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ABSTRACT
A. ABSTRACT
Sponges have been considered the earliest branching metazoan taxon, and
therefore, are important in the reconstruction of early metazoan evolution.
Besides, sponges lack a conventional nervous system, which provides an enticing
opportunity to explore the evolutionary ancient role of neurotrophic factors and
thus the understanding of specific Metazoan genetic toolkits and molecular
signaling pathways. The mesencephalic astrocyte-derived neurotrophic factor
(MANF) together with cerebral dopamine neurotrophic factor composes a family of
evolutionarily

conserved

neurotrophic

factors

each

selectively

protects

dopaminergic neurons. MANF is generally resident within the endoplasmic
reticulum (ER) but can also be secreted. It is widely expressed in neurons and
non-neuronal tissues. MANF is involved in the ER stress response and also has
pro-survival effects. Here is reported the identification of the MANF homolog from
the sponge Suberites domuncula (SDMANF). SDMANF possesses significant
sequence similarity with its metazoan homologs. In Suberites, SDMANF is
expressed in the vicinity of bacteriocytes and surrounding a eukaryotic sponge
endobiont. In human embryonic kidney cells transfected with SDMANF, the protein
was identified in the organelle protein fraction and also in the cell culture medium.
The intracellular SDMANF level was up-regulated in response to a Golgi/ER
transport inhibitor brefeldin A, and the apoptosis inducers cadmium and
lipopolysaccharide (LPS). Upon LPS exposition, transfected cells present a
reduced caspase 3 activity and enhanced cell viability with no increased
expression of BCL-2-associated X (BAX) in comparison with not transfected cells/
wild-type cells. The aforementioned results suggest MANF has roles in
cytoprotection with crossing functions on innate immunity and apoptosis pathways
that were deeply evolutionary preserved, besides the neurotrophic function, which
might have emerged later in metazoan evolution.
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B. ZUSAMMENFASSUNG

Schwämme stellen eine der frühesten Verzweigungen der Metazoa dar und sind
daher wichtig für die evolutionäre Rekonstruktion dieses Taxons im Speziellen und
der Metazoa im Allgemeinen. Sie besitzen kein konventionelles Nervensystem,
was die Erforschung alter evolutionärer Funktionen von neurotrophen Faktoren
(NF) anhand von homologen Faktoren erleichtert und hierdurch das Verständnis
von spezifischen genetischen Toolkits und molekularen Signalwegen der Metazoa
fördert. Der mesenzephale astrozytenabgeleitete neurotrophe Faktor (MANF)
bildet zusammen mit dem zerebralen dopaminergen neurotrophen Faktor eine
Familie von evolutionär konservierten NF, die jeweils spezifisch dopaminerge
Neuronen unterstützen. Hauptsächlich wird MANF im endoplasmatischen
Retikulum (ER) von neuronalen und nicht-neuronalen Geweben exprimiert und
zum Teil von den Zellen sekretiert. MANF ist an der ER-Stressreaktion beteiligt
und stellt einen positiven Einflussfaktor für das Überleben der Zelle dar. Im
Rahmen dieser Arbeit wurde in dem marinen Schwamm Suberites domuncula, der
zu MANF homologe Faktor identifiziert, der im Folgenden als SDMANF bezeichnet
wird. SDMANF zeigt eine signifikant ähnliche Sequenz zum metazoischen MANF
auf. In Suberites wurde SDMANF in der Umgebung von Bakteriozyten und
eukaryotischen Schwammendobionten festgestellt, nicht jedoch in anderen Teilen
des Schwammes. Humane embryonale Nierenzellen (HEK), die mit SDMANF
transfiziert wurden, zeigten eine Expression in der Organellenproteinfraktion des
ER als auch eine Sekretion ins Zellkulturmedium. Der intrazelluläre SDMANFSpiegel wurde als Reaktion auf den zugegebenen Golgi/ER-Transportinhibitor
brefeldin A und den beiden apoptoseinduzierenden Substanzen Cadmium und
LPS Lipopolysaccharid (LPS) hochreguliert. Nach der LPS-Exposition zeigten
transfizierte HEK-Zellen eine reduzierte Caspase-3-Aktivität und im Vergleich zu
Wildtyp-Zellen/nicht-transfizierten HEK-Zellen eine erhöhte Viabilität, ohne erhöhte
BCL-2-associated X protein (BAX) Expression. Diese Ergebnisse legen nahe,
dass das homologe MANF Protein der Schwämme eine Rolle bei der
Zytoprotektion spielt, die sich auf das angeborene Immunsystem und die
Signalwege der Apoptose auswirkt. Es scheint, dass diese Mechanismen im Laufe
der Evolution stark konserviert wurden. Die neurotrophen Funktionen könnten
demnach später in der metazoischen Evolution aufgetaucht sein.
2
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C. INTRODUCTION
1. Neurotrophic factors
In general comprehension, Neurotrophic Factors (NTFs) can be secretion
elements that support neurons (Lewin and Carter 2014). The NTFs work on the
peripheral and central nervous system and can also be expressed on nonneuronal tissue (Reichardt 2006; Bothwell et al 2016). Neurotrophic factors have a
pivotal regulatory role during development processes, providing guidance cues for
developing neurons and also controlling the number of surviving neurons in order
to ascertain an optimal density of neurons in a given target during cell
differentiation (Reichardt 2006; Pardon 2010; Alsina et al 2012). Moreover, in adult
neuronal function NTFs have also a significant role regulating the growth of
neurons, synaptic function, differentiation, apoptosis and cellular plasticity
(Reichardt 2006; Pardon 2010; Alsina et al 2012; Bothwell 2016; Vilar and Mira
2016). As well as, regulating metabolic functions such as protein synthesis and
neurotransmission (Hefti et al 1993; Pirvola and Ylikoski 2003; Pardon 2010).
Several structurally and functionally related neurotrophic factors have been
well characterized and can be grouped in families: The neurotrophin family
comprises structurally related proteins such as nerve growth factor, brain-derived
neurotrophic factor or neurotrophin three, four/five and six (Reichardt 2006;
Bothwell 2014; Sampaio et al 2017). The family of glial cell-line derived
neurotrophic factor and family ligands like neurturin, artemin or persephin
(Airaksinen and Saarma 2002; Paratcha and Ledda 2008; Alsina et al 2012;
Ibáñez and Andressoo 2017). The neurokine family with the ciliary neurotrophic
factor, leukemia inhibitor, interleukine 6, cardiptrophin 1 or oncostatin M
(Halvorsen and Kaur 2006; Gu 2017). A family of non-neuronal growth factors can
be grouped together such as the epidermal growth factor, the bone morphogenetic
protein, the acidic fibroblast growth factor, the basic fibroblast growth factor and
the hepatocyte growth factor (Gu 2017). A novel family of NTFs is formed by the
Mesencephalic Astrocyte-Derived Neurotrophic Factor (MANF) and Cerebral
Dopamine Neurotrophic Factor (CDNF) (Lindahl et al 2017).
Neurotrophic factors have an important function on adult neurogenesis and
normal physiology (Bothwell 2014; Lewin and Carter 2014). Changes in NTFs
3
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expression itself, as well as their receptors expression and/or signaling can lead to
neurodegenerative pathogenesis (Levy et al 2005; Lewin and Carter 2014; Vilar
and Mira 20016). Due to those activities NTFs are therapeutic targets for several
brain disorders, such as amyotrophic lateral sclerosis, Alzheimer’s, Parkinson’s,
Huntington´s diseases and also psychiatric disorders such as anxiety-like
behavior, rewarding and addictive behavior and neurodegenerative diseases
(Pardon 2010; Brett et al 2014; Lewin and Carter 2014; Garea-Rodríguez et al
2016; Bartus and Johnson 2017; Gu 2017; Sampaio et al 2017).
Neurotrophins and their signaling system is evolutionary ancient and
possess regulatory functions on many biological pathways (Bothwel 2016). Many
invertebrates such as hemichordates, echinoderms, crustaceans, lophotrochozoan
and annelids have neurotrophins (Bothwell 2006; 2016; Wilson 2009; Kassabov et
al 2013; Lauri et al 2016). Drosophila (ecdysozoan) also has neurotrophins. In this
case they have been referred to as neurotrophin-like cytokines because they
communicate via toll-like receptors, rather than p75NTR or Trk-like receptors
(DeLotto & DeLotto 1998; Zhu et al 2008; Ballard et al 2014; Bothwel 2016).
Although cnidarians and ctenophores have a neuronal system, neurotrophin
homologs have not been identified yet (Galli et al 2009; Moroz and Kohn 2016
Wenger et al 2016). The basal Metazoan genomics and metabolomics support an
independent development of the neural signaling in ctenophores, cnidarians and
bilaterians (Moroz and Kohn 2016). Poriferans and placozoans do not have a
neural and muscular system but some molecular and anatomical analyses
evidence the presence of a neuronal-like signaling and a (pre-) nervous system
(Conaco et al 2012a; Smith et al 2014; Leys 2015).
2. The ER stress and unfold protein response
The Endoplasmic Reticulum (ER) is organized in a dynamic tubular network,
responsible for several functions such as translocation, synthesis and folding of
proteins (Fewell et al 2001; Voeltz et al 2002; Araki and Nagata 2011; Janssens et
al 2014; Liu et al 2016a). Besides, the ER plays a role in post-translational
modifications like glycosylation and disulfide bond formation (Ellgaard et al 2016).
The ER lumen consists of several molecular chaperones and folding proteins with
important functions on folding and sorting of proteins for example, glucose-related
4
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protein 94, protein disulfide isomerase, calnexin and calreticulin (Mori 2000; Todd
et al 2008; Hertz 2012; Ron and Harding 2012; Sarvani et al 2017).
Synthesized proteins that enter the ER pass through a sequence of
modifications made by the combined work of chaperones and folding enzymes,
this supports the proper folding and subsequent release of the proteins from the
ER (Braakman and Hebert 2013). Cells require the ER to maintain cellular
homeostasis, a balance between the demand for protein synthesis and its protein
folding capacity, in terms of regulation of protein trafficking, synthesis, folding, and
degradation (Ron 2002; Ron and Harding 2012; Perri et al 2016; Sarvani et al
2017). The processes of protein folding and maturation are carefully checked by
the ER quality control system (Hetz 2012). In order to certify that only properly
folded proteins leave the ER via the secretory pathway (i.e. ER, Golgi apparatus,
lysosomes, endosomes, and secretory vesicles), while improper folded proteins
exit the ER through ER-Associated Degradation (ERAD) or via autophagy (Smith
et al 2011; Hetz 2012; Janssens et al 2014; Pluquet et al 2015). Protein folding
mechanisms are sensitive of changes in the ER homeostasis, like aberrant
calcium regulation, oxidative stress, hypoxia, nutrient/glucose deprivation, DNA
damage, altered glycosylation or ER overload with unfolded aberrant/mutated
proteins (Kaufman et al 2002; Chakrabati et al 2011; Hetz et al 2013; Cao et al
2016; Liu et al 2016a; Sarvani et al 2017).
The endoplasmic reticulum is involved in metabolic processes like
gluconeogenesis and lipid synthesis (Hetz 2012; Bravo et al 2013; Sarvani et al
2017). In addition, it takes part in the formation of peroxisomes, lipid droplets, and
omegasomes, which are the scaffolds of autophagosome production (Hetz 2012;
Joshi et al 2017). Furthermore, the ER is the cell principal storage of calcium and
plays a significant role in cell redox homeostasis (Araki and Nagata 2011;
Appenzeller-Herzog and Simmen 2016; Chernorudskiy and Zito 2017).
The cellular mechanisms involved in ER stress response are part of the
cellular basic physiology and probably played a role during the evolution of
multicellular organisms (Kültz 2003; Moore and Hollien 2012; Hollien 2013).
Furthermore, the stress response is possibly also involved in the development of
cellular resilience mechanisms (Kültz 2003; Fulda et al 2010; Moore and Hollien
2012; Poljšak and Milisav 2012; Hollien 2013).
5
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The ER is a highly dynamic organelle with an important role in coordinating
signaling pathways that ensure cell adaptation, resilience and survival (Sano and
Reed 2013). Endoplasmic reticulum stress can be very harmful for cells and
sequences of adaptive and protective responses are triggered to manage and
defeat the distress and/or improve the ER functions (Hetz 2012; Moore and Hollien
2012). This range of reactions is termed Unfolded Protein Response (UPR) (Hetz
2012; Moore and Hollien 2012). Unfold protein response is an adaptive
mechanism, which aims to restore the protein protein-folding homeostasis and
recover ER functions (Hetz et al 2015; Martins et al 2016).
Unfold protein response comprises three main mechanisms: 1) In order to
control the excessive amount of unfolded/misfolded proteins accumulated in the
ER, the global synthesis of the new protein is transiently suppressed. 2) To
dissipate the accumulated proteins, many chaperone genes are induced at the
transcriptional level, and the ER-associated degradation system is enhanced,
which can translocate and remove misfolded proteins by proteasomal degradation.
3) When ER stress cannot be resolved, the ER induces apoptosis by a trigger
system (Travers et al 2000; Meusser et al 2005; Hollien and Weissman 2006;
Hollien et al 2009; Cao and Kaufman 2012; Lynch et al 2012; Janssens et al 2014;
Zeng et al 2015; Liu et al 2016a).
Mechanisms of UPR are highly conserved across the kingdom of
eukaryotes (Hollien 2013; Grootjans et al 2016). The UPR is mediated by three ER
transmembrane receptor proteins: Inositol-Requiring Enzyme 1 (IRE1; earlier
known as Ire1p; and also called ERN1); Double-Stranded RNA-Activated Protein
Kinase (PKR)-Like Endoplasmic Reticulum Kinase (PERK also known as
EIF2AK3); and Activating Transcription Factor 6 (ATF6) (Tood et al 2008; Promlek
et al 2011; Teske et al 2011; Liu et al 2016a; Sarvani et al 2017). Proteins IRE1,
PERK and ATF6 are ER stress sensors and their luminal domain responds to the
level of unfolded/misfolded proteins in the ER (Cao and Kaufman 2012). Under
homeostatic

conditions

the

chaperon

Immunoglobulin-Heavy-Chain-Binding

Protein (BiP), also termed glucose-related protein 78 and Heat shock 70 kDa
protein 5 is bound to the luminal domains of IRE1, PERK and ATF6 which thereby
are kept in an inactive state (Fig. 1) (Bertolotti et al 2000; Shen et al 2005).

6
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Figure 1: Endoplasmic reticulum lumen under unstressed conditions.
During Endoplasmic Reticulum (ER) unstressed conditions the ImmunoglobulinHeavy-Chain-Binding Protein (BiP) binds and inhibits the ER stress sensors,
the transmembrane proteins Activating Transcription Factor 6 (ATF 6), InositolRequiring Enzyme 1 (IRE1) and Double-Stranded RNA-Activated Protein
Kinase (PKR)-Like Endoplasmic Reticulum Kinase (PERK).

When misfolded proteins accumulate in the ER lumen and the ER stress
level increases, BiP dissociates from the sensing molecules IRE1, PERK and
ATF6 in order to bind the unfolded proteins, caused by its high affinity to the latter
(Hetz 2012). The released stress sensors then trigger downstream signaling (Fig.
2) (Tood et al 2008; Wang et al 2009; Pincus et al 2010; Grootjans et al 2016;
Sarvani et al 2017).
Unfold

protein

response

downstream

transcriptional

pathways

are

approaches to restore cell proteostasis (Grootjans et al 2016). Cells use different
strategies coordinated by ER transmembrane stress sensors and the downstream
transcription factors, which adjust gene expression to reduce stress or to induce
pro-apoptotic activity (Chow et al 2015; Grootjans et al 2016; Hetz and Saxena
2017).
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Figure 2: The three axes of the unfolded protein response. ImmunoglobulinHeavy-Chain-Binding Protein (BiP) binds to the misfolded proteins and dissociates
from Inositol-Requiring Enzyme 1 (IRE1), Protein Kinase (PKR)-Like Endoplasmic
Reticulum Kinase (PERK). When IRE1 is set free, it dimerizes and
autophosphorylates (Tood et al 2008; Walter and Ron 2011; Cao and Kaufman
2012; Hetz 2012; Grootjans et al 2016). This triggers the endoribonuclease,
induces the splicing of Xbox Binding Protein (XBP1) and its transformation in
XBP1s (Calfon et al 2002; Tood et al 2008; Hetz 2012; Hetz et al 2013). The
XBP1s translocates to the nucleus and binds to the unfolded protein response
(UPR) target genes activating key genes for the secretory function (Hetz et al
2013; 2015). Another activity of the IRE1α is the Regulated IRE1-Dependent
Decay of mRNA (RIDD) (Walter and Ron 2011). On RIDD the IRE1α RNase has
an increase on its substrate activities and degrades ER-bound mRNAs, lessen the
amount of newly translated proteins that enter the ER, reducing thereby ribosome
functions (Harding et al 1999; 2000; Schenuer et al 2001; Walter and Ron 2011;
Hertz et al 2013; Grootjans et al 2016; Niu et al 2017). A BiP release additionally
activates the PERK autophosphorylation (Tood et al 2008). It subsequently
phosphorylates Eukaryotic Translation-Initiation Factor 2α (eIF2α), which blocks
the translation of most proteins (Walter and Ron 2011). The DNA DamageInducible Protein (GADD34) forms a complex with the catalytic subunit of protein
phosphatase 1 promoting dephosphorylation of eIF2α, reinstating the mRNA
translation (Novoa et al 2001; Connor et al 2001). Despite of the translation
blocking, activating transcription factor (ATF4) mRNA is translated because of its
upstream Open Reading Frame (ORF) (Tood et al 2008; Walter and Ron 2011).
As XBP1s, ATF4 translocates to the nucleus, where it activates a set of UPR
target genes (Tood et al 2008; Walter and Ron 2011). The BiP release reveals the
ATF6 Golgi-localization sequence; Coat Protein II (COPII) transports ATF6 (Tood
et al 2008; Schindler and Scheckman 2009). Inside the Golgi apparatus, the ATF6
8
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is cleaved by the Site-1 and Site-2 Proteases (S1P, S2P) and the ATF6 fragment
(ATF6f) is released (Ye et al 2000; Schindler and Scheckman 2009). ATF6f
translocates to the nucleus and binds to a set of UPR target genes (Haze et al
1999; Tood et al 2008; Schindler and Scheckman 2009).

Inositol-requiring enzyme 1 axis is the most evolutionarily conserved of the
UPR branches and includes X-box-binding protein 1 (XBP1), which is a
homologue of Saccharomyces cerevisiae transcriptional activator HAC1 (Sidrauski
and Walter 1997; Yoshida et al 2001; Calfon et al 2002; Lee et al 2002; Tood et al
2008; Grootjans et al 2016). The first description of IRE’s atypical splicing was
observed using the S. cerevisiae model (Sidrauski and Walter 1997).
Inositol-requiring enzyme 1 is a transmembrane protein that has two
domains on the cytosolic region, a Ser/Thr kinase and an endoribonuclease
(RNase) (Cao and Kaufman 2012; Cao et al 2016). When the IRE1 (see Fig. 2) is
set free, it dimerizes and autophosphorylates (Tood et al 2008; Walter and Ron
2011; Cao and Kaufman 2012; Cao et al 2016). The possibility of unfolded
proteins directly activate IRE1 has also be considered (Tood et al 2008; Cao et al
2016; Grootjans et al 2016).
The IRE1 endoribonuclease domain splices the mRNA that encodes XBP1
(Tood et al 2008). The intron of (26 base pair fragment) is cut out from mRNA, and
the pieces are reconnected by a presumed tRNA ligase (Tood et al 2008). XBP1
mRNA is translated into an active form of the transcription factor (XBP1s) (see Fig.
2, Tood et al 2008). Then, XBP1s translocates to the nucleus and binds the ER
Stress-Response Elements I (ERSE-I) and (ERSE-II) that are the promoter
regions of unfold protein target genes (Tood et al 2008; Cao and Kaufamn 2012;
Cao et al 2016; Grootjans et al 2016).
The active form of the Xbox binding protein (XBP1s) is a pivotal
transcription regulator of a wide range of genes that encode chaperons, proteinfolding enzymes, phospholipid synthesis as well as proteins related to ER
trafficking and quality control (Yoshida et al 2001; Lee et al 2003; Cao and
Kaufamn 2012; Hetz 2012; Hetz et al 2013). Additionally, XBP1s controls the
ERAD, which is an elimination process of misfolded proteins accumulated at the
ER through their retrotranslocation to the cytosol for subsequent ubiquitination and
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further degradation by the 26S proteasome (Smith et al 2011; Cao and Kaufamn
2012; Hetz et al 2013).
Another activity of the IRE1α (see Fig. 2) is the regulated IRE1-dependent
decay of mRNA (RIDD) (Walter and Ron 2011). Caused by the increased IRE1α
RNase activity ER-bound mRNAs are degraded, which lessens the amount of
newly translated proteins that enter the ER, reducing thereby ribosome functions
(Harding et al 1999; 2000; Schenuer et al 2001; Walter and Ron 2011; Hertz et al
2013; Grootjans et al 2016; Niu et al 2017). The RIDD mechanisms have also
been linked to the activation of retinoic acid-inducible gene 1 (RIG-1) causing a
cell-autologous NF-κB mediated inflammatory response (Lencer et al 2015; Cao et
al 2016). Furthermore, RIDD possibly has a role of pro-apoptotic mechanism by
degrading mRNAs encoding for ER chaperons such as BiP (Hollien et al 2006;
2009; Urra et al 2013). Besides, the cleavage of microRNAs (miRNAs) significantly
impact on regulation levels of caspase 2 and thioredoxin-interacting protein
(Lerner et al 2012; Upton et al 2012; Urra et al 2013).
The activated IRE1α interacts with Tumor Necrosis Factor ReceptorAssociated Factor 2 (TRAF2) to induce phosphorylation of Jun N-Terminal Kinase
(JNK) and up-regulation of pro-inflammatory genes through activator protein 1
(Urano et al 2000; Grootjas et al 2016; Martins et al 2016). The IRE1α–TRAF2
complex also mediates the interaction between Mitogen-Activated Protein Kinase
(MAPK), Apoptosis Signal-Regulating Kinase 1 and IκB kinase (IKK) (Kaneko et al
2003; Hetz 2012; Hetz et al 2013; 2015; Cao et al 2016; Grootjas et al 2016;
Martins et al 2016). The subsequent phosphorylation of IκB leads to its
degradation, which releases Nuclear Factor-κB (NF-κB) for nuclear translocation
(Christian et al 2016). Moreover, the TRAF2 possibly interacts with the pattern
recognition receptors Nucleotide-Binding Oligomerization domain protein 1
(NOD1) and NOD2 with requires of the adaptor Protein Receptor-Interacting
Serine/Threonine-Protein Kinase 2 (RIP2) (Byndloss et al 2016; Keestra-Gounder
et al 2016). The aforementioned pathway modulates proinflammatory genes at
different levels as well as autophagy and apoptosis (Byndloss et al 2016; Cao et al
2016; Grootjas et al 2016; Martins et al 2016; Hetz and Saxena 2017; Niu et al
2017). Inositol-requiring enzyme 1 alpha finely controls switches between adaptive
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and pro-apoptotic mechanisms of the UPR (Hetz and Glimcher 2009; Hetz et al
2011; Hetz 2012; Urra et al 2013).
Immunoglobulin-heavy-chain-binding protein releases activates the PERK
autophosphorylation (see Fig. 2) (Tood et al 2008). It subsequently phosphorylates
Eukaryotic Translation-Initiation Factor 2α (EIF2α), which blocks the translation of
most proteins (Walter and Ron 2011). As a result, the quantity of proteins that
enter the ER is reduced (Grootjans et al 2016). The grow arrest and DNA
Damage-Inducible Protein (GADD34) forms a complex with the catalytic subunit of
protein Phosphatase 1 promoting the dephosphorilation of eIF2α, reinstating the
mRNA translation (Connor et al 2001; Novoa et al 2001). The eIF2aphosphorylated protein induces translation of the protein Activating Transcription
Factor 4 (ATF4), even when the translation process is inhibited (Tood et al 2008;
Walter and Ron 2011). That is possible because the ATF4 has on its sequence an
upstream Open Reading Frame (ORF) that allows its translation even (Tood et al
2008; Walter and Ron 2011).
Protein ATF4 translocates to the nucleus where it activates a set of UPR
target genes (Tood et al 2008). The ATF4 supports an antioxidant response;
controls the expression of genes involved on proteostasis increasing the ER
folding capacity and up-regulates macroautophagy (Harding et al 2000; Han et al
2013; Urra and Hetz 2017; Hetz and Papa 2018).
During chronic ER stress the ATF4 up-regulates the expression of
CCAAT/Enhancer-Binding Protein Homologous Protein (CHOP), which can induce
apoptosis towards the increase of Reactive Oxygen Species (ROS) production
(Tood et al 2008; Walter and Ron 2011; Urra et al 2013; Pakos-Zebrucka et al
2016). The CHOP can also increase expression of Canopy Homolog 2, a newly
described regulator factor of PERK, via direct transactivation (Hong et al 2017;
Urra and Hetz 2017). Additionally, the ATF4 can induce the expression of
GADD34, which also increases the production of ROS, which may initiate
proteotoxicity (Kojima et al 2003; Urra et al 2013). ATF4 regulates as well the
expression of B-Cell Lymphoma 2 (BCL-2) family members, hampering the
expression of anti-apoptotic BCL-2 proteins, together with an increase in the
expression of pro-apoptotic BCL-2 members in order to accelerate cell death (Urra
et al 2013; Cao et al 2016; Urra and Hetz 2017; Hetz and Papa 2018).
11
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Through elevated levels of persistent ER stress both proteins PERK and
IRE1a control many signaling pathways that result in cell dysfunction, activation of
inflammasome and apoptosis (Cao et al 2016; Urra and Hetz 2017; Hetz and Papa
2018).
Activating Transcription Factor 6 (ATF 6) (see Fig. 2) encodes a Basic
Leucin Zipper Transcription Factor (bZIP) (Hetz 2012). After being released by
BiP, ATF6 Golgi-Localization Sequence (GLS) is exposed (Tood et al 2008). The
ATF6 interacts with Coat Protein II (COPII) and is transported to the Golgi
apparatus (Schindler and Schekman 2009). Attached to Golgi body, the ATF6
suffers a proteolytic activity by the Site-1- and Site-2-Protease (S1P, S2P), at the
ATF6 cytoplasmic domain and ATF6 fragment (ATF6f) is released (Ye et al 2000).
The ATF6 fragment has a bZIP domain, it translocates to the nucleus and
works as transcription factor (Hetz 2012). It binds the ATF/cAMP response
element as well as ERSE, thereby induces the transcription of genes involved in
protein folding, ERAD components and autophagy (Haze et al 1999; Ye et al 2000;
Lee et al 2002; Schröder and Kaufman 2005; Yamamoto et al 2007; Tood et al
2008; Hetz 2012; Martins et al 2016). Additionally, it induces the transcription of
chaperone proteins, pro-survival molecules, such as BiP, XBP1, HomocysteineInduced Endoplasmic Reticulum Protein, and P58IPK (also termed DnaJ Heat
Shock Protein Family (Hsp40) Member C3) (Schröder and Kaufman 2005; Tao et
al 2010; Hetz 2012; Hughes and Mallucci 2018). Besides, ATF6 triggers NF-κB
through transient phosphorylation of Proteinkinase B (AKT, serine/threonine
kinase)
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phosphorylation (Yamazaki et al 2009; Liu et al 2012; Boriushkin et al 2014;
Martins et al 2016). The ATF6 can also regulate the expression of CHOP
(Oyadomari and Mori 2004; Li et al 2014; Martins et al 2016; Hetz and Papa
2018).
Several authors have shown that UPR intersects with inflammatory
pathways at various levels, possibly having major functions in inflammation
(Martins et al 2016; Sarvani et al 2017; Frakes and Dilli 2017; Urra and Hetz
2017). In an UPR independent manner the ER overload can activate inflammatory
pathways (Martins et al 2016; Grootjans et al 2016). The high amounts of cytosolic
calcium can affect the mitochondria homeostasis causing ROS production, which
12

INTRODUCTION
possibly activates NFκB (Martins et al 2016; Chernorudskiy and Zito et al 2017;
Carreras-Sureda et al 2018). The Ca2+ and potassium efflux from the ER can
interact with ROS triggering NLR pirin domain 3 (NLRP3) inflammasome (Martins
et al 2016; Hetz and Papa 2018). Furthermore, if BiP enters the cytoplasm it
connects with IKK, leading to phosphorylation of IκBα and subsequent
proteasomal degradation (Martins et al 2016).
The UPR also has conserved functions in immunity; its signaling crosses
many levels with innate and adaptive immune responses (Janssens et al 2014;
Grootjans et al 2016). Moreover, the integrated stress response and the UPR
seem to be closely intertwined with host immune responses (Janssens et al 2014).
There is a partial overlap in the genes induced by them and those induced by
microbial infection or stimulation of Toll-Like Receptor (TLR) (Tattoli et al 2012;
Clavarino et al 2012; Janssens et al 2014). One example is the IFN3, which is
expressed on ER stress response, and IFNs are part of the innate and adaptive
immune system being involved with Pattern Recognition Receptors (PRRs) and
activation of TLR (Liu et al 2012). Some pathogens also subvert the UPR
mechanism (Tattoli et al 2012; Clavarino et al 2012; Janssens et al 2014). In some
cells of the immune system, for instance in dendritic- and B-cells, the activation of
some UPR sensors are part of the typical cell differentiation program (Janssens et
al 2014). The UPR seems to be constitutively active, regardless of the lack of
conventional trigger mechanisms, the UPR activation seems to be crucial for
antigen presentation and immunoglobulin synthesis (Ma et al 2003; Janssens et al
2014).
Understanding the cross-linking among the various elements of the UPR
can help the drug manipulation of pro-death or pro-survival pathways (Senf and
Ronai 2015). This may lead to novel therapeutic approaches for many diseases
e.g. as autoimmune diseases, metabolic disorders, neurodegenerative disorders,
several eye, heart and renal diseases, whose pathogenesis is characterized by
chronic activation of these pathways (Park and Ozcan 2013; Senf and Ronai 2015;
Liu et al 2016a; Cybulsky 2017; Hetz and Saxena 2017; Sarvani et al 2017; Hetz
and Papa 2018).
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3. Mesencephalic astrocyte-derived factor
3.1. MANF/CDNF family proteins
Mesencephalic Astrocyte-Derived Factor (MANF), also known as arginine-rich,
mutated in early stage tumors (ARMET) was described by Petrova et al (2003), as
a factor that promotes in vitro survival of midbrain dopaminergic neurons in culture
medium of rat type-1 astrocyte ventral mesencephalic cell line.
Analyses of the MANF protein sequence showed homology with an earlier
described predicted protein that has an Arg-rich N-terminal region. Of the first 55
amino acids in MANF, 22 are arginine (Shridhar et al 1996). Because of this, the
protein was named human arginine-rich protein (hARP) or, alternatively, ARMET
(Shridhar et al 1996). Nevertheless, studies of different organisms concluded that
the putative arginine-rich region of human ARP is not translated and consequently
the protein terminology was changed to MANF (Petrova et al 2003).
Human MANF is 179 amino acids protein, which has a predicted signal
peptide of 21 amino acids (Petrova et al 2003). Cleavage produces a mature
protein of 158 amino acids (Petrova et al 2003). MANF and the cerebral dopamine
neurotrophic

factor

(CDNF),

previously

known

as

conserved

dopamine

neurotrophic, constitute an evolutionarily conserved family of neurotrophic factors
(Petrova et al 2003; Lindholm et al 2007; 2010; Parkash et al 2009).
Mesencephalic astrocyte-derived factor exists in vertebrate and invertebrate
species (Petrova et al 2003), but CDNF is a paralog that is only found in
vertebrates (Lindholm et al 2007). Human CDNF is a protein of 187 amino acids
with a predicted signal peptide of 26 amino acids; the mature protein has 161
amino acids (Lindholm et al 2007). Human CDNF exhibits an amino acid identity of
59% with human MANF, 49% identity with Drosophila melanogaster (D.
melanogaster) MANF and 46% identity with Caenorhabditis elegans (C. elegans)
MANF proteins (Lindholm et al 2007).
The two proteins, MANF and CDNF are structurally different from the typical
neurotrophic factors; their capability to activate cell surface receptors remains
uncertain as well as their intracellular activity following internalization (Niu et al
2011; Henderson et al 2013; Lindahl et al 2017). Additionally, the pro-sequence for
enzymatic activation that is common for classical NTFs seems absent (Airaksinen
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and Saarma 2002; Henderson et al 2013; Lindahl et al 2017). Another difference
of them is the number of cysteine residues in their primary structure: glial cell linederived neurotrophic factor family ligands, have seven cysteine residues in their
primary structure, whereas CDNF and MANF have eight cysteine residues,
forming four disulphide bridges and (Airaksinen and Saarma 2002; Petrova et al
2003; Lindholm et al 2007; 2008; 2010; Parkash et al 2009; Hoseki et al 2010).
Moreover, the space between the cysteine residues in MANF and CDNF (Fig. 3) is
evolutionary conserved (Voutilainen et al 2015).

Figure 3: Conserved position of cysteine residues of MANF and CDNF on
vertebrates and invertebrates. Schematic organization of the conserved spacing
between the eight-cysteine residues (red bars) on Mesencephalic AstrocyteDerived Factor (MANF) and Cerebral Dopamine Neurotrophic factor (CDNF). The
CXXC motif is highly conserved in many metazoan species. The signal peptide
(PRE) is16–26 amino acids (aa) long (light green). The mature proteins have a
length of 152–161 aa. The KDEL receptor retention sequence is located at the Cterminus (yellow). H.s. Homo sapiens; D.r. Danio rerio; D.m. Drosophila
melanogaster; C.e. Caenorhabditis elegans. Not on scale. Image modified from
Voutilainen et al 2015.

Both proteins, MANF and CDNF are small proteins, highly soluble and
monomeric in neutral solution (Lindholm et al 2007; Mizobuchi et al 2007; Hoseki
et al 2010; Hellman et al 2011; Latge et al 2015; Lindahl et al 2017). They have
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two domains; an N-terminal signal peptide and ER retention signal (Fig. 4)
(Mizobuchi et al 2007; Parkash et al 2009).
The N-terminal domains of MANF and CDNF resemble Saposin-Like
Proteins (SAPLIPs) (see Fig. 4) (Parkash et al 2009; Hellman et al 2011; Hoseki et
al 2010). The SAPLIPs protein group possesses diverse activities for example
lipid- or membrane-binding activities (Bruhn 2005). Besides the porcine NK-lysin
and human granulysin were identified as the closest structural homologs for the Nterminal domain of CDNF and MANF; both proteins have cytolytic activity (Parkash
et al 2009; Lindahl et al 2017). Bai et al (2018) showed that MANF has the ability
to directly bind sulfatide, the binding probably occurs via the evolutionarily
conserved surface lysine residue K112 in Human MANF. CDNF does not bind to
sulfatide (Bai et al 2018). Sulfatide is a sulfoglycolipid produced in ER and Golgi
body and diffuses to the extracellular fluid of several cell types, in mammals it can
also diffuse into the extracellular space and circulation (Bai et al 2018).
The C-terminal domain of human MANF and CDNF is homolog of the Cterminal SAF-A/B Acinus and PIAS (SAP) (see Fig. 4) domain of Lupus Ku
Autoantigen Protein p70 (Ku70) (Hellman et al 2011; Lindahl et al 2017). Ku70
blocks BCL-2- Associated X Protein-Dependent (BAX) apoptosis by binding BAX
(Gomez et al 2007; Hada et al 2016).
Moreover, the CXXC motif at the carboxy-(C) terminal domain of MANF
possibly has reductase or disulphide isomerase activity (Parkash et al 2009). The
CXXC motif is a consensus sequence of proteins of the thiol-protein
oxidoreductase superfamily; other members are for example metal-binding
proteins, thioredoxins, as well as glutaredoxins and peroxiredoxins (Collet et al
2003; Mizobuchi et al 2007). Common for this enzyme superfamily is that all
members are involved in disulphide mediated redox reactions and glutathione
metabolism in which the CXXC domain is central (Horibe et al 2004; Mizobuchi et
al 2007). In spite of that, no evidence of oxidoreductase activity was detected in
MANF so far (Mizobuchi et al 2007; Mätlik et al 2015). Mutations in the CXXC
motif totally revoke the protective effect of MANF but do not change MANF's
localization, demonstrating the motif’s necessity for MANF's intracellular and
extracellular activity (Mätlik et al 2015).
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Figure 4: Schematic representation of human MANF and CDNF. The Nterminal domain of MANF and CDNF terminal domains of Mesencephalic
Astrocyte-Derived Factor (MANF) and Cerebral Dopamine Neurotrophic factor
(CDNF) resemble saposin-like protein, in light blue (Parkash et al 2009; Hellman
et al 2011). MANF and CDNF also possess at the N-terminal domain a signal
sequence (PRE in green), that is cutoff forming the mature protein, the orange line
indicates the mature protein (Voutilainen et al 2015). The blue line shows the
complete protein sequence. The C-terminal domain of human MANF and CDNF is
homolog of the C-terminal SAF-A/B Acinus and PIAS (SAP) domain of Lupus Ku
Autoantigen Protein p70, in orange (Hellman et al 2011; Lindahl et al 2017). The
proteins also have a KDEL receptor retention sequence (yellow) at the C-terminal
domain (Voutilainen et al 2015). aa; amino acids. Not on scale.

Petrova and colleagues 2003 reported that human MANF is a glycosylated
protein, but subsequent studies by Lindholm et al 2008 did not identify posttranslational modifications of mouse MANF secreted in vitro. Additionally, human
and mouse MANF do not have glycosylation sites (Lindholm and Saarma 2010).
Human CDNF is presumed to have one N-glycosylation and one O-glycosylation
site (Lindholm et al 2007; Sun et al 2011). Cells overexpressing CDNF have been
reported to secrete glycosylated (Apostolou et al 2008; Sun et al 2011) and
unglycosylated forms of CDNF (Lindholm et al 2007). According to Sun et al 2011
the glycosylation of CDNF is not necessary for its secretion or biological activity.
Putative glycosylation sites are missing on mouse CDNF (Lindholm et al 2007).
Only a fraction of MANF and CDNF is secreted from the ER and Golgi body
due to their C-terminal ER retention signal, the so-called KDEL-like motif (see Fig
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4), most of both proteins remain in the ER and Golgi body (Mizobuchi et al 2007;
Tadimalla et al 2008; Apostolou et al 2008; Oh-Hashi et al 2012; Glembotski et al
2012; Norisada et al 2016; Lindahl et al 2017).
Research on MANF intracellular traffic shows that MANF is secreted from
ER to the Golgi body (Apostolou et al 2008; Oh-hashi et al 2012). Studies on
MANF overexpressing cells exposed to brefeldin A (a Golgi disrupter) present
almost fully inhibition of MANF secretion, while the amount of intracellular MANF
increases (Apostolou et al 2008; Oh-hashi et al 2012). Furthermore, a study that
induced overexpression of MANF and dominant negative Sar1 (Sar1[H79G]
compromises COPII-mediated transport from the ER to the Golgi apparatus) in
cells also found inhibition of MANF secretion (Oh-hashi et al 2012).
These results showed that COPII mediated the transport and regulated the
secretion of MANF (Oh-hashi et al 2012). Besides, the overexpression of BiP
reduces secretion of MANF and causes intracellular accumulation of the latter
(Oh-hashi et al 2012). Like MANF, the CDNF transport is mediated by COPII and
its secretion is also regulated by BiP and KDEL receptor (Norisada et al 2016).
The KDEL receptors (KDEL-Rs), which exist on cis-Golgi network,
recognize the KDEL-like motifs of MANF and CDNF and mediate their trafficking
from the Golgi apparatus back to the ER (Henderson et al 2013; Liu et al 2015a;
2015b; Mätlik et al 2015; Norisada et al 2016; Kim et al 2017a). The experimental
removal of the KDEL-like motif of mouse MANF and CDNF decreased their
extracellular levels, however, a significant increase in the intracellular amounts
was only observed for MANF (Norisada et al 2016). The secretion of CysteineRich with EGF-like Domains 2 (CRELD2), an endoplasmic reticulum stressinducible protein, is affected by MANF, but only if the KDEL-like motif is present
(Oh-hashi et al 2009; 2015). However in contrast to MANF, mouse CDNF only
slightly affected the secretion of CRELD2 (Norisada et al 2016).
Mätlik and colleagues (2015) observed, if the KDEL-like motif of MANF is
deleted, the entire intracellular pro-survival activity of MANF is revoked and the
protein localizes in the Golgi complex. The MANF C-terminal domain is also
important for the protection against BAX-dependent apoptosis on sympathetic
neurons (Hellman et al 2011). Furthermore, MANF mutation experiments show the
KDEL-like motif is not required for the neuroprotective activity on extracellular
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application in in vivo stroke models (Mätlik et al 2015). This result supports the
hypothesis that MANF has at least two different targets: an intracellular target that
works with the endoplasmic reticulum and an extracellular target it is modulated by
the secreted protein (Oh-hashi et al 2012; Glembotski et al 2012; Mätlik et al 2015;
Latge et al 2015).
Even if MANF and CDNF have two domains with distinct functions, the
intact full-length protein is required to function (Hoseki et al 2010; Hellman et al
2011). As an example, only mature MANF (and none of its isolated domains)
rescued larval lethality in D. melanogaster (Lindström 2013). Besides, on the same
study, CDNF was not able to rescue the lethal phenotype, demonstrating that
probably both paralogs behave differently (Cordero-Llana et al 2015; Latge et al
2015). Supporting that view, Renko et al (2018) observed that rats injected with
MANF or CDNF show differences in dopamine neurotransmission, dopamine
synthesizing and metabolizing enzymes.
3.2. MANF expression
The MANF protein and mRNA are widely expressed in neuronal and non-neuronal
tissues (Kim et al 2017a). MANF expression in human splenocytes is mainly
localized in the plasma cells and macrophages, but not in T- and B-cells (Liu et al
2015c). Because of these findings, it can be assumed that splenocytes expressing
MANF are probably involved in plasma cell differentiation and immune regulation
(Liu et al 2015c).
Mesencephalic astrocyte-derived factor mRNA is expressed in several brain
areas, high levels were detected especially in the cortical neurons, hippocampus,
and in the cerebellar Purkinje cells, which also expressed high levels of CDNF
(Lindholm et al 2008; 2007). MANF mRNA is also expressed in non-neuronal
tissues, such as heart (Tadimalla et al 2008), adult liver, testis, salivary gland
(Lindholm et al 2008), and also found in human blood (Galli et al 2016).
Additionally, MANF was also found in the retina, vitreous body and optic nerve of
humans and rodents (Gao et al 2017a; 2017b). The urinary excretion of MANF
occurs during podocyte or tubular cell ER stress (Kim et al 2016). Because MANF
is secreted, it is extremely high expressed in secretory cells and tissues (Gao et al
2017b).
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Dopaminergic neurons are selectively protected by MANF MANF, but not
GABAergic or serotonergic neurons in vitro or in vivo experiments (Petrova et al
2003; Lindholm et al 2007). Rats pre-treated with MANF by injection on the
striatum show after induced stimulus-evoke an increase in dopamine release and
turnover (Renko et al 2018).
Wang et al (2014b) analyzed the spatiotemporal expression of MANF in the
brain of postnatal and adult rats and observed that MANF expression is wide
spread among the brain, mainly localized in neurons. The expression level of
MANF was high in the early postnatal days and declined slowly as the brain
matured; the lowest level of MANF expression was detected in the adult rat brain
(Wang et al 2014b). However, the high expression level of MANF in the
hypothalamus persisted into adulthood (Wang et al 2014b).
Mesencephalic astrocyte-derived factor protein probably plays an important
role in the mature hypothalamus (Yang et al 2017). Several hypothalamic nuclei,
which critically regulate energy intake, are rich in MANF and the expression of
MANF rises in the hypothalamus of fasting mice (Yang et al 2017).
Mice knockout for MANF had a severe diabetes-independent growth defect,
the reason was uncertain; however, it was probably related to a deficiency of
MANF in the hypothalamus and adenohypophysis resulting in an impairment of the
hormonal control of growth (Lindahl et al 2014; 2017). Additionally, the dopamine
system of the MANF knockout mice was affected. This phenotype was already
expected, due to earlier experiments with D. melanogaster and Danio rerio (D.
rerio) knockout systems that showed the same phenotype (Palgi et al 2009; Chen
et al 2012). Moreover, MANF is known to be involved in protecting and repairing
dopaminergic neurons from apoptosis (Hellman et al 2011). In contrast to MANF-/mice, the CDNF knockout mice are viable, fertile and do not present obvious
defects in growth, lifespan or glucose metabolism (Lindahl et al 2017).
Tseng et al (2017a) showed that MANF expression is high in the developing
cortex as well as in neural lineage cells, including neural stem cells of the
subventricular zone. The same scientists observed that the lack of MANF disturbs
the neurite growth and migration of developing neurons into the cortex, showing
that MANF is involved in neurite extension. On the other hand, the removal of
MANF does not change stem cell proliferation; an unexpected fact compared to
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the effects of other NTFs (Tseng et al 2017a). The MANF protein is
developmentally regulated and may play a role in the maturation of the central
nervous system (Wang et al 2014b). In zebra fish MANF regulated the
development of dopaminergic neurons, in adult zebra fish the MANF expression
was high in liver, but lower in kidney and eyes and knockdown of the MANF
mRNA affected the dopamine system (Chen et al 2012; Lindahl et al 2017).
In several invertebrate-sequencing projects MANF homologs were
predicted. However, until today analyses of sequences and functions of MANF in
invertebrates were conducted for homologs of fruit fly D. melanogaster, pea aphid
Acrythosiphon pisum and C. elegans (Palgi et al 2009; Wang et al 2015a; Bai et al
2018).
The protein (DmMANF) found in Drosophila melanogaster is closer related
to MANF than to CDNF (Palgi et al 2009). DmMANF takes part in the regulation
and development of dopaminergic neurons of Drosophila (Palgi et al 2009). It is
predominantly expressed in garland cells and is extensively expressed in the
adults visual system, which raises the idea a possible role in this context (Palgi et
al 2012, Walkowicz et al 2017). In the central nervous system of adult Drosophila
specimen DmMANF co-localizes strongly with glial processes; it is localized
specifically in dopaminergic cell somas, and during embryonic phases DmMANF is
also expressed in the salivary glands and body fat (Palgi et al 2009; 2012).
DmMANF protein is extensively distributed during embryonic and larval stages in
contrast with the most concentrated distribution of MANF expression in mature
fruit flies, demonstrating the dynamic expression pattern of DmMANF during
development (Stratoulias and Heino 2015b). Moreover, in vivo screening shows
that DmMANF genetically interacts with Irbp, the Drosophila homolog of Ku70;
besides, partially localizes to mitochondria and genetically interacts with the
ubiquinone synthesis pathway (Lindström et al 2017).
The knockout of DmMANF results in lethality at early developmental stages
with neuronal defects, exhibit specific and significant reduction of dopaminergic
neurite and cuticular defects (Palgi et al 2009), and knockdown of DmMANF
paired with Dicer-2 overexpression in glia resulted in the appearance of an
unusual macrophage-like cell type in the pupal brain (Stratoulias and Heino
2015a). The silencing of DmMANF in glia diminishes the lifespan of the flies
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(Walkowicz et al 2017). Furthermore, the reduction of DmMANF levels in either
glia or neurons influences the sleep and the locomotor activities of flies
(Walkowicz et al 2017).
The MANF homolog (ARMET), of the pea aphid Acrythosiphon pisum is a
secreted protein that modulates the hosting plant's defense mechanisms, as part
of the parasite-plant interaction (Wang et al 2015a).
The C. elegans MANF homolog is extensively expressed in a variety of
tissues as intestine, hypoderm, spermatheca and nervous system and plays a role
on ER stress response mechanisms (Bai et al 2018).
Mesencephalic astrocyte-derived factor is a widely expressed protein that
has functions during embryogenic and adult phases of the animal’s life (Wang et al
2014b; Stratouilias and Heino 2015b; Lindahl et al 2017; Tseng et al 2017a; Yang
et al 2017; Bai et al 2018; Lu et al 2018).
3.3. MANF expression and secretion upon ER stress
Several studies have shown that MANF can protect cells from ER stress on many
different disease models, and also on experiments using reduction agents and ER
inhibitors (Voutilainen et al 2015; Wang et al 2015b; Kim et al 2016; 2017a; Li-na
et al 2017; Liu et al 2016b; Bai et al 2018; Guo et al 2018).
Mesencephalic astrocyte-derived factor expression is up-regulated in cell
lines derived from bone tissue (U2OS), Human Embryonic Kidney cells (HEK 293),
and neuroblastoma (SH-SY5Y) in response ER stress induce by tunicamycin (TM)
thapsigargin (TG) and lactacystin (Apostolou et al 2008). Tunicamycin is a
nucleoside antibiotic that inhibits protein glycosylation, thapsigargin (TG) is a
specific inhibitor of the sarcoplasmic/endoplasmic reticulum Ca2+-ATPase
(SERCA) (Mizobuchi et al 2007) Lactatystin is a cell-permeable and irreversible
proteasome inhibitor (Apostolou et al 2008).
The expression of MANF was also enhanced on embryo fibroblasts (NIH
3T3) exposed to TM, TG, and Dithiothreitol (DTT, that change the ER redox
status) (Mizobuchi et al 2007). The treatment of neuron Neuro2a cells with TG
raised the levels of MANF; ATF6α powerfully increased the MANF promoter
function; however the effect of ATF6b and XBP1s were modest (Oh-hashi et al
2013; Kim et al 2017a). In spleens of human patients it was observed, that
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splenocytes, which express MANF also express ER stress-related proteins,
including ATF6, XBP1s, BiP, and CHOP (Liu et al 2015c).
The MANF promoter comprises an ER Stress Response Element (ERSE-II)
motif (ACGTGGNCCAAT), which is directly downstream of -160 bp in the
promoter region (Mizobuchi et al 2007; Tadimalla et al 2008). The ERSE-II
includes two transcriptional factor recognition sequences: ACGTGG is recognized
by ATF6 or XBP1, while CCAAT is recognized by nuclear transcriptional factor
(NF)-Y, the two binding sites are necessary for activation of MANF in response to
ER stress (Mizobuchi et al 2007). XBP1s up-regulates trough the ERSE elements
MANF expression (Lindahl et al 2017; Wang et al 2018).
Trafficking and secretion of MANF are regulated by ER stress, but the
increase in protein secretion is not a universal response (Kim et al 2017a).
Cardiomyocytes, HeLa cells and neurons primary cell culture, it constitutively
expresses MANF at moderated levels presents an up-regulation of MANF after
exposition to TM (Tadimalla et al 2008; Yu et al 2010; Glembotski et al 2012; Liu
et 2016a). Besides, cardiomyocytes and HeLa cells also show increase in MANF
expression upon exposition to TG and DTT (Glembotski et al 2012). On the other
hand Henderson and colleagues 2013 did not observe an increase in MANF
expression in SH-SY5Y cells treated with TM or DTT.
The ER stress, enhances not only expression, but also secretion of MANF
(Apostolou 2008; Tadimalla et al 2008; Glembotski et al 2012). The secretion of
MANF was induced by TM in cardiomyocytes (Tadimalla et al 2008). On the other
hand Glembotski et al (2012) observed on cardiomyocytes and HeLa cells
significant increased in MANF secretion only upon tapsigargin exposition.
Furthermore, CDNF expression in osteosarcoma U2OS cells did not
increase upon TM exposition In contrast to the MANF expression, it was upregulated (Apostolou et al 2008). The knowledge of CDNF activity on ER stress is
slight, but it may also play a protective role against ER stress, like MANF. So far,
some studies have shown that CDNF can mitigate ER stress-induced damage
(Cheng et al 2013; Zhou et al 2016; Liu et al 2017).
The lack of MANF in mice activates ER stress response as well as unfolded
protein response pathways (Lindahl et al 2014). The MANF deficient mice
developed severe diabetes, caused by postnatal reduction on the β-cell mass, due
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to decreased proliferation and increased apoptosis on pancreatic islets, a chronic
UPR response (Lindahl et al 2014). This was also observed in zebra fish, D.
melanogaster and C. elegans (Palgi et al 2009; 2012; Chen et al 2012; Lindström
et al 2016; Bai et al 2018).
Besides, C. elegans MANF null mutants can be rescued by human MANF,
in the presence of sulfatide, in some cases through a dependent activity of
endocytosis machinery (Bai et al 2018). The enrollment of BiP on MANF uptake
was demonstrated by the co-localization of MANF and BiP, raising the idea of an
endocytosis following a cell surface binding (Bai et al 2018). Another hypothesis
was that MANF is involved in the degradation process of lysosomes, due to its
Saposin-like domain (Bai et al 2018). Saposin family proteins normally work on the
solubilization of many sphingolipids for degradation inside lysosomes (Kolter and
Sandhoff 2005). Indeed MANF binds to sulfatide, but without inducing degradation
processes, in contrast leading to efficient cellular endocytosis (Bai et al 2018).
Mesencephalic astrocyte-derived factor activity during UPR is not
completely clear yet, one raised hypothesis is that during unstressed situations,
MANF is retained in the ER by KDELR via the C-terminal RTDL sequence and by
calcium dependent interaction with BiP/GRP78 (Glembotski et al 2012; Henderson
et al 2013; Lindahl et al 2017). A change in calcium concentration could trigger
dissociation of the MANF/-BiP complex causing a subsequent MANF secretion
(Glembotski et al 2012), extracellular MANF could function in an autocrine and/or
paracrine capacity to protect cells from death in response to ER calcium depletion
(Apostolou et al 2008; Glembotski et al 2012).
Another function of MANF and CDNF has been hypothesized from the
structural homology were C-terminal, SAP domain, protects the cell from BAXmediated cell death (Hellman et al 2011). Furthermore, MANF is a major
component regulating the secretion of the ER inducible protein CRELD2 through
the C-terminal amino acids (RTDL) (Hartley et al 2013; Oh-hashi et al 2015). Chen
and colleagues (2015b) demonstrates the interaction between MANF and RTN1C, a protein from the reticulons family.
Mesencephalic astrocyte-derived factor may also be part of the regulation
of inflammatory response (Zhao et al 2013; Chen et al 2015a; Gao et al 2017a;
2017b; Yang et al 2017). In a study where astrocytes were pre-treated with MANF
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and then exposed to ER stress by oxygen–glucose deprivation-induced cell
damage, a suppression of ER stress was observed (Zhao et al 2013). Additionally,
the levels of BiP, NF-kB p65 and secretion of proinflammatory cytokines,
Interleukin 1 beta (IL-1β), interleukin 6, as well as Tumor Necrosis Factor alpha
(TNF-α) were reduced (Zhao et al 2013).
Corroborating that results, MANF’s negative regulates NF-kB signaling, the
C-terminal SAP-like domain of MANF interacts with the DNA binding domain of
NF-kB p65 subunit after translocation of MANF into the nucleus under
inflammation and ER stress (Chen et al 2015a). Besides, MANF decreased the
expression level of IL-1β, TNF-α, and Interferon Gamma (IFN-γ) induced by
Lipopolysaccharide (LPS) treatment, regulating NF-kB and phosphorylation of
p38-Mitogen-Activated Protein Kinases (P38-MAPKs) pathways, but not n p-JNK
or p-ERK signaling (Zhu et al 2016).
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(PI3K)/Akt/Mammalian Target of Rapamycin (mTOR)) and inhibiting autophagy
(Hao et al 2017; Zhang et al 2017a). The AMPK/mTOR signalling pathways are
also involved in the inhibiting of autophagy by MANF on energy depletion
conditions (Zhang et al 2017a).
Nonetheless, MANF up-regulates the expression of nuclear factor Erythroid
2-Related Factor (Nrf2), which is a transcription factor in the phase II antioxidant
response pathway, and promotes its translocation into the nucleus, potentiating
the Nrf2-related survival mechanism through the PI3K/Akt/GSK3β (Glycogen
synthase kinase 3 beta) pathway (Alfieri et al 2011; Zhang et al 2017b).
3.4. MANF on disease models
Neurodegenerative diseases are characterized by progressive loss of neuronal
function in defined area of the nervous system, ending up in malfunction (Majdi et
al 2016; Hetz and Saxena 2017). Disorders such as Alzheimer's, Parkinson and
Huntington disease, as well as, amyotrophic lateral sclerosis, prion-related, retinitis
pigmentosa and some myelin-related disorders have different pathophysiological
and clinical hallmarks (Soto 2003; Bertram and Tanzin 2005; Aguzzi and
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O´Connor 2010; Hetz and Saxena 2017). However, they share a pathological trait:
abnormal aggregation of misfolded proteins and this accumulation generates ER
stress, which triggers UPR (Soto 2003; Oakes and Papa 2015; Rivas et al 2015;
Plate and Wiseman 2017).
The long-term activation of UPR is present in numerous neurodegenerative
diseases based on animal models and post-mortem studies of tissue from patients
with disorders related to protein aggregation (Hetz and Saxena 2017). But the link
between ER stress and UPR is also present in inflammatory disease and traumatic
injury to the nervous system (Hetz and Saxena 2017). The possibility of
influencing UPR controlling secretory proteostasis can provide a remarkable
therapeutic possibility to treat humans (Plate and Wiseman et al 2017).
The role of MANF and CDNF on ER stress and UPR response highlight
them as possible treatments to neurodegenerative diseases; both proteins have
neuroprotective and neurorestorative effects (Lindholm et al 2016; Liu et al 2015b;
Nasrolahi et al 2018). As well, their role on ER stress and UPR can make then
target to treat not only neurodegenerative disorders but also many other diseases
(Glembotski et al 2012; Lindahl et al 2014; Liu et al 2016a; Neves et al 2016; Kim
et al 2017a; Guo et al 2018).
The expression, activity and protective effect of MANF has been studied on
many ER stress and disease models. MANF rescues apoptotic superior cervical
ganglion (SCG) neurons (Hellman et al 2011) and also non-neuronal cells
(Petrova et al 2003; Apostolou et al 2008; Mätlik et al 2015). It inhibits oxygen
glucose deprivation induced cell damage and inflammation in rat primary
astrocytes (Zhao et al 2013) and is up-regulated on mice chronic restrain stress
model (Huang et al 2015).
Mesencephalic astrocyte-derived factor plays an important role in nervous
system diseases (Li-na et al 2017). Studies on MANF on Parkinson´s disease
models, show a neuroprotective and neurorestorative effect on rats treated with 6OHDA (Voutilainen et al 2009; 2011; Cordero-Llana et al 2014; Hao et al 2017)
and C57BL/6 mice model (Liu et al 2018). Moreover, MANF in vitro inhibits
apoptosis and decreases the damage on SH-SY5Y cells challenged with 6-OHDA
or with overexpression of alpha-synuclein (Huang et al 2016; Sun et al 2017;
Zhang et al 2017a; 2017b). The infusion potential of MANF in a large animal
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model, were studied on porcine putamen and substantia nigra following
Convection-Enhanced Delivery (CED), and validates the translational potential of
infusing MANF as a novel treatment strategy for PD (Barua et al 2015).
The neuroprotective effects of MANF have been also researched on others
disease models as: cerebral ischemia in mice (Lindholm et al 2008; Yang et al
2014a), rats (Airavaara et al 2009; 2010; Yu et al 2010; Shen et al 2012; Yue et al
2014; Mätlik et al 2015; 2018; Wang et al 2016; Tseng et al 2017b; Xu et al 2018)
and piglets (Olson et al 2013), also on spinal cord (Gao et al 2018) and traumatic
brain injury models (Li et al 2018). As well as, on knock-in mouse model of
spinocerebellar ataxia 17, that inducibly expressed one copy of mutant TATAbox
binding protein (Yang et al 2014b; Guo et al 2018). Furthermore, the treatment of
an epilepsy mouse model (Lindholm et al 2008), as well as of rats and neural stem
cell with valproic acid, a drug clinically used as mood stabilizer, resulted in the upregulation of MANF (Niles et al 2012; Almutawa et al 2014).
Moreover, in a rat model for chronic glaucoma and on an in vitro model of
hypoxia-induced cell injury, MANF was able to protect retina ganglion cells (Gao et
al 2017b). Besides, Neves et al (2016) showed that intravitreal injection of
recombinant MANF induces neuroprotection, improves tissue repair, and
increases the success of photoreceptor replacement therapies in the retina,
through an alternative activation of innate immune cells. MANF is a novel
prospective therapeutic agent to treat retinal degenerative disorders (Gao et al
2017b; Lu et al 2018).
Besides, MANF possibly plays a role in cardiac diseases (Tadimalla et al
2008; Glembotski et al 2012; Liu et al 2016a; 2016b). MANF is able to protect
neonatal rat cardiomyocytes (Liu et al 2016b), and also has a cytoprotective effect
on induced myocardial infarction and inducible ischemia models (Tadimalla et al
2008; Glembotski et al 2012). Furthermore, it has the ability of reducing cardio
hypertrophy and heart failure, therefore it is considered as a cardioprotective factor
with a possible future in treating cardiac diseases (Glembotski et al 2011; 2012 Liu
et al 2016a). Shimano et al (2012) described MANF as cardiokine. This protein
type is secreted from cells that play crucial roles in intercellular and intertissue
communication during tissue development, growth and in response to various
pathological stresses.
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Moreover, in rabbit fibroblast-like synoviocytes antigen induced arthritis
model, MANF is up-regulated (Chen et al 2015a). It is also up-regulated in cell and
mouse models of chondrodysplasias (Hartley et al 2013), as well as in
metaphyseal chondrodysplasia, Schmid type disease model; were the ER stress
was analyzed through the replication of the disease phenotype by expressing
misfolded types of collagen X (Schmid) or thyroglobulin (Cog) in the hypertrophic
zone (Cameron et al 2011). Furthermore, rabbits with antigen-induced arthritis,
and patients with rheumatoid arthritis or Systemic Lupus Erythematosus (SLE)
show a decreased expression of MANF in the peripheral white blood cells (Wang
et al 2014a; Chen et al 2015a). Otherwise, in 2017 Almlöf et al presented MANF
as predicted novel risk gene for SLE according to the SLE random forest
classification.
The MANF protein can also easily be detected in urine samples taken from
mouse model of human Nephrotic Syndrome (NS) caused by mutant laminin b2 at
the initial stage of NS. Urinary MANF excretion increased during disease
progression in the mutants, but not in the controls (Kim et al 2016). Due to this,
MANF can possibly be used as urinary biomarker for detecting ER stress in
podocytes or renal tubular cells (Kim et al 2016). The usage of noninvasive
biomarkers for detecting ER stress in podocytes or tubular cells on the initial
phases of the disease is relevant to identified the illness when a kidney biopsy is
not yet clinically indicated (Kim et al 2016). In a rodent bladder outlet obstruction
disease model an increased expression of MANF and others ER-stress markers,
as the ER expands, were observed (Krawczyk et al 2016). The ER expansion is a
phenotypic modulation of smooth muscle cells that is an indicator of the bladder
outlet obstruction (Krawczyk et al 2016).
Moreover, probably MANF plays a role in Diabetes Mellitus (DM) (Lindahl et
al 2014). DM is a group of metabolic disorders characterized by the loss of
functional pancreatic β cell mass, leading to insufficient insulin secretion (Talchai
et al 2012; Weir and Bonner-Weir 2013; Lindahl et al 2014). The MANF protein is
essential for proliferation and survival of pancreatic β cells and is also able to
protect them from ER stress (Lindahl et al 2014; Cunha et al 2017). Beyond that,
on children recently identified with type I DM newly diagnosed pre diabetic and as
well diabetic patients type II, presented increased levels of circulating MANF in
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serum (Galli et al 2016; Wu et al 2017). Along with, the serum levels of MANF
were well correlated with indices of insulin resistance (Wu et al 2017).
Besides, Yang and colleagues (2017) showed that in vivo hypothalamic
MANF overexpression leads to insulin resistance and in vitro the overexpression
of MANF in cultured cells leads to a reduced insulin sensitivity. The same research
group also demonstrated that MANF does not trigger insulin resistance via
enhanced of inflammation (Yang et al 2017).
Overweight and obesity evolve when the energy intake exceeds
expenditure; the excess energy is deposited as body tissue (Romieu et al 2017).
The idea of a possible role of MANF in obesity is raised by the functional balancing
of MANF associated with food intake on hypothalamus (Yang et al 2017).
Hypothalamic
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hypothalamic reduction leads to hypophagia (Yang et al 2017). It also influences
food intake and body weight by modulating hypothalamic insulin signaling (Yang et
al 2017). Analyzes with transgenic mice overexpressing MANF, which become
highly obese, show the increasing on energy intake is the sole cause of the
observed animal obesity (Yang et al 2017).
4. Sponge
The sponges (Phylum Porifera) are among the oldest existing multicellular animals
(Metazoa) lineages dating back to Precambrian, preceding the radiation of all
other animal phyla (Li et al 1998; Love et al 2009, Botting and Muir 2018).
Sponges have been considered the earliest branching of metazoan taxon, and,
therefore, present great significance in the reconstruction of early metazoan
evolution (Müller et al 2004a; Wörheide et al 2012). However, there are conflicting
phylogenetic hypotheses concerning evolutionary relationships among some of
major metazoan lineages based on molecular data: Porifera, Placozoa,
Ctenophora, Cnidaria (Nosenko et al 2013). In some phylogeny analysis
Ctenophora are placed at the basis of metazoan clade (Dunn et al 2008; Hejnol et
al 2009; Ryan et al 2013). The majority of phylogeny analysis sponges are placed
at the basis of metazoan clade (Medina et al 2001; Philippe et al 2009;
Schierwater et al 2009; Sperling et al 2009; Pick et al 2010; Erwin et al 2011;
Wörheide et al 2012; Feuda et al 2017; Simion et al 2017, Renard et al 2018).
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The conflicting results presented by the deep metazoan phylogenies can be
caused by many factors, as example most of the phylogenies diverge on taxon
and gene sampling, on applications of phylogenetic methods and thresholds, as
well as different models of amino acid substitution (Philippe et al 2011; Nosenko et
al 2013; Riesgo et al 2014). Furthermore, solving the deep animal phylogenetic
relation is important because it can contribute to a better comprehension of the
evolution and function of many animal characteristics such as body plans, and
nervous system (Philippe et al 2009; Dunn et al 2015).
4.1 Sponge biology
Sponges are exclusively aquatic animals that inhabit a variety of marine and
freshwater systems (Bergquist 1978; Hooper and van Soest 2002). Approximately
8.500 sponges species have already been described, although some authors
estimate that as many as the double of this number exist (van Soest et al 2012;
Appeltans et al 2012). Phylum Porifera is currently divided into four classes,
Hexactinellida, Demospongiae, Calcarea and Homoscleromorpha (Gazave et al
2012; van Soest et al 2012; Riesgo et al 2014). Marine sponges are distributed
worldwide, ranging from polar to tropical regions and are an important component
of the benthic communities (Maldonado et al 2005; van Soest et al 2012).
Sponge body is structured around a system of water channels that may
exhibit four different forms: ascon, sycon, leucon and solenoid (Bergquist 1978;
Bavestrello et al 1988; Cavalcanti and Klautau 2011). These water channels are
vital for feeding, respiration and reproduction (Bergquist 1978; Bavestrello et al
1988). The sponge body plans show a huge variety among the four sponge
classes, though the majority of the adult sponge’s body is assembled by the same
components: pinacocytes, choanocytes, and a selection of mesohyl cells (Adamsk
2018). The skeleton is made of calcareous or siliceous spicules and, siliceous
spicules give structural support to almost all demosponges (Rupert and Barnes
1996; Hentschel et al 2012). The external body wall is formed by the pinacoderm,
which is made by epithelioid cells named pinacocytes (Rupert and Barnes 1996).
The inhalant orifices in the outside of pinacoderm (called pores) are formed by
specialized cells called porocytes, which forms a ring that extends from the outer
surface to the espongiocele (Rupert and Barnes 1996). Below, the pinacoderme is
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the mesohyle, which is a gelatinous and protein matrix that contains both skeletal
material and amoeboid cells (Rupert and Barnes 1996). Internal to the mesohyle is
the choanocyte chamber, which is formed by lined up flagellated cells called
choanocytes (Hentschel et al 2012). The beating movement of the choanocytes
generates a water flow through the sponge body, which is micro-filtered by a
microvillous collar at the flagellum base and used to collect food particles from the
surrounding water (Hentschel et al 2012; Mah et al 2014).
The sponges are filter-feeding organisms that are remarkably efficient in
obtaining food from the surrounding water (Reiswig 1971; Vogel 1977; Pile et al
1996; Taylor et al 2007). However, some sponge species are carnivorous, which is
the case of Chondrocladia grandis (Vacelet and Boury-Esnault 1995; Verhoeve
and Dufour 2018).
Moreover, sponges are capable to filter huge amounts of water (0.002 to
0.84 ml/s per cm3 of sponge tissue) through its aquifer channel system. Through
this process, sponges obtain food while retaining a wide range (0.1 to 50 mm) of
particulates organic materials, bacteria, unicellular algae and even viruses
(Reiswig 1971; 1975; Vogel 1977; Larsen and Riisgård 1994; Hadas et al 2006;
Pile et al 1996; De Goeij et al 2008; Hentschel et al 2012). The food particles or
microorganism retained on choanocyte microvillous collar is moved to the inner
mesohyl layer, where they are digested via phagocytosis by archaeocyte cells,
which are totipotent cells (Custódio et al 1998; Müller et al 2006; Taylor et al 2007;
Hentschel et al 2012; Mah et al 2014). Besides, sponge morphology is very
diverse and can be strongly influenced by natural factors and interaction with other
organisms (Bergquist 1978; Leys and Hill 2012).
Despite the phenotypic simplicity of sponges, their genome displays an
amazing complexity with a comprehensive set of genes characteristic of metazoan
multicellularity (Harcet et al 2010; Srivastava et al 2010; Conaco et al 2012b;
Riesgo et al 2014; Pita et al 2016). Sponges express a variety of signaling genes,
which includes core genes of the bilaterian signaling pathways such as Wnt, TGFb, Hedhog, receptor tyrosine kinase, JAK/STAT and Notch signaling pathway
(Müller et al 1999d; Nichols et al 2006). They also present a complex repertoire of
developmental transcription factors (Larroux et al 2006; Müller 2006; Fortunato et
al 2015). These findings corroborate the idea that sponge genetics can play an
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important role in the understanding of metazoan development (Müller 2006;
Srivastava et al 2010; Leys and Hill 2012).
Regarding reproduction, sponges can reproduce through both asexually
and sexually reproduction methods. Asexually, reproduction occurs by budding off
portions of the adult body or by separating cells into an overwintering cyst or
gemule (Leys et al 2005). Sexually, through a widely different mechanism of
sexual reproduction and larval development (Leys and Ereskovsky 2006), which
may show phototaxis and geotaxis behaviors (Leys and Degnan 2001; Maldonado
and Bergquist 2002; Maldonado et al 2003). These larvae go through a
metamorphic transition after settlement which includes extensive reorganization of
undifferentiated cells and trans-differentiation of functional larval cells toward the
adult system (Amano and Hori 1996; Leys and Degnan 2002; Leys and
Ereskovsky 2006; Conaco et al 2012b), with nitric oxide (NO) playing a role in
regulation of sponge pelagic/benthic life cycle (Ueda et al 2016).
4.2. Components of neuronal processes identified in sponges
The sponge epithelium is the better recognizable tissue, being composed of
rudimentary epithelial cells that are poorly differentiated, and sensory cells that
seems to be also involved in a conducting pathway (Leys et al 2009; Leys and
Riesgo 2012; Leys 2015; Littlewood et al 2017). Although, the presence of a “true”
ephithelia in sponges still being debated (Belahbib et al 2018).
The sponge epithelium has functions on cell communication and
coordination, along with the ability to seal and control ionic composition of the
internal milieu, keeping the animal integrity and homeostasis (Leys et al 2009;
Leys and Riesgo 2012). Sponges seems to have an epithelial genetic toolkit with
the presence of collagen IV, epithelial polarity complexes, adherent junctions, as
well as an E-cadehrin complex a Metazoa novelty (Srivastava et al 2010; Nichols
et al 2012; Riesgo et al 2014; Belahbib et al 2018). The presence of occluding
junctions, as parallel membrane and septate junctions has also been reported in
sponges and at least some groups (e.g., Demospongiae, Haplosclerida) have
functional epithelia that occludes the passage of ions (Nichols et al 2006; Leys et
al 2009; Adams et al 2010; Leys and Hill 2012; Whitmer 2018). The adhesion
molecules of the MAGUK family of transmembrane proteins have also been
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reported for sponges. Since these proteins are also involved in the framework of
post-synaptic molecules, some authors have suggested that the MAGUK proteins
might have functions not only on cell–cell adhesion, but also on signaling at cell
junctions in sponges (De Mendoza et al 2010; Fahey and Degnan 2010; Leys and
Hill 2012).
Sponges do not have nerves in the prevailing sense; i.e. they lack a specific
cell type that transmits signals using electrical impulses that travel along the cell
membrane and convey to other cells via a chemical synapse (Leys and Hill 2012).
Genomic and transcriptomic analyses demonstrate that sponges have a huge
collection of genes that are linked to neuronal processes in other animals (Leys
2015). Different ions form the basis of action potentials, with calcium triggering a
rapid signal in sponges that causes a behavioral response: as the inward current
is carried with calcium, the influx of Ca2+ into the cells of the flagellated chamber
stops their pumping (Leys et al 1999; Leys and Meech, 2006; Leys 2015; Meech
2015).
Moreover, the osculum is the main sponge sensory organ; it is able of
sensing stimuli from the surroundings and triggering a reaction of the whole body,
as a “sneeze” behavior (Meech 2008; Leys 2015). As a result, the sponge disrupts
the water flow stopping the water cycle, which is a defensive action in response to
damage to any part of the system (Meech 2008; Leys 2015). Studies that scanned
sponges on electron microscopy showed that they present small cilia (4-6 µm
long) lined up inside of the oscula (Nickel 2010; Ludeman et al 2014; Leys 2015).
Leys 2015 suggests that sensory cilia are probably a common sensory organ of
Poriferan. The sensory cilia can produce coordinated effector responses that alter,
filter-feeding behavior and if either the cilia or the whole osculum is removed the
animal loses its ability to “sneeze” (Nickel 2010; Ludeman et al 2014; Leys 2015).
Furthermore, both external mechanical stimuli and chemical molecules
such as caffeine, acetylcholine esterase, nicotine, nitric oxide, cyclic adenosine
monophosphate and serotonin are known to trigger contractions of the osculum,
ostia or whole body of sponges (Ellwanger and Nickel 2006; Nickel 2010; Leys
2015). Dopamine and epinephrine bath applications are also known to cause
contractions on sponges (Ellwanger and Nickel 2006). However, the signaling
functions of biogenic amines, such as catecholamines, dopamine, epinephrine and
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norepinephrine, are not fully understood in sponges (Riesgo et al 2014). Although,
sponges probably coordinate their behavior using common chemical messenger
systems also present on other animals (Leys and Meech 2006; Ellwanger and
Nickel 2006; Ramoino et al 2007; Elliott and Leys 2010).
Sponges have a complex intercellular communication and signaling system
that permits them to have coordinated behaviors, which is thought to be the root
of both nervous and endocrine systems in other animal groups (Müller and
Müller 2003b; Leys and Meech 2006). Almost a whole set of genes homologous to
those related to the mammalian synapse formation is present on the genome and
transcriptome of demosponge, Amphimedon queenslandica (A. queenslandica)
(Conaco et al 2012a; Riesgo et al 2014). As gamma-amino butyric acid (GABA)
and the glutamate decarboxylase, which carries out the synthesis of GABA from
glutamate, were identified in sponges (Perovic et al 1999; Ramoino et al 2007;
Sakarya et al 2007; Riesgo et al 2014). GABA is believed to be the main inhibitory
neurotransmitter in the mammalian central nervous system, a function that has
been also reported to a number of invertebrate systems (Ramoino et al 2007).
This corroborates previous reports that show that NO, glutamate and GABA
are physiologically active in demosponges (Ellwanger et al 2007; Ramoino et al
2007; 2011; Elliott and Leys 2010). For example, two glutamate receptor inhibitors,
AP3 (a competitive inhibitor) and kynurenic acid (Kyn, a non-competitive inhibitor)
have been shown to block the sneeze behavior in a concentration-dependent and
GABAB receptors have also been shown to modulate feeding behavior in
Leucandra aspera (Perović et al 1999; Ramoino et al 2007; 2011; Elliott and Leys
2010). Finally, a transcriptome assay also identifies an ionotropic glutamate
receptor (iGluR), with good similarity to vertebrate homologue (Riesgo et al 2014;
Leys 2015).
4.3. Sponges microbiome
Sponges host an abundant community of organisms (i.e. nematodes, copepods,
bacteria), which forms the poriferan endofauna (Magnino et al 1999; Ribeiro et al
2003; Skilleter et al 2005). The sponge-associated microorganisms generally live
in the sponge extracellular matrix (mesohyle) concentrated around the choanocyte
chambers (Webster and Thomas 2016). However, some sponge species also host
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high densities of cyanobacteria or microalgae just under the pinacoderm cell layer,
where they are highest exposed to sunlight (Wilkinson et al 1978b; Webster and
Thomas 2016). Furthermore, some sponge species also host bacterial cells
intracellularly within specialized bacteriocyte cells that have different kinds of
bacteria that might be both symbiotic or food resource (Vacelet and Donadey
1977; Woollacott 1993; Ilan and Abelson 1995; Taylor et al 2007; Hentschel et al
2012; Uriz et al 2012).
Sponge-associated microbiota is complex, with 47 phyla of bacteria known
to live in association with sponges, with phyla Poribacteria being specific to
sponges (Fieseler et al 2004; Thomas et al 2010; Hentschel et al 2012; MoitinhoSilva et al 2014; Reveillaud et al 2014; Gardères et al 2015b). Thousands of
symbionts lineages were described per sponge individuals, and up to 35% of the
total sponge biomass may be composed of microorganisms. These may reach
densities above 109 microbial cells per cubic centimeter of sponge tissue, which
are 3 to 4 orders of magnitude higher than the density in the surrounding sea
water (Taylor et al 2007; Hentschel et al 2012; Pita el al 2016; Thomas et al 2016).
However, that while many sponge species have a dense and diverse microbial
community (“high microbial abundance”) other species are virtually lacking of
microorganisms (“low microbial abundance”) (Wilkinson et al 1978a; Hentschel et
al 2006; Taylor et al 2007; Bayer et al 2014; Gloeckner et al 2014; Ryu et al 2016).
Symbionts of sponges perform a wide range of functional roles, including
vitamin

synthesis,

production

of

bioactive

compounds,

and

biochemical

transformations of nutrients or waste products (Taylor et al 2007; Siegl et al 2011;
Hentschel et al 2012; Wilson et al 2014; Moitinho-Silva et al 2017). Sponges ability
to house a huge, dense and diverse community of presumed symbiotic bacteria,
archaea and unicellular eukaryotes – despite the presence of the bacteriumdigesting archaeocytes –, arises the idea that sponge cells are able to recognize
different microbial kinds and/or protect the symbionts cells, inhibiting consumption
(Wilkinson et al 1984; Hentschel et al 2003; 2012; Taylor et al 2007).
Sponge feeding studies show that putative symbionts, which are those
ingested by their sponge hosts, pass through unharmed, although ingested nonsymbiont bacteria are normally consumed (Wilkinson et al 1984; Wehrl et al 2007;
Hentschel et al 2012). The mechanisms of interaction between marine sponges
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and bacteria, being they consumed as food, or establishing opportunistic and
commensal relationships are not fully clarified (Gardères et al 2015a). So far, a
molecular crosstalk between sponge and bacteria have been shown for bacterial
homoserine lactones, where the 3-oxo-C12-HSL may play a role in the tolerance of
the sponge apoptosis and immune systems towards the presence of bacteria
(Gardères et al 2014). The sponge may sense the 3-oxo-C12-HSL as a molecular
proof of the bacterial presence and/or density to control the populations of
symbiotic bacteria in the sponge (Gardères et al 2014). Ankyrin-repeat proteins
from sponge symbionts may also interfere with phagocytosis pathways and that
may be one of the mechanisms used by symbionts to avoid being digested by a
sponge host (Nguyen et al 2014). Lectins may also have a role in the sponges
defense mechanisms and possibly in the association between the sponge and its
microorganisms due to their ability to identify different carbohydrates (Gardères et
al 2015a; 2016). Furthermore, there are differences in the lipopolysaccharides
(LPS) structure from Endozoicomona sp., a commensal of S. domuncula, and
Pseudoalteromonas sp. opportunistic bacteria. Therefore, LPS patterns can have
a function on sponge discrimination between symbionts and food (Gardères et al
2015b). The sponge innate immune system is probably involved in the mechanism
used to distinguish between food and symbiotic microorganisms (Degnan 2015).
The symbiotic relationships of sponges, and the knowledge of hosting
density, specificity, and often highly diverse microbial communities in sponges are
raising studies of sponge hologenome, that the collective genomic content of a
host (holobiont) and its microbiome (Moran and Sloan 2015; Ryu et al 2016; Theis
et al 2016; Webster and Thomas 2016; Moitinho-Silva et al 2017; Slaby et al
2017). The emerging use of sponges as a model of animal-microbe symbioses
can contribute to the understanding host–microbe interactions in basal metazoans
(Pita et al 2016).
5. Metazoan immunity
The ability to distinguish between self and non-self is a key element of life, and
since the foremost eukaryotic cells a variety of defense mechanisms have been
developed to assure cellular integrity, homeostasis, and survival of the host
(Custódio et al 2004; Boehm et al 2006; Dzik et al 2010; Buchmann et al 2014).
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Consequently, all animals have immunity components that differentiate self from
non-self (Hoffman et al 1999; Buchmann et al 2014). When a foreign factor
somehow triggers the animal recognition mechanisms, it induces a variety of
signaling pathways on the host immune response system, which aim to eliminate
the threat by killing or isolation (Custódio et al 2004).
The immune response in vertebrates is structured in two main components,
the innate and adaptive immune system and they use fundamentally different
approaches to deal with the molecular diversity of pathogens (Medzhitov and
Janeway 1998; Medzhitov 2007b; Palm and Medzhitov 2009; Vivier and Medzhitov
2016). The major differences are related to how the systems develop their
recognition repertoire (Medzhitov and Janeway 1997; Palm and Medzhitov 2009;
Medzhitov 2007a; 2007b).
The innate immunity is the first-line of host defense, the response is virtually
immediate, and works without former exposure (Medzhitov and Janeway 1997;
1998; Hoffmann et al 1999; Kimbrell and Beutler 2001; Medzhitov 2007a; 2007b;
Palm and Medzhitov 2009; Vivier and Medzhitov 2016). Innate immune response
works via the pattern recognition repertoire detection, through the pattern
recognition receptors (PRR) (Hoffmann et al 1999; Kimbrell and Beutler 2001;
Medzhitov 2007a; 2007b; Delbridge and O´Riordan 2007; Palm and Medzhitov
2009).
The PRR are a limited set of germline-encode receptors that can detect a
big number of molecules that have a typical structural motif or pattern shared by
classes of microorganisms (Medzhitov and Janeway 1997; 1998; Kimbrell and
Beutler 2001; Kabelitz and Medzhitov 2007; Medzhitov 2007a; 2007b; Palm and
Medzhitov 2009; Vivier and Medzhitov 2016). These pattern molecules are also
named Pathogen-Associated Molecules (PAMPs), however they are not only
preset on pathogenic microorganisms (Medzhitov 2007b). Besides, the innate
immunity has appeared prior to the separation of vertebrates and invertebrates
and most of multicellular organisms rely entirely on it (Kimbrell and Beutler 2001).
The adaptive immune response, on the other hand, is present only in vertebrates
(Medzhitov and Janeway 1997; 1998). The adaptive immunity relies on somatically
generated antigen receptors that are clonally expressed (Medzhitov and Janeway
1997; 1998). The receptors are highly specific and randomly generated (Palm et al
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2009). It evolved to be able to express a huge array of recombinant receptors with
apparently limitless possibilities of specificity (Medzhitov and Janeway 1997; 1998;
Kimbrell and Beutler 2001; Cooper and Alder 2006; Medzhitov 2007b; Vivier and
Medzhitov 2016). The receptor activates the effectors mechanisms in a challengespecific manner and offers long-term protection, although the response takes days
or weeks to reach the level of maximum efficacy (Kimbrell and Beutler 2001; Kurtz
and Armitage 2006; Kabelitz and Medzhitov 2007; Medzhitov 2007b; Chaplin
2010). There is a crosstalk between innate and adaptive immunity, with the innate
immunity playing a role on the control of adaptive immunity (Kabelitz and
Medzhitov 2007; Iwasaki and Medzhitov 2015).
5.1. Immunity in sponges
Findings on the comparative immunology research field corroborate the
importance of understand the molecular and functional characteristics of the
immune systems on many different organisms (Flanjnik and Pasquier 2004).
Genes related to the innate immunity tend to be conserved in metazoans (van der
Burg et al 2016). Therefore, the phylogenic position of Porifera as a sister clade of
Eumetazoa can help to understand evolutionary mechanisms related to innate
immunity (Wiens et al 2005; 2007; Gauthier et al 2010; Yuen et al 2014; Feuda et
al 2017). Several proteins associated to self and non-self in deuterostomian, have
also been described in sponges (Müller et al 1999a; Srivastava et al 2010; Riesgo
et al 2014; Guzman and Conaco 2016).
Sponges depend on cell aggregation and allorecognition properties to
maintain tissue integrity (Blumbach et al 1999; Müller et al 1999a; Gauthier and
Degnan 2008; Guzman and Conaco et al 2016). Poriferan possesses cell-cell and
cell-matrix adhesion systems (Pancer et al 1996; 1997a; 1998; Müller 1997; Müller
et al 1999b; Fernàndez-Busquets and Burger 1999; Srivastava et al 2010; Leys
and Hill 2012; Grice et al 2017; Schippers and Nichols 2018).
On the cell-cell adhesion system the intercellular Aggregation Factor (AF) is
a mediator of cell recognition, binding the Aggregation Receptor (AR) that is
inserted into the plasma membrane to one galectin molecule in the presence of
Ca2+, and a second galectin molecule to the first (Müller 1997; FernàndezBusquets and Burger 1999; Müller et al 1999c). The AFs are very different
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between for different species; two sponge species do not have an equal AF
repertoire or domain organization (Grice and Degnan 2017). The AFs carry
features of allorecognition molecules as well, which induce a downstream reaction
(Müller et al 1999a; 1999c; Müller et al 2002; Müller and Müller 2003a; Grice et al
2017).
Molecules involved on histocompatibility response of sponges were studied
through autograph/allograph transplantation, as well at a cellular level using mixed
sponge cell reaction (Müller et al 1999a; 1999e; Müller et al 2002; Grice and
Degnan 2017). A series of chemokines, cytokines and molecules involved on host
and graft interaction have also been reported (Müller et al 2000; 2003; 2009b)
such as Allograft Inflammatory Factor-1 (Kruse et al 1999; Müller et al 1999a;
1999c; 1999e; 2002; Müller and Müller 2003a), glutathione peroxidase (Kruse et al
1999), endothelial-monocyte-activating polypeptide (Pahler et al 1998), pre-B
colony enhencing factor (Müller et al 1999e), leukotrin B4 (Wiens et al 2000a) and
phenylalanine hydroxylase (Wiens et al 1998).
Since sponges are surrounded by microorganism that can be symbionts,
parasites, pathogens or food source to them (Hentschel et al 2012), sponges
require a versatile mechanisms of defense (Hentschel et al 2012). Moreover,
families of pattern recognition receptors have been described in sponges (Wiens
et al 2007; Müller and Müller 2007; Srivastava et al 2010; Riesgo et al 2014;
Guzman and Conaco 2016; Ryu et al 2016; Webster and Thomas 2016) such as
the scavenger receptors (Pancer 1997b; Blumbach et al 1998; Müller et al 1999b;
Srivastava et al 2010; Guzman and Conaco 2016; Ryu et a 2016), and the
Nucleotide Oligomers Domain (NOD)-Like Receptor (NLR) encoding genes, which
contains a NACHT domain in combination with leucine-rich repeatitions that have
been described on A. quenslandica genome in a high amount (Srivastava et al
2010; Yuen et al 2014; Degnan 2015; Ryu et a 2016; Webster and Thomas 2016).
Lectin family proteins (Schröder et al 2003; Gardères et al 2015a; 2016) and
manose-banding associated serine protease, which activates lectin complement
pathway (Riesgo et al 2014) have also been reported. Additionally, the Toll-Like
Receptor (TLR) and Interleukin Receptor 1 (ILR-1) pathways proteins, as Myeloid
Differentiation Primary Response 8 (MyD88) Kappa-Light-Chain-Enhancer of
Activated B Cells (NF-kB), the Interleukin Receptor-Associated Kinase 1/4 (IRAK
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1/4), TGF- Activated Kinase (TAK-1), the Tumor Necrosis Factor (TNF) ReceptorAssociated Factors (TRAF), the Interferon Regulatory Factor (IRF), and the TNF
superfamily have also been reported (Wiens et al 2005; 2007; Gauthier et al 2010;
Riesgo et al 2014; Pozzolini et al 2016; Ryu et al 2016).
Other proteins related to host defense mechanisms that have also been
described include (2'-5') oligoadenylate synthetase (Wiens et al 1999; Grebenjuk
et al 2002), (1→3) -β-D-glucan (Perović-Ottstadt et al 2004), alpha2-macroglobulin
(Riesgo et al 2014), Ascaris suum Antibacterial Factor (ASABF) (Wiens et al
2011), guanylate-binding proteins 1 (Ryu et al 2016) and aquaporin (Müller et al
2009a).
As filter feeders, sponges are in contact with a huge amount of bacteria
existing in the surrounding aqueous milieu (Wiens et al 2005; Hentschel et al
2012). This raises the possibility that perhaps they may suffer microbial infections,
such as gram-positive and gram-negative bacteria, which can cause disintegration
of fibers and tissues, and even cause death (Webster et al 2002; Taylor et al 2007;
Müller et al 2009b). Studies carried to evaluate the immunity pathways activated in
response to infections have shown that sponges react differently to commensal
and opportunistic bacteria, and also to gram-positive and gram-negative bacteria
(Böhm et al 2001; Schröder et al 2003; Thakur et al 2003; 2005; Wiens et al 2005;
Müller et al 2009b; Gardères et al 2015b).
Some of the proteins and pathways described above play a role on
bacterial response, which is the case of TLR and interleukin 1 (Wiens et al 2005;
2007; Müller et al 2009b; Gauthier et al 2010), MAPK, JNK, macrophage
expressed gene 1, perforin-like molecule, adaptor gene (AdaPTin 1) and lysozyme
(Böhm et al 2000; 2001; 2002; Schröder et al 2003; Thakur et al 2003; 2005;
Wiens et al 2005; Müller et al 2009b). Besides, sponges use also chemical
strategies to control infections, producing a variety of bioactive compounds (Wiens
et al 2003a; Müller and Müller 2003a; Müller et al 2004b; 2004c; 2004d; Schröder
et al 2006; Blunt et al 2013; He et al 2017).
6. Metazoan apoptosis
Cell death is a basic cellular response, that is triggered either via Accidental Cell
Death (ACD) or via Regulated Cell Death (RCD), also generally referred on as
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programmed cell death (PCD) (Ashkenazi and Salvesen 2014; Fan et al 2018;
Galluzzi et al 2014; 2016).
The ACD is a result of critical damage that is uncontrolled and often
harmful to the organism (Galluzzi et al 2014; 2016). The PCD is mediated through
a tightly regulated intracellular program that follows the activation of specific
molecular mechanisms (Degterev and Yuan 2008; Fuchs and Steller 2011;
Ouyang et al 2012; Ashkenazi and Salvesen 2014; Galluzzi et al 2014; 2016; Fan
et al 2018). Different types of programmed cell death have been described such
as apoptosis, autophagic cell death, pyroptosis and necroptosis (Venderova and
Park 2012; Fearnhead et al 2017; Fan et al 2018; Heneka et al 2018).
According to Ashkenazi and Salvesen 2014 (see also Lemasters 2018)
PCD is mainly carried out by apoptosis. Apoptosis plays a role in embryogenesis,
development, aging, and homeostasis mechanism as well as on immune reactions
(Elmore 2007; Hedrick 2010; Miura 2011). Problems on apoptosis regulation
mechanisms and pathways are also associated with many diseases such as
autoimmune

disorders,

immunodeficiency,

inflammation,

cancer,

neurodegenerative diseases, and diabetes (Ekert and Vaux 1997; Favaloro et al
2012; Kaczanowski 2016; Hetz and Saxena 2017; Gupta et al 2018).
Apoptosis can be triggered through intrinsic or extrinsic pathways (Jeng et
al 2018). Both pathways activate the cysteine proteases of the caspase family that
are mediators and executors of apoptosis, which then leads to the final phase of
cell apoptosis where the cells present altered morphological and biochemical
features, such as chromatin condensation, internucleosomal DNA degradation,
cell shrinkage, formation of numerous small surface blebs (zeiosis), and
phosphatidylserine externalization on the plasma membrane (Lemaster 2005;
2018; Galluzzi et al 2016; Bell and Megeney 2017; Jeng et al 2018).
The apoptotic extrinsic pathway (Fig. 5) is initiated by the activation of the
cell surface death receptors (e.g. First Apoptosis Signal Receptor (FAS), (TNF)
receptor superfamily member 1A receptors), after binding of the cognate ligands
(Galluzzi et al 2018; Jeng et al 2018). The death receptors ligation triggers the
intracellular adaptor proteins like FAS-Associated Death Domain (FADD) that
dimerizes with procaspase 8 building the Death-Inducing Signaling Complex
(DISC) (Ashkenazi and Salvesen 2014; Galluzzi et al 2018; Jeng et al 2018).
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When the DISC complex is formed it triggers the auto-activation of procaspase 8,
the now active caspase 8 directly activates the effectors caspase 3 and 7, which
consequently causes apoptosis (Ashkenazi and Salvesen 2014; Galluzzi et al
2018; Jeng et al 2018). Besides, the caspase 8 (see Fig. 5) also controls the
proteolytic cleavage of BH3 Interacting Domain Death Agonist (Bid) toward
truncated (tBid) (Choi 2018; Jeng et al 2018). The tBid induces the oligomerization
of BAX (BCL-2-Associated X Protein) and BAK (BCL-2 Antagonist Killer),
activating BAX/BAK-dependent Mitochondrial Outer Member Permeabilization
(MOMP), linking the extrinsic pathway and the intrinsic mitochondrial apoptosis
pathways (Westphal et al 2011; 2014; Suhaili et al 2017; Jeng et al 2018). The
MOMP (see Fig. 5) allows the release of Cytochrome c (Cyt-c) and Second
Mitochondria-Derived Activator of Caspases (SMAC) from the mitochondrial
intermembrane space to the cytosol (Verhagen et al 2000; Galluzzi et al 2008;
Gyrd-Hansen 2018; Jeng et al 2018). On cytosol, Cyt-c connects with Apoptotic
Protease Activating Factor 1 (Apaf1) and caspase 9 to form the apoptosome
(Zhang et al 2015; Gyrd-Hansen 2018; Galluzzi et al 2018). Consecutively, the
active caspase 9 triggers caspase 3 and 7 activation, inducing apoptosis (Suhaili
et al 2017; Galluzzi et al 2018; Jeng et al 2018). The SMAC protein sequesters XLinked Inhibitor of Apoptosis (XIAP), therefore promoting the activation of effector
caspase (caspase 3 and 7), which also leads to apoptosis (Deveraux and Reed
1999; Ashkenazi and Salvesen 2014; Suhaili et al 2017; Galluzzi et al 2018).
The induction or inhibition of the apoptotic mitochondrial event is finely
regulated by several positive and negative regulators, among which the proteins of
the B-cell Lymphoma 2 (BCL-2) family have a crucial role (Elmore 2007; Westphal
et al 2011; 2014; Czabotar et al 2014; Galluzzi et al 2014; 2018; Pihán et al 2017).
The intrinsic pathway of apoptosis (see Fig. 5) can be triggered by a huge
number of intracellular perturbations of the cell homeostasis such as DNA
damage, viral infections, oxidative stress, cytosolic Ca+2 overload, accumulation of
unfolded proteins in the endoplasmic reticulum, replication stress, microtubular
alterations, among others (Lemaster 2005; Ashkenazi and Salvesen 2014; Pihán
et al 2017; Galluzzi et al 2012; 2014; 2016; 2018).
Upon sensing suitable apoptotic stimuli, the BH3-only proteins (BH3s), that
are part of the BCL-2 family of proteins, become active by transcriptional and post42
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translational mechanisms (Du et al 2011; Moldoveanu et al 2014; Birkinshaw and
Czabotar 2017). The BH3s proteins induce the homo-oligomerization of BAX and
BAK initiating MOMP, driving to apoptosis (Du et al 2011; Birkinshaw and
Czabotar 2017; Suhaili et al 2017; Jeng et al 2018).
The proteins that compose the mammalian BCL-2 family have homologies
at the structural and sequence levels (Czabotar et al 2014). They share one or
more regions of the BLC-2 sequence homology (BH) domains: BH1, BH2, BH3
and BH4 (Birkinshaw and Czabotar 2017; Galluzzi et al 2018; Saidak et al 2018).
Functionally, the BCL-2 family proteins are divided on pro-survival or proapoptotic (Czabotar et al 2014; Birkinshaw and Czabotar 2017; Galluzzi et al
2018; Saidak et al 2018;). The pro-survival members can inhibit apoptosis by
blocking pro-apoptotic proteins, consequently inhibiting MOMP (Birkinshaw and
Czabotar 2017). They either bind to the BH3 domain from pro-apoptotic BH3-only
proteins or bind to a pro-apoptotic effector protein (BAK and BAX) (Birkinshaw and
Czabotar 2017).
The BCL-2 pro-apoptotic family is divided in activator or sensitizer, which is
established according to their mechanism action (Birkinshaw and Czabotar 2017).
The activators are able to activate BAX and BAK by physically interaction,
inducing homo-oligomerization of BAX and BAK, which leads first to MOMP and
consequently to apoptosis (Moldoveanu et al 2014; Birkinshaw and Czabotar
2017; Galluzzi et al 2018). The activators of BH3s includes BCL-2 interacting
mediator of cell death (Bid), BCL2-Interacting Mediator of Cell Death)-Dependent
of Triggering Apoptosis, II (BIM), p53 up-regulated modulators of apoptosis
(Puma) and Noxa (Du et al 2011; Moldoveanu et al 2014; Birkinshaw and
Czabotar 2017; Saidak et al 2018). The sensitizers works in a different way,
interacting only with pro-survival proteins by blocking their activity (Moldoveanu et
al 2014; Birkinshaw and Czabotar 2017). Furthermore, DNA damage leads to
activation of the p53 nuclear transcription factor which induces the expression of
genes involved in apoptosis and/or cell-cycle arrest especially the pro-apoptotic
Puma, Noxa and Bid (Haupt et al 2003; Lemaster 2018).
Perturbations in ER homeostasis, oxidative stress as well as unfolding
protein response can also lead to apoptosis (Hetz and Saxena 2017; Hetz and
Papa 2018). The calcium accumulation in the cytosol, induced by ER
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perturbations, can be absorbed by the mitochondria inducing Ca2+ dependent
Mitochondrial Permeability Transition (MPT) (Lemaster et al 2005; 2018; Darling
and Cook 2014; Görlach et al 2015). The MPT prompts dissipation of the
mitochondrial membrane potential and osmotic swelling of the mitochondrial
matrix. When the surface area of the inner membrane overreaches the outer
membrane the MPT then leads to MOMP (Song et al 2011).
The UPR also promotes apoptosis via different pathways (see Fig. 5),
which is the case of Inositol-Requiring Enzyme 1 (IRE1) that associates with TNF
Receptor-Associated Factor 2 (TRAF2) and activates caspase 12, that
consequently activates caspase 3 and 7 leading to apoptosis (Lemaster et al
2005; 2018; Hetz and Saxena 2017; Pihán et al 2017; Hetz and Papa 2018). The
IRE1/TRAF2 association can activate Jun N-terminal kinase (JNK) as well, which
triggers MPT (Lemaster et al 2005; 2018; Perri et al 2016; Sarvani et al 2017).
Moreover, during UPR the activation of IRE1 and PERK (PKR-like Endoplasmic
Reticulum Kinase) receptors, induces the expression of CCAAT/ EnhancerBinding Protein Homologous Protein (CHOP) that triggers MPT (Lemaster et al
2005; 2018; Pihán et al 2017; Hetz and Papa 2018). The CHOP protein is involved
on the expression of pro-apoptotic proteins of the BCL-2 family as well, such as
Noxa, BIM, Puma (Perri et al 2016; Pihán et al 2017; Sarvani et al 2017; Hetz and
Papa 2018).
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Figure 5: Schematic of the extrinsic, intrinsic and ER stress induced
pathways of apoptosis. For a better overview not all the pathways were
described. The death ligands activate the death receptors and trigger the
dimerization FAS-Associated Death Domain (FADD) and procaspase 8, forming
the Death-Inducing Signaling Complex (DISC), then caspase 8 directly
activates the effectors caspase 3 and 7, inducing apoptosis (Ashkenazi and
Salvesen 2014; Galluzzi et al 2018; Jeng et al 2018). Besides, caspase 8 also
controls the proteolytic cleavage of BH3 Interacting Domain Death Agonist (Bid)
toward Truncated Bid (tBid) (Jeng et al 2018, Choi 2018). The tBid blocks prosurvival B-Cell Lymphoma 2 (BCL-2) proteins (Westphal et al 2011; Ashkenazi
and Salvesen 2014; Jeng et al 2018). Moreover, the tBid induces the
oligomerization of BCL-2-Associated X Protein (BAX) and BAK (BCL-2
antagonist killer), activating BAX/BAK-dependent Mitochondrial Outer Member
Permeabilization (MOMP) (Suhaili et al 2017; Westphal et al 2011; 2014; Jeng
et al 2018). The MOMP allows the release of Cytochrome c (Cyt-c) and Second
Mitochondria-Derived Activator of Caspases (SMAC), the Cyt-c connects with
apoptotic protease activating factor 1 (Apaf1) and caspase 9 to forming the
apoptosome (Verhagen et al 2000; Galluzzi et al 2008; 2018; Zhang et al 2015;
Gyrd-Hansen 2018; Jeng et al 2018). Consecutively, the activated caspase 9
triggers caspase 3 and 7 activation, inducing apoptosis (Suhaili et al 2017;
Jeng et al 2018; Galluzzi et al 2018). The SMAC protein sequesters X-Linked
Inhibitor of Apoptosis (XIAP), therefore allowing the activation of effector
caspase (caspase 3 and 7), which also leads to apoptosis (Deveraux and Reed
1999; Ashkenazi and Salvesen 2014; Suhaili et al 2017; Galluzzi et al 2018).
Furthermore, the activation of p53 nuclear transcription factor induces the
expression of the pro-apoptotic subset of the BCL-2 family genes, as p53 up45
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regulated modulators of apoptosis (Puma), Noxa and Bid (Haupt et al 2003;
Lemaster 2018). The intrinsic pathway of apoptosis is activated when BH3-only
proteins (BH3s) senses apoptotic stimuli (Jeng et al 2018). The BH3s become
active and induce the homo-oligomerization of BAX and BAK initiating MOMP
(Du et al 2011; Moldoveanu et al 2014; Birkinshaw and Czabotar 2017; Suhaili
et al 2017; Jeng et al 2018). Moreover, ER stress can induces calcium release,
thereby the absorption may induce Ca2+ dependent Mitochondrial Permeability
Transition (MPT), them drives to MOMP (Lemaster et al 2005; 2018; Song et al
2011; Darling and Cook 2014; Görlach et al 2015; Hetz and Papa 2018).
Besides, during acute or chronic ER stress the UPR (unfolding protein
response) promotes apoptosis via different pathways (Lemaster et al 2005;
2018; Hetz and Papa 2018). Which in the case of Inositol-Requiring Enzyme 1
(IRE1) it associates with Tumor Necrosis Factor Receptor-Associated Factor 2
(TRAF2), then activates caspase 12, it activates caspase 3 and 7 leading to
apoptosis (Lemaster et al 2005; 2018; Hetz and Saxena 2017; Pihán et al 2017;
Hetz and Papa 2018). The IRE1/TRAF2 association can activate Jun NTerminal Kinase (JNK) as well, which triggers MPT (Lemaster et al 2005; 2018;
Perri et al 2016; Sarvani et al 2017). Moreover, during UPR the activation of
IRE1 and (PKR)-Like Endoplasmic Reticulum Kinase (PERK) receptors,
induces the expression of CCAAT/ Enhancer-Binding Protein homologous
protein (CHOP) that triggers MPT (Lemaster et al 2005; 2018; Pihán et al 2017;
Hetz and Papa 2018).

6.1. Apoptosis in Porifera
Several components of the apoptosis machinery have been identified on sponges
(Wiens and Müller 2006), such as the proteins from the BCL-2 family, both prosurvival and pro-apoptotic, among others (Wiens et al 2000a; 2000b; 2001, 2003b;
2004; 2005; 2006; Wiens and Müller 2006; Caria et al 2017; Kenny et al 2018). It
has been identified in Geodia cydonium (G. cydonium) and S. domuncula
molecules with BCL-2 homology proteins regions BH1 and BH2 (Wiens et al
2000b; 2001). Besides it was shown that G. cydonium BCL-2 homolog protein was
able to protect mammalian cells against apoptosis (Wiens et al 2001).
Furthermore, the study of Caria et al (2017) evaluated the structural binding
mechanisms of pro-survival BCL-2 and pro-apoptotic BCL-2 of sponge
Lubomirskia baicalensis (L. baicalensis). They demonstrated that the BHP2 motif
of LB-BCL-2 is able to bind the BH3 motif of LB-Bak-2 with high affinity (Caria et al
2017). These results indicate that the molecular mechanism used by BCL-2 to
mediated apoptosis are evolutionary ancient and resemble the roles of mammalian
BCL-2 proteins (Wiens et al 2000b; 2001; Wiens and Müller 2006; Caria et al
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2017).
A pro-apoptotic protein named DD2 was also identified in Porifera, this
protein has high sequence homology to human FAS and FADD (Wiens et al
2000a; 2000b; Wiens and Müller 2006). Although, this protein contains two death
domains, which is a characteristic uncommon to any other know protein of TNF
signaling pathway (Wiens et al 2000a).
Several caspase-like proteins have also been identified in sponges (Wiens
et al 2003b; Wiens and Müller 2006; Luthringer et al 2011; Kenny et al 2018). The
caspases have a well know apoptotic function and also play roles on inflammation,
genomic stability, metabolism, autophagy and aging (Shalini et al 2015).
The mechanisms of apoptosis have been studied in sponges on many
different conditions such as development, body plan, cell-turnover, feeding,
regeneration mechanism and immunity (Müller and Müller 2003b; Wiens et al
2006; Wiens and Müller 2006; De Goeij et al 2009; Martinand-Mari et al 2012;
Conaco et al 2012b; Kenny et al 2018).
Furthermore, the phylogenetically position of sponges as oldest Metazoan
make then an interesting model to study the evolution of apoptosis mechanisms
and its key elements (Wiens 2000b; 2001; Wiens and Müller 2006). In addition to
that, more knowledge on the evolution mechanisms of apoptosis can contribute to
a better understanding of the imbalance on apoptosis mechanisms that are
present on many diseases (e.g. cancer, neurodegenerative disorders, ischemia,
heart failure, auto immune disorders, diabetes mellitus (Elmore 2007; Favoloro et
al 2012; Zmasek and Godzik 2013; Anuradha et al 2014; Kaczanowski 2016).
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D. AIM OF THE STUDY
The mesencephalic astrocyte-derived neurotrophic factor (MANF) together with
cerebral dopamine neurotrophic factor (CDNF) compose a family of evolutionary
conserved neurotrophic factors. Previous studies have identified MANF in
vertebrates as well as in invertebrates, such as human, mouse, D. melanogaster
and C. elegans. MANF is involved in a broad range of activities in neuronal and
non-neuronal tissues. It promotes the survival of dopaminergic neurons and is a
protective factor against ER stress. However, the functional mechanism of MANF
is still not fully understood yet.
Sponges (Phylum Porifera) are at the base of the animal tree of life, and
therefore offer a unique vantage point to study the evolution of molecular
pathways. Furthermore, several components of apoptosis and innate immunity
pathways have already been described in sponges. Even though sponges have no
neuronal cells or a nervous system, molecular components of the conventional
metazoan nervous system (such as protosynaptic proteins) have been identified in
sponges. These unique characteristics offer an enticing opportunity to explore the
evolutionary aspects and ancient functional roles of such molecules.
The aims of the present study are to identify a MANF homolog in the marine
sponge Suberites domuncula (SDMANF), and to evaluate its function in an
Evolutionary ancient model organism that lacks a conventional neuronal system.
To achieve that, the complete DNA/protein sequence of MANF needed to
be acquired followed by sequence characterization and structural analyses for the
presence of MANF/CDNF family specific features. To study the functions of
poriferan MANF, the SDMANF protein need to be detected and localized in
sponge tissue. For that purpose, an antibody should be developed.
Moreover, to evaluate the functional roles of SDMANF, the protein should
be stably transfected in mammalian cells to assess protein expression, secretion,
localization and function such as the previously described protective activities
against apoptosis induced by certain stressors.
The results of this study can help establishing the evolutionary conserved
role of MANF in pathways of apoptosis and immunity.
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E. MATERIAL AND METHODS
1. Animal model
Suberites domuncula (Olivi, 1792)
Systematic
Kingdom: Animalia
Phylum: Porifera
Class: Demospongiae
Order: Hadromerida (Topsent, 1894)
Family: Suberitidae (Schimidt, 1870)
Genera: Suberites (Nardo, 1833)
Specie: Suberites domuncula

Figure 6: Photo of Suberites domuncula (Olivi, 1792). Reproduced from
Schröder et al 2008 with permission from The Royal Society of Chemistry.

The genus Suberites is cosmopolitan, although most common in cold water.
(Hooper and van Soest 2002). They are able to survive in sediment environments
or rooting stalks, as well as living on gastropod´s shell (Hooper and van Soest
2002). They are often massive lobate or spherical sponges, usually presenting a
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velvety mooth surface and compressible skeleton (Hooper and van Soest 2002).
Most Suberites species are bright orange colored, sometimes mottled with brown,
red or bluish spots (Hooper and van Soest 2002). Suberites domuncula (Fig. 6)
reproduces asexually by gemules, which are in general deposited on gastropod
shells. This is similar to some freshwater sponges, although S. domuncula
gemules are structurally simpler (Hooper and van Soest 2002).
1.2 Suberites domuncula in captivity
Living S. domuncula specimens were collected by scuba diving from depths
ranging from 10 to 30 meters near Rovinj (North Adriatic Sea, Croatia). The
collection expeditions were done in partnership with the Center for Marine
Research (CMR) of the Ruđer Boškovic.
The sponges were brought to Mainz and kept in a 200 l salt-water aquarium
at 16°C to 18°C under controlled aeration. Aquarium salinity balance was kept with
artificial salt (Tropic Marin™). Aquarium water was supplemented with commercial
NutriMarine™ (GroTech) and Artemia™ (Amtra) was used to feed the hermit crabs,
on whose shells the sponges live.
2. Materials
2.1. Chemicals and ready solutions
4-Nitro blue tetrazolium chloride / 5-bromo4-chloro-3-indolyl-phosphate,

Roche, Mannheim

4-toluidine

salt (NBT/BCIP) solution
Acetone

Roth, Karlsruhe

Agarose

Roth, Karlsruhe

Albumin bovine fraction V

Roth, Karlsruhe

Ammonium persulfate

Sigma-Aldrich, Darmstad

Blocking reagent

Roche, Mannheim

Brefeldin A (BFA)

Sigma-Aldrich, Darmstad

Bromophenol blue sodium salt

Serva, Heidelberg

Cadmium (CdCl2) 50 µM

Sigma-Aldrich, Darmstad

Dimethyl sulfoxide (DMSO)

Sigma-Aldrich, Darmstad
50

MATERIAL AND METHODS
Dithiothreitol solution (DTT)

Sigma-Aldrich, Darmstad

DNA (desoxyribonucleic acid) loading dye

Fermentas, St. Leon-Rot

6X
DRAQ5™

Thermo Scientific, Schwerte

Ethanol

Roth, Karlsruhe

Ethidium bromide (EtBr)

Boehringer, Mannheim

Fetal bovine serum (FBS)

Life Technologies, Darmstad

™

Floromount antifade mounting medium

Sigma-Aldrich, Darmstad

Formamide

Sigma-Aldrich, Darmstad

Gel code™ blue safe

Thermo Scientific, Schwerte

Glycerol

AppliChem, Darmstad

Goat serum

Sigma-Aldrich, Darmstad

Imidazole (C3H4N2)

Roth, Karlsruhe

Isopropanol

AppliChem, Darmstad

Isopropyl-β-D-thiogalactoside (IPTG)

Roth, Karlsruhe

L-Arabinose

Roth, Karlsruhe

Lipopolysaccharides (LPS) from Escherichia

Sigma-Aldrich, Taufkirchen

coli 026:B6
Milk powder

Roth, Karlsruhe

Paraformaldehyde (PFA)

Sigma-Aldrich, Darmstad

Potassium chloride (KCl)

Roth, Karlsruhe

Potassium dihydrogen phosphate (KH2PO4)

Roth, Karlsruhe

Roti-Load™ 1

Roth, Karlsruhe

Roti-Phorese™ 10X tris-borate-EDTA (TBE)

Roth, Karlsruhe

buffer
Saccharose

Roth, Karlsruhe

Sheep serum

Sigma-Aldrich, Darmstad

Sodium chloride (NaCl)

Roth, Karlsruhe

Sodium hydrogen phosphate (Na2HPO4)

Roth, Karlsruhe

Trichloroacetic acid (TCA)

MERCK, Darmastad

Tris (2-carboxyethyl) phosphine (TCEP)

Roth, Karlsruhe

Tris (C4H11NO3)

Roth, Karlsruhe

Triton X-100

Sigma-Aldrich, Darmstad
51

MATERIAL AND METHODS
Tween 20

Sigma-Aldrich, Darmstad

Urea (CH4N2O)

Roth, Karlsruhe

Xylene cyanol FF

Sigma-Aldrich, Darmstad

2.2. Consumables
Used consumables such as Parafilm™, disposable pipettes, disposable pipette
tips, sterile scalpels, and syringe filters were purchased from Roth (Karlsruhe).
Centrifuge tubes of 15 ml and 50 ml volumes, petri dishes, pipette filtered tips,
plastic disposable pipettes, and cell culture materials were bought from Greiner
Bio-One (Frickenhausen). Syringes and needles from BD (USA) were used.
Reaction tubes sizes 1.5 ml and 2 ml were acquired from Brand (Wertheim), and
0.2 ml and 0.5 ml tubes were obtained from Thermo Scientific (Schwerte).
2.3. Kits
7-Deaza-2′-deoxy-guanosine-5′-

Sigma-Aldrich, Darmstad

triphosphate (7-deaza-dGTP)
E. coli Expression system with Gateway™

Life

technology

Darmstad

GF-AFC peptide substrate

Promega, Mannheim

High pure PCR product purification kit

Roche, Mannheim

High pure plasmid isolation kit

Roche, Mannheim

Lipofectamine™ 2000

Invitrogen, Karlsruhe

NucView™ 488 caspase 3 assay kit for live

VWR, Darmstad

Technologies,

cells
Pierce™ 660nm protein assay kit

Thermo Scientific, Schwerte

Plasmid midi kit

Qiagen, Hilden

ProteoExtract™

Subcellular

proteome

Merck Millipore, Darmstad

extraction kit
pTrcHis TOPO™TA expression kit

Invitrogen, Karlsruhe

ReadyProbes Cell viability imaging kit

Thermo Scientific, Schwerte

™

SequaGel XR

National

Diagnostics,

Atlanta, USA
TC-FlAsH™

II

In-cell

tetracysteine

tag

Life

Technologies,
52

MATERIAL AND METHODS
detection kit

Darmstad
™

Technovit 3040

HeraeusKulzer, Wehrheim

Technovit 8100™

HeraeusKulzer, Wehrheim

TOPO TA cloning kit

Invitrogen, Karlsruhe

2.4. Commercial Buffers
DNA gel loading dye (6x)
Dulbecco's

phosphate

Thermo Scientific, Schwerte
buffered

saline

Merck Millipore, Darmstad

(PBS) 1X
M-PER™ Mammalian Protein Extraction

Thermo scientific, Schwerte

Reagent
NuPAGE™ MOPS SDS running buffer

Invitrogen, Karlsruhe

(20X)
3-(N-Morpholino) propane sulfonic acid
MOPS, SDS
Roti-Load™ 1-protein loading buffer

Roth, Karlsruhe

Roti-Phorese™ 10X TBE buffer

Roth, Karlsruhe

Tris-buffered saline (TBS) 20x

AppliChem, Darmstad

Tris-EDTA buffer (TE)

Life technologies, Darmstad

Trypsin-EDTA (0.05%)

Thermo scientific, Schwerte

2.5. Enzymes
DreamTaq™ Green PCR master mix (2x)

Thermo scientific, Schwerte

Gateway™ BP Clonase™ II enzyme mix.

Life technologies, Darmstad

™

™

Gateway LR Clonase II enzyme mix

Life technologies, Darmstad

PCR master mix (2x)

Fermentas, St. Leon-Rot

Proteinase K

Life technologies, Darmstad

2.6. Vectors
Gateway™pcDNA™6.2/cTC-Tag-DEST

Life technologies, Darmstad

vector
Gateway™pDEST17™ vector

Life technologies, Darmstad

Gateway™pDONR™ 221 vector

Life technologies, Darmstad
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pCR™II-TOPO™ TA vector
™

Thermo scientific, Schwert

™

pTrcHis2 TOPO TA vector

Thermo scientific, Schwert

2.7. Bacterial strains
BL21-AI™One Shot™ Chemically competent

Life technologies, Darmstad

E. coli
BL21(DE3) pLysS, Singles™ chemically

Calbiochem,

competent E. coli

USA

One Shot™ TOP10 Chemically competent

Life technologies, Darmstad

San

Diego,

E. coli
One Shot™ ccdB Survival T1R chemically

Life technologies, Darmstad

competent E. coli
2.8. Cell line
Homo sapiens HEK 293 hTLR4/MD2/CD14

InvivoGen, Toulouse, FR

2.9. Medium
DMEM

(Dubelcco's

modified

Eagles

Merck Millipore, Darmstad

medium) high glucose with stable glutamine
FluroBrite™ DMEM

Thermo

Fisher

Scientific,

Schwerte
LB-Broth (Luria/Miller)

Roth, Karlsruhe

LB-Broth (Luria/Miller) Agar

Roth, Karlsruhe

Opti-MEM™

Invitrogen, Karlsruhe

S.O.C Medium

Life technologies, Darmstad

2.10. Antibiotics
Ampicillin

Roth, Karlsruhe

Blasticidin

InvivoGen, Toulouse, FR

Carbenicillin

Roth, Karlsruhe

Normocin

InvivoGen, Toulouse, FR
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2.11. Antibodies
Anti-BAX

Santa Cruz Biotecnology,
Heidelberg

Anti-His (C-term) AP conjugated antibody

Life technologies, Darmstad

Anti-rabbit-IgG- AP conjugated

Sigma-Aldrich, Taufkirchen

Anti-SDMANF raised in rabbit

Developed at the research
group

Anti-V5 tag antibody
Anti-V5-Alkaline

Life technologies, Darmstad
Phosphatase

(AP)

Life technologies, Darmstad

conjugated
Anti-α-tubulin
Cy™

Abcam, Cambridge, UK

2-conjugated

affiniPure

F(ab´)2

Jackson

fragment goat anti-rabbit IgG

ImmunoResearch

Cambridge, UK,

2.12. Markers
GeneRuler™ DNA ladder mix
Precision

Plus

Protein™

Fermentas, St. Leon-Rot
dual

color

Bio-Rad, München

standard
See Blue™ Plus 2 pre-stained protein

Life technologies, Darmstad

standard
2.13. Instruments
Agarose gel electrophoresis device

Wide Mini-Sub™ Cell GT, Bio-Rad,
München

Automated cell counter

Scepter

2.0,

Merck

Millipore,

Darmstad
Automated

protein

purification

Profinia, Bio-Rad, München

system
Automatic DNA sequenator

Li-Cor 4300, Bad Homburg

Centrifuge

Mini

centrifuge:

Spectrafuge,

neoLab, Heidelberg
Refrigerated centrifuge 5415R R,
Eppendorf, Wesseling-Berzdorf
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Refrigerated centrifuge 5804 R,
Eppendorf, Wesseling-Berzdorf
Stand

refrigerated

centrifuge:

Sorvall RC-5B, Firma Du Pont
Instruments, USA
CO2 incubator

Queue, NUNC, Wiesbaden

Dot-Blot device

Bio-Dot, Bio-Rad, München

Electronic scale

PB 300, Mettler-Toledo, Giessen
Sartorius, Göttingen

Homogenization

Precellys ™24 Peqlab, Erlangen

Incubator with agitation system

WiseCube, Witeg, Wertheim

Laminar flow hood

Slee, BioNova, Roma (IT)

Live cell imaging system

JuLI™ Stage; VWR, Darmstad

Magnetic stir bars

Roth, Karlsruhe

Magnetic stirrer

Roth, Karlsruhe

Microscope

Digital,

inverte

fluorescente

microscope: EVOS™fl, AMG, USA
Microtome

RM2145 Firma Leica, Wetzlar

Multichannel precision pipette200

Gilson, Limburg

µl
PCR thermocycler

PeqSTAR 2 x Gradient, Peqlab,
Erlangen

PCR work station

Ultraviolet

PCR

Work

station,

Peqlab, Erlangen
pHmeter

Seven Compact, Mettler -Toledo,
Giessen

Power-supply

Power

Pac

2000,

Bio-Rad,

München
Precision pipette2/ 10/ 20/ 100/

Gilson, Limburg

200/ 1000/ 5000 µl
Printer for agarose gels

P93, Mitsubishi Electrics, Ratingen

Scanner for documentation of gels

Odyssey, Li-Cor Biosciences, Bad
Homburg
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SDS-PAGE device

XCell

sure

lock

system,

polyacrylamide gel electrophoresis

Technologies, Darmstad

Life

(PAGE)
Slide warmer

Guwina-Hofmann, Berlin

Spectrophotometer

Nanodrop2000, Peqlab, Erlangen
Smartspec™

Plus,

Bio-Rad,

München
Varioskan™

Flash

Multi

mode

reader, Thermo scientific, Schwerte
Steam autoclave

DX-23, Systec, Wettenberg

Thermal block

Wealtec HB-1, Peqlab, Erlangen

Ultrasonicator

Sonifier

Cell

Branson

Disruptor

B-12,

Ultrasonicator,

Dietzenbach
UV-transilluminator

E-Box 1000, Peqlab, Erlangen

Vortex

Reax 2000, Heidolph, Lodz

Water bath

KottermanLabortechnick, Uetze

Western blot device

iBlot, Life Technologies, Darmstad

3. General Precautions
Molecular biological, microbiological and cell culture materials, as well as,
laboratory equipment, solutions and supplies were sterilized by autoclaving.
Autoclaving temperature was set to at least 121°C with 1 bar of pressure for 30
minutes. Demineralized water or double-distilled water (dd H2O) was used in the
preparation of buffers and solutions. Filtration techniques were applied to remove
impurities, aggregates, or to complete solutions sterility when necessary. Filtration
of larger volumes was performed on vacuum filtration bottle-top devices with
sterile devices and membranes with a minimum porosity of 0.22 µm. In case of
small volumes, the solutions were filtered through syringe filter units with variable
membrane types and cutoffs. To avoid sample contamination – as well for selfprotection purposes – latex disposable gloves were used. When dealing with more
hazardous chemicals – such as ethidium bromide nitrile – disposable gloves were
used. A DNase-free condition was applied while working with DNA. Proteins,
57

MATERIAL AND METHODS
enzymes, and nucleic acids were always cooled worked and stored on ice.
4. Polymerase chain reaction methods
4.1. Primers generation
Primers (Oligolenucleotides) were designed with the online program Primer
3 and double-checked for hairpins and dimers with the program OligoAnalizer.
To design a primer a few rules are followed:
•

Length should be between 18 to 25 nucleotides;

•

Primer pairs (forward and reverse) should have about the same melting

temperature (Tm). Tm= 4 x (G+C) + 2 x (A+T);
•

Guanine-Cytosin (G+C) content should be about 50%;

•

No self-compatibility, i.e. there must be no possibility to build primer-dimer

or secondary structure;
•

No palindrome sequence;

•

When possible, five nucleotides G or C should be the end of the primer (3´-

end) to ensure a tight binding.
The

primers

were

ordered

at

Eurofins

MWG,

lyophilized.

The

Oligonucleotides were resuspended in diethyl pyrocarbonate treated water (DEPC
H2O) with the recommended volume of 100 pmol (stock solution) and then diluted
1:10 to prepare the working aliquots with 10 pmol/µl.
4.2 Polymerase chain reaction
The Polymerase Chain Reaction (PCR) is a technology developed by Kary Mullis
(Mullis et al 1986, Mullis and Fallona 1987) that allows the amplification of a few
copies of DNA into thousands of millions of copies (Kratz 2009). The specific
region to be copied is defined by the pair of primers. Both primers need to be
complementary to the region 3´, because that is the direction that the DNA
polymerase needs to add the first nucleotide in order to make the elongation of the
new sequence 5´-3´. One primer is designed to the sense strand of the DNA target
(forward primer) and the other is designed to the antisense strand of the DNA
target (reverse primer). A PCR requires several reagents to amplify the DNA
template: a pair of primers, one DNA polymerase – such as Taq (Thermus
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aquaticus) polymerase –, the Deoxynucleoside Triphosphates (dNTPs), a buffer
solution that offers proper conditions, and bivalent cations. The PCR is made with
the following basic steps, using different temperatures cycles:
1. An initial denaturation phase at 94°C to 95°C is done for two to five minutes to
assure primer annealing and extension efficiency.
2. PCR Cycles (25x-35x) proceed as following:
a. Denaturation: denaturation is done at temperatures between 94°C to 95°C
for 20-30 sec, to induce the separation of the newly formed DNA dimmer.
b. Primer annealing: primer annealing phase lasts for 20-30 sec at ideal
temperature. This temperature is set by the melting temperature of the pair of
primers used in the reaction.
c. Primer extension: at 72°C DNA polymerase takes 45 sec to synthesize
one kilobase (Kb) o the new DNA fragment. This is the last step of the cycle.
The PCR have in general 25-35 cycles.
3. The last step is extension at 72°C for 5 to 15 min. This procedure is carried to
complete extension of partial products and annealing of single-stranded
complementary products.
4.2.1. Touchdown PCR
In a touchdown PCR program, the melting temperature for the primer annealing
phase is slowly reduced during the course of PCR reaction. The PCR program
begins using the primer calculated Melting Temperature (Tm) or even a bit higher
Tm value. However, the melting temperature is not kept constant in all cycles,
being slowly reduced instead. The temperature reduction procedure can be done
by reducing a defined temperature once per second during the cycles or once per
each cycle.
A touchdown PCR program takes advantage of the exponential
characteristic of the PCR, since any difference in melting temperature between the
correct and incorrect annealing will give an advantage of 2-fold per cycle, which
helps amplifying the more specific DNA in less time-consuming adjustments (Don
et al 1991).

59

MATERIAL AND METHODS
4.2.2. Standard PCR program
The PCR program used in the present study was composed by an initial
denaturation phase at 95°C for three minutes, followed by 35 primer extension
cycles (Fig. 7). As previously stated, each cycle is composed of three phases: a) a
denaturation phase at 95 °C for 30 sec; b) a primer annealing phase, 30 sec at the
primer specific Melting Temperature (Tm), with a temperature reduction of 0.1°C
per cycle; c) the last cycle phase is the extension at 72°C for two min. The ending
step was a final extension at 72°C for 10 min.

Figure 7: Schematic diagram of the PCR program used in the present study.
Polymerase Chain Reaction (PCR) cycles, respective temperatures and duration
of each phase are show. Tm, Melting Temperatures; sec, seconds; min, minutes,
°C, Celsius grad, ∞ infinite.

4.2.3. PCR S. domuncula complementary DNA library
Polymerase chain reaction program used to obtain the DNA sequence of MANF
from Suberites domuncula (SDMANF) through the S. domuncula complementary
DNA library (cDNA). The PCR was executed with a denaturation step at 95°C for 5
min, sequenced by 35 amplification cycles: step 1) at 95°C for 25 s, step 2) Tm of
54°C for 45 s, step 3) 74°C for 1 min. The elongation step was done at 74°C for 10
min.
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4.2.4. SDMANF gene specific PCR
The gene specific PCR was done with the PCR standard reaction and with the
standard PCR program using the melting temperature of 58°C. A combination of
cDNA, forward primer: 5−ATG GAG CTA AAG GTG TTA−3´ and reverse primer:
5´−AAG TTC TAC ATG TTG ATG CT−3´ was used to obtain the complete
SDMANF ORF (nt 1-516, excluding the stop codon) (Sereno et al 2017).
4.2.5. PCR SDMANF recombinant protein expression in E. coli
The PCR of the complete SDMANF (ORF, nt1-516, excluding the stop codon), for
the expression in E. coli (vector pTrcHis2™), was done using the same
specifications of the SDMANF gene specific PCR. To amplify by PCR the
SDMANF

fragment

(Gateway™pDONR™
™

(nt279-516, aa72-172)

used

221

constructs

vector

entry

for

expression
and

in

destination

E.

coli

vector

™

Gateway pDEST17 ), for later preparation of antiserum, a combination of S.
domuncula cDNA forward primer: 5´−GGG GAC AAG TTT GTA CAA AAA AGC
AGG CTT AAT GTC CTT CAG TAA GCC T−3´ and reverse primer: GGG GAC
CAC TTT GTA CAA GAA AGC TGG GTA TTA AAG TTC TAC ATG TTG—3′
(attB1 and attB2 extension for integration into the entry vector pDONR21 are
underlined respectively) were used. The PCR was carried out with standard
condition and Tm 56°C (Sereno et al 2017).
4.2.6. PCR SDMANF recombinant protein expression in HEK cells
The complete ORF of SDMANF, including the Kozak translation initiation
sequence with an ATG initiation codon and excluding the first stop codon, was
amplified using the forward primer 5´−G GGG ACA AGT TTG TAC AAA AAA GCA
GGC TTA ACC ATG GAG CTA AAG GTG TTA−3´ and the reverse primer 5´−G
GGG ACC ACT TTG TAC AAG AAA GCT GGG TAA AGT TCT ACA TGT TGA
TG−3´(attB1 and attB2 extension for integration into the entry vector pDONR21
are respectively underlined) (Sereno et al 2017).
4.3. Standard PCR reaction
The PCR standard reactions were done to a volume of 50 µl, using Fermentas™
PCR master mix (2x).
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•

25 µl PCR master mix 1X

•

10 pmol forward primer (1µl of 10 pmol/µl)

•

10 pmol reverse primer (1µl of 10 pmol/µl)

•

DNA 30 ng

•

dd H2O up to 50 µl

4.3.1. Checking PCR of bacterial colonies
The bacterial colonies were analyzed to verify if the cloned had the inserted DNA
on the right direction. The primers pairs (forward and reverse primer) used in the
reaction were a combination of one primer specific of the vector (the vector used in
the cloning) and one gene specific primer.
The PCR reaction was done with Dream Taq™ master mix (2x). The
reaction was scaled to a small volume (12.5 µl) per colony to be tested.
•

6.5 µl DreamTaq™ PCR master mix 1X

•

0.5 pmol forward primer (0.5 µl of 10 pmol/µl)

•

0.5 pmol reverse primer (0.5 µl of 10 pmol/µl)

•

0.5 µl DNA of bacterial colony culture

•

dd H2O up to 12.5 µl

4.4. PCR product purification
PCR products suitable for downstream applications were purified with high pure
PCR product purification kit.
4.5. Agarose gel electrophoresis
The agarose gel matrix allows the separation of the DNA elements by size.
Chosen gels were usually a 1% (weight/volume (w/v)) agarose in Tris-BorateEDTA (TBE) buffer. Before loaded on the gel the PCR products were mixed with a
DNA loading dye (GeneRuler™ DNA Ladder Mix) to make them visible during run,
the exception being PCR products made with DreamTaq™, which were already
conjugated with a loading buffer. A DNA molecular weight marker was used to
allow the calculation of DNA fragments length. After the run, gels were stained on
a bath of EtBr 1% (Volume/Volume (v/v)). The EtBr fluoresces under UV light,
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intercalating the DNA base pairs allowing visualization. The gels were
photographed for documentation.
4.5.1. DNA isolation from agarose gel
DNA target bands were excised from the gels when suitable for a downstream
application. The excised bands were purified with high pure PCR product
purification kit.
Gel DNA 6x loading Dye

Rotiphorese™ 10x TBE-Buffer

10 mM tris-HCl, pH 7.6

1 M tris-HCl, pH 8.3

0.03% (w/v) bromophenol blue

20 mM EDTA

0.03% (w/v) xylene cyanol FF

in ddH2O

60% (v/v) glycerol 60 mM EDTA
4.6. Measurements of concentration and purity of nucleic acids
Purines and pyrimidines absorb UV light at 260 nm wavelengths, which allows the
estimation of the nucleic acid concentration. The purity of the nucleic acid
preparation was calculated through a ratio between the absorbance at 260 nm and
at 280 nm wavelengths. Pure preparations of DNA had OD260:OD280 values of
1.8. phenol or protein contaminations could disturb the quantification of nucleic
acids. Nucleic acid concentration and purity were measured with the
spectrophotometer NanoDrop™ 2000c.
5. DNA sequencing
5.1. DNA sequencing reaction
The DNA was sequenced in accordance with Sanger method (Sanger et al. 1977).
The PCR for sequencing were performed with the kit 7-Deaza-2′-deoxyguanosine-5′-triphosphate

(7-deaza-dGTP)

according

with

manufacture

recommendations. Four batches were obtained and the separated reactions for A,
C, T and G of labeled DNA fragments were performed. The PCR program was
defined according with by the material of interest to be sequenced (see 4.2). After
the last cycle 3 µl of the stop buffer was add to each batch. The final denaturation
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step was executed at 95°C for 3 min.
Stop solution:
95% (v/v) formamide
10 mM EDTA
0.1% (w/v) xylene cyanol FF
0.1% (w/v) bromophenol blue
5.2. Automated DNA sequencing
DNA was sequenced using a LI-COR 4300 sequencer. The polyacrylamide gel (41
cm × 66 cm × 0.25 mm) was prepared with the SequaGel™ XR system. The
solution was poured between two glass plates, kept apart by a spacer and a comb
was added, which creates the sample slots. After polymerization the comb was
removed, the gel placed in the sequencer and 1.5 µl of stop solution was added to
each well. Then a pre-run at 50 °C for 30 min was performed with 1x TBE-Buffer
(diluted from Rotiphorese™10x TBE-Buffer). After that, the samples were loaded,
and the electrophoresis executed at 1500V for 6-7 hours under the control of the
software program BaseImagIR/Data Collection V02.31. After the gel run was
completed the image information was stored automatically and processed with the
software BaseImagIR / Image Analysis V4.
SequaGel™ XR

Rotiphorese™ 10x TBE-Buffer

6 ml SequaGel™ XR buffer

1 M Tris-Borat, pH 8.3

24 ml of SequaGel™

20 mM EDTA

monomerconcentrate
175 µl of 10% (w/v) ammonium
persulfate
6. Acquire of MANF from S. domuncula DNA sequence
The cDNA of SDMANF was isolated from a S. domuncula (Wiens et al 2007) with
the degenerated primer (5´−A/TG/CI G/ATI GAT/C C/TTG/A AAG IT−3´) that was
designed against a stretch of conserved (NH2−T/S-V/I-D-L-K-K-L/M−COOH)
within the ARMET domain of MANF homologs (protein family (Pfam) accession
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number PF10208), in combination with a library specific primer. The fragment thus
obtained, with a size of ≈ 200 bp. Ultimately, the SDMANF sequence was
completed through primer walking (Sereno et al 2017).
7. Bioinformatics methods
7.1. Bioinformatics analysis
The homology searches of MANF-like protein were conducted via the server at
National center for Biotechnology Information. Phylogenetic and molecular
evolutionary analyses and graphic output were carried out using SeaViewMultiplatform GUI for molecular phylogeny.
Multiple sequence alignment was done with Clustal Omega at SeaView. It
also drives the Gblocks program to select blocks of evolutionarily conserved sites.
SeaView computes the phylogenetic tree using PHYLIP's algorithm for parsimony
and the Maximum Likelihood (ML) with PhyML 3.1 software. Model of choice on
ML analyses was the LG model from Le and Gascuel 2008. The distance analyses
were performed on SeaView with Neighbor-Joining (NJ) method in order to
evaluate the degree of bootstrapping (1.000 bootstrap replicates) were assessed
in all methods (NJ, ML and Parsimony) in order to evaluate the support for tree
internal branches. To root the resulting phylogenetic tree, a distantly related
hypothetical protein bearing an ARMET-like domain of the diatom Thalassiosira
pseudonana was used as outgroup.
Potential domains and functional sites were predicted after searching
SMART and EXPASY/PROSITE databases respectively. The protein subcellular
localization and signal peptide were checked with WoLF PSORT and SignalP 4.1
respectively. Sequence similarities together with secondary structure information
from aligned sequences were predicted with ESPript 3.0.
Sequence similarities and identity from aligned sequences were calculated
using the software Sequence Manipulation Suite. Amino acid and DNA sequences
graphic presentations were prepared with GeneDoc. Densitometric analyses of
individual bands detected on non-saturated western blots were performed with the
NIH ImageJ 1.46r software.
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The 3D structural homology modeling was performed with UCSF Chimera
and Modeller using the archive-information about the 3D shapes of proteins from
the Research Collaboratory for Structural Bioinformatics (RCSB) Protein Data
Bank (PDB). Two models of SDMANF were developed: first model uses as
template the structure of human MANF solved by crystallography, PKB accession
number 2W51, 2.05116e-59 E-value, mature MANF (25-181aa) (Parkash et al
2009). Second model uses as template the structure of human MANF solved by
Nuclear Magnetic Resonance (NMR), PKB accession number 2KVD, 2.11586e-59
E-value, mature MANF (25-182aa) (Hellman et al 2011).
7.2. Computer programs and online software
BLAST

http://www.ncbi.nlm.gov/BLAST/
(Altschul et al 1990)

EXPASY/PROSITE

http://www.expasy.org/
(Gasteiger et al 2003)

Gblocks 0.91b

http://molevol.cmima.csic.es/castresan
a/Gblocks.html
(Castresana

2000;

Talavera

and

Castresana 2007).
GeneDoc

http://genedoc.software.informer.com/
(Nicholas et al 1997)

Modeller

https://salilab.org/modeller/
(Webb and Sali 2016)

OligoAnalizer

http://eu.idtdna.com/calc/analyzer
Copyright©

2016

Integrated

DNA

Technologies, Inc.
PHYLIP's algorithm

http://evolution.genetics.washington.ed
u/phylip.html

Primer 3

http://primer3.ut.ee/
(Koressaar

and

Remm

2007;

Untergasser et al 2012)
Research

Collaboratory

for

https://www.rcsb.org/
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Structural Bioinformatics (RCSB)

(Berman et al 2000)

Protein Data Bank (PDB)
Sequence Manipulation Suite

http://www.bioinformatics.org/sms2/ide
nt_sim.html
(Stothard 2000)

SMART

http://smart.emblheidelberg.de/index2.cgi

UCSF Chimera

(Schultz et al 1998; Letunic et al 2015)
https://www.cgl.ucsf.edu/chimera/
(Pettersen et al 2004)

WoLF PSORT

https://wolfpsort.hgc.jp/
(Horton et al 2007)

NIH ImageJ 1.46r software

http://imagej.nih.gov/ij/

Image processing and analysis in

Wayne Rasband, National Institute of

java

Health, USA

ESPript 3.0

http://espript.ibcp.fr/ESPript/ESPript/
(Robert and Gouet 2014)

Sea View 4.6.4

http://doua.prabi.fr/software/seaview

PhyML 3.1 program

(Gouy et al 2010)
http://www.atgcmontpellier.fr/phyml/binaries.php
(Guindon et al 2010)

SignalP 4.1

http://www.cbs.dtu.dk/services/SignalP/
(Petersen et al 2011)

Clustal Omega 1.2

http://www.clustal.org/omega/
(Sievers et al 2011)

8. Recombinant protein expression
8.1. Cloning for recombinant protein expression
The vector used defines the cloning method. The cloning methods used in the
present work were TOPO™ TA (vector pCR™II-TOPO™ and vector pTrcHis2™) and
Gateway™ (Gateway™ pDONR™ 221, Gateway™ pDEST17™, Gateway™ pcDNA™
6.2/cTC-Tag-DEST) vector cloning technologies.
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8.1.1. TOPO™ TA cloning
The vector developed to a TOPO™ TA cloning has a single overhanging
3´deoxythymidine (T) residue that allows the ligation with the single overhang
deoxyadenosine (A) to the 3´ ends of the PCR product. The deoxyadenosine (A) is
added by the terminal transferase activity of Taq polymerase to the PCR products.
8.1.2. TOPO™ TA cloning reaction
The PCR product is mixed with the vectors (pCR™II-TOPO™ and pTrcHis2™TOPO™) for five minutes at room temperature and then placed on ice where it
proceeds to the chemical transformation protocol.
8.2 Gateway™ cloning
The entry clone efficiently transfer the DNA fragment to the gateway destination
vector, that is the vector used on the protein expression. The entry clone (ex:
Gateway™ pDONR 221 vectors) contains the DNA fragment flanked by attL
sequences. The attL sequences present on the entry clone are used to shuttle the
DNA to a secondary plasmid, the destination vector (expression vector), has an
attR. This reaction is mediated by LR Clonase II enzyme mix, which contains the
protein machinery necessary to excise the gene of interest from the entry clone
and integrate it into the destination vector (ex: Gateway™ pDEST17™, Gateway™
pcDNA™ 6.2/cTC-Tag-DEST) which then becomes your expression clone.
8.2.1. Gateway™ cloning reaction
The Gateway cloning steps are the generation of the entry clone and the
generation of the destination vector:
1.Generation of entry clone (pDONR 221)
The attB PCR product at the concentration of 50 femtomoles (fmol) was mixed
with 50 fmol of the pDONR 221™ and Tris-EDTA (TE) buffer to a volume of 8 µl
and then 2 µl of Gateway™ BP Clonase™ II enzyme mix was added and incubated
for one hour at 25°C. Then 1 µl of the proteinase K solution was mixed and
incubated for 10 minutes at 37°C, before transforming the competent cells.
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2.Generation of destination vector (Gateway™ pDEST17™ or Gateway™
pcDNA™ 6.2/cTC-Tag-DEST™)
The purified pDONR 221™ plasmid vector at the concentration of 150 ng was
mixed with 150 ng of the destination vector (Gateway™pDEST17™ for the
expression in E. coli or pcDNA™ 6.2/cTC-Tag-DEST™ for the transfection of the
mammalian cells). The reactive described above was mixed with TE buffer to a
volume of 8 µl. Then 2 µl of Gateway™ LR Clonase™ II enzyme mix was added
and incubated for one hour at 25°C. Finally, 1 µl of the proteinase K solution was
added and incubate for 10 min at 37°C, before transforming the competent cells.
TE Buffer
10 mM tris-HCl
1 mM EDTA
in ddH2O
pH 8.0
8.3. Transformation of competent cells
Transformation is the transference of the recombinant vector with the target DNA
from the mixed reaction produced on the cloning reaction or vector solution into
the bacterial strains. Transformation is done with competent cells that are able to
uptake extracellular DNA from their environment. The bacterial strains can be
chemically or electroporation competent cells. The bacterial strains used during
this work were chemically competent cells, which are bacterial cells treated with
calcium chloride to facilitate attachment of the plasmid DNA.
The vector DNA produced during the cloning procedure (1 µl) was mixed
with the bacterial strain that was defined in accordance with the downstream use.
The mix was incubated on ice for 30 min and then heat-shocked at 42°C for 30
sec to open the cell membrane pores in order to allow entry of the plasmid.
Afterwards, it was transferred back to ice and 250 µl of S.O.C medium (Super
Optimal Broth With Catabolite Repression Medium) was added to the bacteria,
and then incubated at 37°C under 200 rpm agitation for one hour.
The bacteria were grown on LB-agar plates (containing the appropriate
antibiotic for the selection) and incubated overnight at 37°C. The plates were
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prepared using two different volumes (50 µl and 200 µl) of S.O.C medium culture
to prevent bacterial overgrowing.
•

The bacterial strain One Shot™ TOP10 chemically competent E. coli were
transformed with the vector pCR™II-TOPO™ The vector has an ampicillin and
kanamycin antibiotic resistance genes.

•

The bacterial strain BL21 (DE3) pLysS, Singles™ Chemically competent E. coli
were transformed with vector pTrcHis2-TOPO™. The vector has an ampicillin
antibiotic resistance gene.

•

The bacterial strain One Shot™ ccdB Survival 2 T1R chemically competent E.
coli were transformed with the vector Gateway™ pDONR 221™. The vector has
chloraphenicol and Kanamycin antibiotic resistance genes.

•

The bacterial strain BL21-AI™One Shot™ chemically competent E. coli were
transformed with the vector Gateway™ pDEST17™ for SDMANF recombinant
expression. For library storage the bacterial strain Library Efficiency™DH5α™
chemically competent E. coli was used. The vector has chloramphenicol and
ampicillin antibiotic resistance genes.

•

The bacterial strain One Shot™ ccdB Survival 2 T1R chemically competent E.
coli were transformed with the vector Gateway™ pcDNA™ 6.2/cTC-Tag-DEST™.
The vector has chloramphenicol, ampicillin and blasticidin antibiotic resistance
genes.

§

S.O.C Medium

§

LB-Broth (Luria/Miller) Agar

2% (w/v) tryptone

10 g/l tryptone

0.5% (w/v) yeast extract

5 g/l yeast extract

10 mM NaCl

10 g/l NaCl

2.5 mM KCl

15 g/l agar

10 mM MgCl2

pH 7.0

10 mM MgSO4

§

With the suitable antibiotic

20 mM glucose
8.4. Antibiotic selection
The vectors used in this work have an antibiotic resistant gene that allows a
selection of the bacterium; i.e. only bacteria that have the plasmid inserted are
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able to grow on antibiotic enriched LB-Agar.
8.5. Checking PCR of positive cloned bacterial colonies
The 10 most appropriate colonies for the experiment were selected to be used on
the PCR. These colonies were then allowed to grow on 50 µl of LB medium for
one hour under agitation at 37°C. One microliter of the bacteria cultured was taken
to run the colony checking PCR in order to evaluate if the inserted DNA was on
the right position and size in the bacterial cells. Only those that passed this
checking were selected to grow overnight.
§

LB-Broth (Luria/Miller)
10 g/l Tryptone
5 g/l Yeast extract
10 g/l NaCl
pH 7.0
With the suitable antibiotic
8.6. Overnight culture
The bacterial overnight cultures were prepared at 37°C under 250 rpm agitation
for at least 18 hours in LB medium with suitable antibiotics. The amount of volume
of bacterial overnight culture was prepared according to the downstream
application.
8.7. Plasmid DNA isolation
Small preparations (3 ml) were isolated using high pure plasmid isolation kit,
following the manufacturer’s protocol. Plasmid DNA isolated from a larger amount
of culture (50 ml) was purified with the plasmid Midi kit. Preparations with 150 ml
were used to purify DNA for the HEK cell transfection.
8.8. Bacterial cryopreservation
Bacteria containing the plasmid of interest were long term preserved using Roti™Store cryo-vials. Approximately 0.5 ml of the fresh overnight culture was added to
the tube and shaken several times. Supernatants were removed and frozen at 71
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20°C for several weeks or below -70°C for years. When defrosting the plasmid
culture, a glass bit was added to specific culture media.
8.9. Vector of choice for recombinant SDMANF protein expression
The vector used for expression was chosen according to the cell model (e.g.
bacterial and mammalian cells). The expression of SDMANF on the prokaryotic
system was done with pTRCHis2™ vector, the SDMANF open reading frame, nt1516

and the vector Gateway™ pDEST17™ for the SDMANF (nt279-516; aa72-172). The

eukaryotic expression in HEK cells was done with Gateway™ pcDNA™ 6.2/cTCTag-DEST™.

The

primers

for

expression

were

designed

following

the

manufacturers’ specifications.
8.9.1. Vector construct pTrcHis2™ for expression of whole SDMANF protein
in E. coli
The SDMANF complete amino acid sequence (nt1-516; aa1-172) was done using the
vector pTrcHis2™, with E. coli bacterial strain BL21 (DE3) pLysS, Singles™
chemically competent E. coli. The vector adds a c-terminal HIS-tag (a sequence of
6 histidines) that was used for the protein purification and for western blot analysis
through anti-His antibody. The expected size of the recombinant protein was 23,48
kDa.
8.9.2. Vector construct Gateway™ pDEST17™ for expression of SDMANF
fragment in E. coli
The expression of a SDMANF recombinant fragment (nt279-516, aa72-172) was done
using the vector Gateway™ pDEST17™, with the E. coli bacterial strain BL21AI™One Shot™ Chemically competent. The vector adds n-terminal HIS-tag (a
sequence of 6 amino acid histidine) that can be used for protein purification and
for western blot analysis via anti-His antibody. The recombinant MANF has 11.6
kDa.
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8.10. Recombinant expression of SDMANF in E. coli
8.10.1. Time-course analysis of SDMANF expression with pTrcHis 2™
To establish the best expression conditions a time-course test of the construct
expression was run. A 50 ml LB media with 50 µg/ml ampicillin was inoculated
with 2 ml of an overnight culture. The culture was kept at 37°C under 250 rpm
agitation.
When the cell culture reaches mid-log phase it presents an optical density
at 660 nm (OD660) of 0.6. The recombinant protein expression was induced by
isopropyl-β-D-thiogalactoside (IPTG) to a final concentration of 2 mM. The timecourse samples of the culture were collected at 0, 1, 2, 3, 4, 5, 6, 12, 18 and 24
hours.
After each sampling time, 2 ml of the culture were collected and centrifuged
at 13.000 rpm for 10 min at 4°C. The obtained pellets were frozen after removing
supernatant. The frozen pellets were defrosted and mixed with Roti™Load buffer
and denaturated for 15 min at 95°C. For each time-course sample, 15 µl were
loaded on the SDS gel, which was posteriorly used on western blot.
8.10.2. Recombinant expression of SDMANF complete sequence with
pTrcHis2™
The expression was started with 10 ml of an overnight culture in LB medium. The
10 ml primary culture was used to inoculate a 600 ml of LB medium enriched with
50 µg/ml ampicillin. This culture was kept at 37°C under agitation. When the
culture reached 0.6 of OD660 the recombinant protein expression was stimulated
with IPTG to a final concentration of 2 mM. The culture was kept under these
conditions for 5 hours, after which it was centrifuged at 6.000 rpm for 15 min. The
pellet obtained was then washed with Phosphate Buffer Saline (PBS) and
centrifuged again at 6.000 rpm for 15 min. Finally, the pellet was frozen for further
purifications.
Phosphate buffer saline (PBS)
137 mM NaCl
2.7 mM KCl
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10 mM Na2HPO4
8.10.3 Recombinant expression of SDMANF sequence fragment with
Gateway™ pDEST17™
The bacterial culture was done in LB medium containing 50 µg/ml carbenicillin, at
37°C under agitation at 250 rpm. The cryopreserved E.coli modified with SDMANF
fragment was defrosted in 10 ml of LB medium and let to grow for at least 8 hours.
This initial culture was used to inoculate 600 ml of LB medium. The OD660 was
checked frequently to verify the bacterial grow. When the bacterial culture reached
OD660 0.6, the expression of the recombinant protein (SDMANFfragment) was
stimulated with L-arabinose to a final concentration of 0.2% (w/v), for
approximately 18 hours. Afterwards, the bacterial culture was centrifuged at 6.000
rpm for 15 min. The pellet was washed with PBS and centrifuged again at 6.000
rpm for 15 min and then frozen to future purification protocol of the targeted
recombinant protein.
8.11. Purification of recombinant SDMANF expressed in E. coli
The purification method of choice was the Immobilization on Metal Affinity
Chromatography (IMAC) with the Profinia™- Protein Purification System. The
Profinia protein purification system is an automated chromatography system,
which uses the IMAC binding affinity to the Histidine Tag (HIS-tag) to purify the
recombinant protein.
The recombinant SDMANF proteins were purified under denaturing
condition. The pellet was thawed and resuspended with the lysis buffer with a
mixing ratio of 1 g pellet to 10 ml buffer. The lysate was mixed using a magnetic
stir bar for one hour at room temperature, then centrifuged at 10.000 rpm for 10
min. The supernatant was collected, and then sonicated for 3 times. The pause
between each run was 2 min long. The lysate was filtered with 0.8 µm filter
followed by another filtration with 0.45 µm filters before being loaded at the
Profinia™. The clear lysate was loaded at flow rate of 1 ml/min to a 1 ml bed
volume (IMAC/ Ni-NTA) column. The column was washed with the washing buffer
I using 6 times the column volumes, and then washed with the same volume of the
washing buffer II. The washing buffer has a progressive amount of imidazole to
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release unspecific bound protein to the column. The recombinant protein was
eluted with four bed volumes of elution buffer. The recombinant protein was
analyzed by SDS-PAGE, western blot and quantified using the kit Pierce™ protein
660 nm.
§

§

Lysis buffer

§

§

Washing buffer I

6 M urea

6 M urea

5 mM imidazol

10 mM imidazol

50 mM KH2PO4

50 mM KH2PO4

300 mM KCl

300 mM KCl

pH 8.0

pH 8.0

Washing buffer II

§

§

Elution buffer

6 M urea

6 M urea

20 mM imidazol

250 mM imidazol

50 mM KH2PO4

50 mM KH2PO4

300 mM KCl

300 mM KCl

pH 8.0

pH 8.0

9. Antibody development against Suberites domuncula MANF
In order to identify MANF on S. domuncula tissue and cell compartments a
polyclonal antibody was developed by Dr. Bärbel Diehl-Seifert. Besides, she were
performed the rabbit immunization, serum production, quality and concentration
analysis.
The purified S. domuncula recombinant protein fragment (nt279-516, aa101-172)
expressed in E. coli was used as antigen; the polyclonal antibody was raised in
New Zealand white rabbits. Prior to rabbit immunization a blood sample was
collected. This pre-immune serum is used to demonstrate the absence of immunity
response before the immunization with the recombinant protein. The rabbit was
immunized with recombinant SDMANF twice (12 mg/injection, containing Freud´s
adjuvant) with a lapse of 5 weeks between each immunization. After that time
another blood sample was collected and the serum separated (1h, 37°C,
centrifugation at 13.000 rpm, 10 min). The serum was aliquoted and stored at 75
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20°C.The antibody specificity was tested by western blot.
10. Protein extraction of sponge tissue
The sponge was cut into small pieces (1~2 mm2), which were gently squeezed to
remove water. Pieces were divided into Precellys™ tubes (ceramic, 1.4 mm 50x
2.0ml) and buffer was added. Samples were incubated at room temperature on a
horizontal shaker for 2 hours and homogenized afterwards on Precellys™ with the
program 5000, 2 times for 15 sec on 90 sec. Following homogenization, sponge
samples were centrifuged at 15.000 rpm for 20 min. Finally, the supernatant (total
protein extract) was transferred into a new vessel and succeeded by protein
precipitation protocol.
§

Protein extraction buffer
10 mM tris-HCl
7M urea
4% (w/v) chaps
60 mM DTT (add just on the moment of extraction)
pH 7.5
10.1 Protein precipitation with trichloroacetic acid / acetone
The total protein extract was mixed with ice-cold acetone and trichloroacetic acid
(TCA) in the ration 1:8:1 and then let to precipitate at -20°C for 1 hour. The
solution was then centrifuged at 11.500 rpm for 15 min at 4°C. The supernatant
was discarded and the pellet remains were washed with 1 ml ice-cold acetone and
then centrifuged at 11.500 rpm for 15 min at 4°C. These steps were repeated 2
times. After the last centrifugation, acetone was discharged and the pellet was
allowed to dry at room temperature. After dried, the pellets were rehydrated with
rehydration buffer at room temperature for one hour, with a vortexing step every
10 min. At the end, samples were centrifuged at 14.000 rpm for 10 min at room
temperature and the supernatant was transferred to a new tube and stored at 80°C.
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Protein precipitation buffer

§

Protein rehydration buffer

Mix the solution in a ratio 1:8:1

10 mM tris-HCl

1 ml supernatant

2 M thiourea

8 ml 100% ice-cold acetone

7 M urea

1 ml 100% TCA (100% TCA, w/v)

4% (w/v) chaps
§

pH 7.5

11. Protein quantification
The chosen method for protein quantification was Pierce™ 660 nm protein assay
reagent kit. The procedure was executed according to the manufacturer’s
specifications. To measure protein concentration of each sample, a linear
regression was calculated using a standard curve with known concentrations of
BSA.
12. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
The separation of charged molecules induced by an electric field is called
electrophoresis. Migration speed is determined by the physical characteristics of
both the electrophoresis system and the proteins, in units of cm2/Vsec. Factors
affecting protein electrophoresis include the strength of the electric field, the
temperature of the system, the pH, ion type, and concentration of the buffer as
well as the size, shape, and the electrical charge of the proteins (Garfin 1990).
When

electrophoresis

is

performed

with

Polyacrylamide

Gel

Electrophoresis (PAGE) or agarose gels, the gel serves as a size-selective sieve
during separation. As proteins move through a gel in response to an electric field,
applying an electrical field across the buffer chambers forces proteins to move into
and through the gel (Hames 1998). The percentage of acrylamide/bis-acrylamide
defines the pore structure of the gel matrix and can be adapted to the wanted
resolution.
In 1970 Laemmli included the anionic detergent Sodium Dodecyl Sulfate
(SDS), creating the electrophoresis in a denaturation condition (SDS-PAGE). The
SDS applies a negative charge to the protein in proportion to its mass (1.4 g of
SDS per 1 g protein, a stoichiometry of about one SDS molecule per two amino
acids), and, as a consequence, protein migration on the gel is directly related to its
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size (Weber and Osborn 1969). Laemmli protein loading buffer has reagents as
SDS, glycerol, reducing agents as DTT or ß-mercaptoethanol that also help
protein denaturation and a tracking dye as bromophenol blue to visualize the
course of the migration into the gel.
The protein electrophoresis were performed with the XCell sure lock system
using NuPAGE™ 12% Bis-Tris mini, 10 wells, pre cast gel using NuPAGE™ MOPS
SDS Running Buffer (1X). Prior to loading, the samples were mixed with the RotiLoad™ 1- protein loading buffer and boiled, 10 min at 95°C.
The sponge total protein extracts were precipitated with a buffer containing
thiourea in order to concentrate the protein content. Proteins extracts that contain
thiourea should not be heated above 37°C. Above this temperature hydrolyzed
thiocyanate may be formed. This can modify amino acids via carbamylation, which
may cause artifacts charge heterogeneity (Rabilloud 1999). Therefore, to avoid the
heating phase at 95 °C, the sponge samples were mixed a SDS loading buffer
containing TCEP (Tris(2-Carboxyethyl)Phosphine) as reduction agent. The TCEP
was chosen as the reducing agent because it functions at room temperature
eliminating the need of heating at 95°C.
In all approaches 30 µg of extracted proteins were subjected to
electrophoresis. After the run, the gel was prepared to protein visualization by
staining with the Gel code™ blue safe following the procedures determined in the
manual. The documentation of the gel was either done with Odyssey, Li-Cor
Biosciences, documentation system or used to the western blot procedure.
§

NuPAGE™ MOPS SDS Running
§

§

Roti-Load™ 1 (4X) SDS sample

Buffer (1X)

loading buffer

50 mM MOPS

in phosphate buffered saline.

50 mM tris base

8% (w/v) SDS

0.1% (w/v) SDS

20% (v/v) β-mercaptoethanol

1 mM EDTA

40% (v/v) glycerol

pH 7.3

0.015% (w/v) bromophenol blue
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SDS-sample loading buffer (2X) §
with (TCEP)
100 mM tris-Cl
4% (w/v) SDS
0.2% (w/v) bromophenol blue
20% (v/v) glycerol
pH 6.8
50 mM TCEP was add to each
sample prior to use
13. Western Blot
Western Blot is a method of electrophoretic transfer of proteins from
polyacrylamide gels to nitrocellulose sheets (Towbin 1979). Membranes made
from other materials, such as Polyvinylidene Difluoride (PVDF), can also be used
in the electrophoretic transfer. An electric current makes the protein move from the
gel to the membrane while keeping spatial separation. Once transferred to the
membrane, the proteins are accessible for detection, which can be done by many
different techniques. The method of transferring used was the iBlot™ DryBlotting
System 6 min with 20 volts to nitrocellulose membrane, following the instructions
of the manufacturer.
13.1. Detection of SDMANF recombinant expressed with the vector pTrcHis2TOPO™ with anti-His (C-term) AP antibody
After the transference, the membrane was incubated with 1.5% (v/v) blocking
solution for one hour at room temperature, under gentle shaking. On the
sequence, the membrane was incubated with anti-His antibody at the dilution
1:1000 on TBS overnight at 4°C. On the following day, the anti-His antibody
incubation continued at room temperature for two hours under gentle shaking.
Since the anti-His antibody is already conjugated with alkaline phosphatase a
second antibody was not required for detection. The membrane was washed three
times for five min each with TBS-T then stabilized with NBT/BCIP buffer for five
minutes. The membrane was then incubated with colorimetric substrate, prepared
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as manufacture´s specification, until the color development. Finally, the process
was stopped with water.
13.2. Detection of SDMANF in sponge tissue
After the transfer, the membrane was incubated with 1% (w/v) milk in TBS-T for
one hour at room temperature under gentle shaking and then incubated with the
first antibody (SDMANF antibody, rabbit) at the dilution 1:500 in TBS-T overnight.
On the next day, SDMANF antibody incubation continued at room temperature for
three hours under gentle shaking. After that, SDMANF antibody was discharged
and a subsequent incubation was done with the secondary antibody (rabbit) for
two hours at room temperature under gentle shaking. After the antibody incubation
time the membrane was washed three times for 10 min each with TBS-T and then
stabilized with NBT/BCIP buffer for five minutes. The next step was the incubation
with the colorimetric substrate NBT/BCIP until color development, prepared as
manufacture´s specification, and then stopped with water.
13.3. Detection of SDMANF recombinant protein tagged with V5 expressed in
transfected HEK cells for stable cell line cloning selection with Dot Blot
A similar approach as that used to detect the SDMANF recombinant protein
expressed in HEK cells tagged with V5 was used with the dot-blot. The detection
of a specific protein, in this case, relies only on the specificity of the antibody; i.e.
there is no protein separation by size as on electrophoresis. The membrane was
incubated with 1.5% (v/v) blocking solution for two hours at room temperature
under gentle shaking followed by overnight incubation with V5 antibody at the
dilution 1:1.000 in TBS-T. The V5 is already conjugated with alkaline phosphatase
therefore a second antibody was not required for detection. The membrane was
washed three times for five min each with TBS-T and then stabilized with
NBT/BCIP buffer for five minutes. The next step was incubation with the
colorimetric substrate NBT/BCIP, prepared as manufacture´s specification, until
the color development.
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13.4 Detection of the SDMANF recombinant protein tagged with V5, BAX,
and α-tubulin in HEK cells
After the transfer, the membrane was incubated with 1.5% (v/v) blocking solution
for one hour at room temperature under gentle shaking and then incubated with
V5 antibody at the dilution 1:1.000 or anti-BAX at the dilution 1:200 or anti-αtubulin at the dilution 1:1.000 in TBS overnight. On the second day, the membrane
was incubated for three hours at room temperature under gentle shaking. A
subsequent incubation, when needed, was done with the secondary antibody
(anti-rabbit for anti-BAX and anti-α-tubulin) for two hours at room temperature
under gentle shaking. After the antibody incubation time, the membrane was
washed three times for 10 min each with TBS-T and then stabilized with
NBT/BCIP buffer for five minutes. The next step was the incubation with the
colorimetric substrate NBT/BCIP, prepared as manufacture´s specification until the
color developed, which is then stopped with water (Sereno et al 2017).
14. Immunohistochemistry
The technique of Immunohistochemistry (IHC) allows visualizing the
distribution and localization of specific cellular components within cells or
tissue context. IHC combines anatomical and immunological techniques to
identify discrete tissue components by the interaction of target antigens with
specific antibodies conjugated with a visible label.
14.1. Poriferan tissue IHC
A few pieces (ca. 5x5 mm and 1 mm thickness) were cut from three different
sponges kept alive in the aquarium. The tissue pieces were fixated in
Paraformaldehyde (PFA) 4% (w/v) in PBS at 4°C, overnight. To wash the PFA, the
samples were incubated with 6.8% (w/v) saccharose solution in PBS at 4°C,
overnight. The tissue was dried in 100% (v/v) acetone (the acetone was changed
until becoming clear) for 60 min at 4°C. After acetone drying procedure, the tissue
was infiltrated with infiltration solution (100 ml Technovit 8100™ plus the hardener
I package of 0.6 g) overnight at 4°C. The infiltration solution was mixed with the
hardener II (Embedding solution), which make the infiltration solution polymerases,
for around 10 min. Before the solution gets polymerized a bit was loaded on the
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Teflon cast and the tissue piece was carefully settled up. The tissue piece was
covered with the embedding solution, then covered with plastic foil and incubated
overnight at 4°C.
A block was used to pull out the sample that gets harder inside the Teflon
plate and also the blocks are the holding apparatus to the microtome. A second
polymer mix made with Technovic 3040™ (2 parts of powder to 1 part of liquid)
was used to make the blocks. Before polymerization the liquid was loaded on the
top of the block above the tissue fragment and let to dry overnight at 4°C. The
blocks were sectioned with ca. 10 µm with a microtome. The sections were placed
to stretching bath with ddH2O and then mounted on a glass slide. The section
adheres to the slide drying at 37°C on a slide warmer for two hours.
14.2 Immunostaining
The slides were washed three times for 10 min with PBS, and then placed in a
dark humidity chamber. To reduce unspecific antibody binding, the sections were
blocked with 2% (v/v) goat serum. The sections were incubated with pre-immune
serum or primary antibodies against SDMANF (rabbit anti-SDMANF; 1:100 dilution
with 0.02% (v/v) sheep serum), followed by incubation with secondary antibodies
labeled with Cy™ 2 (goat anti-rabbit,1:50 dilution). Nuclei were counterstained with
DRAQ5™. The slides were mounted with Fluoromount™ mounting medium. The
slides were observed with an EVOS™fl fluorescence microscope, using the GFP
(Ex470 nm/Em510 nm) and Cy5 (Ex628 nm/Em692 nm) light cube.
15. Cell culture
15.1. Culture of human embryonic kidney cells
Human Embryonic Kidney Cells (HEK) are adherent with epithelial morphology.
The HEK cells were cultured in 75 cm2 flasks with Dulbecco's modified Eagle's
medium (DMEM, high glucose and with L-glutamine) supplemented with 10% (v/v)
fetal bovine serum (FBS) and Normocin™ 50 mg/ml. The SDMANF transfected
cells (HEKSDMANF) and the HEK transfected with the empty vector (mock
transfected cells, HEKMock) were grown in the presence of Normocin™ 50 mg/ml
and 15 µg/ml Blasticidin. To avoid overgrow, the cells were split when they
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reached 80-90% of confluence. The cultivation ratio was 1:6 to 1:10 weekly, with
medium renewal every 2 or 3 days. To split the cells, first the medium was
removed and the cells washed once with sterile DPBS 1X. These cells were
detached with 1 ml of trypsin-EDTA (0.05%) solution for 1-3 min. The trypsin
activity was stopped by adding the complete medium with the same amount of
trypsin. After centrifugation at 800 rpm for 10 min, the cells were resuspended in
fresh complete media. The desired number of cells was transferred to 10 ml of
complete medium in a 50 ml cell culture flask.
§

Dubelcco´s Phosphate Buffer

§

Saline (DPBS) 1X (free of Ca2+

DMEM medium

§

and Mg2+

10% (v/v) FBS

25 mM tris

50 mg/ml Normocin™

2.68 mM KCl

* 15 µg/ml blasticidin, were add with

137 mM NaCl

working

pH 7.4

HEKMock

§

Complete medium

with

HEKSDMANF

and

15.2. Cell counting
Cell counting was performed using the handheld automated cell counter Scepter™
2.0. A dilution of the cell culture to be counted is prepared and aspirated into the
Scepter sensor. The Scepter cell counter counts any particle that passes through
the orifice within the cell diameter range and display a histogram of size
distribution, excluding deviant large and small cells, and debris from the count.
15.3 Cryopreservation of mammalian cells
For long-term cell storage, HEK cells were trypsinized, pelleted for 10 min at 800
rpm and resuspended in medium to freezing process; this solution was transferred
to cryogenic vials. The vials were allocated on a cell-freezing container that ensure
a temperature rate of -1°C/min at - 80°C. After 24h, the cryogenic vials were
transferred to liquid nitrogen.
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Freezing medium
DMEM medium
20% (v/v) FBS
10% (v/v) DMSO
16. Transfection of HEK cells with SDMANF
Transfection is the process of intentionally introducing nucleic acids into eukaryotic
cells. The chosen method for transfection was the Lipofectamin™ 2000 reagent.
The HEK cells were transfected with the vector Gateway™ pcDNA™ 6.2/cTC-TagDEST carrying a MANF of Suberites domuncula construct. The vector adds a V5
tag to the recombinant protein that allows its identification by antibody detection.
The vector also adds a tetracysteine Lumio™ tag (FlAsh) that allows the
visualization of the fluorescent recombinant protein by bi-arsenical labeling
reagent (TC-FlAsH™ In-cell tetracysteine tag detection kit) and a Blasticidin
antibiotic resistant gene. SDMANF expected size is 23.8 kDa (Sereno et al 2017).
On the eve prior to transfection, the cells were seeded to approximately 8090% confluence on DMEM medium with 10% (v/v) FBS without antibiotic. On the
next day the plasmid isolated DNA, with either vector Gateway™ pcDNA™ 6.2/cTCTag-DEST with SDMANF vector construct or empty vector, was diluted in OptiMEM™ medium at the concentration of 2.5 µg DNA per well of a 6-wells plates and
mixed with the appropriated amount of Lipofectamin™ 2000 transfection reagent
(Sereno et al 2017). The transfection was monitored after 48 hours. SDMANF
expression was microscopically assessed via fluorescence in live cells and
immunological on western blots. For the former analyses, the TC-FlAsH-EDT2
labeling reagent of the cell TC-FlAsH™ In-cell tetracysteine tag detection kit was
employed according to manufacturer’s specifications. FlAsH-EDT2 is membranepermeable and becomes fluorescent upon binding to tetracysteine (TC)-tagged
proteins (Ex508

nm/Em528 nm).

Upon addition of FlAsH-EDT2 to the medium, cells

were inspected with an EVOS™fl fluorescence microscope, using the GFP (Ex470
nm/Em510 nm)

light cube (Sereno et al 2017).
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16.1 Establishment of HEK SDMANF transfected stable cell line and clonal
selection
The pool of HEK SDMANF transfected cells (HEKSDMANF) was cultured in the
presence of the antibiotic blasticidin at 15 µg/ml, which allows the selection of
stable transfected cells. The media containing blasticidin were changed every 2-3
days. To prepare clones of the stable transfected cell line, the pools of antibiotic
selected cells were seeded at the concentration of 0.3 cells/wells in a 96 wells
plate and let to grow until reach 90% of confluence. When confluence was
reached, each well was trypsinized and the volume divided in two plates of 96
wells, making two equal plates. One plate was used to keep the clones and the
second for total protein extraction to be used in Dot-Blot test.
16.2 Dot-Blot for clonal selection
The expression of the recombinant protein was evaluated using the dot-blot
technique. The aim was to select and cryopreserve a clone of stable transfected
HEKSDMANF that highly express SDMANF. The medium was removed, and the cells
on the 96 wells plate were lysate with the Mammalian Protein Extraction Reagent
Buffer (M-PER), and then transferred using the Bio-Dot device directly to a PVDF
membrane. The membrane was immunostained with the V5-tag antibody. The cell
clone that presented higher recombinant protein HEKSDMANF expression was
cultivated for future experiments.
17. SDMANF expression in transfected cells
17.1. Secretion of SDMANF on culture medium
To verify the presence of secreted SDMANF in the culture medium of HEKSDMANF,
an aliquot of the medium was dried by lyophilization and resuspended in SDS
sample buffer.
17.2. Mammalian cell total protein extraction
The protein extraction was done using M-PER buffer. The culture medium was
carefully decanted, after which 500 µl of M-PER was added. The cell scraper was
used to help lysis process. The lysate was collected and transferred to a 1.5 ml
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tube; and then centrifuged at 13.200 rpm for 10 minutes to pellet the cell debris.
The supernatant (total protein extract) was transferred to a new tube for the
downstream analysis, protein quantification and western blot.
17.3. ProteoExtract™ Subcellular proteome extraction kit (S-PEK)
The S-PEK kit enables the differential extraction of proteins according to their
subcellular localization. It takes advantage of the differential solubility of
subcellular compartments. It uses a special reagent mixtures it preserves the
subcellular structures during the extraction, allowing the separation in four different
fractions. ProteoExtract™ Subcellular Proteome Extraction kit yields the total
proteome fractionated into four sub proteomes of decreased complexity. With
extraction buffer I cytosolic proteins are released (fraction 1). Subsequently,
membranes and membrane organelles are solubilized with extraction buffer II,
without impairing the integrity of nucleus and cytoskeleton (fraction 2). Next,
nucleic proteins are enriched with extraction buffer III (fraction 3). Finally,
components of the cytoskeleton are solubilized with extraction buffer IV (fraction
4). The HEKSDMANF cells stably transfected grow in 50 ml cell culture flasks at the
concentration of 3 x106 cells. The S-PEK protein extraction was done according
the manufacture protocol for adherent tissue culture.
18 Cell treatments
18.1 Treatment of HEKSDMANF with Brefeldin A or cadmium
The HEKSDMANF were seeded at 50 ml cell culture flasks at the concentration of 3
x106 cells. After 24 hours, the medium was changed either to new medium Control
(Co) or the medium containing the stressor 1, Brefeldin A (BFA) or 2, cadmium
(CdCl2).
1. The HEKSDMANF cells were incubated with BFA 5 µg/ml for 6 h or kept untreated
for the same time (control).
2. The HEKSDMANF cells were incubated with cadmium 25 µM or 50 µM for 0 h, 6 h
and 24 h or kept untreated for the same time (control).
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Following the treatment the total proteins were extracted, size-separated, and
blotted onto membranes. On the western blots SDMANF was probed for with V5
antibody.
18.2 Cell assays upon LPS exposure
The HEKSDMANF and HEKwt, were seeded at 50 ml cell culture flasks at the
concentration of 3 x106 cells, 24 hours prior to treatment. For the treatment the
medium was changed to a medium containing the toxic reagent LPS at 0.1 or 1.0
µg/ml concentration and incubated for 1 h, 6 h or 12 hours. Control cells were kept
untreated for the same time. Following the treatment, proteins were extracted,
size-separated, and blotted onto membranes (Sereno et al 2017). On these
western blots, SDMANF, BAX, and α-tubulin were probed for with respective
antibodies. The densitometric analyses of individual bands detected on nonsaturated western blots and the relative band densities were normalized according
to the α- tubulin loading controls to calculate the adjusted density (Sereno et al
2017).
19. Viability and caspase activity of HEK cells upon LPS exposure
To analyze cell viability and caspase activity, the fluorogenic GF-AFC peptide
substrate and the NucView™ 488 caspase 3 substrate were used. GF-AFC is a
cell-permeant and non-fluorescent peptide substrate that is cleaved by live-cell
protease activity to generate fluorescent signal in viable cells (Ex400nm/Em505nm).
Similarly, cell-permeant NucView™ 488 becomes fluorescent (Ex488

nm/Em520 nm)

upon hydrolysis at the DEVD recognition sequence by cytoplasmic caspase 3
(Sereno et al 2017).
For this purpose, cells were seeded (HEKSDMANF, HEKwt, HEKMock) in 96-well
plates 12 hours prior treatment. The medium was changed to FluoroBrite™
DMEM, which reduces background fluorescence, with 10% (v/v) fetal bovine
serum and incubated after 12 hours with 1.0 µg/ml LPS. Finally, the substrates
were added to each well according to the manufacturer's specifications.
Fluorescence was monitored with a Varioskan Flash multimode reader (Sereno et
al 2017).
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19.1. Live cell imaging viability and caspase activity in HEK wild-type and
SDMANF upon LPS exposure
For live cell imaging, cells (HEKSDMANF and HEKwt) were cultivated in 24-well plates
to 40% confluence before treatment. The medium was changed to FluoroBrite™
DMEM, with 10% (v/v) fetal bovine serum and LPS 0.1 µg/mL and 1µg/ml. At the
same time, each well in the medium was supplement with (1) 5 µM NucView™
488 caspase 3 substrate, (2) 50 µl propidium iodide (PI), and (3) 50 µl Hoechst
33342. The latter two reagents were part of the ReadyProbes™ Cell Viability
Imaging kit and used for staining nuclei of dead cells with compromised cell
membranes (PI) or nuclei of all cells (Hoechst). Fluorescence was monitored in
real-time with an automated cell imaging system (JuLI™ Stage; VWR) using the
following wavelength settings: Ex466nm/Em525nm (NucView™ 488), Ex525nm/Em580nm
(PI), and Ex390nm/Em452nm (Hoechst) (Sereno et al 2017).
20. Statistic analyses
To analyze the statistical significance of differences between groups a one-way
analysis of variance (ANOVA) followed by a Tukey post hoc test was performed,
with α level set at 0.001.
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F. RESULTS
1. The isolation of poriferan MANF homolog
The MANF DNA sequence from Suberites domuncula (SDMANF) was isolated
from the S. domuncula cDNA library (see E. 6) through polymerase chain reaction
using a degenerate primer which was designed against a conserved region of the
ARMET domain (the DNA fragment with a size of ≈ 200 bp was already available
in the research group). The DNA fragment was extended through primer walking
technic obtains SDMANF DNA sequence.
The ARMET domain can be found present in all described MANF homologs. The
whole DNA sequence of SDMANF (516 nt, excluding the first stop codon) was
isolated from the sponge cDNA by using primers directed against regions
comprising Metstart and the first stop codon. The DNA sequence was translated on
EXPASY. The deduced sequence has 172 amino acids and has an expected size
of 19745 Da (Fig. 8). The Suberites domuncula Mesencephalic Astrocyte-Derived
Neurotrophic Factor (SDMANF) cDNA sequence was deposited on European
Molecular Biology Laboratory (EMBL) accession number LT605074.

Figure 8: Deduced desoxyribonucleic acid and amino acid sequence of
Suberites domuncula MANF.
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2. Characterization of SDMANF protein sequence
The MANF of S. domuncula shows the predicted (see E. 7) ARMET domain (Fig.
9), (aa26-172, E: value 2.6e-59; Pfam accession number PF10208). Analysis via the
SMART server also predicted a Saposin B domain (aa25-115, E value: 3.23 SMART
accession number SM000741), and the motif SAF-A/B, Acinus and PIAS Scaffold
Attachment Factors A and B (SAP motif), (aa130-166, E value: 17.500, SMART
accession number SM000513). The SDMANF shows the eight-conserved cysteine
residues (See Fig. 9) with the characteristic conserved spacing between then.
A cleavable N-terminal signal sequence (aa1-20, see Fig. 9) has been
predicted in SDMANF with signalIP 4.1 Server as well (Fig. 10). Moreover,
SDMANF has at the C-terminus sequence (see Fig. 10) a "KDEL like” sequence.
The WoLF PSORT protein subcellular localization prediction tool estimated the
SDMANF localization with 48.0% vesicles of secretory system, 36.0% plasma
membrane and 16.0% at cytoskeletal.

Figure 9: SDMANF protein sequence characterization and alignment. The
deduced domains presents on of Suberites domuncula Mesencephalic AstrocyteDerived Neurotrophic Factor (SDMANF) aa sequence were depicted. The ARMET
domain is depicted with a green line (aa26-172), the Saposin B domain (aa25-115) is
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depicted in blue and the SAP domain (aa130-166, SAF-A/B, Acinus and PIAS
Scaffold Attachment Factors A and B) is depicted in orange. Besides, SDMANF
presents eight conserved cysteine residues with the characteristic conserved
spacing, (Cys residues, indicated by red arrows). The N-terminal signal sequence
(SP, aa1-20) is depicted in black. The ER retention signal is featured in purple (u).
The deduced aa sequence of SDMANF was aligned and analyzed in comparison
with the mesencephalic astrocyte-derived neurotrophic factor (MANF) homologs of
Homo sapiens (Uniprot identification entry codes, P55145), Mus musculus
(Q9CX15), Danio rerio (Q08CA7), Caenorhabditis elegans (Q9N3B0) and
Drosophila melanogaster (Q9XZ63). The residues conservation (identical or
similar with respect to physicochemical properties) in all sequences are shown:
those with 100% conservation in white letters on black background, those with
80% are in white letters on gray background; those with 60% are written in black
on light gray. Sequence alignment was performed with Clustal Omega 1.2 at Sea
View 4.6.4 and graphical manipulation was performed with GeneDoc.

Figure 10: Screening of SDMANF protein for the presence of a signal peptide
The graphic shows a cleavage site position between the amino acids 20 and
21:VKA-KL. The C-score (raw cleavage site score) is output from the CS network,
which distinguish signal peptide cleavage site from everything else. The S-score
(signal peptide score) is output from the SP network, which distinguishes signal
peptide from positions in the mature part of proteins and from proteins without
peptide. Y-score (combined cleavage score) a geometric average of the C-score
and the slope of the S-score (Petersen et al 2011). Analysis was performed with
the neural networks in SignalP 4.1 Server.
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3. SDMANF homologies and phylogenetic relationships
S. domuncula MANF presents higher sequence identities to MANF (see E. 7) from
vertebrates such as Homo sapiens MANF (with 182 aa, an expect value [E value]
of 5e-58, identities 60%, BLAST accession number P55145.3), Mus musculus
(179 aa, 2e-57 and 60%; NP_083379.2 ), D. rerio (180 aa, 9e-47, 53%;
NP_001070097.1), then, to MANF-like proteins from invertebrates such as D.
melanogaster (173 aa, 1e-45 and 45% NP_477445.1), C. elegans (168 aa, 4e-37,
44%; NP_500273.2) and A. queenslandica predicted MANF-like protein (165 aa,
2e-51 and 54%, XP_003389510.1) by BLAST. Moreover, MANF-like protein of
Amphimedon queenslandica (which, like S. domuncula, is a sponge from the
demosponge class) was predicted from NCBI's automated computational analysis
based on whole genome shotgun sequences of A. queenslandica. Furthermore,
the percentage of identities and similarities performed with Sequence Manipulation
Suite server are present at the table 1.
Table 1: SDMANF homologs identities and similarities. The MANF protein
sequences from The S. domuncula (S.d.), Amphimedon queenslandica, predicted
MANF-like protein (A.q. UniProt identification code A0A1X7TYG8), Caenorhabditis
elegans (C.e, Q9N3B0) and Drossphila melanogaster (D.m. Q9XZ63), Danio rerio
(D.r. Q08CA7), Mus musculus (M.s. Q9CX15), Homo sapiens (H.s., P55145) were
aligned and percentage of identity and similarity calculated. MANF identity and
similarity are higher when compared with vertebrates than to invertebrates. The
percent of identity highlighted on yellow and the percent of similarity highlighted on
blue. The alignment was performed with Clustal Omega 1.2, together with Gblocks
software it selects blocks of evolutionarily conserved sites were performed at
SeaView 4.6.4 and the percentage of identity and similarity were calculated with
Sequence Manipulation Suite server.
S.d.
S.d.

A.q.

C.e

D.m.

D.r.

M.m

H.s.

63.95

56.00

61.02

66.30

66.85

65.22

54.44

56.25

58.56

59.12

57.61

62.92

57.69

54.40

54.59

67.58

64.29

65.03

81.11

80.87

A.q.

48.26

C.e

39.43

40.24

D.m.

41.81

40.91

44.38

D.r.

48.62

44.75

41.76

51.65

M.m

50.28

43.65

42.31

47.25

68.33

H.s.

50.00

57.61

42.16

47.54

67.76

96.15
96.50
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To study the phylogenetic relationship of MANF proteins molecular
phylogenetic analyses a consensus tree (see E. 7), (Fig. 11) was developed using
the resulting trees of NJ, ML and Parsimony analyses. The first and second clade
comprised the Ecdysozoa group (representing the well-supported lineages of
Nematoda, Crustacea, and Hexapoda), that was positioned as the sister group to
the third clade, in which are the poriferan SDMANF (S. domuncula) and predicted
MANF-like protein of A. queenslandica. The third clade comprised deuterostomian
MANF sequences with strong support at almost all key nodes of consensus tree
(only missing support on ML between the branches of Homo sapiens and Pan
troglodytes), and resolving Osteichthyes, amphibian, reptilian and mammals.
These phylogenetic analyses show that poriferan MANF shares a common
ancestor with the MANF homologs of invertebrate and vertebrate origin.

Figure 11: Phylogenetic consensus tree with MANF protein sequences. The
rooted consensus phylogenetic tree was constructed with the outcome trees from
Neighbor-Joining (NJ), Maximum Likelihood (ML) and parsimony. To root the
resulting phylogenetic tree, a distantly related hypothetical protein bearing an
ARMET-like domain of the diatom Thalassiosira pseudonana (B8BWT8) was used
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as outgroup. The trees were constructed with SDMANF, MANF protein or
predicted MANF of Amphimedon quenslandica (UniProt identification code
A0A1X7TYG8), Caenorhabditis elegans (Q9N3B0), Caenorhabditis briggsae
(A8XI39), Ascaris suum (F1LCB4), Lepeophtheirus salmonis (C1BS72), Caligus
rogercresseyi (C1BMK0), Apis mellifera (A0A088AAX0), Drosophila melanogaster
(Q9XZ63), Drosophila virilis (B4LX78), Danio rerio (Q08CA7), Salmo salar
(B5XGI6), Alligator mississippiensis (A0A151MEM0), Mus musculus (Q9CX15),
Pan troglodytes (K7BGP3) and Homo sapiens (P55145). The degree of
bootstrapping (1.000 bootstrap replicates) was assessed in all three methods (NJ,
ML and Parsimony) in order to evaluate the support for tree internal branches.
Bootstrap values are displayed at the nodes of the consensus tree at the order NJ,
ML, and Parsimony. The phylogenetic analyses and tree were constructed on
SeaView 4.6.4.

4. Expression of recombinant SDMANF on E. coli for the developmental of
polyclonal antibody
The development of an SDMANF polyclonal antibody (pAbs) was necessary to
study the expression and cellular localization of SDMANF in sponge tissue via an
immunodetection approach (see E. 9). A SDMANF recombinant protein was
required to raise the polyclonal antibodies (anti-SDMANF pAbs). The SDMANF
was expressed on a bacterial system conjugated with a 6xHis-tagged (HIStagged) to allow the purification and detection of the recombinant protein. The
recombinant SDMANF expression was carried out using two different constructs.
The first construct (see E. 8) presented the complete protein sequence
(pTrcHis2™, SDMANF1-516, aa1-172) conjugated with a 6xHis-tagged. The protein
expected size was 23.4 kDa. However, the amount of recombinant protein
obtained was lower then amount necessary to develop the antibody. Because of
this, to evaluate the expression of recombinant SDMANF a time course expression
evaluation was carried out at 0, 1, 2, 3, 4, 5, 6, 12, 18 and 24 hours. The
recombinant SDMANF was visualized through immunodetection on western blot
using anti-HIS antibody (Fig. 12 A)

The expressed recombinant SDMANF was

visualized through the presence of bands until around 5 hours after the stimulation
of expression, after which was not possible anymore to visualize the bands. On
Fig. 13 B is the western blot of purified recombinant SDMANF. Due to the
problems on the expression of the recombinant protein the yield of purified
recombinant SDMANF was not enough to the antibody development.
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Figure 12: SDMANF recombinant protein expressed in E. coli with vector
pTrcHis2™. A- Immunodetection of recombinant Suberites domuncula
mesencephalic astrocyte-derived neurotrophic factor (SDMANF) expressed on
time course (0h, 1h, 2h, 3h, 4h, 5h, 6h, 12h, 18h and 24 hours). The expressed
recombinant SDMANF was visualized by the presence of bands until around 5
hours after the stimulation of expression, after which was not possible anymore to
visualize the bands. B- Recombinant SDMANF purified by Immobilization on Metal
Affinity Chromatography (IMAC) with the Profinia™- Protein Purification System.
Immunodetection of size-separated protein blotted and probed with anti-HIS tag
antibody. The protein was detected at the expected size as indicated by arrow,
kDa, Kilodalton; M, Marker. F1, flow through 1; F2, Flow Through 2; W1, Washing
Fraction 1; W2, Washing Fraction 2; E1, Elution Fraction 1; E2, Elution Fraction 2.

The production of a second construct (pDEST17™, nt279-516, aa28-172) was
required to improve the efficiency of expression of recombinant SDMANF.
Therefore, obtain the amount of recombinant SDMANF necessary to develop the
antibody. The second construct was developed using a different expression vector
(pDEST17™) and contains only a fragment of SDMANF (nt279-516, aa28-172) protein
sequence for expression. The recombinant SDMANF was also conjugated with a
6xHis-tagged (HIS-tagged) and expressed on E. coli. The protein expected size
was 11.6 kDa. The recombinant SDMANF was purified by IMAC purification
method on Profinia™-protein purification system. The elution fractions of purified
recombinant SDMANF were size-separated (SDS-PAGE) and the gel stained (Fig.
13). The elution fraction 1 was used to raise the polyclonal antibody on rabbit (see
E. 4.9) (see Fig 13).
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Figure 13: SDMANF recombinant protein expressed in E. coli with vector
pDEST17™. Suberites domuncula Mesencephalic Astrocyte-Derived Neurotrophic
Factor (SDMANF) purified recombinant fragment protein (nt279-516) expressed in E.
coli, ca.11.6 kDa, size-separated in SDS-PAGE gel 12%, stained with Gel code™.
The E1 fraction used to develop the antibody is marked by a black square. M,
Marker; E1, Elution Fraction 1; E2, Elution Fraction 2.
5. Expression of SDMANF within S. domuncula tissue
The SDMANF protein was detected on S. domuncula tissue preparations by
western blots using anti-SDMANF pAbs to assess the expression of SDMANF on
sponge tissue (see E. 10). A band with a slightly lower molecular weight (≈ 17
kDa) than expected (≈ 20 kDa), was detected in all total proteins extracts, sizeseparated (SDS-PAGE) and blotted of eight different S. domuncula specimens
(Fig. 14).
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Figure 14: Immunodetection of SDMANF in S. domuncula tissue.
Immunodetection of Suberites domuncula Mesencephalic Astrocyte-derived
Neurotrophic Factor (SDMANF), ca. 17 kDa in size-separated and blotted total
protein extracts of eight different S. domuncula specimens. The recombinant
SDMANF (rec) was used as positive control. It was detected at a higher molecular
weight than native SDMANF as presumed, due to the presence of to His-tag and
other vector-specific aa (ca. 24 kDa). M, Marker; kDa, Kilodalton (Sereno et al
2017).

6. Localization of SDMANF within S. domuncula tissue
In order to investigate the cellular localization of SDMANF an immunohistological
analysis were performed with tissue sections of S. domuncula (see E. 14). The
overall staining intensity of sponge tissue can be seen in Fig. 15 A - F. Figures 15
A and D show the prokaryotic/eukaryotic DNA labeled with DRAQ5™ (in Blue).
Figure 15 A revealed a bacteriocyte that is composed by the DRAQ5™-stained
nucleoids (indicated by a white solid arrow), within bacterial cells that were
individually smaller in size than the stained nuclei of the surrounding sponge cells.
On Figure 15 D the DRAQ5™-stained nucleus is displayed in a round form, what
looks like a multicellular endobiont organism, the Blue stained nucleus are bigger
in size than the stained nuclei of the surrounding sponge cells. Figures 15 B and E
show the fluorescence labeled SDMANF. The Fig. 15 B revealed a considerable
intense and spotted staining pattern of SDMANF indicated by a white solid arrow,
a weak and spotted staining of could be observed also a part of it. Figure 15 E
shows an intense spotted staining of SDMANF in a round format and a weak and
spotted staining of could be observed also a part of it. The fluorescence patterns
of the merge SDMANF (in green) and DNA (in Blue) fluorescence patterns of (Fig.
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15 C and F) revealed a considerable intense and spotted staining pattern of
SDMANF mainly restricted to sponge cells close to the bacteriocyte (indicated by a
white solid arrow) (Fig. 15 C) or at the vicinity of what looks like a multicellular
endobiont organism (Fig. 15 F).

Figure 15: Immunohistological analysis of SDMANF in Suberites domuncula
tissue. The tissue sections were incubated with Suberites domuncula
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Mesencephalic Astrocyte-Derived Neurotrophic Factor (SDMANF) antiserum.
SDMANF immune complexes were visualized through treatment with Cy™ 2
(green) conjugated secondary antibody and subsequent microscope analysis. The
deoxyribonucleic acid (DNA) was counterstained with DRAQ5™ (blue). Merge
pictures were used to assess protein co-localization. The prokaryotic/eukaryotic
DNA labeled for (A and D; blue), SDMANF (B and E; green). The fluorescence
patterns of the merge (C and F) revealed a considerable intense and spotted
staining pattern of MANF mainly restricted to sponge cells close to the
bacteriocyte (C, indicate by a white solid arrow). This was also observed in the
vicinity of what might be an endobiont multicellular organism (F). A weak and
spotted staining of SDMANF positive cells could be observed also apart of
bacteriocytes (B). Scale bars, 100µm.
7. Development of SDMANF stably transfected HEK cell line
To assess the functional mechanisms of SDMANF the technique of stably
transfection of mammalian cells (HEK cells) was applied. The vector construct
then expresses the recombinant SDMANF tagged with a tetracysteine Lumio™ tag
(TC-tag), which becomes fluorescent upon binding with labeling reagent FlAsHEDT2. To confirm the expression of SDMANF on transfected HEK cells, the
membrane-permeable FlAsH-EDT2 was applied (Fig. 16 A-C). The two controls
(non-transfected (HEKwt) and mock-transfected cells (HEKMock) presented only
weak cellular background fluorescence (see Fig. 16 A and B). The SDMANFtransfected cells (HEKSDMANF), however, show an intense fluorescent staining (Fig.
17 C).

Figure 16: Expression and secretion of SDMANF in stably transfected HEK
cells. (A-C) Fluorescence micrographs of (A) non-transfected wild-type, (B) mock
transfected, and (C) SDMANF tetracysteine Lumio™ tag (TC-tag)-transfected
cells. The recombinant SDMANF that posses a TC-tag, became green fluorescent
upon the binding with labeling reagent FlAsH-EDT2. Scale bars, 100 µm (Sereno
et al 2017).
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7.1 Clonal selection of stably transfected HEKSDMANF
A pool of transfected HEKSDMANF was selected with Blasticidin antibiotic and a
clonal expansion was performed (see E. 17). Thereafter, the selection of a clone
that better expressed SDMANF was done through immunodetection by dot blot.
The selected clone is indicated by a black square in (Fig. 17). The SDMANF
recombinant protein expressed by the transfected cells besides the TC-tag
possesses a V5 epitope that allows immunodetection by V5 antibody.

Figure 17: Immunodetection of SDMANF on stably transfected HEK cells.
Immunodetection through dot blot of V5 epitope from recombinant Suberites
domuncula Mesencephalic Astrocyte-Derived Neurotrophic Factor expressed by
transfected cells clones. The black square highlights the clone selected for
downstream experiments. HEK, Human Embryonic Kidney Cells.

8. SDMANF expression and subcellular localization in transfected cells
In a complementary approach to confirm SDMANF expression and secretion (see
E. 18), the total proteins of the different cell lines, i.e. non-transfected wild-type (a),
mock transfected (b), and (c) SDMANF-transfected, were extracted, sizeseparated via SDS-PAGE, blotted, and probed for SDMANF using V5 antibody
(Fig. 18 A). The same approach was used to investigate the presence of SDMANF
in the cell supernatants (i. e., culture medium) (see Fig. 18 B).
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A band was only immunodetected on the blots within the total protein extract of
SDMANF transfected cells (Fig. 18 A, lane c) and in the culture medium of
SDMANF transfected cells (Fig. 18 B, lane c) but not in the protein extracts of the
controls, i.e. wild-type and mock transfected cells. SDMANF was detected at the
expected size of ca. 24 kDa (SDMANF including V5 epitope and TC tag).
Simultaneously, the subcellular localization of expressed SDMANF was also
assayed using the subcellular fractionated protein samples of SDMANF
transfected cells. The chromogenic immunodetection shows a band on the blot at
the expected size ca. 24 kDa, in the organelle/membrane protein fraction (see Fig.
18 F, lane c) but not in the cytoskeletal (lane a), nuclear (lane b), or cytosolic
fractions (lane d).

Figure 18: Immunodetection of SDMANF in HEK cell lines. (A-C)
Immunodetection of Suberites domuncula Mesencephalic Astrocyte-Derived
Neurotrophic Factor (SDMANF) in size-separated and blotted protein lysates or
culture medium. A- Total protein extracts of (a) non-transfected cells (wild-type),
(b) mock transfected, and (c) SDMANF transfected cells. B- Lyophilized medium of
the cell culture lines (a) wild-type, (b) mock transfected, and (c) SDMANF
transfected cells. C- Protein extracts of different subcellular compartments of
SDMANF-transfected cells, extracted with ProteoExtract™ kit: (a) cytoskeleton
(cytoskel.), (b) nucleus (nucl.), (c) organelles/membranes (org./memb.), (d)
cytosol. SDMANF (including V5 epitope and TC tag) was identified in the total
protein extracts of lysates, culture medium, and the organelle/membrane fraction
of SDMANF- transfected cells at the expected size ca. 24 kDa (arrow). M; Marker;
kDa, Kilodalton; HEK, Human Embryonic Kidney Cells (Sereno et al 2017).
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9. Expression of SDMANF in transfected cells upon Brefeldin A and
cadmium exposure
To characterize the intracellular transport as a component of secretory
pathways, the level of SDMANF was analyzed in transfected cells that had been
treated for 6 h with the Golgi/ER transport inhibitor Brefeldin A (BFA). The
incubation with BFA (see E. 19) caused a notably rise (i. e., 2.5-fold) on the
intracellular level of SDMANF as compared to the untreated control (Fig. 19).

Figure 19: Immunodetection of SDMANF in transfected cells treated with
brefeldin A. The Suberites domuncula Mesencephalic Astrocyte-derived
Neurotrophic Factor (SDMANF) stably transfected cells that had been exposed to
Brefeldin A (BFA) for 6 hours or stayed untreated as a control (Co). The SDMANF
levels were immunodetected with V5 antibody on size-separated and blotted total
protein extracts at the expected size, ca. 24 kDa (arrow). M, Marker; kDa,
Kilodalton (Sereno et al 2017).
Furthermore, to assess the SDMANF activity upon a different stressor, the
transfected cells were exposed to cadmium concentrations of 25 µm and 50 µm
for 0, 6 and 20 hours (see E. 19). The incubation with the stressor caused an
increased intracellular level of SDMANF, when compared to the untreated cells
(control, Co). An increase of SDMANF levels was observed after cadmium
exposition (i.e., 3.1 fold (25 µm) and 3.0 fold (50 µm), 4.8 fold (25 µm) and 8.3 fold
(50 µm); 15.9 fold (25 µm) and 39.7 fold (50 µm), in comparison to unchallenged

102

RESULTS
cells, respectively at 0, 6 and 20 hours (Fig. 20). The levels of SDMANF untreated
cells were barely above the detection limit.

Figure 20: Immunodetection of SDMANF in transfected HEK cells exposed to
cadmium. The Suberites domuncula Mesencephalic Astrocyte-Derived
Neurotrophic Factor (SDMANF) of stably transfected cells that had been exposed
to cadmium 25 µm and 50 µm remained untreated, control (Co) for 0, 6 and 20
hours. The SDMANF levels were immunodetected with the V5 antibody on sizeseparated and blotted total protein extracts at the expected size, ca. 24 kDa
(arrow). M, Marker; kDa, Kilodalton; HEK, Human Embryonic Kidney Cells

10. Detection of SDMANF levels and BAX expression on cells upon LPS
exposure
To assess the levels of SDMANF and BCL-2-Associated X Protein (BAX)
expression after exposure to the endotoxin lipopolysaccharide (LPS) (see E. 19),
HEK cells (wild-type, HEKwt and SDMANF transfected, HEKSDMANF) were treated
with 0.1 or 1.0 µg/ml LPS for 1, 6 and 12 hours. The control cells remained
untreated for the same time period. Afterwards, the total protein extracts were
size-separated, blotted, and probed with respective antibodies (V5 antibody to
detect SDMANF, BAX antibody, and α-tubulin (Fig 21 A-F). As already
demonstrated in Fig. 18 A, the non-transfected cells (HEKwt) showed no
expression of SDMANF (see Fig. 21 A). Moreover, in SDMANF transfected cells
(HEKSDMANF) controls (not treated with LPS). However, the transfected samples
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(HEKSDMANF), treated with LPS presented an increased level of SDMANF (Fig. 21
B).
A positive correlation between SDMANF levels and increase on LPS
concentration and incubation time (Fig. 21 B and G) was observed. An increase in
SDMANF levels was observed after LPS exposure. The detected levels of
SDMANF upon LPS exposure were calculated comparing the levels of SDMANF
on controls cells (HEKSDMANF not exposed to LPS) with the levels of SDMANF on
HEKSDMANF cells exposed to LPS with there respective incubation time. Thus, the
levels of SDMANF increase upon exposure to LPS for 6 h a ca. 3-fold (0.1 µg/ml
LPS), 6-fold (1 µg/ml), for 12 h an 11-fold (0.1 µg/ml LPS) and 18-fold (1 µg/ml)
was calculated (Fig. 21 G).
The same approach was used to investigate BAX expression. The
expression of BAX increased 3-fold on the average upon LPS exposure in a timeand concentration-independent manner in all HEKwt samples, when compared with
unchallenged HEKwt control with very low expression levels (see Fig. 21 C and G).
However, independent whether the HEKSDMANF samples had been exposed to LPS
or not, their BAX expression was barely above the detection limit (see Fig. 21 D
and G). The housekeeping gene α-tubulin was applied as a loading control (see
Fig. 21 E and F).
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Figure 21: Immunodetection and quantitative analysis of SDMANF and BAX
protein expression in HEK cells lines upon exposure to LPS. The Suberites
domuncula Mesencephalic Astrocyte-Derived Neurotrophic Factor (SDMANF),
BCL-2-Associated X Protein (BAX) and α-tubulin (loading control) were probed
for in size-separated and blotted protein extracts of wild-type (HEKwt; A, C, E) and
SDMANF stably transfected (HEKSDMANF; B, D, F) cells using respective
antibodies. Cells had been incubated with 0, 0.1, or 1 µg of lipopolysaccharide
(LPS) per ml for 1, 6 or 12 h. Proteins were detected at the respective expected
size (arrows). Blots are representative of three independent experiments. (G)
Densitometric analysis of immunodetected SDMANF (grey columns) and BAX
(white) in HEK cells for quantification of protein levels. The relative density of each
sample protein band was divided by the relative density of respective α-tubulin
loading control band to calculate the adjusted density. Values are means ±
standard deviation (n = 3). M, Marker; h, Hours; HEK, Human Embryonic Kidney
Cells (Sereno et al 2017).
105

RESULTS
11. Viability and caspase activity of transfected cells upon LPS exposure
To evaluate both viability and caspase activity of HEKSDMANF transfected cells upon
LPS exposure (see E. 19), cells were exposed to 1 µg/ml LPS for 12 h and then
assayed. To analyze cell viability, cells were incubated with the peptide substrate
GF-AFC. It is cell-permeant and becomes fluorescent when cleaved by live-cell
proteases. The ensuing quantitative fluorescence analyses showed no significant
differences between the untreated control samples (wild-type, mock transfected,
and SDMANF-transfected cells) (Fig. 22 A). Nevertheless, the incubation with LPS
reduced the viability of wild-type cells by 40% and mock transfected cells by 34%
respectively (Fig. 22 A). However, in SDMANF-transfected cells, the viability was
reduced by only 11% (see Fig. 22 A). Concomitantly, to assess caspase 3 activity,
cells were incubated with cell-permeant NucView™ 488 that only becomes
fluorescent in apoptotic cells, because the activated caspase 3 facilitates cleavage
and consequently the releases of a green fluorescent stain. A comparative
analysis of the fluorescence signals showed no significant differences between the
untreated samples, i. e. controls (Fig. 22 B). However, in all treated samples LPS
significantly induced caspase activity above the control levels, in wild-type the
caspase activity increased by 42%; in mock-transfected cells the increase was
46%, while in SDMANF-transfected cells the increase on caspase activity was
considerably lower with 18%, when compared to the control (see Fig. 22 B).
Caspase 3 activity was also assessed by visualization in real-time with an
automated cell imaging system (see E. 19). The cells were exposed to 1 µg/ml
LPS for up to 15 h. The NucView™ 488, mentioned above, was used to detect
caspase 3 activity; Propidium Iodide (PI) was used to stain nuclei of dead
cells/cells with compromised cell membranes; and Hoechst 33342 was used for
staining all cells. As a result, the untreated control samples (wild-type and
SDMANF-transfected cells) presented almost no caspase 3 activity with scarce
green fluorescence signals that barely increased with time. Additionally, no
significant red staining of dead cells/cells with compromised cell membranes was
detected by PI (Fig. 23). Wild-type cells (HEKwt) exposed to LPS presented a
considerably higher green staining as soon as after 6 h exposure to the endotoxin,
followed by a significant enhancement of fluorescence up to 15 h exposure time.
In SDMANF-transfected (HEKSDMANF) cells, however, the LPS treatment weakly
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induced caspase 3 activity, barely above the background fluorescence. Besides,
the caspase activity stayed constant throughout the 15 h of exposure. In both cell
lines, HEKwt and HEKSDMANF, PI elicited only few red fluorescence signals (Fig.
23).

Figure 22: Viability and caspase activity of HEK cells upon LPS exposure.
Activities of intracellular live-cell proteases (viability, A) and caspase 3 (B) were
assessed with the cell-permeant fluorogenic substrates peptide GF-AFC and
NucView™ 488 respectively. Fluorescence was quantified in wild-type (wt), mock
transfected, and SDMANF-transfected cells that had remained untreated (controls,
white bars) or that had been incubated with Lipopolysaccharide (LPS) for 12 h
(grey). Values are expressed as the mean ± standard deviation of four
independent experiments, compared by ANOVA, followed by the post-hoc Tukey
HSD test. *p < 0.01 versus untreated control. RFU, Relative Fluorescence Units
(Sereno et al 2017).
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Propidium Iodide NucView™ 488 Hoechst 33342
Figure 23: Fluorescence micrographs of HEK cells recorded in real-time with
an automated cell imaging system. The wild-type cells (HEKwt) and SDMANFtransfected cells (HEKSDMANF) were exposed to 1 µg/ml LPS for up to 15 hours.
The NucView™ 488 dye (green) (see text) was used to detected caspase 3 activity,
Propidium Iodide (magenta) was used to stain nuclei of dead cells/cells with
compromised cell membranes and Hoechst 33342 (blue) for staining of all cells.
HEK, Human Embryonic Kidney Cells. Scale bars, 200 µm. (Sereno et al 2017).

108

DISCUSSION
G. DISCUSSION
The Cerebral Dopamine Neurotrophic Factor (CDNF) and Mesencephalic
Astrocyte-Derived Factor (MANF) form the most recently discovered family of
neurotrophic factors, that are evolutionary conserved, posses a distinctive
structure and a mode of action mode that differ from the classic NTFs (Voutilainen
et al 2015; Lindström et al 2017; Li-na et al 2017; Zhang et al 2018).
Mesencephalic

astrocyte-derived

factor

presents

neurotrophic

and

neuroprotective activities as well as neurorestorative effects in different
neurodegenerative disease models, including Parkinson’s disease, ischemia and
traumatic brain injury (see C.3.4; Lindahl et al 2017). Furthermore, MANF also
protects neuronal and non-neuronal tissue against ER stress (Wang et al 2018).
This particular set of characteristics leads to its introduction as a potential
therapeutic agent for the treatment of pathological conditions such as stroke,
diabetes, glaucoma and retinal disorders (see C.3.4; (Mätlik et al 2018, Gao et al
2017b; Li-na et al 2017; Lu et al 2018; Hakonen et al 2018). Not by chance, in
2018 MANF was approved by the United States Food and Drug Administration
(US-FDA) to be tested for treatment of retinitis pigmentosa and retinal artery
occlusion (Amarantus bioScience Inc).
Despite the promising therapeutic applications of MANF and its multiple
functions on neuronal and non-neuronal tissue, ER stress and development
(Wang et al 2014b; Stratouilias and Heino 2015b; Kim et al 2017a; Lindahl et al
2017; Tseng et al 2017a; Xu et al 2018), the MANF homologs underlying
mechanisms of activities have not yet been fully understood (Voutilainen et al
2015; Lindahl et al 2017; Wang et al 2018). Hence, the use of a new organism
model, as sponges, can rise new insights on MANF mechanisms of function.
The aim of the present work was to identify and functionally characterize
MANF in sponges. The Phylum Porifera is among the oldest Metazoa lineages
and has been considered the earliest branching of Metazoa (Li et al 1998; Love et
al 2009; Müller et al 2004a; Wörheide et al 2012; Renard et al 2018). Thus,
sponges are important in the reconstruction of early metazoan evolution (Müller et
al 2004a; Wörheide et al 2012). Sponges lack a conventional metazoan nervous
system, however, structural and molecular evidence has been gathered for some
kind of neuronal-like signaling and a (pre-)nervous system is present in sponges
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(Leys and Meech 2006; Conaco et al 2012a; Leys 2015; Whitmer 2018). In view of
these particular characteristics, sponges can be used as an animal model system
to study the evolution of the nervous system, and furthermore, sponges offer an
enticing opportunity to explore the evolutionary aspects and ancient roles of MANF
before the advent of nervous system.
1. SDMANF homologies and phylogenetic relationships
The deduced Suberites domuncula MANF protein (SDMANF) established in this
study shows similarities with the MANF homolog as expected, because MANF
protein exists in both vertebrate and invertebrate species (Petrova et al 2003),
while CDNF is a paralog that can only be found in vertebrates (Lindholm et al
2007).
The SDMANF protein shows a significant degree of sequence homology to
both invertebrates and vertebrates MANF, although with higher homology to
vertebrates (see Table 1 and Fig. 11). The phylogenetic analysis through the
consensus tree shows that both S. domuncula and Amphimedon quenslandica
poriferan MANF (predicted, using SDMANF for comparison, from NCBI's
automated computational analysis based on the whole A. quenslandica genome
shotgun sequences) have particularly high homology to Deuterostomia (see Fig.
11). Therefore, sponges were placed at the basis of a clade comprising wellsupported deuterostomian lineages with robust bootstrap values. These overall
characteristics are in accordance with former studies (Halanych 2004; Mallat and
Winchell 2007; Pisani et al 2015). Moreover, the MANF sequences from Ecdysoza
(Nematoda, Crustacea and Hexapoda) composed a sister group to the Porifera
clade.
On the majority of phylogeny analysis, sponges are placed at the basis of
Metazoa clade (Feuda et al 2017; Simion et al 2017, Renard et al 2018). However,
on the phylogenetic analysis of MANF gene, Porifera was placed at the basis of
the Deuterostomian clade. This apparently closer similarity between sponge and
deuterostomian protein sequences than compared to Ecdysozoan sequences has
already been previously observed (Harcet et al 2010). This is possibly an effect of
the relatively rapid rate of gene evolution, which is a trait facilitated by shorter
generation times and larger population sizes, all features that are common for
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Ecdysozoa (Harcet et al 2010, Babenko and Krylov 2004). Together with, uses of
only one gene, as we only uses MANF gene, to build the phylogeny analysis
provide insufficient information for resolving the relationships between major
metazoan lineages because the variable rates of evolution among lineages affect
the resolution (Rokas et al 2003; Nosenko et al 2013).
1.1. The likely presence of unfolded protein response mechanism in
Poriferan
Mechanism of unfolded protein response (See C. 2) are evolutionary conserved
and have many important functions on development and homeostasis of Metazoa
(Hetz 2015; Godin et al 2016; Kratochvílová et al 2016; Hetz and Papa 2018).
Considering that proteins components of the UPR pathway I) Activating
Transcription Factor 6 (ATF6), ER stress sensor protein, II) X-Box Binding Protein
1 (XBP1) component of the IRE1 ER stress sensor pathway, III) Activating
Transcription Factor 4 (ATF4) component of the PERK ER stress sensor pathway,
have been identified in sponges (Tood et al 2008; Hollien 2013; Jindrich and
Degnan 2016); the identification of S. domuncula MANF is not unexpected.
Sponge MANF probably play roles on ER stress response, a characteristic that
have been described for all MANF homologs so far (Lindström et al 2016; Lindahl
et 2017; Bai et al 2018). Here I suggest the possibility that UPR response
mechanism or a similar mechanism is present in Porifera.
2. Characteristics of the SDMANF sequence
The results show that SDMANF has the same characteristic features described for
other MANF protein from vertebrates and invertebrates (Hellman et al 2011;
Richman et al 2018). As the ARMET, Saposin and SAP domains, CXXC motif, a
N-terminal signal peptide sequence and the ER retention signal motif, a KDEL-like
sequence (see Fig. 9).
The ARMET domain of poriferan MANF begins a few amino acids after the
N-terminal predicted signal peptide and covers approximately the whole MANF
protein sequence (SDMANF aa25-172). A pair of consensus sequences of the
ARMET domain has been deduced from SDMANF and other metazoan MANF
sequences:

ARMET

domain

N-terminal

pattern

NH2—C-[KRHNQMLAS]111
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[EDSTAGK]-[ATLVS]-[KRN]-[GS]-K-[DE]-[ENSH]-[RL]-[FLM]-C-Y-Y-[VLI]—COOH
(aa62-76 of the SDMANF sequence) and a C-terminal patternNH2—[VAIMT]-[DEN]L-[KRWQSNGL]-[KST]-[LM]-[RK]-V-[KRTAV]-[EDKQ]-L-[KR]-[KRQ]-[IV]-L—COOH
(aa128-142 of the SDMANF sequence) (Sereno et al 2017).
Moreover, SDMANF and also MANF protein from other representative
Metazoa present, within the ARMET domain, a highly conserved amino acid
residue region termed MANF/BCL-2 Homology Domain [MBHD]; (aa130-156)
(Sereno et al 2017). MANF homologs, including the poriferan MANF, present a
region in which C-terminal overlaps with the conserved BH2 domain of BCL-2
proteins (aa145-156 of SDMANF) following the motif signature of the BH2 domain
(PROSITE PS01258), NH2—W-[LIMG]-x(3)-[GR]-G-[WQC]-[DENSAV]-x-[FLGAK][LIVFTC]—COOH; with three exceptions (marked in bold), where the poriferan
sequence is concerned (Sereno et al 2017).
The BH2 sequence motif is present in most pro- and anti-apoptotic BCL-2
proteins and the BH2 domain has important activities on apoptosis modulation,
because of its function in protein–protein interactions and homo- and
heterodimerization with BAX protein and other members of the BCL-2 family
(Gurudutta et al 2005; Westphal et al 2011; 2014; Aouacheria et al 2013;
Moldoveanu et al 2014; Jeng et al 2018). In this context, it is also important to
mention that BAX interacts not only with members of the BCL-2 family (Vogel et al
2012; Garner et al 2016). It has been also suggested that an inactive dimer
conformation of BAX has an auto-inhibitory function, playing a part in apoptosis
mechanism (Vogel et al 2012; Garner et al 2016).
The identification of MANF/BCL-2 homology domain supports the idea that
SDMANF and others MANF homologs partake in the competitive interactions
entailing BCL-2 proteins, having a role in regulating apoptosis mechanisms.
Although to confirm this proposed protein interaction experimental evidence is
necessary (Sereno et al 2017).
Some possible interplays of MANF homologs and BCL-2 family proteins
have been observed: I) Cunha et al (2017) show that Thrombospondin 1
cytoprotective effect involves the maintenance of expression of human MANF on
β-cells, and then MANF prevents BH3-only protein BIM (BCL2-Interacting
Mediator of Cell Death)-Dependent of Triggering Apoptosis. II) Treatment with
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recombinant human MANF induce a increase of BCL-2/BAX ration and show
reduced neuronal death on rat model of intracerebral hemorrhage or spinal cord
injury (Gao et al 2018; Xu et al 2018).
A few others BH2-bearing BCL-2 homologs have been described in S.
domuncula and other sponges (Wiens et al 2004; 2006). Caria et al (2017), in a
study on BCL-2 homologs of sponges showed that the BCL-2 BHP2 homolog of L.
baicalensis and of G. cydonium are able to bind the L. baicalensis- BCL-2
antagonist killer (BAK)-2. This demonstrates that sponge BHP2 binds to multimotif BAX-like proteins and the binding groove is conserved across pro-survival
BCL-2 proteins, functioning in a similar way to the mammalian apoptotic
mechanisms (Caria et al 2017).
The SDMANF protein presents the eight-conserved cysteine residues (See
Fig. 9 and Fig. 3), which are a trademark of MANF homologs (Parkash et al 2009;
Hellman et al 2011). The position of the eight-conserved cysteine residues in
SDMANF, according to the amino acid sequence matches the other MANF
homologs. Also resembling other MANF homologs, SDMANF possess the CXXC
motif (See Fig. 9 and Fig. 3), within the cysteine residue (Mätlik et al 2015).
Poriferan SDMANF as the majority of metazoan homologs comprises the
characteristic eight conserved cysteine residues and their conserved spacing,
within the context of NH2—C-x(2)-C-x(29,30,31)-C-x(10)-C-x(30)-C-x(10)-C-x(33)C-x(2)-CCOOH (aa27–152), with one exception marked in bold (Sereno et al 2017).
Very few sequences lack the first cysteine residue, which is the case of Myotis
brandtii MANF (EPQ17481.1) (Sereno et al 2017).
Subeites domuncula MANF protein has an N-terminal signal peptide (See
Fig. 10) for protein targeting to ER, as other MANF homologs (Parkash et al 2009;
Hoseki et al 2010; Hellman et al 2011). As shown by Oh-hashi et al (2013), and
also Norisada et al (2016), the protein targeting through the signal peptide has
also roles in secretion, when the signal peptide is lacking, MANF loses the ability
to be secreted.
Furthermore, SDMANF possesses a C-terminal ER retention KDEL-like
motif sequence (see Fig. 9), a feature that has been reported from all MANF
sequences (Mizobuchi et al 2007; Oh-hashi et al 2012; Henderson et al 2013).
KDEL is a canonical ER retention signal sequence that prevents secretion of
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soluble ER resident proteins (Raykhel et al 2007). The KDEL motif binds to the
KDEL receptors, localized in the intermediate compartments and Golgi apparatus,
which triggers the retrieval of the protein to the ER via coat protein I (Raykhel et al
2007), while the coat protein II mediates the transport and secretion of MANF (Ohhashi et al 2012).
Mesencephalic astrocyte-derived factor homologs, including SDMANF, also
possess a variation pattern on the canonical KDEL motif NH2—[R,P,K,Q,H][T,A,S,R,P,V]-[D,E]-L—COOH pattern (with two exceptions concerning SDMANF,
marked in bold) (Sereno et al 2017). Although most deuterostomian MANF
homologs have an RTDL sequence as variant of the KDEL-like motif (Henderson
et al 2013). For invertebrates it displays a wider range of sequences with a
consensus of [R,K,H]-[S,T]-E-L for Hexapoda, R-E- [D,G]-L for Crustacea, and
[R,K]-[D,E]-E-L for Nematoda (Sereno et al 2017).
The SDMANF KDEL-like motif is formed by the HVEL amino acids.
Supporting the functionality of SDMANF KDEL-like motif, this sequence has
already been reported as a functional ER retention signal in vertebrate cells (Robbi
and Beaufay 1991; Raykhel et al 2007).
The establishment of the consensus sequences for ARMET, BH2 domain
and CXXC motif and KDEL motif demonstrate the conservation of general features
from MANF homologs from invertebrates and vertebrates and the evolutionary
conservation of MANF characteristics features also extend to S. domuncula
MANF. It is accordance with the observation that MANF and CDNF compose the
first family of NTF with a well-conserved protein sequences on multicellular
organisms (Zhang et al 2018).
3. Structural homology model of SDMANF
As mentioned before, MANF is a bi-functional protein with roles in survival of
dopaminergic neurons and in ER stress (Petrova et al 2003; Voutilainen et al
2015; Richman et al 2018). The main hypothesis to explain MANF's bi-functional
activity suggests that it is associated with two well-defined domains, N- and Cterminal, each one possibly have two different targets: an intracellular target that is
associated with the endoplasmic reticulum and an extracellular target that is
modulated by the secreted MANF (Mätlik et al 2015; Kim et al 2017a; Lindahl et al
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2017). However, the two domains may have distinct functions since the intact fulllength protein is required for MANF function (Hoseki et al 2010; Hellman et al
2011) and only the mature MANF - and none of its isolated domains - was able to
reduce larval lethality in D. melanogaster (Lindström 2013).
Structural analyses of MANF show that the N-terminal domain of MANF
resembles Saposin-Like Proteins (SAPLIPs), being structurally close to the
membrane-lytic proteins such as granulysin and NK-Lysin (Parkash et al 2009).
The saposin-like proteins are phylogenetically conserved proteins with a diverse
range of functions such as lipid-membrane interactions, immunity response and
apoptosis (Anderson et al 2003; Bruhn 2005; Kolter and Sandhoff 2005; Linde et
al 2005; Wei et al 2016). Lipids also interplay with the immune response, having
roles at different phases of host–pathogens interactions such as primary
recognition and host cell signaling during invasion (Helms et al 2006; Walpole et al
2018). The granulysin and NK-Lysin are cytolytic effectors involved in antimicrobial
defense; acting against microorganisms such as bacteria, fungi, mycobacteria and
parasites, and intracellular parasites (Bruhn 2005; Linde et al 2005; Nagasawa et
al 2014; Wei et al 2016; Dotiwala et al 2016). As predicted by the N-terminal
domain similarities with SAPLIPs, both human and C. elegans MANF are able to
directly bind sulfatide, this lipide-sulfatide construct is possibly involved in MANF
endocytic processes (see C3.1 and 3.3; Bai et al 2018).
The C-terminal domain of human MANF and CDNF is a structural homolog
of the C-terminal SAF-A/B Acinus and PIAS (SAP) domain of Lupus Ku
Autoantigen Protein p70 (Ku70) (Hellman et al 2011; Lindahl et al 2017). Ku70
blocks BCL-2- Associated X Protein-dependent (BAX) inhibiting apoptosis (Gomez
et al 2007; Hada et al 2016).
Besides, to assess the possible three-dimensional structure of SDMANF,
two 3D homolog models of the mature SDMANF (aa20-172) were developed with
UCSF chimera and Modeller (see D 7.1). The first model uses the human MANF
crystal structure PKB 2W51, described by Parkash et al (2009), as backbone. The
second model uses the human MANF structure PKB 2KVD, obtained through
NMR and described by Hellman et al 2011, as backbone. Initially, PKB 2W51 was
used for structural comparison of the N-terminal domain of human MANF with
SAPLIP domain, whereas PKB 2KVD was used for structural comparison of the C115
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terminal domain of human MANF with the SAP domain. These two different
approaches elicited, two homologous structural models of SDMANF, of which the
one of Hellman et al (2011) remains the most accepted one (Voutilaine et al 2015;
Lindahl et al 2017). The modeled 3D structure of SDMANF (Fig. 24) has two welldefined N-and C-terminal domains that resemble the aforementioned SAPLIP and
SAP domains (Parkash et al 2009; Hoseki et al 2010; Hellman et al 2011). Thus,
the N-terminal and C-terminal domain of SDMANF comprise five (α1 to α5) and
three helices (α 6 to α8) respectively. SDMANF model based on the 2W51
structure of Parkash et al (2009) shows an almost complete overlap of the helices
of both proteins (Fig. 25 A). On the other hand, the SDMANF model that is based
on the 2KVD structure by Hellman et al (2011) have as the template eight alpha
helices, although the alpha helices positions do not overlap, concerning the
SDMANF amino acid sequence (Fig. 25 B).
The N-terminal domain of SDMANF predicted by both 3D models (see Fig.
24) is formed by five alpha helices (α1 to α5) that are connected by a flexible linker
to the C-terminal domain. The structural conformation of SDMANF N-terminal
domain resembles the structure of human MANF described by Parkash et al
(2009) and Hellman et al (2011).
Then, the C-terminal domain of SDMANF (see Fig. 24 B) was predicted to
have three alpha helices (α6, α7 and α8) according to the 2KVD structure.
Contrarily, the SDMANF model predicted by the 2W51 structure has only two
helices (α6, α7). This divergence of the number of C-terminal alpha helices was
already described for human MANF (Hellman et al 2011): the structure of human
MANF described by Parkash et al (2009) has only two C- terminal alpha helices
(see Fig. 25 A) whereas according to Hellman et al (2011) it has three C- terminal
alpha helices (see Fig. 25 B). It is important to note that, as Parkash et al (2009)
reported, a poor quality of the electron density maps at the C-terminus may induce
a lower resolution of the C-terminal model. This issue is the most probable cause
of the differences observed between the structures of human MANF.
The structurally homolog model suggest SDMANF has a protein structural
similar to other MANF homologs. The MANF and CDNF proteins compose a novel
family of evolutionary conserved neurotrophic factors, each are structurally
different from the typical neurotrophic factors, such as the glia cell-line derived
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neurotrophic factor family of ligands (Nasrolahi et al 2018; Axelsen and Wolabye
2018; Zhang et al 2018).

Figure 24: Schematic ribbon presentation of folding of human and S.
domuncula MANF. A- Schematic representation of mature human Mesencephalic
Astrocyte-Derived Neurotrophic Factor (MANF, aa25-182, PKB accession number
2KVD, Hellman et al 2011) ribbon color-coded from blue to red. All helices are
labeled. B-Schematic representation of mature Suberites domuncula
Mesencephalic Astrocyte-Derived Neurotrophic Factor (SDMANF, 20-172aa)
protein homolog model using protein data bank accession number 2KVD, Hellman
et al 2011 as template. It is represented in the same scheme, orientation and color
as (A). For both proteins, the N- terminal (N) and C-terminal (C) domains are well
defined. The N-terminal domain has five alpha helices (α1 to α5), while the Cterminal is formed by three helices (α6 to α8). Both domains (N- and C-) are
connected with a flexible linker followed by the alpha helices (α6 to α8) that form
the C-terminus. The schematic representation and analysis was performed with
UCSF Chimera and Modeller.
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Figure 25: SDMANF homology model. A- Amino acid sequence alignment of
Suberites domuncula Mesencephalic Astrocyte-Derived Neurotrophic Factor
(SDMANF) and human Mesencephalic Astrocyte-Derived Neurotrophic Factor
MANF (H.MANF), depicting secondary protein structures: marked in green, the
human MANF model 2W51 and in blue the SDMANF model 2W51, based on the
protein data bank (PDB) structural model 2W51 as template. B- Amino acid
sequence alignment of SDMANF and human, depicting secondary protein
structures: marked in red, the human MANF model 2KVD and in purple the
SDMANF model 2KVD, with the PDB structural model 2W51 as template. The
structural models were built with UCSF Chimera and Modeller. The residue
conservation in the sequences (identical or similar with respect to physicochemical
properties) at 80% are highlighted in a pink background and at 60% are
highlighted in yellow background.
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4. Expression and localization of SDMANF in S. domuncula tissue
4.1. Expression of SDMANF in S. domuncula tissue
The expression of SDMANF was detected on S. domuncula tissue as expected.
Although, it presents a slightly lower molecular weight than expected and this
difference in weight could be an indication of either the proteolytic cleavage of the
presumed signal peptide sequence or abnormal protein migration during SDSPAGE.
4.2. Localization and putative function of SDMANF in S. domuncula tissue
A few roles of MANF on immunity modulation have been suggested. For instance,
as MANF transitorily enhances the amount of phagocytic macrophages and also
improves behavioral recovery upon treatment with recombinant human MANF of
ischemic stroke in a mouse model (Mätlik et al 2018). In Drosophila, an increase of
MANF expression was identified during the activation of the immune response
(Stratoulias and Heino 2015a). In addition, the expression of MANF was also
induced in Drosophila hemocytes (macrophage-like innate immune cells) and in
murine microglia cells after light-induced retinal damage, MANF immune
modulation induces the switch from proinflammatory to pro-repair profile,
promoting tissue repair and regeneration of the retina (Neves et al 2016).
Moreover, human MANF reduces the levels of pro-inflammatory cytokines
such as IL-1β, IFN-γ and, TNF-α upon LPS exposition in neural stem cells (Zhu et
al 2016) and also under different stress stimuli (Zhao et al 2017; Chen et al 2015a;
Cunha et al 2017; Li et al 2018). Cytokines contribute to immune response and
have a critical role mediating host defense against parasites and also on
autoimmune processes (Kabelitz and Medzhitov 2007; Smith et al 2018).
The possibility of MANF protein also has a role in autoimmune diseases
have been considered because patients with autoimmune disorder as rheumatoid
arthritis and systemic lupus erythematosus show enhanced levels of MANF in
isolated peripheral white blood cells, along with patients recently diagnosed with
Type 1 diabetes presented higher serum concentration of MANF (Wang et al
2014a; Chen et al 2015a; Galli et al 2016).
A few activities of MANF on immune modulation have been reported,
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although the roles of MANF on immune system remain unknown. In the same
fashion, it also remains unknown whether MANF has antimicrobial functions like
other proteins from the SAPLIPs granulysin and NK-lysin.
In the present study, both SDMANF expression in sponge tissue and
SDMANF functions in sponges were evaluated. SDMANF expression was
identified mainly restricted to sponge cells close to bacteriocytes and in the vicinity
of what might be a multicellular endobiont (see Fig. 15). Sponges host a
community of organisms, like nematodes, brittle-stars, copepods, bacteria, etc.
(Magnino et al 1999; Ribeiro et al 2003; Skilleter et al 2005), which forms the
poriferan

intracellular

and/or

extracellular

endofauna.

Bacteriocytes

are

specialized cells present in some sponges that host different kinds of bacterial
cells that might be either symbiotic or a food resource. S. domuncula bacteriocytes
are mostly filled with gram-negative bacteria (Vacelet and Donadey 1977;
Woollacott 1993; Ilan and Abelson 1995; Böhm et al 2001; Uriz et al 2012). Even
with the highly diverse community of multicellular organisms and bacteria in the
mesohyle hosted by sponges (See C.4; Taylor et al 2007; Hentschel et al 2012),
SDMANF was detected mainly in the vicinity of bacteriocytes, suggesting some
activity on recognition/response mechanisms. The mechanisms sponges uses to
differentiate between bacteria (food, pathogens or symbionts) have not been
completely elucidated (See C.4). These mechanisms are probably connected to
immune system pathways (Hentschel et al 2012; Gardères et al 2015a; Degnan
2015).
Furthermore, as was previously demonstrated (Sereno et al 2017),
SDMANF expression was co-localized with the expression of S. domuncula tolllike receptor, which corroborates the role of MANF on immunity.
Toll-Like Receptors (TLRs) are crucial components of the immune system
(i.e. pattern recognition receptors) that are involved in recognition and defense
mechanism against pathogens (Medzhitov 2007a; 2007b). It has been identified in
Poriferan the toll-like receptors and interplay components as Interleukin Receptor
1 (ILR-1) pathway proteins, as Myeloid Differentiation Primary Response 8
(MyD88), kappa-light-chain-enhancer of activated B cells (NF-κB), the Interleukin
Receptor-Associated Kinase 1/4 (IRAK 1/4), the Tumor Necrosis Factor (TNF),
Receptor-Associated Factors (TRAF), Macrophage Expressed Protein (MPEG),
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and caspase family among others (Wiens et al 2005; 2007; Gauthier et al 2010;
Riesgo et al 2014).
As described for other organisms, the S. domuncula toll-like receptor
(SDTLR) and molecules of its activation pathways are involved in the innate
immune response against potential microbial invaders in Porifera and are
expressed on S. domuncula cells upon bacteria exposition (Wiens et al 2005;
2007; Gardères et al 2014). Studies carried to evaluate the immunity pathways
activated in response to infections have shown that sponges react differently to
commensal and opportunistic bacteria, and also to gram-positive and gramnegative bacteria (Böhm et al 2001; Schröder et al 2003; Thakur et al 2003; 2005;
Wiens et al 2005; 2007; Müller et al 2009b; Gardères et al 2014; 2015b).
The findings regarding the co-localized expression of SDTLR and SDMANF
mainly restricted to sponge cells close to bacteriocytes suggest a common
function of both molecules as part of the innate immune system on bacterial
recognition/response mechanisms (Sereno et al 2017).
Immunity mechanisms - such as TLR activation upon bacterial activation trigger defense mechanisms required to fight foreign invaders and frequently entail
downstream modulation of UPR, cytokines, NF-κB and apoptosis mechanism
(Salaun et al 2007; Martinon 2010; Janssens et al 2014; Celli and Tsolis 2015;
Hetz et al 2015; Schmitz et al 2018). The UPR has multiple roles during bacterial
infection and activation of immunity; pathways of UPR also interplay with innate
and adaptive immune responses at different levels as via the partial overlap in the
genes induced by UPR and those induced by microbial infection or stimulation
TLR (Janssens et al 2014; Celli and Tsolis 2015; Hetz et al 2015; Grootjans et al
2016; Smith et al 2018).
Regarding MANF, the homologs from vertebrates and invertebrates are
reported to be a protective factor against ER stress and apoptosis (Mätlik et al
2015; Lindström et al 2016; Liu et al 2016a; Lindahl et al 2017; Bai et al 2018). In
addition to that, on human beta cell line EndoC-βH1, the exogenous administration
of MANF inhibit NF-κB signaling pathway and specifically downregulated of B-cell
lymphoma/leukemia (BCL10) (Hakonen et al 2018). NF-κB and BCL10 (do not
belong to the BCL-2 family) have roles on immunity and apoptosis (Medzhitov and
Janeway 2000; Fan et al 2008; Rech de Laval et al 2014; Gehring et al 2018).
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BCL10 induces apoptosis acting up-stream of NF-κB and has a role on adaptive
and innate immune activation, although how BCL-10 influences MyD88-dependent
innate immune response is not clear yet (Gehring et al 2018).
Further studies on MANF homologs (including SDMANF) potential activities
during bacterial recognition/response mechanism might give new insights on the
interplay mechanism of immunity, unfolding protein response and cell death.
5. Studies of SDMANF functions in transfected mammalian cells
Since no cell line from Poriferan is available to date, in the present work, a
heterologous system was employed to assess the functional mechanisms
SDMANF is putatively involved in. A heterologous system, a stable cell line of
SDMANF allowed for reproducibility of the analyzes under standardized conditions
and a quantitative analysis of the results, which are difficult to achieve when using
sponge individuals or primary cell lines. This type of heterologous vertebrate cell
model has been previously employed to study the pro-proliferative and antiapoptotic role in S. domuncula (Luthringer et al 2011). The SDMANF cell line was
generated by transfection with a vector construct, in which SDMANF expression is
constitutive and controlled by the CMV promoter/enhancer to avoid differential
SDMANF transcription.
5.1. SDMANF in stably transfected HEK cells upon BFA and cadmium
exposure
The SDMANF protein was expressed in HEK stable transfected cells (see Fig. 19
A). SDMANF was localized in the organelle/membrane (including Golgi) as
expected due to the presence of the KDEL-like motif (see Fig. 19 C). This result
corroborates previous studies that also reported the detection of MANF homologs
in the ER and Golgi apparatus (Oh-hashi et al 2012; Henderson et al 2013).
Despite the fact that the pattern showed by proteins that possess a KDEL-like
motif are confined to the ER and Golgi apparatus, the MANF homologs, within
SDMANF, can be secreted (Oh-hashi et al 2012; Henderson et al 2013). Most of
the SDMANF protein was detected in the organelle/membrane subcellular fraction.
However, SDMANF could also be detected in the cell culture medium (see Fig. 18
B).
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Besides, to evaluate the intracellular SDMANF protein transport HEKSDMANF
cells were treated with the Golgi/ER transport inhibitor BFA. The HEKSDMANF cells
treated with BFA present enhanced SDMANF intracellular levels (see Fig. 19)
when compared with non-treated cells. This indicates that BFA blocks SDMANF
translocation and subsequent secretion, inducing increased intracellular SDMANF
levels. This pattern has already been observed in cell lines as neuroblastoma cells
SH-SY5Y) and in human embryonic kidney cells (HEK 293 cells) overexpressing
human MANF challenged with BFA (Apostolou et al 2008; Henderson et al 2013).
As well as, on HEK cells expressing mouse MANF upon BFA exposition (Oh-hashi
et al 2012). The BFA blocks the translocation of MANF (human and mouse) from
ER to Golgi and subsequent secretion, inducing an increase of intracellular MANF
(Apostolou et al 2008; Oh-hashi et al 2012; Henderson et al 2013).
The SDMANF secretion showed the protein had access to secretory
pathways of HEK cells, together with SDMANF enhance on intracellular levels
upon BFA exposition indicate the transport and secretory pathways of MANF
homologs could be evolutionary conserved.
In order to assess a possible role of SDMANF on stress mechanisms,
HEKSDMANF cells were also challenged with cadmium. Cadmium has been chosen
as a stressor agent because it is able to induce ER stress and apoptosis (Mao et
al 2007; Pathak et al 2013; Chen et al 2015c; Kim et al 2017b). In addition, it has
also been previously used to study anti-apoptotic function of the survivin protein
from S. domuncula in a similar heterologous model of stable-transfected HEK cells
(Luthringer et al 2011). Here, HEKSDMANF cells showed up-regulation of SDMANF
corresponding to both increased cadmium concentration and incubation time,
when compared to non-challenged HEKSDMANF, which suggests that SDMANF is
probably involved in ER stress mechanisms.
The increase of SDMANF levels in HEKSDMANF transfected cells upon
cadmium exposition was in accordance with previous studies that demonstrated
that MANF is up-regulated during ER stress and also upon drug induced ER stress
(See C 3.3; 3.4; Voutilainen et al 2015; Wang et al 2015b; Kim et al 2016; 2017a;
Li-na et al 2017; Liu et al 2016b; Bai et al 2018; Guo et al 2018). For example in
cell lines overexpressing human MANF, as HEK 293, bone osteosarcoma (U2OS),
and SH-SY5Y showed an increase of MANF in response to ER stress induce by
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Tunicamycin (TM) Thapsigargin (TG) and lactacystin (Apostolou et al 2008). Along
with an increase of mouse MANF levels was also observed in embryo fibroblasts
(NIH 3T3) exposed to TM, TG, and Dithiothreitol (DTT) (Mizobuchi et al 2007). In
addition to that an up-regulation of rodent MANF was also detected in neuron
Neuro2a cells treated with TG and on cardiomyocytes after exposition to TM, TG
and DTT (Tadimalla et al 2008; Yu et al 2010; Glembotski et al 2012; Liu et
2016a). Moreover, have been also observed that MANF levels also increase in
different animal diseases models that are associated with ER stress, as in rodent
models of bladder obstruction, in rabbit fibroblast-like synoviocytes antigen
induced arthritis model, and in a C. elegans human α-synuclein induced
Parkinson's disease model (Chen et al 2015a; Liu et al 2015c; Lindström et al
2016; Gao et al 2017b; Zhang et al 2018).
5.2. Levels of SDMANF, BAX expression, caspase activity and cell viability
upon LPS exposure
The endotoxin Lipopolysaccharide (LPS) is a component of the outer membrane of
most gram-negative bacteria that triggers the innate immune response in host
organisms through TLR pathways and Invading microbial pathogens triggers a
cellular stress that activates UPR pathways (Salaun et al 2007; Wang and Quinn
2010; Brown et al 2011; Celli and Tsolis 2015; Rosadini and Kagan 2017; Cheng
et al 2018). UPR has pivotal roles in the modulation of immunity, autophagy and
also apoptosis pathways on multiple levels (Hetz et al 2015; Grootjans et al 2016;
Cybulsky 2017; Niu et al 2017; Hetz and Papa 2018; Schmitz et al 2018; Smith
2018).
Mesencephalic astrocyte-derived factor proteins (i.e. human, mouse,
Drosophila, C. elegans) have been described to be involve at multiple levels with
UPR, attenuates inflammation, autophagy and apoptosis (Chen et al 2015a;
Stratoulias and Heino 2015a; Lindström et al 2016; Zhu et al 2016; Gao et al
2017a; 2017b; Lindahl et al 2017; Zhang et al 2017a; 2017b; 2018; Hakonen et al
2018; Li et al 2018; Richman et al 2018; Zhang et al 2018).
The previously describe roles of MANF proteins together with the
aforementioned results were SDMANF up-regulation upon stress and colocalization with SDTLR led to further analyses of SDMANF functions on apoptosis
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mechanism triggered by LPS. The levels of SDMANF, expression of BAX, activity
of caspase 3 and cell viability were analyzed.
SDMANF protein (in HEKSDMANF) levels increased in a time- and
concentration-dependent manner upon LPS challenged (see Fig. 21 B and G).
LPS triggers a cellular stress that activates UPR pathways (Hetz et al 2015) the
increased on intracellular level of SDMANF was probably affected by downstream
regulatory pathways of the ER stress responses. For instance: LPS induces
expression of the ER-resident chaperon ORP150 (150-kD oxygen-regulated
protein) in murine macrophages, the ORP150 binding of free calcium and
maintains Ca2+ homeostasis having a similar protective function as BiP (Kitao et al
2001; Nakagomi et al 2004). As well as, have been described that human MANF
interacts with BiP in a calcium dependent manner on cultured cardiomyocytes and
HeLa cells, It was proposed that under normal ER calcium concentrations MANF
is retained in the ER by BiP (Glembotski et al 2012; Lindahl et al 2017). Therefore,
SDMANF might be protected from degradation through targeting downstream
proteases that are activated by free calcium. MANF (Human; Droshophila; C.
elegans) levels increase during ER stress, although, the complete mechanisms of
MANF homologs transcriptional regulation remain undefined (Lindstrom et al 2016;
Lindahl et al 2017; Richman et al 2018; Wang et al 2018).
Furthermore, During LPS-induced ER-stress several responsive genes
such as BAX is regulate, and the pro-apoptotic programs is activated (Hetz et al
2006; 2015; Dong et al 2013; Hetz and Papa 2018). LPS induce as well activation
of caspase 3 (Karahashi et al 1998; Munshi et al 2002; Guo et al 2014). Likewise,
in the present study were observed an increased on expression of BAX expression
a higher caspase 3 activity and a reduced cell viability upon LPS exposition in
HEK wild-type (HEKwt, not transfected cells) when compared with HEKSDMANF cells
upon LPS exposition (See Fig. 21, 22 and 23). However, the expression of BAX in
HEKSDMANF remained barely undetectable (with one enigmatic exception: BAX was
markedly detected after incubation with 1 µg/ml LPS for 6h HEKSDMANF cells
present as well a lower caspase 3 activity and a higher cell viability (See Fig. 21,
22 and 23).
These findings suggest that SDMANF might block the LPS-induced
activation of pro-apoptotic transcription factors directly or indirectly and, therefore,
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regulates BAX expression. Accordingly, during LPS-induced ER stress SDMANF
might not only regulate BAX activity by protein interaction via MANF/BCL-2
Homology Domain MBHD (see above), but it might also regulate BAX expression
(Sereno et al 2017). If this holds true, then SDMANF would mediate access to
apoptotic pathways. This hypothesis is also supported by the decreased caspase
3 activity and increased cell viability of HEKSDMANF cells after exposition to LPS
when compared to HEKwt, treated with LPS.
The results are in agreement with former findings on MANF, where: (I)
MANF homologs (human, mouse, Drosophila, C. elegans) are protective factors
against apoptosis induce by a variety of stimulus in cells on in vivo (see C3.3 and
3.4; Palgi et al 2009; Mätlik et al 2015; Voutilainen et al 2015; Kim et al 2017;
Lindahl et al 2017; Liu et al 2018; Richman et al 2018), (II) The treatment with
recombinant human MANF on a rat model of intracerebral hemorrhage and, on rat
model of traumatic spinal cord injury reduce neuronal death, decrease caspase 3
activity an the levels of BAX, increase the levels of MANF and BCL-2 (Gao et a
2018; Xu et al 2018), (III) Pre-treated of cells SH-SY5Y cells (neuroblastoma) with
human MANF upon exposition to metabolite 1-methyl- 4-phenylpyridinium ion, a
Parkinson´s Diseases (PD) model, restore the cell viability, inhibited Bax
expression and increased the levels of BCL-2 (Liu et al 2018), (IV) Treatment with
human MANF also protects from cell damage upon exposition to neurotoxin 6hydroxydopamine (6-OHDA) PD model on SHSY-5Y MANF reduce caspase 3/7
activity and cell apoptosis (Sun et al 2017) and (VI) Treatment of ex vivo culture of
retinal explants of mice with recombinant human MANF, upon tunicamycin,
reduced caspase 3 activation and also improve cell viability (McLaughlin et al
2018)
Finally, the several results indicate SDMANF-mediated access to apoptotic
pathways conferring a cytoprotective activity. Therefore SDMANF might have a
role on the crossroads of innate immune and apoptotic pathways.
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H. Conclusion
In the present work the protein Mesencephalic Astrocyte-Derived Neurotrophic
Factor (MANF) was identified in the sponge Suberites domuncula (SDMANF).
Sponges belong to the earliest branching Metazoa phyla and they lack a
conventional nervous system. The discovery of SDMANF in sponges is evidence
that MANF homologs belong to an especial category of neurotrophic factors that
emerged during the early evolution of Metazoa, prior even to the advent of
complex neuronal signal networks.
The SDMANF complete DNA/protein sequence was acquired. The
SDMANF protein presents all the characteristics features of MANF/CDNF family
protein, as the ARMET, Saposin-like and SAP-like domains. As well as the CXXC
motif and the KDEL-like ER-retention sequence. A three-dimensional structural
homologue model of SDMANF, using human MANF as backbone structure, show
similarities between the human MANF and the possible structural of SDMANF.
The sponge tissue expression of SDMANF was mainly restricted to sponge
cells close to bacteriocytes, that are specialized cells that host intracellularly
different kinds of bacterial cells, which might be either symbiotic or a food
resource. Along with the SDMANF expression was reported the co-localized
expression of S. domuncula Toll-like Receptor (SDTLR). The SDTLR have roles
on innate immune response of Poriferan against potential microbial invaders as
bacterial as the other metazoan TLRs. These findings suggest a common function
of SDMANF and SDTLR as part of innate bacterial recognition/response
mechanisms.
The functional mechanisms were SDMANF is putatively involved were also
studied through a heterologous system (HEK cells stable transfected with
SDMANF,

HEKSDMANF).

The

SDMANF

was

localized

in

the

organelle

organelle/membrane subcellular fraction and in the cell culture medium indicating
the SDMANF protein was also secreted. The secretion of SDMANF showed the
protein had access to secretory pathways of HEK cells, together with the
enhancement of SDMANF intracellular levels upon BFA exposition (Golgi transport
inhibitor) indicated the transport and secretory pathways of MANF homologs could
be evolutionary conserved. Moreover, as the other MANF homologs, SDMANF is
probably involved in ER stress mechanisms and apoptosis taking in consideration
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the up-regulation of SDMANF levels on HEKSDMANF after exposition to cadmium
wich induces both ER stress and apoptosis.
The roles of SDMANF as a cytoprotective factor, a characteristic that has
been described to MANF homologs, was also studied in HEK cells upon exposition
to endotoxin lipopolysaccharide and the HEKSDMANF cells showed an up-regulation
of SDMANF levels and BAX levels remained barely undetectable. Also, the
HEKSDMANF presented a decreased activity of caspase 3 and higher cell viability
when compared with non-transfected HEK cells. These results suggest SDMANF
mediated access to apoptotic pathways.
Taken together the results on SDMANF sequence, localization, expression,
and functions suggest an ER-resident protein with roles on ER stress, it interplays
on innate immune and apoptotic pathways. The SDMANF have an evolutionary
ancient functional role beyond of conventional neurotrophic factors.
The study of SDMANF can increase the interest of research on the
evolutionary conserved roles of others neurotrophic factors and discover their
function before the advent of the nervous system.
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ABREVIATIONS
J. ABBREVIATIONS
∞
°C
µl
µm
µM
µg

Infinite
Grad Celsius
Microliter
Micrometer
Micromolar
Microgram

A
A. mellifera
A. mississippiensis
A. quenslandica
A. suum
aa
AdaPTin 1
AF
ANOVA
AP
Apaf1
AR
ARMET
ASABF
ATF4
ATF6
ATF6f

Apis mellifera
Alligator mississippiensis
Amphimedon quenslandica
Ascaris suum
Amino acid
Perforin-like molecule adaptor gene
Aggregation factor
One-way analysis of variance
Alkaline phosphatase
Apoptotic protease activating factor 1
Aggregation receptor
Arginine-rich, mutated in early stage tumors
Ascaris suum antibacterial factor
Activating transcription factor 4
Activating transcription factor 6
Activating transcription factor 6 fragment

B
BAK
BAX
BCL-2
BFA
Bid
BiP
BSA
bZIP

BCL-2 antagonist killer
BCL-2-associated X protein
B-cell lymphoma 2
Brefeldin A
BH3 interacting domain death agonist
Immunoglobulin heavy chain-binding protein
Bovine serum albumin
Basic leucin zipper transcription factor

C
C. briggsae
C. elegans
C. rogercresseyi
cDNA
CDNF
CHOP
cm
cm2
CNPY2

Caenorhabditis briggsae
Caenorhabditis elegans
Caligus rogercresseyi
Complementary desoxyribonucleic acid (DNA)
Conserved dopamine neurotrophic factor
CCAAT/enhancer-binding
protein
homologous
protein
Centimeter
Square centimeter
Canopy homolog 2
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ABREVIATIONS
COPII
CRELD2
Cyt-c

Coat protein II
Cysteine-rich with EGF-like domains 2
Cytochrome C

D
D. melanogaster, Dm
DmMANF
D. rerio
D. virilis
Da
DAPI
dd H2O
DEPC
DEPC H2O
DIABLO
DISC
DM
DMEM
DMSO
DNA
DNAase
DNAase-free
dNTPs
DPBS
DTT

Drosophila melanogaster
Drosophila melanogaster mesencephalic astrocytederived neurotrophic factor
Danio rerio
Drosophila virilis
Dalton(s)
4',6-diamidino-2-phenylindole
Double-distilled water
Diethyl pyrocarbonate
Diethyl pyrocarbonate treated water
IAP-binding protein with a low pI
Death inducing signaling complex
Diabetes mellitus
Dulbecco´s modified Eagle´s medium
Dimethyl sulphoxide
desoxyribonucleic acid
Desoxyribonuclease
Desoxyribonuclease free
Deoxynucleoside triphosphates
Dulbecco's phosphate buffered saline
Dithiothreitol

E
E. coli
EDTA
EIF2α
ER
ERAD
ERSE
et al
EtBr

Escherichia coli
Ethylenediaminetetraacetic acid
Eukaryotic translation-initiation factor 2α
Endoplasmic reticulum
Endoplasmic reticulum (ER) associated degradation
Endoplasmic reticulum (ER) stress response
elements
et alii
Ethidium bromide

F
FADD
FAS
FBS
FlAsH-EDT2
fmol

FAS-associated death domain
First apoptosis signal receptor
Fetal bovine serum
Fluorescein arsenical hairpin binder-ethanedithiol
Femtomol

G
g
g/l
GABA

Gramme
Gramme per liter
Gamma-amino butyric acid
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ABREVIATIONS
GADD34
GF-AFC
GLS
GSK3β

DNA damage-inducible protein
Glycylphenylalanyl-aminofluorocoumarin
Golgi-localization sequence
Glycogen synthase kinase 3 beta

H
H. sapiens
H2 O
hARP
HEK
HEKSDMANF
HIS
HIStag
hrs

Homo sapiens
Water
Human arginine-rich protein
Human embryonic kidney cells
HEK Suberites domuncula mesencephalic astrocytederived neurotrophic factor stable transfected cell
line
Histidine
Histidine tag
Hours

I
IFN-γ
iGluR
IHC
IL-1β
ILR-1
IMAC
IPTG
IRAK 1/4
IRE1
IRF

Interferon gamma
Glutamate receptor
Immunohistochemistry
Interleukin 1 beta
Interleukin receptor 1
Immobilization on metal affinity chromatography
Isopropyl-β-D-thiogalactoside
Interleukin receptor-associated kinase 1/4
Inositol-requiring transmembrane
kinase/endonuclease 1
Interferon regulatory factor

J
JNK

JUN N-terminal kinase

K
kb
kDa

Kilobase(s)
KiloDalton(s)

L
L. salmonis
LPS

Lepeophtheirus salmonis
Lipopolysaccharides

M
M
M-PER
M. musculus
MANF
min
ml

Molar (mol/L)
Mammalian protein extraction reagent
Mus musculus
Mesencephalic astrocyte-derived neurotrophic factor
Minute (s)
Milliter
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ABREVIATIONS
mM
MOMP
MOPS
MPT
mRNA
MyD88

Milimolar
Mitochondrial outer member permeabilization
3-(N-Morpholino) propanesulfonic acid
Mitochondrial permeability transition
Messenger ribonucleic acid (RNA)
Myeloid differentiation primary response 8

N
NCBI
NF-κB
ng
Ni-NTA
NJ
NLR
NLRP3
nm
NO
NOD1
NOD2
Nrf2
NS
NTF/NTFs

National center for biotechnology information
Nuclear factor-kappa B
Nanograms
Nickel-nitrilotriacetic acid
Neighbor-joining
(NOD)-Like receptor
NLR pirin domain 3
Nanometers
Nitric oxide
Nucleotide-binding oligomerization domain protein 1
Nucleotide-binding oligomerization domain protein 2
Nuclear factor erythroid 2-related factor
Nephrotic syndrome
Neurotrophic factor /neurotrophic factors

O
OD
OD660
ORF/ORFs

Optic density
Optic density at 660 nm
Open reading frame/ open reading frames

P
P. troglodytes
P38-MAPKs
pAbs
PAGE
PAMPs
PBS
PCD
PCR
PERK
PFA
Pfam
pH
PI
PI3K
pmol
PRRs
PUMA
PVDF

Pan troglodytes
P38-mitogen-activated protein kinases
Polyclonal antibodies
Polyacrylamide gel electrophoresis
Pathogen-associated molecules
Phosphate buffered saline
Programmed cell death
Polymerase chain reaction
Protein kinase RNA-like ER kinase
Paraformaldehyde
Protein family
Potentia hydrogenii
Propidium iodide
Phosphatidylinositol 3-kinase
Picomol
Pattern recognition receptors
P53 up-regulated modulator of apoptosis
Polyvinylidene difluoride
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ABREVIATIONS

R
RFU
RIDD
RNA
RNase
ROS
rpm
RT

Relative fluorescence unit
IRE1α-dependent decay
Ribonucleic acid
Ribonuclease
Reactive oxygen species
Revolutions per minute
Room temperature

S
s
S. domuncula
S. salar
S.O.C medium

SDS
SDTLR
Ser/Thr

Second(s)
Suberites domuncula
Salmo salar
Super optimal broth with catabolite
repression medium
Site-1 protease
Site-2 protease
SAF-A/B, Acinus, PIAS
Suberites domuncula mesencephalic astrocytederived neurotrophic factor
Sodium dodecyl sulphate
Suberites domuncula Toll–like receptor
Serine/threonine

SLE
SMAC
SP
ss
Suberites

Systemic lupus erythematosus
Second mitochondria-derived activator of caspases
Signal peptide
Single–stranded (ssDNA/ssRNA)
Suberites domuncula

S1P
S2P
SAP
SDMANF

T
T. pseudonana
Taq
TBE
tBid
TBS
TBST
TCA
TCEP
TE
TG
TLR
TM
Tm
TNF
TNF-α
TRAF2

Thalassiosira pseudonana
Thermus aquaticus
Tris-borate-EDTA
Truncated Bid (BH3 interacting domain death
agonist)
Tris-buffered saline
Tris-buffered saline Tween-20
Trichloroacetic acid
Tris (2-carboxyethyl) phosphine
Tris-EDTA
Thapsigargin
Toll–like receptor (s)
Tunicamycin
Melting temperature
Tumor necrosis factor
Tumor necrosis factor α
Tumour-necrosis factor (TNF)-receptor-associated
factor 2)
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ABREVIATIONS

U
UPR
UPREs
UV

Unfolded protein response
Unfolded protein response elements
Ultraviolet

V
v
v/v

Volts
Volume per volume, volume per volume

W
w/v
wt

Weight/volume, weight per volume
Wild-type

X
X. laevis
XBP1
XIAP

Xenopus laevis
X-box binding protein 1
X-linked inhibitor of apoptosis
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