated genes, prevents cell death and promotes neurite
formation and elongation (25). In CNS, ATF3 is upregulated in injured
neurons, and Campbell et al. (26) showed that upregulation also occurs in
CNS neurons when they are regenerating their axons into peripheral nerve

grafts in the thalamus.

The role of ATF3 in neuroprotection and peripheral nerve
regeneration has been extensively described. Overexpression of ATF3 is
neuroprotective in mouse models of amyotrophic lateral sclerosis (ALS)
(25) and neuronal models of excitotoxicity (27). Furthermore, upregulation
of ATF3 alone was sufficient to protect primary cortical neurons from
proline-arginine (PR) toxicity (28). ATF/CREB transcription factors,
including ATF3, and regeneration associated genes, such as c-jun, STAT3
and SMAD1, orchestrate axonal regeneration after PNS injury. ATF3
promotes axonal maintenance, dynamic axonal sprouting, and remodeling
(25).

In contrast, axons in the adult CNS show relatively limited response
to injury, despite ATF3 upregulation. Initial sprouting occurs, but is soon
terminated (26) and ends with the formation of retraction bulb (29). CNS
environment and intrinsic factors both diminish regenerative abilities of the
CNS neurons. Inhibitory molecules secreted by oligodendrocytes and
astrocytes form the glial scar, disturb axonal re-growth, and negatively
contribute to CNS neuronal recovery. In addition, central axons gradually

lose their intrinsic growth ability during maturation (29).

1.5. Transfection

1.5.1. Different methods of transfection
Transfection is a method used to deliver foreign nucleic acids into
eukaryotic cells using nonviral vectors. The nucleic acid can be either DNA,
such as DNA fragment integrated in a plasmid vector, or RNA molecule,

such a mRNA or siRNA. The target gene can be wild-type or a mutant

9



version of the gene, and the experiment can be designed to achieve

different outcomes.

Depending on how long it lasts, transfection can be either stable or
transient. Stable transfection is successfully performed when the
transfected material, usually part of a plasmid DNA, enters the nucleus and
integrates into the cellular genome, or when a plasmid DNA stays in the
cytoplasm as an episomal entity. In both scenarios, cells gain a new
characteristic. If cells proliferate, this characteristic will pass on to the new
cell generation. In transient transfection, the nucleic acid delivered is
present in the cell for a limited time, usually for a few days, and is not
integrated into the genome. Therefore, in the case of proliferating cells,
transiently transfected genetic material does not pass on to the new

generation of cells.

Transfection methods are divided into physical and chemical
methods, depending on how the nucleic acid is inserted into the cell (30).
Physical methods, such as electroporation or sonoporation, physically
disturb the cell membrane, enabling foreign nucleic acid to enter the cell.
Chemical methods use a specific chemical, either lipid or non-lipid, to aid
in transfection. Lipid-based transfection reagents contain a cationic lipid
that fuses with negatively charged nucleic acid. Non-lipid-based
transfection reagents are divided into several classes such as micro-/nano-
particles, peptides, polymeric-based transfection reagent, calcium
phosphate, and dendrimers. In this work, a lipid-based transfection reagent

was used.

1.5.2. Liposomal carrier membrane fusion
Lipid-based transfection reagents deliver their cargo through two
main processes: endocytosis and direct fusion with the cell membrane. The
transfection method used in this work is a lipid-based method called

liposomal carrier membrane fusion (Figure 2).
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Figure 2 Schematic representation of siRNA cell transfection. 1) siRNA duplex is
neutralized and fused with liposomal carrier. 2) Liposomal carrier fuses with the cell
membrane. 3) siRNA duplex enters the cytoplasm directly, where it is processed into single
strand (ss)-siRNA by dicer. 4) RNA-induced silencing complex (RISC) binds ss-siRNA. 5)
SiRNA binds complementary to mRNA and 6) mRNA degrades. Illustration created with
BioRender.com.

Fuse-It liposomal carrier (see Materials and Methods) is cargo-
specific, in our case siRNA-specific. It attaches and fuses with cell
membrane easily, due to its similar physicochemical properties. The siRNA
duplex immediately enters the cytoplasm and the dicer enzyme processes
it into single stranded (ss)-siRNAs. RNA-induced silencing complex
recognizes and binds ss-siRNA, and siRNA then binds to the complementary
sequence on MRNA molecule. mRNA is degraded if siRNA binds with a near
perfect complementarity and, when mismatches are present, translational

repression occurs.

Delivering siRNA through membrane fusion has a few advantages
compared to endocytosis. The transfection is faster because siRNA enters
the cell cytoplasm directly after liposomal carrier membrane fusion. When

liposomal carriers enter the cells through endocytosis, an endosome forms.
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The endosome then fuses with a lysosome, and siRNA is delivered into the
cytoplasm after lysosomal degradation. siRNAs can easily be degraded in
this process and, therefore, a higher concentration of siRNA is normally
needed. Furthermore, carriers that fuse with cell membrane are

biocompatible and cause low cytotoxicity.
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2.

AIMS

1.

2.

AIMS AND HYPOTHESIS

The first aim of the thesis was to prepare and characterize primary
cortical neuronal cell cultures derived from neonatal opossums,
Monodelphis domestica. Cultures were obtained from 3-5 and 16-18
days old animals. Our goal was to use these cultures as a novel in
vitro platform to study regenerative mechanisms in mammals after
CNS injury. The culturing protocol and characterization of opossum
primary cortical cultures were recently published (31).

The second aim of the thesis was to choose one candidate molecule
involved in neuroregeneration and to optimize the protocol for its
gene silencing in newly developed opossum neuronal cortical
cultures. Silencing of the candidate molecule will be used to
investigate its role in neuronal regeneration. The molecule of interest
was ATF3 (Mladinic et al., 2014 (33); Petrovi¢ et al., unpublished
data), and it was silenced via transfection of the cell cultures with
ATF3-specific siRNA molecules. This was the first ever attempt to
transfect primary cortical cell cultures derived from M. domestica
using siRNA. Therefore, most of the time and energy invested in this
work was focused on the challenging establishment and optimization
of this method.

HYPOTHESIS

The main hypothesis of this thesis is that neuroregeneration-related

molec

ules, such as ATF3, can be successfully silenced in primary cortical

cultures derived from M. domestica using specific sSiRNA molecules and that

this procedure abolishes the molecule of interest at the RNA and the protein

level.
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3. MATERIALS AND METHODS

3.1. Animals

South American gray short-tailed opossum, Monodelphis domestica,
pups of both sexes were used, at two developmentally different ages: P3-
5 and P16-18. The opossum colony is maintained at the animal house
facility of the University of Trieste. The guidelines of the Italian Animal
Welfare Act were followed, and the use of opossums was approved by the
Local Veterinary Service, the Ethics Committee board, and the National
Ministry of Health (Permit Number: 1FF80.N.9Q3), following the European
Union guidelines for animal care (d.1.116/92; 86/609/C.E.). The animals
were housed in standard laboratory cages with controlled temperature (27-
28°C) and humidity (50-60%), a 12/12-hour light/dark cycle and ad
libitum access to food and water. All experiments described here were
performed in accordance with the European Directive 2010/63/EU for
animal experiments. All efforts have been made to minimize animal

suffering and the number of animals used in experiments.

3.2. Primary cell cultures
All instruments and surfaces used were precleaned with 70% ethanol
(Gram-mol, Zagreb, Croatia) and 1% Incidin (Ecolab, Zagreb, Croatia). All
solutions were filter sterilized through a 0.22 pm syringe filter (Carl Roth,

Karlsruhe, Germany).

3.2.1. Coverslips and plates preparation
For immunocytochemical analysis, 12 mm diameter coverslips
(Thermo Fisher Scientific, Waltham, MA, USA) were treated with 1 M
hydrochloric acid (HCI, Ru-Ve, Sv. Nedelja, Croatia) overnight at room
temperature (RT, 20-22°C). Next day, coverslips were washed in distilled
water to remove any traces of HCI, incubated in absolute ethanol for an

hour at RT, and then dry sterilized at 150°C for 90 min. Sterile coverslips
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were placed in a 24-well tissue culture plate (Sarstedt, Nimbrecht,
Germany) and coated with 50 pg/mL poly-L-ornithine (PO, Sigma-Aldrich,
St. Louis, MO, USA) overnight at 32°C. The following day, PO was removed,
and coverslips were coated with 2 pg/mL laminin (Sigma-Aldrich) for 3-4 h
at 32°C.

For cells intended for gPCR and Western blot analysis, wells of either
a 24- or 6-well (Sarstedt) plate were coated with 50 ug/mL PO overnight

at 32°C and removed immediately before plating of the cells.

3.2.2. Dissociation and plating of the cells

Primary cell cultures were prepared from cortices of postnatal
opossums of two developmentally different age groups, P3-5 and P16-18.
After decapitation with scissors, dissection was performed in ice-cold
oxygenated (95% 02/5% COz) Krebs solution (113 mM NaCl, 4.5 mM KClI,
1 mM MgCl; x 6H20, 25 mM NaHCO3, 1 mM NaH2PO4, 2 mM CaCl,> x 2H>0,
11 mM glucose and 0.5% w/v Penicillin/Streptomycin/Amphotericin B, pH
7.4, all from Sigma-Aldrich). Both cortical hemispheres were used to obtain
primary cells, while olfactory bulbs and remaining subcortical structures
were removed. The meninges were removed from cortices with fine forceps.
The dissected tissue was chopped into small pieces and washed three times
with cold sterile phosphate-buffered saline (PBS) solution (137 mM NadCl,
2.7 mM KCI, 10 mM NaxHPO4, 2 mM KH2PO4, all from Sigma-Aldrich).
Cortices were enzymatically digested with prewarmed (32°C) trypsin in
EDTA (Santa Cruz Biotechnology, SCBT, Dallas, TX, USA). Cortices from
P3-5 and P16-18 pups were digested in 0.5% w/v trypsin for 10 min and
2.5% w/v trypsin for 15 min, respectively, on a thermo block at 32.5°C.
Samples were washed three times in PBS and cells were separated from
the tissue in a trituration solution containing 10 mg/mL DNase I (Sigma-
Aldrich), 1 mg/mL trypsin inhibitor (SCBT), and 1% w/v bovine serum
albumin (BSA; Pan-Biotech, Aidenbach, Germany) in Hank’s Balanced Salt
Solution (HBSS) solution without Ca?* and Mg?* ions (Pan-Biotech).

Trituration was performed by mechanical pipetting, with a 1 mL filter tip,
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for at least 20 times to break the tissue structure. Larger pieces of the
tissue were left to settle at the bottom of the tube and the supernatant was
collected in a fresh tube. Trituration was repeated for additional two times.
The supernatant containing dissociated cells was layered on top of 5% w/v
BSA solution in HBSS. Cells were centrifuged at 100 x g for 5 min at RT and
resuspended in 1 mL of plating medium, consisting of Dulbecco’s Modified
Eagle Medium (DMEM) with stable glutamine, supplemented with 10% w/v
fetal bovine serum (FBS) and 1% w/v Penicillin/Streptomycin (all from Pan-
Biotech). An additional 1 mL of the plating medium was added to the cell
suspension, which was then transferred into the 35 mm Petri dish
(Sarstedt) through a 70 pm cell strainer (Corning Inc., Corning, NY, USA)
for preplating. Cells were incubated at 32°C for 5 min and collected. Before
plating, cells were counted in the hemocytometer and the cell suspension
was diluted in plating medium in 15 mL tubes (Carl Roth) to the density of
5 x 104 cells per well for 24-well plate or 5 x 10> cells per well for the 6-

well plate.

In cultures for use in an immunofluorescence assay, 24 h after
plating, 2/3 of the plating medium was replaced with fresh prewarmed
neuronal medium containing Neurobasal medium, supplemented with B27
(both from Thermo Fisher Scientific), 1 mM L-glutamine and 1%
Penicillin/Streptomycin (both from Pan-Biotech). Media was subsequently
changed once per week, each time replacing half of the medium with fresh

prewarmed neuronal medium.

Primary cortical cultures were maintained in an incubator at 32°C
with 5% CO2 and 95% relative humidity. For easier visualization, a

schematic overview of the procedure is given in Figure 3.
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Figure 3 From animal to cell culture. A schematic, simplified representation of the
primary cortical cell culturing protocol. Illustration created with BioRender.com.

3.3. Fluorescent immunocytochemistry assay

Coverslips with cells on them were washed in PBS and fixed with 4%
paraformaldehyde (PFA) containing 200 mM sucrose (both Sigma-Aldrich)
in PBS, pH 6.9, for 20 min at RT. Coverslips were washed 3x with PBS,
saturated with 0.1 M glycine (VWR International, Radnor, PA, USA),
permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) and washed again
in PBS. Each step lasted for 5 min. Cells were blocked with 0.5% w/v BSA
in PBS for 30 min. Coverslips were then transferred into a “wet” chamber?,
incubated with primary antibodies (Table 2) for 1 h, and then washed two
times in PBS. Coverslips were incubated with secondary antibodies
conjugated with fluorophores (Table 3) and 300 nM 4’,6-diamidino-2-
phenylindole (DAPI, Thermo Fisher Scientific) for 30 min. DAPI was used

for cell nuclei staining.

2 An improvised, humid and dark chamber; used for incubations with antibodies.
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Table 2 Primary antibodies used in this work.

Producer,
Primary Host and UniProt
Dilution | Immunogen Cat#,
antibody isotype Identity
RRID
mouse microtubules Biolegend,
B-Tubulin III
(TUI1) monoclonal | 1:200 derived from 801201, 99.8%
IgGaa rat brain AB_2313773
microtubule- Sigma-
mouse
associated Aldrich,
monoclonal | 1:200 bovine MAP2 82.8%
protein 2 M1406,
IgG:
(MAP2) AB_477171
synthetic
peptide within
neuronal Abcam,
rabbit Human NeuN
nuclei 1:200 abl177487, 84.0%
monoclonal aal-100
(NeuN) _ AB_2532109
(Cysteine
residue)
synapsin I (a
mixture of Ia Millipore,
rabbit
synapsin I 1:100 and Ib) AB1543, 72.3%
polyclonal
purified from AB_2200400
bovine brain
lial fibrillar Sigma-
9 Y mouse GFAP from J
acidic Aldrich,
monoclonal | 1:200 | porcine spinal 84.9%
protein G3893,
IgG: cord
(GFAP) AB_477010
synthetic
peptide
Abcam,
paired box 6 rabbit corresponding
1:100 ab5790, 100.0%
(Pax6) polyclonal to Mouse
AB_305110
Pax6, aa 267-
285
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mouse Abcam,

vimentin full-length
monoclonal | 1:300 ab8069, 91.9%
(vim) native protein
IgG: AB_306239
synthetic
peptide within
rabbit Abcam,
vimentin Human
monoclonal | 1:400 ab92547, 91.9%
(vim) Vimentin, aa
IgG AB_10562134
400 to the C-
terminus

For F-actin staining, Phalloidin-iFluor 488 (Abcam, Cambridge, UK),
diluted 1:500, was incubated for 30 min simultaneously with secondary
antibodies. Primary and secondary antibodies, as well as Phalloidin-iFluor
488, were diluted according to the Tables 2 and 3, respectively, in 0.5%
w/v BSA in PBS. Cells were finally washed two times in PBS and once in
distilled water (dH20). All washing steps lasted for 5 min. All steps were

performed at RT.

For the proliferation assay, the Click-iT 5-ethynyl-20-deoxyuridine
(EdU) Cell Proliferation Kit with Alexa Fluor 488 dye was used (Thermo
Fisher Scientific) according to the manufacturer’s instructions. Briefly, EAU
was added to the cells 24 h before the analysis. Cells were fixed (as
described above) and, after the permeabilization step, immunolabeled for
30 min at RT in Click-iT reaction cocktail. The procedure then continued as

in the classical fluorescent immunocytochemistry assay.

Coverslips were mounted face-down on glass slides prewashed with
70% ethanol. Mounting medium (Vectashield, Vector Laboratories,
Burlingame, CA, USA) was applied on a glass slide in amounts of 3 yL per

coverslip, and coverslips were sealed with nail polish.

For each primary antibody used, the similarity between the protein
sequence of opossum and immunogen was compared in the UniProt
database (see Table 2).
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Table 3 Secondary antibodies used in this work.

Secondary o Producer, Cat#,
Fluorophore Dilution
antibody RRID

Thermo Fisher Scientific,

goat anti-mouse Alexa Fluor® 488 1:400
A32723, AB_2633275
goat anti-mouse Thermo Fisher Scientific,
Alexa Fluor® 488 1:300
IgG A-21121, AB_2535764

Thermo Fisher Scientific,

goat anti-mouse Alexa Fluor® 555 1:400
A32732, AB_2633281

Thermo Fisher Scientific,

goat anti-rabbit Alexa Fluor® 555 1:400
A32732, AB_2633281

goat anti-mouse Thermo Fisher Scientific,
Alexa Fluor® 555 1:300
IgGaa A-21137, AB_2535776

Abcam, ab150083,

goat anti-rabbit Alexa Fluor® 647 1:300
AB_2714032

3.3.1. Imaging
Imaging of the samples was performed with an Olympus IX83
inverted fluorescent microscope (Olympus, Tokyo, Japan) equipped with
differential interference contrast (DIC) and fluorescence optics (mirror
units: U-FUNA: EX360-370, DM410, EM420-460; U-FBW: EX460-495,
DM505, EM510IF; U-FGW: EX530-550, DM570, EM575IF (all Olympus),
and Cy5: EX620/60, DM660, EM700/75 (Chroma, Irvine, CA, USA)).

Images were acquired with Hamamatsu Orca R2 CCD camera (Hamamatsu
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Photonics, Hamamatsu, Japan) and CellSens software (Olympus).

Objectives used were:

1. 10x 0.3 numerical aperture (NA) air,
2. 20x 0.5 NA air, and

3. 40x 1.4 NA oil immersion.

For each image, the Z-stack option was used, making 10-20 slices per
image, with slice spacings recommended by the software - 2 ym (10x
objective), 1.27 ym (20x objective) and 0.35 um (40x objective). Software
used for image processing and analysis were CellSens and Image] by W.
Rasband (U.S. National Institute of Health).

3.4. Gene silencing
The Fuse-It-siRNA (Beniag, Jilich, Germany) transfection kit was
used to introduce specific small interfering ribonucleic acid (siRNA)
molecules into the cells of the primary cortical cell cultures. Cells were
transfected with one of the three different siRNAs specific to ATF3 (Table

4, all from Eurogentec, Seraing, Belgium).

Table 4 ATF3-specific siRNAs used in this work.

ATF3-specific siRNA sequence
S1 5’-GGAACCUCUUUAUCCAACA-3’
S2 5’-GUUGGAAAGUGUGAAUGCU-3’
S3 5’-AGAGACGAAGGGAAAGAAA-3’

A commercial siRNA specific to human beta actin (ACTB, SR-CL004-
005, Eurogentec) 5'-UGAAGAUCAAGAUCAUUGC-3’ was used as a positive
control for the transfection. A negative control siRNA (SR-CL0O00-005,

Eurogentec) was used to demonstrate that the transfection does not induce
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nonspecific effects on gene expression. Control siRNA (Fluorescein
Conjugate)-A (sc-36869, SCBT) was used to visualize siRNA molecules in
the cells after the transfection. The experimental setup was based on the
manufacturer’s instructions, with some modifications. Briefly, 10 pM siRNA
was neutralized with Neutralization Buffer (NB, Beniag) for 10 min at RT,
in a 1:2 volume ratio. Meanwhile, Fusogenic Solution (FS, Beniag) was
sonicated in a precooled (4°C) ultrasonic bath for 5 min3. The amount of
FS depended on the surface area of the cell culture, 1.25 pL and 5 pL per
well for 24- and 6-well plate, respectively. FS was added to the neutralized
siRNA solution, and again sonicated. This solution, undiluted transfection
reagent, had to be diluted in neuronal medium (see 3.2.2.) to a volume
sufficient to cover the whole well surface. The final volumes were 300 UL
and 1 mL for 24- and 6-well plate, respectively. Prior to transfection,
medium was removed from the cells and saved for later in a sterile Falcon
tube. Half of the medium was replaced with fresh neuronal medium. Cells
were washed two times with PBS at RT. Diluted and sonicated transfection
reagent was then added to the cells and incubated for 15 min at 32°C.
Transfection reagent was removed, and medium was added back to the
cells. Cell cultures were maintained under the previously described
conditions (see 3.2.2.). For gene silencing at the mRNA level, cells were
treated after 1 day in vitro (DIV1) and harvested at DIV2. For gene
silencing at the protein level, cells were treated at DIV1 and DIV2, and
harvested at DIV3. Before harvesting, cells were imaged with a Zeiss
inverted microscope (Zeiss, Jena, Germany) to check if transfection
affected their morphology and/or viability. Transfection efficiency on the
MRNA level was checked with RT-gPCR analysis, while that on the protein

level was checked via Western blot.

3 Each later sonication was performed under the same conditions.
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3.5. Cell harvesting and sample preparation

Before detachment, cells were washed twice in PBS and incubated
with prewarmed (32°C) 0.5% w/v trypsin for 5 min at 32°C. DMEM
supplemented with 10% FBS was added to inactivate the reaction. Cells
were centrifuged at 150 x g for 5 min at 4°C and the supernatant was
discarded. Tubes containing cell pellets were immediately placed on ice.
Either the RNA was immediately isolated, or the cell pellets were stored at
-80°C for further analysis. For protein extraction, 2x Laemmli Sample
Buffer (LSB, 20% w/v glycerol, 125 mM Tris HCI pH 6.8, 4% w/v sodium
dodecyl sulphate (SDS), 0.2 M dithiothreitol, 0.02% bromophenol blue, all
from Sigma-Aldrich) was added to the cell pellet, resuspended and briefly
vortexed. The mixture was sonicated on ice with an ultrasonic homogenizer
(SONOPULS mini20, BANDELIN electronic, Berlin, Germany) at the 20%
amplitude 3x for 1 s. If not immediately used for gel-electrophoresis,

samples were stored at -20°C.

3.6. Quantitative real-time PCR

3.6.1. RNA isolation

Total RNA was isolated from the cells using the Monarch Total RNA
Miniprep kit (New England Biolabs (NEB), MA, USA) according to the
manufacturer’s instructions. It is a method of RNA purification that uses
silica-based RNA capture columns. Briefly, samples were lysed with 300 uL
of Lysis buffer and most of the genomic DNA (gDNA) was eliminated by
centrifuging the sample through a gDNA removal column (NEB). RNA was
then bound to the RNA purification column, washed, and treated with
DNase I (NEB) for 15 min to additionally eliminate genomic DNA. RNA on
the column was washed a few times and then eluted in 30 pL of nuclease-
free water. Additional centrifugation was performed after elution and only
the supernatant, containing isolated total RNA, was kept. All centrifugations
were done at 16000 x g and all steps were performed at RT. The

concentration and purity of the isolated RNA were assessed with a BioDrop
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DUO spectrophotometer (Harvard Bioscience, Holliston, MA, USA).
Absorbance ratio values at 260 nm and 230 nm (A2s0/230), and at 260 nm
and 280 nm (Azso/280) were measured. Ratios were considered acceptable
when the Azso/230 was above 1.8 and the Azeso/280 was about 2.2, which
indicated that isolated RNA was of high purity. RNA quality was analyzed
on a 1% agarose gel (Sigma-Aldrich) stained with SYBR Safe DNA Gel Stain
(Thermo Fisher Scientific). 5 pL of RNA was mixed with 1 uL of Gel Loading
Dye, Purple (6x, NEB) and loaded on the gel. Electrophoresis was
performed at 75 V for 60 min, and gel was imaged with a ChemiDoc MP

Imaging System (Bio-Rad, Hercules, CA, USA).

3.6.2. Reverse transcription

Isolated total RNA was reversely transcribed into complementary
DNA (cDNA) with the ProtoScript II First Strand cDNA Synthesis Kit (NEB)
following manufacturer’s instructions for Standard Protocol (Table 5). Up to
1 ug of RNA was used in a 20 L reaction. Sample RNA and Random Primer
Mix (NEB) were denatured for 5 min at 65°C and cooled at 4°C until other
components were added to the reaction. cDNA synthesis reaction was done
at 42°C for 1 h. Reverse transcriptase was inactivated for 5 min at 80°C.
For RT-gPCR, resulting cDNA was diluted 1:10 in nuclease free water.

Diluted cDNA samples were stored at -20°C.

Table 5 Components used in cDNA synthesis reaction and their quantities.

Component Volume
total RNA 1-6 pL (up to 1 ug)
Random Primer Mix 2 UL
ProtoScript® II Reaction Mix (2x) 10 pL
ProtoScript® II Enzyme Mix (10x) 2 UL
nuclease-free water to a total volume of 20 pL
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3.6.3. Primer design

Opossum transcript sequences were downloaded from the Ensembil
database, release 104 (24). Primers specific for genes of interest were
designed with the Primer3Plus (33) web tool, and the primer sequence
specificity was checked using the NCBI Nucleotide BLAST tool*. Selected
primers (Table 6) were custom synthesized. ACTB was synthesized by
Metabion (Metabion, Planegg, Germany), while ATF3 P1, ATF3 P2 and
GAPDH were synthesized by Eurogentec.

Table 6 Primers used in RT-qPCR reactions.

gene Forward primer (5" > 3') Reverse primer (5" > 37)

ATF3 P1 | AGTTTGCCCCTGAAGAGGATG | CCAACTTTTCTGATTCCTTCTGC

ATF3 P2 | AAGGAAGAGCTGAGGTTTGC | ATCCTCTTCAGGGGCAAACTC

ACTB CAGACATCAGGGTGTGATGG | GGGGTGTTGAAGGTCTCAAA

GAPDH | ATGCCCCAATGTTCGTGATG | GTCATGAGTCCTTCCACAATGC

Specificity of primers was verified in a standard, routine PCR
amplification reaction with undiluted cDNA as a starting material, to verify
the predicted size of the amplification product. OneTag Hot Start 2x Master
Mix with Standard Buffer (NEB) components were used in a reaction (Table

7). PCR amplification products were run on a 2% agarose gel.

4 https://www.ncbi.nlm.nih.gov/
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Table 7 Components used in routine PCR for assessing primer specificity.

Component Volume
undiluted cDNA variable (up to 1 pg)
10 uM forward primer 0.5 pL
10 pM reverse primer 0.5 uL
OneTag® Hot Start 2x Master Mix with
Standard Buffer 12.5 pL
nuclease-free water to a total volume of 25 L

3.6.4. RT-qPCR

Luna Universal gPCR Master Mix (NEB) was used to perform
quantitative real-time polymerase chain reaction (RT-qPCR). This master
mix is based on SYBR Green I fluorescent dye that binds double-stranded
DNA. The reaction was done using a LightCycler 480 (Roche Holding, Basel,
Switzerland) system and related software. The RT-qPCR program steps with
indicated temperatures and times are listed in Table 8. As a reference gene,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used, with the
cycle threshold (Ct) value between 16 and 21. The cut-off value for Ct was
35 cycles. mRNA expression levels for all genes of interest (GOI) were
calculated as relative to the expression level of the reference gene, GAPDH.
The equation 2(Ct value of GAPDH) - (Ct value of GOI) was used in the analysis to
calculate the fold change of GOI relative to the GAPDH. Final results were
normalized to the untreated control samples and presented as fold change.

All samples were done in technical duplicates.
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Table 8 Steps of the RT-qPCR.

Step Temperature (°C) | Time (s) | Number of cycles
preincubation 95 600 1
3-step amplification:
denaturation 95 10
annealing 55 10 45
extension 72 20
melting:
95 10
65 60 1
97 1
cooling 40 30 1

3.7. Western blot

The gels prepared for electrophoresis were 4% SDS-polyacrylamide
stacking gel and 12% SDS-polyacrylamide separation gel. Sample
preparation for Western blot (WB) was described in 3.5. Following the
sonication step, samples were denatured on a thermo block at 95°C for 5
min. Samples were briefly spun down before loading. Electrophoresis was
performed at 90 V for the stacking gel and at 150 V for the separation gel.
Proteins were transferred onto nitrocellulose membrane (GE Healthcare,
Chicago, IL, USA) for 70 min at 100 V. Membranes were stained in Ponceau
S (Carl Roth) to check the efficiency of protein transfer to the membrane.
Membranes were washed in TBS-T (0.1% Tween 20 in Tris-buffered saline,
pH 7.4, all from Sigma-Aldrich) and blocked in the 5% BSA solution in TBS-
T for 1 h on a shaker at RT. Membranes were incubated for 72 h on a shaker
at 4°C with primary antibody specific to ATF3 (SCBT, sc-518032 X, 1:500)
diluted in 3% BSA in TBS-T. Membranes were washed in TBS-T 3x for 5

min at RT on a shaker>. Incubation with secondary antibody, horseradish

> each latter washing step was the same
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peroxidase (HRP)-linked goat anti-mouse (7076, Cell Signaling Technology,
CST, Danvers, MA, USA, RRID: AB_330924, 1:2000) diluted in 1% BSA in
TBS-T, was performed for 1 h at RT on a shaker. After the washing step,
the chemiluminescent reagent Liteablot Turbo (Euroclone, Diagnostica,
Milan, Italy) was added to membranes and incubated for 1 min at RT.
Membranes were imaged with ChemiDoc MP Imaging System. Next,
membranes were immunolabeled with HRP-conjugated ACTB (Sigma-
Aldrich, A3854, RRID: AB_262011, 1:5000) and loading control GAPDH
(Proteintech, HRP-60004, Rosemont, IL, USA, RRID: AB_2737588, 1:5000)
antibodies. Membranes were blocked in 5% powdered milk (PM, Carl Roth)
in TBS-T for 1 h at RT on a shaker. GAPDH antibody diluted in 3% PM in
TBS-T was incubated overnight at 4°C on a shaker. Next day, membranes
were washed and incubated with HRP-linked goat anti-mouse secondary
antibody. HRP-linked ACTB antibody diluted in 3% PM in TBS-T was
incubated for 15 min at RT on a shaker. Membranes were lastly washed,

incubated with chemiluminescent reagent, and imaged as described before.

3.8. Data analysis

Immunofluorescence results are obtained from at least three
independent experiments, and they are presented as bar graph with mean
+ standard deviation (SD). Results from gene silencing experiments are
obtained from one P3-5 litter, and two P16-18 litters, and they are
presented as a bar graph with mean. Image and data analysis was done
using Imagel (immunofluorescence, Western blot) and LightCycler
software (RT-gPCR).

Imagel] was used in immunofluorescence and WB data analysis. For
immunofluorescence results, Imagel was used to count cells expressing
different cellular markers and different combinations of markers. The

Imagel] CellCounter plugin was used to count the cells.
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Quantification of WB results was performed with Analyze Gels tool
within Image] program. Briefly, optical densities (OD) of GAPDH and
protein of interest (POI) bands were measured for each sample. Relative
OD of POI was calculated as a ratio between OD of POI and OD of GAPDH.
Finally, relative OD of POI in each sample was divided with relative OD of
POI in untreated sample. Results were shown as bar graph with mean, since

there was insufficient number of replicates to perform statistical analysis.

3.8.1. Statistics

Statistical analysis was performed with GraphPad Prism 8.4
(GraphPad Software Inc., La Jolla, CA, USA). To test the normality of data,
depending on the number of values tested, either D’Agostino—-Pearson, or
Shapiro-Wilk normality test was used. Brown-Forsythe test was used to
test the equality of variances. One-way ANOVA was used to compare three
or more data groups when data followed a Gaussian distribution, and then
the Holm-Sidak test was performed for multiple comparisons between data
groups. Data groups with different variances that fail a normality test were
compared using the Kruskal-Wallis test, followed by Dunn’s test for
multiple comparisons between data groups. Student’s t-test was used to
compare two normally distributed data groups with equal variances, and in
case of unequal variances, Welch’s t-test was used. The accepted level of
significance was p < 0.05. p < 0.001 very significant ***,0.001 < p < 0.01

very significant **, 0.01 < p < 0.05 significant *, = 0.05 not significant

(ns).
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4. RESULTS

4.1. Characterization of primary cortical cell cultures
derived from the opossum Monodelphis domestica,

and validation of different cellular markers
Primary cortical cultures were prepared from opossums Monodelphis
domestica of two developmentally different ages, P3-5 and P16-18, that

can or cannot regenerate their spinal cord after injury, respectively.

In Petrovi¢ et al. (31) we published a part of the data presented in
this work. Pie charts and graphs in Figures 5-8 represent the data

collectively obtained by all of the authors of that publication.

4.1.1. Expression of different neuronal markers

After dissociation of cortical tissue, primary cortical cells survived well
and attached successfully to the surface. One day following plating, growing
neurites and growth cones (GCs) were observed. Cells were stained with
the cytoskeletal neuronal marker TUJ1 to visualize the neurites (Figure
4A,B). GCs are structures rich in actin and to confirm their formation we
used fluorescently labeled phalloidin, which is a toxin that binds filamentous
(F)-actin (Figure 4A,C).
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F-actin

Figure 4 Developing neurons form growth cones (GCs) at the tips of growing
neurites. Cells derived from P5 opossums were fixed at DIV1 and stained for (B) B-tubulin
IIT (TUJ1, red), (C) filamentous (F)-actin (green) and (D) nuclear stain DAPI (blue). (A)
Merged image of all markers. Arrows indicate GCs. Scale bar, 50 um.

Cells in cultures from P3-5 opossums were comprehensively
characterized using immunofluorescent microscopy. Cells were stained with
antibodies for several neuronal markers, namely B-tubulin III (TUJ1),

microtubule associated protein-2 (MAP2) and neuronal nuclei (NeuN).

At DIV1 (Figure 5), all the tested neuronal markers were detected in
cultures. A majority of the cells (86.83 £ 2.20%, n = 367) stained triple
positive for TUJ1, MAP2 and NeuN (TUJ1+/MAP2+/NeuN+). A smaller
fraction of neurons (6.86 = 1.70%, n = 367) expressed only NeuN (TUJ1-
/MAP2-/NeuN+, Figure 5A-E, arrow) and there were also neurons (4.02 £
1.90%, n =367) negative to TUJ1 (TUJ1-/MAP2+/NeuN+, Figure 5A-E,
asterisk). The smallest proportion of cells (2.28 = 0.78%, n =367) were
triple negative non-neuronal cells (TUJ1-/MAP2-/NeuN-, Figure 5A-E,
hash).
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2 [ F| DIV1

mm TUJ1+/MAP2+/NeuN+ TUJ1-/MAP2+/ NeuN+
TUJ1-/MAP2-/NeuN+ == non neuronal

Figure 5 Primary cortical cells express neuronal markers at DIV1. P3-5 opossum
derived cortical cultures were fixed at DIV1 and stained for (B) neuronal nuclei (NeuN,
magenta), (C) TUJ1 (red), (D) microtubule-associated protein-2 (MAP2, green), and (E)
DAPI (blue). (A) Merged image of all markers. Asterisk indicates TUJ1-/MAP2+/NeuN+
cell, arrow indicates TUJ1-/MAP2-/NeuN+ cell, and hash indicates non-neuronal cell (TUJ1-
/MAP2-/NeuN-). Scale bars, 50 um. (F) Percentage of expression of TUJ1, MAP2 and NeuN
at DIV1.

At DIV4 (Figure 6), almost all (>97%) cells in our cultures were
neurons. Most of them (93.11 £ 2.49%, n = 442) were triple positive
(TUJ1+/MAP2+/NeuN+), others (4.53 = 1.34%, n = 442) were positive
only for NeuN (TUJ1-/MAP2-/NeuN+, Figure 6A-E, arrow) and numbers of
TUJ1- neurons (TUJ1-/MAP2+/NeuN+, Figure 6A-E, asterisk) and non-
neuronal cells (TUJ1-/MAP2-/NeuN-, Figure 6A-E, hash) were reduced
(0.26 £ 0.64% and 2.11 = 1.18%, respectively, n = 442), when compared
to DIV1.
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TUJ1-/MAP2-/NeuN+ == non neuronal

Figure 6 Primary cortical cells express neuronal markers at DIV4. P3-5 opossum
derived cortical cultures were fixed at DIV4 and stained for (B) neuronal nuclei (NeuN,
magenta), (C) B-tubulin III (TUJ1, red), (D) microtubule-associated protein-2 (MAPZ2,
green), and (E) nuclear stain 4’,6-diamidino-2-phenylindole (DAPI, blue). (A) Merged
image of all markers. Asterisk indicates TUJ1-/MAP2+/NeuN+ cell, arrow indicates TUJ1-
/MAP2-/NeuN+ cell, and hash indicates non-neuronal cell (TUJ1-/MAP2-/NeulN-).
Arrowheads are placed alongside TUJ1+/MAP2- axons. Scale bars, 50 um. (F) Percentage
of expression of TUJ1, MAP2 and NeuN at DIV4.

At DIV7 (Figure 7) there was a decrease in the number of triple
positive cells (TUJ1+/MAP2+/NeuN+, 83.37 + 4.13%, n = 201), while the
number of neurons expressing only NeuN (TUJ1-/MAP2-/NeuN+, Figure 7A-
E, arrow) increased accordingly (10.2 £ 5.99%, n = 201). An increase in
TUJ1-negative neurons (TUJ1-/MAP2+/NeuN+, Figure 7A-E, asterisk) was
also observed (3.23 £ 3.40%, n = 201). At this period, the highest
proportion of non-neuronal cells (TUJ1-/MAP2-/NeuN-, Figure 7A-E, hash)
was present in the cultures (3.38 £ 1.47%, n = 201).
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TUJ1-/MAP2+/ NeuN+ == non neuronal

Figure 7 Primary cortical cells express neuronal markers at DIV7. P3-5 opossum
derived cortical cultures were fixed at DIV4 and stained for (B) neuronal nuclei (NeuN,
magenta), (C) B-tubulin III (TUJ1, red), (D) microtubule-associated protein-2 (MAPZ2,
green), and (E) nuclear stain 4’,6-diamidino-2-phenylindole (DAPI, blue). (A) Merged
image of all markers. Asterisk indicates TUJ1-/MAP2+/NeuN+ cell, arrow indicates TUJ1-
/MAP2-/NeuN+ cell, and hash indicates non-neuronal cell (TUJ1-/MAP2-/NeulN-).
Arrowheads are placed alongside TUJ1+/MAP2- axons. Scale bars, 50 um. (F) Percentage
of expression of TUJ1, MAP2 and NeuN at DIV7.

The distribution of neuronal marker expression in different days in

vitro is shown in pie charts (Figures 5-7F).

TUJ1 and MAP2 are both cytoskeletal markers in neurons, and they
were used to observe the neurite outgrowth occurring in vitro. At DIV1, it
was impossible to distinguish the axon from other neurites since all of them
co-expressed TUJ1 and MAP2 (Figure 5). At DIV4 and DIV7, we were able
to identify axons as TUJ1+/MAP2- neurites (Figures 6 and 7, arrowheads).

4.1.2. Primary neuronal cultures
After DIV1, primary cortical cultures derived from P3-5 opossums
were maintained in neuronal medium (see Materials and Methods). Cultures
mostly consisted of neurons, and the first connections were observed at
DIV4. Neuronal networks formed over 3 weeks in vitro (Figure 8, upper

34



panel) and the percentage of TUJ1-positive neurons in the culture was
evaluated for each time point analyzed (Figure 8G). Among all of the
neuronal markers previously used, TUJ1 was the marker of choice because
it stains neuronal soma, axons and dendrites, and thus, allowed the best
visualization of neural networks. At DIV1 (Figure 8A), 84.82 £ 4.87% (n =
663) of cells were TUJ1+ neurons. The highest percentage of TUJ1+
neurons present in the culture occurred at DIV4 (92.66 £ 2.02%, n = 603),
and it decreased afterwards. From DIV7 (Figure 8B) to DIV15 (Figure 8C),
TUJ1+ neurons made up more than 80% of the culture (DIV7 86.28 %
4.22%, n = 980, DIV11 83.28 + 6.62%, n = 637, and DIV15 81.53 %
8.46%, n = 560), but their number was significantly decreased at DIV22
(67.68 = 8.46%, n = 633).

Network formation was also observed in cultures derived from P16-
18 opossums (Figure 8, middle panel). Cells were maintained in neuronal
medium for up to 3 weeks. Cells were fixed at DIV1, DIV7 and DIV15
(Figure 8D-F, respectively), stained for TUJ1 and counted (Figure 8H). The
percentage of TUJ1+ neurons was lower compared to opossum P3-5
derived cultures. At DIV1, TUJ1+ neurons were 72.80 £ 19.24% of all cells
in the culture (n = 2070, Figure 8D). At DIV7 this percentage increased to
82.37 £ 10.38% (n = 704, Figure 8E), and then it significantly decreased
at DIV15 (55.59 + 18.54%, n = 1514, Figure 8F).
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Figure 8 Development of neuronal networks in primary neuronal cultures. Cells
derived from P3-5 (top panel) and P16-18 (middle panel) opossums were fixed at (A, D)
DIV1, (B, E) DIV7 and (C, F) DIV15. Samples were stained for TUJ1 (red) and nuclear
stain DAPI (blue). Scale bars, 50 um. (G) Histogram showing the percentage of neurons
in P3-5 cultures at different times as indicated below the bars. One-way ANOVA followed
with Holm-Sidék post-hoc test. DIV1 vs. DIV22 p < 0.001***, DIV4 vs. DIV11 p =
0.0395%*, DIV4 vs. DIV15 p = 0.0064**, DIV4 vs. DIV22 p < 0.001***, DIV7 vs. DIV22 p
< 0.001*** DIV15 vs. DIV22 p = 0.0013**. (H) Histogram showing the percentage of
neurons in P16-18 cultures at different times as indicated below the bars. Kruskal-Wallis
test followed with Dunn’s post-hoc test. DIV7 vs. DIV15 p = 0.0071**,
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During the second week in culture, cell aggregates (Figure 9) started
to form in cultures derived from opossums of both ages. These spherical
aggregates consisted of clustered neuronal bodies, whose neurites spread

radially from the aggregates.

Figure 9 Primary neurons derived from opossums of both ages, P3-5 and P16-18,
form aggregates in vitro. Cells derived from (A) P3-5 and (B) P16-18 opossums were
fixed at DIV15 and DIV7, respectively, and stained with anti-TUJ1 antibody (red) and
nuclear stain DAPI (blue). Cells positive to TUJ1 of both ages formed aggregates and
spread their neurites radially. Scale bars, 50 um.
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4.1.3. Synapse formation

Cells were fixed at DIV15 when cell connections were abundant, and
they were then stained for TUJ1 and synapsin I. Synapsin I is a presynaptic
vesicle protein, and anti-synapsin I was previously used in opossum (34).
It was confirmed that opossum-derived primary cortical neurons
successfully form neuronal networks in vitro and that synapses are present
at DIV15 (Figure 10) when the neuronal network is generally considered
mature (35).

synapsin I

) JA

Figure 10 Primary cortical neurons form synapses in vitro. P5 opossum derived
cortical cultures were fixed at DIV15 and stained for TUJ1 (red), synapsin I (green) and
nuclear stain DAPI (blue). For better visualization of stained synapses, part of the image
marked with white square is shown enlarged in the right panels, separately for (top panel)
synapsin I and (bottom panel) TUJ1 staining. Scale bar, 50 um.
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4.1.4. Proliferative cells
Opossum brain development continues postnatally, and it was
therefore assumed that the proliferative progenitor/radial glial cells would

be present in primary cortical cell cultures.

To evaluate the proliferation capacity of the cells, a proliferation
assay was performed using the Click-iT EdU Proliferation Kit (Figure 11). In
the first experiment, following fixation, cells were stained for vimentin and
GFAP to investigate whether proliferative cells (EdU+) express glial markers
(Figure 11A-D). In the second experiment, cells were stained for TUJ1
(Figure 11E-G) to confirm that cells that express neuronal markers are not

proliferative.

Figure 11 Primary cortical cultures contain proliferative cells. Two P3-5 cultures (A-
D and E-G) were tested for proliferation with Click-iT EdU Proliferation Kit at DIV1 and
fixed at DIV2. Cells were stained for (A) vimentin (Vim, magenta), (B) GFAP (red), (C, F)
EdU (see Materials and Methods, green), (D, G) nuclear stain DAPI (blue) and (E) TUJ1
(magenta). Asterisks indicate proliferative cells (EdU+) positive for vimentin and/or GFAP
in upper panel, and negative to TUJ1 in lower panel. Scale bars, 50 um.

In addition, it was examined whether the proliferative characteristic
of cells is preserved in vitro. To sustain proliferation, cells were maintained
in proliferative medium containing serum. Specifically, proliferative
medium consisted of DMEM with stable glutamine supplemented with 10%
w/v FBS (see Materials and Methods). The number of proliferative cells
(EdU+) was counted at DIV1 and DIV7 (Figure 12). The percentage of EdU+
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cells was expected to increase as proliferative cells would have to divide
and therefore increase their number. At DIV1, EdU+ cells were 18.15 %
5.36% (n = 575, Figure 12A,C) of the total number of cells, while, as
expected, at DIV7 their number increased significantly to 57.70 £ 15.42%
(n = 740, Figure 12B,C).
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Figure 12 Cells can be maintained in a proliferative state using the proliferative
medium. Opossum P3-5 derived primary cortical cultures were maintained in proliferative
medium (see Materials and Methods) and fixed at (A) DIV1 and (B) DIV7. Click-iT EAU was
added to the cells 24 h prior to fixation. Cells were stained for TUJ1 (red), EdU (green)
and nuclear stain DAPI (blue). Scale bar, 50 um. (C) Histogram showing the percentage
of EdU+ cells at DIV1 and DIV7. Unpaired t-test with Welch’s correction. DIV1 vs. DIV7 p
= 0.0418*.

It was hypothesized that the proliferative cells seen in primary
cortical cell cultures could be radial glial cells (RGCs). Previous experiments
demonstrated that proliferative cells express vimentin and GFAP. However,
Vim+/EdU+ cells could instead be fibroblasts from meningeal tissue, and
GFAP+/EdU+ cells could instead be astrocytes. Figure 9 shows a triple
positive GFAP+/Vim+/EdU+ cell, implying that cortical cultures contain
RGCs. Therefore, to be more accurate in RGC characterization, cells were
double stained for Pax6 and vimentin, and it was observed that all Vim+

cells are positive to Pax6 (Figure 13).
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Figure 13 Cortical radial glial cells express Pax6 and vimentin. P3-5 culture was fixed
at DIV1 and stained for paired box-6 transcription factor (Pax6, red), vimentin (Vim,
green) and nuclear stain DAPI (blue). Scale bar, 50 um.

4.2. Gene silencing
In order to confirm that primary cortical cell cultures derived from
Monodelphis domestica can be used as a model in the postnatal CNS

regeneration research, a gene silencing protocol was optimized.

4.2.1. siRNA transfection protocol optimization
A novel siRNA transfection protocol was established because this
technique has never been used before in primary cortical cell cultures
derived from Monodelphis domestica. Following successful characterization
of primary cortical cell cultures, these cells were used in gene silencing
experiments. The transfection method was based on the fusion of a

liposomal carrier with a cell membrane.

Firstly, the cells were treated with a transfection reagent containing
the fluorescein-conjugated siRNA (Figure 14). Transfection was performed
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according to the manufacturer’s instructions. Fluorescently labelled siRNA
enabled visualization of the transfected cells under the fluorescent
microscope. siRNA successfully entered the cells, and transfected cells were

alive for at least 4 h after transfection (Figure 14).

Figure 14 Transfection reagent successfully delivers siRNA into the cells. P5
cultures were transfected at DIV7 with fluorescent siRNA and imaged after 4h using the
(A) fluorescent and (B) brightfield microscopy. (C) Merged image of (A) and (B). Scale
bar, 50 um.

In the optimization process, cells were targeted with siRNA specific
to actin beta (ACTB siRNA). ACTB siRNA is a commercially available positive
control for siRNA knockdown experiments, and it is specific for human actin
beta (hACTB). Its sequence was compared to the predicted opossum ACTB
sequence (Figure 15) available in the Ensembl database. Alignment was
performed using the Multiple Sequence Alignment tool within Clustal
Omega web application (36). ACTB siRNA was used in the optimization

phase despite the observed difference.

opossum GGTGGTACCACCATGTACCCAGGCATTGCTGACAGGATGCAGAAGGAGATTACAGCCCTA

SARNA o m oo

opossum GCCCCCAGCACAATGAAAATCAAGATCATTGCCCCACCTGAGCGCAAATACTCTGTCTGG

SIRNA  —mmemeeo- TGAAGATCAAGATCATTGC -~ === == === == == o= oo o e o e
KKK KKK EK KKK K KKK KKK

opossunm ATTGGAGGCTCCATCCTGGCCTCCCTCTCCACCTTCCAACAGATGTGGATCAGTAAGCAG

SARNA o m oo

Figure 15 A single nucleotide mismatch between commercially available ACTB
SiRNA and siRNA-binding site on the predicted opossum ACTB gene sequence.
Aligned nucleotides are marked with asterisks. There is one mismatch (arrow) at the
position 5 of the ACTB siRNA.
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To investigate whether the transfection procedure would affect the
cell viability, P5 cells cultured in a 24-well plate were treated at DIV1
(Figure 16). One set of the cells was left untreated (Figure 16A) and other
cells were treated either with the siRNA-free transfection reagent (Figure
16B) or transfection reagent containing 10 pmol ACTB siRNA (Figure 16C).
siRNA-free transfection reagent was added to one set of the cells (vehicle-
treated) to test the effect of the reagent itself on cell viability. Cells were

treated for 15 minutes and then immediately imaged.
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Figure 16 Cell survival after transfection. (A) Untreated P5 cells at DIV1. Other cells
were treated at DIV1 with either (B) siRNA-free transfection reagent or (C) transfection
reagent containing ACTB siRNA. Cells were imaged with phase contrast immediately after
treatment. Arrows indicate dead cells. Scale bars, 50 um.

Next, the transfection was performed in the P5 culture at DIV7
(Figure 17). Different concentrations of ACTB siRNA (10 pmol and 20 pmol)
and incubation times (15 min, 30 min, 45 min and 60 min) were tested. 20
pmol of siRNA was lethal to the cells at all indicated incubation times. When
10 pmol of siRNA was used, more cells died with increasing incubation time.
For further transfections performed in a 24-well plate, 10 pmol of siRNA per

well was incubated with cells for 15 min at 32°C.
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Figure 17 For transfection of cells cultured in a 24-well plate, optimal siRNA
concentration is 10 pmol/well and optimal incubation time is 15 min. P5 culture
was transfected with ACTB siRNA at DIV7 to test different siRNA concentrations and
incubation times. siRNA concentrations and incubation times are indicated in upper right
corner of each image. Cells were imaged with phase-contrast immediately after treatment.
Scale bars, 50 um.

Furthermore, to optimize the amount of siRNA needed for silencing
on a larger scale, P18 cells were plated in 6-well plates and transfected with
30 or 60 pmol of ACTB siRNA per well at DIV1 (Figure 18). The incubation
time was 15 min. A higher concentration of siRNA (60 pmol) was toxic to
the cells, and therefore, 30 pmol of siRNA per well was used for further

transfections.

Figure 18 In a 6-well plate, optimal siRNA concentration is 30 pmol/well. P18 cells
at DIV2. Cells were (A) untreated or transfected at DIV1 with either (B) 30 or (C) 60 pmol
of ACTB siRNA per well. Amount of siRNA used per well is indicated. Arrows indicate dead
cells. Notice the aggregate of dead cells in the sample transfected with 60 pmol of ACTB
SiRNA, in the red oval. Scale bars, 50 um.
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In the final optimization step, to improve the cell viability, it was
assessed whether it was better to dilute the transfection reagent in PBS or
neuronal medium. P5 cells were cultured in a 6-well plate and transfected
at DIV1 with transfection reagent diluted either in PBS or neuronal medium
(NB/B27), and one set of cells were left untreated. Next day, cells were
imaged (Figure 19, upper panel) and harvested. The highest concentration
of total RNA was isolated from untreated cells (c = 38.77 ng/pL), while in
two other samples the concentration was lower (PBS ¢ = 22.89 ng/uL,
NB/B27 ¢ = 23.88 ng/uL, Figure 19A). Agarose gel electrophoresis
confirmed good quality of isolated total RNA (Figure 19A). The RNA was
reversely transcribed into cDNA, and cDNA from untreated cells was used
to test the specificity of ACTB and GAPDH primers (Figure 19B) designed
for RT-gPCR analysis. After RT-gPCR, it was calculated that mRNA
expression of ACTB was reduced by 11.73% when the transfection reagent
was diluted in PBS, and when the transfection reagent was diluted in
neuronal medium, ACTB expression reduced by 53.02% (Figure 19B). In
WB analysis, a membrane was immunolabeled with ACTB and GAPDH
antibodies (Figure 19C). Expression of ACTB was decreased in both
transfected samples. When transfection reagent was diluted in PBS, ACTB
expression was reduced by 35.65%, and when transfection reagent was
diluted in neuronal medium, ACTB expression was reduced by 33.79%
(Figure 19C).
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Figure 19 Transfection is more efficient on mRNA level when transfection reagent
is diluted in neuronal medium. P5 cells were imaged with phase contrast at DIV2 (upper
panel). Part of the cells was treated at DIV1 with ACTB siRNA diluted in either PBS or
neuronal medium (NB/B27). Scale bars, 50 um. (A) Bar graph showing concentrations of
total RNA isolated from P5 cells at DIV2. Quality of total RNA was assessed on 1% agarose
gel. (B) RT-gPCR. ACTB mRNA levels were normalized to GAPDH mRNA levels. Bar graph
showing fold change of ACTB expression in treated samples compared to untreated control.
2% agarose gel electrophoresis of endpoint RT-PCR products. PCR product sizes are
indicated on the right. (C) Western blot. Bar graph showing relative change of ACTB protein
levels in treated samples, compared to untreated sample. GAPDH was a loading control.
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4.2.2. Alignment of the human and opossum ATF3 isoforms
Alignment of human and opossum ATF3 protein amino sequences
using the Clustal Omega® web tool (Figure 20) showed that their amino acid
sequences are 92.27% identical and that all possible PTM sites from human
ATF3 are conserved in opossum. PTM sites are Lys78, Lysl75
(SUMOylation, Figure 20, red boxes), and Thr162 (phosphorylation, Figure
20, blue box).

human_ATF3 MMLQHPGQVSASEVSASAIVPCLSPPGSLVFEDFANLTPFVKEELRFAIQNKHLCHRMSS 60
opossum_ATF3 MMLQHPSQVPASEVSASAIVPCLSPAGSLAFEDFTTLTPLVKEELRFAIQNKHLCHRMSS 60

RECERERE KR KEEKEREEEREEEEER  REE HEEE ., KRR RERERERERKEERERKRERERR
. . .. .

human_ATF3 ALESVTVSDRPLGVSITKAEVAPEEDERKKRRRERNKIAAAKCRNKKKEKTECLQKESEK 120
opossum_ATF3 TLESVTVSDRPIEMSIMKAEFAPEEDERKKRRRERNKIAAAKCRNKKKEKTECLQKESEK 120
:**x**x**x*: :xx xx*.**x****x**x**x**x****x***x*x**x****x**x
human_ATF3 LESVNAELKAQIEELKNEKQHLIYMLNLHRPTCIVRAQNGRTPEDERNLFIQQIKEGTLQ 180
opossum_ATF3 LESVNAELKAQIEELKNEKQHLIYMLNRHRPTCIVRAQNGRTPEDERNLFIQQIKEGTLQ 180
EEEERKEE KR KRR KE R KRR KKK KR EER RREEEBRE KK R KRR KRR R KKK R K KRR REERRKEK
human_ATF3 S 181 Percent identity:
opossum_ATF3 S 181 1: human_ATF3 100.00
* 2: opossum_ATF3 92.27

Figure 20 Posttranslational modification sites defined for human ATF3 are
conserved in opossum ATF3. Clustal alignment of human and opossum ATF3 amino
acid sequences. Red boxes indicate SUMOylation sites, while blue box indicates
phosphorylation site.

Additionally, alignment of human and opossum ATF3AZip amino acid
sequences was performed (Figure 21). In human ATF3AZip there is one
PTM site detected, SUMOylation at Lys78, and it is conserved in opossum
ATF3AZip (Figure 21, red box). Human and opossum ATF3AZip amino acid
sequences are 86.44% identical.

6 https://www.ebi.ac.uk/Tools/msa/clustalo/
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human_ATF3AZip MMLQHPGQVSASEVSASAIVPCLSPPGSLVFEDFANLTPFVKEELRFAIQNKHLCHRMSS 60

opossum_ATF3AZip MMLQHPSQVPASEVSASAIVPCLSPAGSLAFEDFTTLTPLVKEELRFAIQNKHLCHRMSS 60
**x#‘-*x R EERERRERERERRRRERREX 3=<=i.=<xx=< la{*:: ERREREFRERERERAAREHRR

human_ATF3AZip ALESVTVSDRPLGVSITKAEVAPEEDERKKRRRERNKIAAAKCRNKKKEKTECLQLQY - - 118

opossum_ATF3AZip TLESVTVSDRPIEMSIMKAEFAPEEDERKKRRRERNKIAAAKCRNKKKEKTECLQKVSSW 120
e ERMERE R R R, . *pE X EEEEXEE R R R R R R R R R R R R R R R R R

Percent identity:

1: human_ATF3AZip 100.00
2: opossum_ATF3AZip 86.44

human_ATF3AZip ---- 118
opossum_ATF3AZip LAAF 124

Figure 21 Posttranslational modification site defined for human ATF3AZip is
conserved in opossum ATF3AZip. Clustal alignment of human and opossum ATF3AZip
amino acid sequences. Red box indicates SUMQylation site.

4.2.3. Silencing of ATF3
Gene silencing of the activating transcription factor 3 (ATF3) was
performed using siRNA molecules specific for the ATF3 mRNA sequence.
ATF3 was selected as a gene of interest since it has a confirmed role in

adult PNS regeneration (25,26).

All ATF3-specific siRNAs (S1, S2, S3) target the ATF3 transcript 201,
while only S3 siRNA targets the ATF3 transcript 202. Two different primer
pairs for ATF3 were used, since ATF3 gene codes for two known transcripts,
ATF3 201 and ATF3 202 (24). ATF3 primer pair 1 (ATF3 P1) is specific for
ATF3 201 transcript, and ATF3 primer pair 2 (ATF3 P2) amplifies both
transcripts. For easier understanding, these claims are schematically

presented (Figure 22).

siRNA primer pair
ATF3 201 transcript ATF3 202 transcript ATF3 201 transcript ATF3 202 transcript
ATF3 51 v x ATF3 P1 v x
ATF3 52 v x ATF3 P2 v v
ATF3 53 v v

Figure 22 Gene silencing experimental design. Schematic overview of ATF3-specific
SiRNA (left table) and primer (right table) targets.

ATF3 silencing experiments were performed once in primary cortical

cultures derived from P3-5 opossums and twice in cultures derived from
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P16-18 opossums. These preliminary results are analyzed and presented
separately for each age, since the opossums of these two indicated ages
are developmentally different and as such are presented throughout this
work. The entire course of the experimental work was carried out as

described in Materials and Methods.

RNA was isolated from P3-5 opossums derived cells, 35.20 £ 3.86
ng/uUL total. The isolated RNA was pure, with Azeso/230 and Azeo/280 ratios of
2.507 £ 0.143 and 2.056 + 0.032, respectively, and of good quality. RT-
gPCR results indicate that ATF3 was successfully silenced at mRNA level in
all samples treated with ATF3-specific siRNAs. In a sample transfected with
ATF3 S1 siRNA, ATF3 201 transcript expression was reduced by 53.39%
(Figure 23A), while the expression of both transcripts was 60.16% lower
compared to the control sample (Figure 23B). In a sample transfected with
ATF3 S2 siRNA, ATF3 201 transcript expression was reduced by 47.21%
(Figure 23A), while the expression of both transcripts was 55.40% lower
than in control sample (Figure 23B). In a sample transfected with ATF3 S3
siRNA, ATF3 201 transcript expression was reduced by 46.58% (Figure
23A), while the expression of both transcripts was 42.77% lower compared

to the control sample (Figure 23B).

From cultures derived from P16-18 opossums, 66.31 £ 24.77 ng/uL
total RNA was isolated. The isolated RNA was pure, with Axso/230 and Azso/280
ratios of 2.227 £ 0.232 and 2.123 * 0.036, respectively, and of good
quality. RT-gPCR was performed, and the results indicated a lower silencing
efficiency than in P3-5 culture. In sample transfected with ATF3 S1 siRNA,
ATF3 201 transcript expression was reduced by 8.47% (Figure 23D), while
the expression of both transcripts was 6.12% lower than in control sample
(Figure 23E). In a sample transfected with ATF3 S2 siRNA, ATF3 201
transcript expression was reduced by 10.76% (Figure 23D), while the
expression of both transcripts was 16.26% lower compared to the control
sample (Figure 23E). In a sample transfected with ATF3 S3 siRNA, ATF3
201 transcript expression was reduced by 5.01% (Figure 23D), while the
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expression of both transcripts was 11.09% lower compared to the control

sample (Figure 23E). In samples transfected with negative control siRNA,
ATF3 mRNA levels of 201 and both 201 and 202 transcripts were 1.74%
lower (Figure 23D) and 15.20% higher (Figure 23E) compared to the

control sample, respectively.
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Figure 23 Silencing of ATF3 at mRNA level is more effective in P3-5 opossum
cultures. Transfection of (A,B) P3-5 and (C,D) P16-18 opossum primary cortical cultures
with ATF3-specific siRNAs (S1, S2 and S3), and negative control siRNA was performed at
DIV1. mRNA levels of ATF3 isoforms were assessed by RT-gPCR analysis. Data are
calculated as mean and represented as bar graph. mRNA levels in treated samples are
shown as fold change relative to the untreated sample. (A,C) ATF3 201 mRNA levels. (B,D)

ATF3 201 and 202 mRNA levels.

Other sets of samples from P3-5 and P16-18 cultures, that were

transfected at DIV1 and DIV2, were lysed in 2x LSB and homogenized. To
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determine silencing efficiency at the protein level, samples were analyzed

as described in Materials and Methods.

From information available in the literature, the signal for ATF3 was
expected at two different molecular weights, at 14 and 22 kDa.
Interestingly, in P3-5 cultures there were three, and in P16-18 cultures
there were five different bands detected after immunolabelling with an
ATF3-specific antibody. An additional band in P3-5 cultures was detected at
25 kDa (Figure 24A), and in P16-18 cultures, two more isoforms were
detected, at 30 and 35 kDa (Figure 25A).

In P3-5 cultures (Figure 24), 14 kDa isoform expression (Figure 24B)
was decreased in samples treated with ATF3 specific siRNAs (S1 -34.62%,
S2 -34.73% and S3 -49.18%). However, in negative control samples the
expression was also reduced by 28.21%. 22 kDa isoform expression (Figure
24C) remained almost the same in samples treated with ATF3 S1 and S2
siRNAs, +2.50% and -0.13%, respectively, while in samples treated with
ATF3 S3 siRNA the expression decreased by 39.44%. In negative control
samples, the expression was 27.88% lower than in control samples.
Expression of 25 kDa ATF3 form (Figure 24D) increased after treatment
with ATF3 S1-3 siRNAs, +73.40%, +33.50% and +29.20%, respectively,

and in negative control samples it remained unchanged (-4.46%).
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Figure 24 Expression levels of ATF3 (iso)forms in P3-5 cultures after silencing of
ATF3. P3-5 cultures were treated at DIV1 and DIV2 with ATF3-specific siRNAs (51, S2 and
S3) and negative control siRNA, and harvested at DIV3. Western blot analysis was
performed. (A) Membranes were immunolabeled with ATF3-specific antibody. Numbers on
the left indicate the protein mass of the ladder bands in kDa. (B) 14 kDa ATF3 isoform
expression. (C) 22 kDa ATF3 isoform expression. (D) 25 kDa ATF3 form expression.
GAPDH was a loading control.

In P16-18 cultures (Figure 25), the expression of 14 kDa ATF3
isoform was increased in all treated samples: ATF3 S1 +44.90%, ATF3 S2
+30.40%, ATF3 S3 +31.80% and negative control +14.40% (Figure 25B).
The other isoform, 22 kDa in size, was expressed more in samples treated
with ATF3 S1 and S3 siRNAs, by 14.20% and 39.60%, respectively, and
remained almost the same in ATF3 S2 siRNA-treated samples, -2.90%. In
negative control samples the expression was 44.53% lower than in
untreated samples (Figure 25C). Similarly, the expression of 25 kDa ATF3
form (Figure 25D) was increased in ATF3 S1 (+22.30%) and S3 (+12.20%)
siRNA-treated samples, and it remained almost the same in ATF3 S2 siRNA-
treated samples, -3.70%. Again, the expression in negative control
samples (-28.20%) was lower than in the control. The 30 kDa ATF3 form
expression was increased in all siRNA-treated samples: ATF3 S1 +86.70%,
ATF3 S2 +36.10%, ATF3 S3 +36.60% and negative control +26.20%
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(Figure 25E). Finally, the expression of the 35 kDa ATF3 form (Figure 25F)
was increased in ATF3 S1-3 siRNA-treated samples, +49.40%, +10.80%
and 46.10%, respectively. In the negative control samples, the expression
was unchanged (-0.20%).
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Figure 25 Expression levels of ATF3 (iso)forms in P16-18 cultures after ATF3
silencing. P16-18 cultures were treated at DIV1 and DIV2 with ATF3-specific siRNAs (S1,
S2 and S3) and negative control siRNA. Cells were harvested at DIV3 and Western blot
analysis was performed. (A) Membranes were immunolabeled with ATF3-specific antibody.
Numbers on the left indicate the protein mass of the ladder bands in kDa. (B) 14 kDa ATF3
isoform expression. (C) 22 kDa ATF3 isoform expression. (D) 25 kDa ATF3 form
expression. (E) 30 kDa ATF3 form expression. (F) 35 kDa ATF3 form expression. GAPDH
was a loading control.
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5. DISCUSSION

Regeneration of the CNS is investigated in animal models that have
the highest genetic homology with humans to obtain the highly translatable
results. However, adult mammals are often inefficient in compensating for
the extensive loss of neurons resulting from various experimental
procedures (16). Since mammals are both difficult and costly to maintain
as laboratory animals, much research on CNS regeneration has been
conducted on non-mammals, such as amphibians (37), or teleost fish (38).
Amphibians are useful for research and better understanding of molecular
pathways and factors, although, despite remarkable regenerative
capacities, they lack genetic homology with humans. Therefore, all findings
from experiments on the lower vertebra must be confirmed in mammals

before translation into clinical settings (16).

The most widely used platform for in vitro research are cell cultures.
In general, they are easier to manipulate and maintain than living animals.
Experimental conditions can be better controlled, and thus, cell cultures
offer greater reproducibility (39). There are three main types of cell cultures
used: immortalized cell lines, primary cell cultures and induced pluripotent
stem cells (iPSCs). The most common cell lines used in neuroregeneration
research are SH-SHY5Y (40), NT2 (41), PC12 (42) and NSC-34 (43). Their
advantages are renewability, homogeneity (they represent one type of
cell), and easier long-term culturing and maintenance. Nevertheless, they
do not recapitulate the properties of in vivo neurons well. Primary neuronal
cells, on the other hand, retain most of the characteristics and genetic
information as in vivo neurons, which makes data obtained from them more
reliable. However, primary cultures are generally harder to prepare than
cell lines and yield a limited number of cells. Working with primary neuronal
cell cultures is even more challenging since neurons are post-mitotic cells.
Lately, reprogramming patients’ somatic cells into iPSCs is used to generate

patient-specific iPSCs that could be differentiated into cell types relevant to
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the investigated disease. Pasca et al. (44) derived iPSCs from the patient
who suffered from Timothy syndrome and differentiated them into neurons.
This relatively new approach enables investigation of exact pathological

changes and/or mutations present in the patient’s cells.

In this work, given the need for a new, more affordable, and simpler
mammalian model for investigating neuronal regeneration, long-term
primary cortical cell cultures from neonatal opossums, Monodelphis

domestica, were successfully prepared.

There are numerous advantages for using M. domestica as a source
of primary neurons and other CNS cells. Firstly, M. domestica are
marsupials without a pouch (17) that give birth to very immature pups.
Opossum neonates’ CNS has embryonic-like characteristics (17) and CNS
development can be investigated in postnatal opossums. Furthermore, they
are easy to maintain as laboratory animals, since they breed relatively often
and during the whole year (18). Finally, opossums regenerate spinal cord

after injury in the first two weeks of their life (21,22).

However, working with opossums has brought some challenges. For
immunofluorescence assays, most antibodies available on the market are
designed to work in rodents, like mice and rats, or in humans. For every
antibody that was used in this research, alignment of opossum protein with
the immunogen was performed, if data were available. Fortunately,
opossums have high protein sequence homology with other mammalian
species, including rodents and humans. Furthermore, commercially
available positive control siRNA used in silencing protocol optimization is
specific to the human ACTB gene transcript. Positive controls were available
from different manufacturers against human, mouse and rat, but none were

found against opossum gene transcripts.

The primary cortical cultures derived from P3-5 opossums
characterized in this work are almost completely neuronal for up to 3 weeks

in vitro. After 4 days in vitro, nearly 98% of the cells express at least one
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neuronal marker, TUJ1, MAP2 or NeuN, with more than 93% of cells being
positive for all three. More than 80% of all cells in the culture are neurons
until DIV22, when they decrease to nearly 65%. Opossums that are 3-5
days old developmentally correspond to E15.5-18.5 rat or E14-16 mouse
embryos (20), from which cortical cultures with similar characteristics are
obtained. For instance, Xu et al. (45) prepared primary cortical culture with

more than 95% neuronal cells from embryonic E18 rat.

In P3-5 cultures, growth cones were detected. GCs are structures rich
in actin that are involved in axon guidance and result in formation of the
axon. The presence of axon in DIV4, but not in DIV1, indicates that neurons
thrive to form connections in culture. Immunostaining of P3-5 cells with
anti-synapsin I at DIV15 confirmed formation of synapses in vitro. In
Petrovic et al. (31), it was additionally shown that cultured primary neurons
express excitatory and inhibitory synaptic markers such as vGLUT2 and
GADG65, respectively. The expression of these synaptic markers has also
been previously demonstrated in the opossum spinal cord (34). Together
with the establishment of neuronal networks, these results indicate that
primary opossum cortical culture resembles tissue well in the context of cell

development and composition.

Primary cortical cultures were also prepared from P16-18 opossums,
which do not regenerate their spinal cord after injury. Compared to P3-5,
P16-18 cultures had a lower proportion of neurons throughout the period
observed. At DIV15, the percentage of neurons decreased to roughly 55%.
Non-neuronal cells were more abundant than in P3-5 cultures, which was
expected due to ongoing CNS maturation in opossums and the appearance
of glial cells (18).

In both age groups, cells migrate and form 3D neuronal clusters
during the second week in vitro. CNS cells naturally do not grow in a
monolayer like they do when cultured. In tissue, they spread processes in

all three dimensions and form connections, and thus, in culture they tend
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to form aggregates. A similar observation was described by Todd et al. (46)

in primary mouse hippocampal neuronal culture.

RGCs are the main progenitor population of all CNS cell lineages, and
their role in the development of cortical tissue has been described (14,15).
In P3-5 cultures, RGCs proliferate in vitro when maintained in proliferative
medium. Petrovi¢ et al. (31) presented that opossum RGCs could be
passaged multiple times for more than a month, and that in different

medium, they differentiate in vitro into neurons or glial cells.

In the second part of this work, the goal was to genetically silence
ATF3, a molecule important in neuroregeneration, and to confirm it at the
level of mMRNA and protein. The method of choice was transfection of cells
with ATF3-specific siRNAs. There is only one report of transfection of
primary opossum cortical cultures by Bartkowska et al. (47), but in this

case, the cells were transfected with plasmids carrying shRNA.

In P3-5 cultures, silencing of ATF3 was partially successful. Silencing
was confirmed on the mRNA level, but the results were not as expected.
Levels of ATF3 gene transcript 201 were equally reduced in all samples, by
about 50%. However, when expression of both gene transcripts was tested
simultaneously, S3 siRNA should have shown stronger effect than the other
siRNAs, because it is designed to target both transcripts, while S1 and S2
siRNAs target only the 201 gene transcript. The experiment was conducted

once in P3-5 cultures, and it must be repeated before making conclusions.

Western blot results showed that, all ATF3-specific siRNAs (S1, S2,
S3) caused 34-50% reduction in the expression of the 14 kDa ATF3 isoform,
but it was expected that only ATF3 S3 siRNA would have an effect. Next,
all siRNAs should have targeted 22 kDa ATF3 isoform expression. In
contrast, the expression of this isoform was unchanged after transfection
with S1 and S2 siRNAs, and only the S3 siRNA caused the decrease in
protein expression. Moreover, there was an additional form of ATF3

detected in P3-5 cultures, at approximately 25 kDa in size, and its
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expression increased when transfected with siRNAs. A possible explanation
for observed changes is that 25 kDa ATF3 isoform has a posttranslational
modification (see Introduction), and that transfection does not decrease
the net amount of protein available in the cell. Instead, with decreased
ATF3 mRNA levels, post translationally modified form may be favored over

the native protein form.

In P16-18 cultures, silencing of ATF3 was not successful at the mRNA
level. Levels of the ATF3 201 transcript was slightly reduced in all ATF3 and
negative control siRNA-treated samples. However, the decrease was less
than 11%, so the expression can be considered to have remained
unchanged. ATF3 202 transcript was decreased for less than 17% in every
ATF3 siRNA-treated sample. Like in P3-5 cultures, there was no difference
in sample treated with ATF3 S3 siRNA. In negative control sample, the

expression increased by 15%.

During the optimization of the ATF3 silencing protocol, the existence
of additional isoforms in P16-18 samples was detected. From then on, we

focused on all of these ATF3 isoforms.

Expression of all detected protein forms in P16-18 samples was
increased from 14% to nearly 90% in ATF3 S1 siRNA-treated samples. In
samples treated with ATF3 S2 siRNA, 22 and 25 kDa ATF3 (iso)forms
remained unchanged, while the expression of other detected forms
increased to 10-36%. In all samples treated with ATF3 S3 siRNA, all ATF3
protein forms were expressed more (12-46%) than in the control sample,
while it was expected that 14 and 22 kDa isoform expressions will be

reduced.

These unexpected outcomes could be due to several probable
reasons. Firstly, this is the first attempt of gene silencing in primary
opossum cortical cultures using siRNA, and further optimization might be
needed. Secondly, silencing of the ATF3 gene should be repeated in cell

cultures of both ages to get statistically significant results. Finally, there
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are some indications in these preliminary results that transfection is more
effective in cultures derived from younger P3-5 opossums. Thus, cells of
the P16-18 cultures could be too differentiated to be transfected
successfully. Alabdullah et al. (48) reported that transfection can be up to
10 times less efficient in differentiated, as opposed to undifferentiated,

neural cells.

Until now, ATF3-specific siRNAs were used only individually.
Neumeier and Meister (49) have recently published a mini review of RNAI
mechanisms and strategies that are used to reduce off-target effects. They
emphasized that a relatively high siRNA concentration is used when they
are used individually, which increases the possibility of off-target effects.
Pooling siRNAs might be a solution to make transfections more targeted.
Thus, in further research, we will try to transfect cells with combinations of
two or three siRNAs and evaluate whether some of the combinations show

additive or synergistic effects.

Upon successful method optimization and confirmation of silencing,
neuroregeneration scratch assay will be performed in cell cultures of both
ages. We already introduced and described this assay in Petrovi¢ et al.,
unpublished data. Briefly, cells are plated on 12 mm diameter glass
coverslips and maintained in culture as described in Materials and Methods.
When neuronal networks are established, a scratch 0.1 mm wide is made
through the middle of the coverslip using fine-tip tweezers. The scratch
injures differentiated neurons. Neurite outgrowth and/or neuronal

regeneration are observed, measured, and quantified after 24 and 48 h.

The current plan is to silence the ATF3 gene when the neuronal
networks are well established, approximately at DIV10, and to perform a
scratch assay on the next day to test regenerative abilities of neurons in

treated vs. untreated samples.
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6. CONCLUSIONS

In this work, characterization of primary cortical cell cultures from
Monodelphis domestica is presented. The whole process, and information
obtained, were recently published in Frontiers in Cellular Neuroscience
(31), but this work contains additional analyses and procedures that are

not described elsewhere.

We have demonstrated that by using different experimental
procedures and media enrichment of different CNS cell types can be
obtained in the culture. Briefly, an almost pure neuronal culture was
obtained with use of neuronal medium, while the proportion of proliferative
cells, such as radial glial cells, was increased using a proliferative medium.
In further procedures, we are eager to establish cultures of primary cortical

astrocytes, and primary cell cultures from the opossum spinal cord.

We showed axonal growth and establishment of neuronal networks
in cultures from two developmentally different ages, P3-5 and P16-18.
Moreover, it was proven that synapses and growth cones formation also

occur in vitro.

In opossum P3-5 and P16-18 cultures, the optimization of gene
silencing using ACTB- and ATF3-specific siRNAs was performed. This is the
first report of siRNA transfection of primary opossum cortical cell cultures.
Transfection of the cells with fluorescently labeled siRNA, that enables
visualization of transfected cells, confirmed that siRNA enters the cells. In
the first experiment, silencing of ATF3 in P3-5 cultures was partially

successful at the mRNA and protein level.

Results of this work suggest that opossum-derived primary cortical
cultures can be used to investigate mechanisms of CNS regeneration and

the role of regeneration-related transcription factors such as ATF3.
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