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ABSTRACT

EFFECTS OF AGING, DIET AND POTENTIAL GENETIC
INTERVENTIONS ON THE LEVELS OF SMURF2 AND ITS INTERACTING

PARTNERS IN ZEBRAFISH (DANIO RERIO) BRAIN

Melek Umay Tiiz Sasik
PhD in Neuroscience
Advisor: Michelle Marie Adams

September, 2020

Aging is a natural process that is ultimate combination of numerous intrinsic
and extrinsic changes in an organism. Contrary the common belief, brain aging is not
a loss of neurons while it has been shown that subtle cellular and synaptic alterations
have contribution to brain aging. Therefore, the molecular and cellular alterations
may give more insight into the brain aging process. There are some hallmarks of
aging that are common features in different organisms including genomic instability,
telomere attrition, cellular senescence. There are some common factors with the
ability to regulate more than one of the hallmarks of aging such as Smurf2. HECT-
domain E3 ubiquitin ligase Smurf2 has several roles in the cellular processes for
example, telomere attrition and cellular senescence. Moreover, its gene expression is
higher in the aged brain. Although there are several publications about Smurf2, most

of them focused on its role in cancer. We believed that Smurf2 levels should be



examined in terms of brain aging. The first aim of the study was to examine the levels
of Smurf2 and its interacting partners across lifespan. Although the Smurf2 protein
level was not increased significantly in the whole zebrafish brain, its protein level
was upregulated significantly in telencephalon and cerebellum. Also, subcellular
protein fractionation demonstrated an enriched Smurf2 level in the cytosolic part. In
the case of gene expression levels, smurf2 level was significantly higher in aged
whole brain although its expression was downregulated during aging in telencephalon
and cerebellum. In addition, the levels of mdm2, ep300a and sirtl were lower in the
aged telencephalon. According to multivariate analysis there is a potential balance
between Smurf2-mediated ubiquitination, ep300a-mediated acetylation and Sirtl-
mediated deacetylation but with advancing age, this balance may disrupt and other
regulatory genes should also take a role to sustain cellular stability. The second aim
was to investigate the roles of Smurf2 on brain aging with the help of genetic
interventions including inducible knockin, stable knockout or transient knockdown.
Since stable knockin and knockout models should be genotyped before further
investigations, the genotyping and phenotyping methods were employed to find an
efficient and reliable way. Also, transient knockdown via Vivo-morpholino was
applied to adult brain and efficient post injection times of two different morpholinos
were identified in order to examine the effects of Smurf2 knockdown in both young
and old zebrafish. Lastly, it was aimed to examine the effects of non-genetic
interventions including dietary regimens and pharmacological compounds on the
gene expression of smurf2 and its interacting partners and the levels of the neuronal
proteins and proliferation/senescence proteins. The opposing short-term dietary

regimens, overfeeding and caloric restriction, were altered the levels of neuronal
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proteins, HUC and DCAMKL1, and their relation with proliferation and senescence
proteins during aging. Also, the gene expression levels of smurf2 and interacting
partners except tp53 was not influenced by dietary regimens and aging in terms of
whole brain. Also, multivariate analysis indicated that the correlations among smurf2,
mdm2, ep300a and sirtl were conserved in both young and old ages independent to
dietary regimen which may imply that the balance between ubiquitination, acetylation
and deacetylation is maintained in order to provide cellular stability during aging.
Heclin, an inhibitor of HECT E3 ligases, were employed to inhibit Smurf2 activity.
Before using in adult zebrafish, heclin was applied to embryos to see its effects. The
higher dose of heclin decreased the survival ratio and altered the gene expression
levels of downstream gene drastically. So, moderate dose of heclin should be applied
to the adult brain and neuronal markers should be examined to observe target effects
rather than off-target, unspecific impacts. Taken together, Smurf2 has potential roles
during aging and it could be a promising target to delay the brain aging process and

probably the onset of age-related cognitive decline.
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interventions, heclin, neuronal proteins



OZET
ZEBRABALIGI (DANIO RERIO) BEYNINDE YASLANMA, DiYET VE
OLASI GENETIiK MUDAHALELERIN SMURF2 VE ETKILESIM

ORTAKLARININ IFADESINE ETKILERI
Melek Umay Tiiz Sasik
Norobilim Lisanstistii Programi, Doktora

Tez Danismani: Michelle Marie Adams

Eyliil, 2020

Yaslanma, bir organizmadaki ¢ok sayida icsel ve dissal degisikligin nihai
birlesimi olan dogal bir siiregtir. Yaygin inancin aksine, beyin yaslanmasinin néron
kayb1 olmadigi, kiiciik hiicresel ve sinaptik degisikliklerin beyin yaslanmasina
katkida bulundugu gosterilmistir. Bu nedenle molekiiler ve hiicresel degisiklikler
beyin yaslanma silirecine daha fazla 1sik tutabilir. Genomik kararsizlik, telomer
yipranmasi, hiicresel yaslanma gibi yaslanmanin bazi ayirt edici 6zellikleri vardir, bu
ozellikler farkli organizmalarda go6zlenen ortak Ozelliklerdir. Smurf2 gibi
yaslanmanin ayirt edici 6zelliklerinden birden fazlasini diizenleme becerisine sahip
olan baz1 ortak faktorler vardir. HECT-domain E3 ubikuitin ligaz Smurf2, bir¢ok
hiicresel islemde, telomer yipranmasi ve hiicresel yaslanma gibi, dnemli rollere
sahiptir. Ayrica yash beyinde gen ekspresyonu daha yiiksektir. Smurf2 hakkinda
birgok yayin olmasina ragmen, ¢ogu kanserdeki roliine odaklanmistir. Bu sebeplerle

Smurf2 seviyelerinin beyin yaslanmasi acisindan incelenmesi gerektigine inaniyoruz.
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Calismanin ilk amaci, Smurf2'nin ve etkilesimde bulundugu ortaklarinin seviyelerini
yasam boyu incelemekti. Smurf2 protein seviyesi tiim zebrabaligi beyninde onemli
Ol¢iide artmamus olsa da, protein seviyesi telensefalon ve beyincikte (serebellum)
onemli Ol¢lide artmistir. Ayrica, hiicre i¢i protein fraksiyonasyonu, sitozolik kisimda
zenginlestirilmis bir Smurf2 seviyesi gostermistir. Gen ekspresyon seviyeleri
durumunda, smurf2 seviyesi yaslhi tiim beyinde ©nemli Ol¢iide daha yiiksekken,
telensefalon ve beyincikte ekspresyonu yaslanma sirasinda azalmistir. Ayrica yash
telensefalonda mdm2, ep300a ve sirtl seviyeleri genglere gore daha disiiktii. Cok
degiskenli analize goére, Smurf2 araciligiyla ubikuitin ekleme, ep300a aracili
asetilasyon ve Sirtl aracili deasetilasyon arasinda potansiyel bir denge vardir, ancak
ilerleyen yasla birlikte bu denge bozulabilir ve diger diizenleyici genlerin de hiicresel
stabiliteyi siirdiirmek icin rol almasi gerekebilir. Ikinci amag, Smurf2'nin beyin
yaslanmasindaki roliinii, indiiklenebilir knockin, stabil knockout veya gecici
knockdown gibi genetik miidahaleler yardimiyla aragtirmakti. Kararli knockin ve
knockout modellerinin daha detayli arastirmasindan Once genotiplenmesi
gerektiginden, etkili ve giivenilir bir metot bulmak i¢in genotipleme ve fenotipleme
yontemleri kullanildi. Ayrica, Vivo-morfolino araciligiyla gegici knockdown, yetiskin
beynine uygulandi ve Smurf2'nin hem gen¢ hem de yash zebra balig1 lizerindeki
etkilerini incelemek igin iki farkli morfolinonun en etkili oldugu enjeksiyon sonrasi
siireleri belirlendi. Son olarak, diyet rejimleri ve farmakolojik bilesikleri igeren
genetik olmayan miidahalelerin, smurf2 ve etkilesim ortaklarinin gen ekspresyonu ve
noronal ve proliferasyon/senesans proteinlerinin seviyeleri {izerindeki etkilerinin
incelenmesi amaglanmugtir. Zit kisa siireli diyet rejimleri, asir1 besleme ve kalori

kisitlamasi, noronal proteinlerin, HuC ve DCAMKLI, diizeylerini ve bunlarin
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yaslanma sirasinda proliferasyon ve yaslanma proteinleri ile iliskisini degistirdi.
Ayrica, tp53 disindaki etkilesimli partnerlerinin ve smurf2’nin gen ekspresyon
seviyeleri, beslenme rejimlerinden ve yaslanmadan etkilenmemistir. Ayrica, ¢ok
degiskenli analiz, smurf2, mdm2, ep300a ve sirtl arasindaki iliskinin, diyet
rejiminden bagimsiz olarak hem gen¢ hem de yaslilarda korundugunu gostermistir;
bu, yaslanma sirasinda hiicresel stabiliteyi saglamak i¢in ubikuitin ekleme,
asetilasyon ve deasetilasyon arasindaki dengenin korundugu anlamina gelebilir.
Ayrica, HECT E3 ligazlarinmn bir inhibitorii olan heclin, Smurf2 aktivitesini inhibe
etmek i¢in kullamildi. Yetiskin zebra baliklarinda kullanilmadan oOnce, etkilerini
gormek igin embriyolara heclin uygulandi. Heclin dozunun artmasi hayatta kalma
oranini diisiirdii ve bazi genlerin ekspresyon seviyelerini biiyiik 6l¢iide degistirdi. Bu
nedenle, yetiskin beynine orta doz heclin uygulanmali ve hedef dis1, spesifik olmayan
etkiler yerine hedef etkileri gozlemlemek igin néronal belirtecler incelenmelidir.
Birlikte ele alindiginda, Smurf2 yaslanma sirasinda potansiyel rollere sahiptir ve
beyin yaglanma siirecini ve muhtemelen yasa bagl biligsel gerilemenin ortaya ¢ikisini

geciktirmek i¢in umut verici bir hedef olabilir.

Anahtar Sozciikler: zebrabaligi, yaslanma, beyin, smurf2, kalori kisitlamasi, asirt

beslenme, genetik miidahaleler, heclin, néronal proteinler
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CHAPTER 1

INTRODUCTION

1.1 Brain Aging

Aging is a natural process that is the ultimate combination of numerous intrinsic
and extrinsic changes in an organism. Normal aging is associated with impairments in
cognitive function, including the slowing of information processing, declines in
memory and increased failure of executive or strategic control over cognitive
operations [1]. During normal aging, there is a measurable but tolerable loss in

cognitive ability that does not affect a person’s quality of life or ability to function

[2].

At first sight, brain aging is thought to be a result of neuronal death. However,
studies using multiple model organisms have shown that there is no significant
change in the hippocampal neuron number with aging and so neuron loss does not
contribute to age-related cognitive decline [3]. In another study, the number of
neurons in the hippocampus, parahippocampal region and subregions of
parahippocampal region including perirhinal cortex, lateral entorhinal area, postrhinal
cortex and medial entorhinal area showed no significant differences between young
and aged groups [4]. Brain aging is not a loss of neurons while it is accompanied by
specific and relatively subtle synaptic alterations in the hippocampus and prefrontal
cortex [5]. Furthermore, until recently it was hypothesized that neurons are not
regenerated unlike cells in colon or skin tissues. Recent evidence showed that

neurons also regenerate but at a slower rate than most of the other tissues [6].



Neurogenesis, a process of regenerating new neurons from neural progenitors, occurs
in restricted brain regions across lifespan in mammals [7]. Also, it was shown that
700 new neurons are generated every day in each hippocampus of adult human brain
[8] while its rate declines with aging [6], [8]. Moreover, it has been shown that subtle
cellular and synaptic alterations have contribution to brain aging [9]-[12]. Therefore
the molecular and cellular alterations may give more insight into the brain aging

process.

1.2 Molecular hallmarks of aging

At the molecular level, because of the accumulation of cellular damage
throughout the life, a loss of physiological integrity and function increases
vulnerability to pathologies, which are the characteristics of aging process [13].
Lopez-Otin et al. have defined nine hallmarks of aging that represent common
features of aging in different organisms, which are genomic instability, telomere
attrition, epigenetic alterations, loss of proteostasis, deregulated nutrient sensing,
mitochondrial dysfunction, cellular senescence, stem cell exhaustion, and altered
intercellular communication [13]. These likely contribute to the aging phenotypes in

the brain.

1.2.1 Genomic stability

Genomic instability increases with age because of the accumulation of
exogenous and endogenous factors such as mutations and reactive oxygen species
[14]. During DNA replication, polymerases can do some errors, however, the other

enzymes in the nucleus can proof-read and correct these errors. Also, the external



mutagens such as chemicals and ultraviolet radiation in sunlight cause mutations in
the genome. If the errors cannot be compensated by several repair mechanisms,
which deal with most of the damages of nuclear DNA, the mutations in the genome
are accumulated in the cells [15]. Thus, tumor progression and premature aging
diseases, such as Werner syndrome and Bloom syndrome, are the consequence of
increased DNA damage accumulation [15], [16]. Because of the important role in the

center of cell, genomic instability is a primary hallmark of aging.

1.2.2 Telomere attrition

Telomere attrition is another primary hallmark of aging. During replication,
DNA polymerases cannot replicate completely the terminal ends of linear DNA
molecules called end-replication problem [17] unless telomerase, a specialized DNA
polymerase, is not expressed in the cell. Thus, the progressive and cumulative loss of
telomere-protective sequences from chromosome ends occurs and finally telomere
attrition is a normal process during aging. Recently, it was demonstrated that post-
mitotic neurons display the characteristics of senescence due to telomere attrition
[18]. Moreover, telomere shortening leads to apoptosis and replicative senescence

[13], [14].

1.2.3 Proteostasis

Proteostasis involves the multiple mechanisms including protein synthesis,
protein folding, the stabilization of correctly folded proteins, trafficking, aggregation,
disaggregation and degradation of misfolded/unfolded proteins by the proteasome or
the lysosome [19]. It was shown that the quality control mechanisms of proteostasis

are altered with aging [20]. Moreover, aging and age-related pathologies including



Alzheimer’s disease and Parkinson’s disease are associated with impaired

proteostasis or impaired proteasomal degradation mechanism [19].

1.2.4 Deregulated nutrient sensing

The somatotrophic axis consist the growth hormone (GH) and its secondary
mediator, insulin-like growth factor 1 (IGF1). The intracellular signaling pathway
driven by IGF1 informs cells about glucose presence like insulin. Thus, insulin and
IGF1 signaling (11S) pathway is the most conserved aging-controlling pathway [13].
Genetic changes or non-genetic interventions that alter the functions of GH, IGF1
receptor, insulin receptor, or downstream intracellular effectors have been linked to
longevity both in humans and in model organisms [21], [22]. Also, the sirtuin family
regulates the lifespan together with metabolism [23]. For example, the high fat diet in
mice caused to downregulation of SIRT1 protein levels in hippocampus [24] while
caloric restriction (CR) diet increased sirtl gene expression in the prefrontal cortex

and hippocampus [25] and SIRT1 protein expression in hippocampus [26].

1.2.5 Cellular senescence

As implied by its name, senescence derives from senex, a Latin word meaning
old man or old age. This senescence is an antagonistic hallmark of aging and
sometimes termed cellular aging or replicative senescence [27]. The term
“senescence” means deteriorative processes following development and maturation.
Cellular senescence is a compensatory response that operates by removing damaged
and potentially oncogenic cells. In aged organisms, this system may become
inefficient and leads to the accumulation of senescent cells that may contribute to

aging [13]. The p16 gene is an important regulator of senescence and used to identify



senescent cells [28]. The other marker to be used for the specific identification of
senescent cells is the senescence-associated [-galactosidase (SA-p-gal) [29].
Although the senescence term comes from a word meaning old age, actually it is an
important compensatory mechanism to protect organisms from the accumulation of

damaged cells and so has an antagonistic effect on aging [13].

1.3 Smurf2 and its interacting partners

SMAD specific E3 ubiquitin protein ligase 2 (Smurf2) has several roles in
diverse cellular processes and works coordinately with some interacting partners to
regulate downstream genes and proteins [30]. It may a common factor with the ability
to regulate most of the hallmarks of aging mentioned previous sections. For example,
the ectopic expression of Smurf2 is enough to induce telomere attrition-dependent
cellular senescence [31]-[33] and it controls the genomic stability through RNF20
[34]. Moreover, its expression increased in hematopoietic stem cells (HSCs) during
aging [35]. In the light of these evidences, Smurf2 and its interacting partners (Figure

1.1) should be investigated in terms of aging in detail.
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Figure 1.1 STRING analysis of 7 proteins in (A) human; (B) zebrafish. Color nodes
represent the proteins and color lines represent interaction type between nodes. Green
line: activation, red line: inhibition, blue line: binding, purple line: catalysis, cyan
line: phenotype, magenta line: PTM, black line: reaction, yellow line: transcriptional

regulation. (Reprinted from Tuz-Sasik et al., 2020 [36])

1.3.1 Smurf2

Smurf2 is a conserved HECT-domain E3 ubiquitin ligase and belongs to
Nedd4 subgroup [37]. Firstly, its negative regulatory role in transforming growth
factor B (TGF-P) signaling was defined [38]. Smurf2 interacts with phosphorylated
Smads and TGF-B type 1 receptor and leads to their ubiquitination and degradation
[30]. Then, its role in other signaling pathways and cellular processes were identified

[31]-[35]. For example, telomere attrition causes the increased Smurf2 expression



and its overexpression is enough to induce the senescent phenotype [31].
Furthermore, the expression of Idl at protein level decreases depending on the
upregulation of Smurf2 expression which is the result of telomere shortening [31],
[32]. It was suggested that the decline in the protein level of 1d1 link Smurf2 with p16
mechanistically. It is already known that the gene expression of p16 increases in cells
during senescence and this leads to the decrease in stem cell self-renewal during
aging [35]. Moreover, in a review paper by David et al., Smurf2 was defined as a
double edged sword because of both tumor-suppressor and tumor-promoter functions
[30]. However, most of the published studies focused on its role in cancer
mechanism. A previous research of our group indicated that smurf2 gene expression
increases significantly in the brain of aged zebrafish [39]. It should be further
investigated in terms of brain aging because of its significant impacts on the

hallmarks of aging.

1.3.2 Tp53

Tumor protein p53 (tp53) is often called as the guardian of the genome [40]. It
has key regulatory roles in cell cycle arrest, DNA repair, apoptosis, and cellular
senescence as a response to cellular stressors [41], [42]. The activity of tp53 is under
tight control of post-translational modifications (PTMs), protein-protein interactions
and protein stabilization [41], [43]. For example, the predominant negative regulator
of tp53 is an E3 ubiquitin ligase ‘mouse double minute 2° (MDM2) [41]. Also, a
transcription factor, Yin Yang 1 (YY1), is also a negative regulator of tp53 [44], [45].
Smurf2 protein regulates both MDM2, and YY1 and indirectly tp53 levels [46], [47].

Furthermore, E1A Binding Protein P300 (ep300), a transcriptional co-activator,



acetylates tp53 protein [48] which inhibits the ubiqutination of tp53 by MDM2 [42].

However, MDM2 suppresses the acetylation of tp53 by ep300 [48].

1.3.3 Mdm2

E3 ubiquitin ligase ‘mouse double minute 2° (MDM?2) is a negative regulator
of tp53 [41]. As a RING-domain E3 ligase, MDMZ2 ubiquitinates and subsequently
degrade tp53 protein [42]. Also, MDM2 activity and stability is regulated by several
mechanisms [47]. For example, Smurf2 stabilizes the MDM2 protein to promote tp53
degradation [47]. On the other hand, YY1 interacts with MDM2 to form tp53-MDM2
complex and promote the degradation of tp53 [44], [45]. Furthermore, it was shown

that dysregulation in the MDM2-tp53 balance leads to premature aging [43], [49].

1.3.4 Ep300a

Ep300, a transcriptional co-activator and histone and lysysl acetyltransferase,
acetylates tp53, YY1 and Smad7 proteins [44], [48], [50]. The ep300-mediated
acetylation of Smad7 protects it from ubiquitination-mediated degradation [50].
However, ep300-mediated acetylation of tp53 is inhibited by YY1 [44]. Last but not
least, ep300 protein levels decrease in the senescent cells [51]. Taken together, ep300
may have an indirect relation with Smurf2 in the regulation of Smad7 and tp53 and
should be investigated in terms of brain aging. Moreover, ep300 could be a master
regulator of genes dysregulated in the obesity and normalized by CR and resveratrol
[52].

Due to the existence of teleost-specific genome duplication [53], there are two
paralogues of ep300 in the zebrafish genome, ep300a and ep300b. A previous study

indicated that both ep300a and ep300b expressed in the adult brain while only ep300a



is catalytically active transferase in the brain [54]. In the present study conducted
with zebrafish, ep300a gene was considered because of its active function in the

brain.

1.3.5 Yyla

YY1 is a transcription factor and it is a well-known negative regulator of tp53
[44], [45]. YY1 disrupts the interaction between tp53 and ep300 and thus acetylation
and stabilization of tp53 [44]. As mentioned in previous section, YY1 is physically
interacted with MDM2 and promotes the degradation of tp53 [44]. At that point,
Smurf2 relieves the suppression on tp53 protein by ubiquitin-mediated degradation of
YY1 [46]. In addition, YY1 regulates the genes associated with neurodegenerative
diseases according to a transcriptional meta-analysis [55]. Lastly, it was shown that
YY1 is a part of the repressor complex with sirtuin 1 (SIRT1) to suppress microRNA-
134 and regulate synaptic plasticity and memory formation [56]. Hence, YY1 could
be investigated to determine its role during brain aging.

Similar to ep300, YY1 has two paralogoues in the zebrafish genome, yyla and
yylb, because of the genome duplication [53]. At 3 days post fertilization (dpf), yyla
was expressed in the brain and eye tissues and also yyla knockdown caused to
upregulation of tp53 and the developmental brain defects [57]. In the present study
conducted with zebrafish, yyla gene was considered because of its potential function

in the brain.

1.3.6 Smad7
Smad7 is an inhibitory Smad that acts as a negative regulator of TGF-

signaling pathway [58]. Smad7 exports Smurf2 to the cytosol and recruits it to TGF-8



receptor complex for the ubiquitin-mediated degradation of TGF-B receptors as well
as Smurf2 itself and Smad7 [58], [59]. However, ep300-mediated acetylation protects
Smad7 against the ubiquitin-mediated degradation by Smurf2 [50], [60]. Moreover,
Smad?7 is deacetylated by SIRT1 to inhibit TGF-f signaling [58]. It has been shown
that PTMs compete with each other to regulate the stability of Smad7 [50], [60];
Smad?7 is ubiquitinated by Smurf2, acetylated by ep300 and deacetylated by SIRT1

[50], [58], [59].

1.3.7 Sirtl

SIRT1 is a nicotinamide adenine dinucleotide (NAD)-dependent deacetylase
that regulates lifespan in concert with metabolism [23]. For example, its protein level
decreases in the high fat-fed mice [24] while CR diet increased the gene and protein
expression of SIRT1 [25], [26]. Moreover, SIRT1 regulates cellular senescence by
deacetylating target proteins [61]. Specifically, SIRT1 deacetylates Smad7 and so
inhibits TGF-p signaling [58]. Furthermore, tp53 is deacetylated by SIRT1 [62], [63].
Lastly, SIRT1 works coordinately with YY1 in a repressor complex to regulate
synaptic plasticity and memory [56]. Taken together, all of these genes of interest are
interacting with each other and their relations in terms of brain aging should be

investigated to unravel the neurobiological underpinnings of aging.

1.4 Zebrafish as a gerontological model

Zebrafish (Danio rerio) is a small teleost with several advantages. Firstly, one
female may produce several hundred transparent eggs which provide an easy visual

observation of developing embryos because embryos develop ex utero [64].
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Secondly, because of their generation time is about 3-5 months [65], they can be
reproduced to large populations easily and also large populations can be maintained
at very low cost. Other advantage is that zebrafish genome has been sequenced
already and show 70% similarity with human genome and 82% similarity with

disease-related genes [66].

In addition to general advantages of zebrafish, it has become popular as a
gerontological model because it has an integrated nervous system and shows
cognitive decline and behavioral properties such as memory and social behaviors
[14], [67]-[69]. They age gradually like humans [65]. Moreover, their major brain
regions have been mapped and homologous regions were defined [70], [71]. For
instance, the ventral division of the lateral zone of area dorsalis (DIv) in medial
pallium is the zebrafish equivalent of mammalian hippocampus while the medial
zone of dorsal telencephalon (Dm) is the putative homolog of mammalian amygdala
[70], [72]. Also, several studies indicated that long-term potentiation (LTP), the
underlying mechanism of learning and memory, occurs in telencephalon region of
zebrafish brain and it is N-methyl-D-aspartate (NMDA) receptor-dependent similar to

mammals [73]-[75].

The zebrafish brain has regenerative properties and neurogenesis which is not
restricted to the telencephalon but is widespread throughout the entire brain with 16
distinct proliferative zones [76], [77]. Although they possess a high regenerative
capacity, their growth rate decreases with aging. Moreover, neurogenesis declines
during aging [78], [79]. In parallel to decreasing growth rate and neurogenesis,

zebrafish tissues such as skin and brain show increased senescent phenotype with age
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[79], [80]. An important biomarker of aging, SA-B-gal, increases in a linear fashion
with age in zebrafish [80]. Also, as explained in a review of Van Houcke et al.,
zebrafish share same hallmarks with mammals during aging [14]. All these features
make zebrafish an attractive model organism to study brain aging and age-related
changes. Also, it was shown that smurf2 expression is upregulated with advanced age

in the adult zebrafish brain [39].
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. humans
an integrated generation
nervous system time is 3-5 3-5 years
months lifespan
mapped brain A
regions Ss—
e - — sequenced
T genome
widespread Y weey
neurogenesis G— \ 70% similarity
advanced behavioral s - 100s ex utero W'tznh(;?:n
properties; memory, r developed - 9
social behaviors embryos from
prim ¢ one female 82% similarity
increased senescent \ with human
phenotype with age 21 somite / disease-related
\ genes

SA-B-gal increases
in a linear fashion -—

Figure 1.2. Zebrafish developmental time line and its properties as a model

organism. The image is created with BioRender.

1.5 Genetic interventions

The forward and reverse genetic approaches are widely applicable on

zebrafish to generate mutant or transgenic models. These genetic approaches can be
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stable or transient based on their lifelong or short-term effects, respectively. This
section covers Tol2 transposase system, CRISPR-Cas9 system and Vivo-morpholino

knockdown technology.

1.5.1 Tol2 transposase system

Tol2 transposon system transposases and integrates the gene of interest into
zebrafish genome very efficiently. The Tol2 element, the natural transposon in
vertebrates, was identified from the genome of the medaka fish (Oryzias latipes).
Firstly, the plasmid containing a Tol2 vector is produced according to experimental
needs. For example, in addition to the gene of interest, a specific promoter that is
ubiquitously expressed or expressed by an induction such as heat-shock, and/or a
specific tag for easy detection such as EGFP or mCherry fluorescent tags can be
integrated into the Tol2 vector [81]. The destination Tol2 vector is co-injected with in
vitro synthesized Tol2 transposase mRNA into one-cell stage embryos to catalyze the
transposition of the Tol2 vector including the gene of interest to the genome in the
zebrafish germ lineage [82]. The Tol2 vector and transposase mMRNA injected
embryos, that are called as FO generation, are grown to adulthood and crossed with
wild-type animals to create stable transgenic fish in the next generations [82].
Moreover, by using the Tol2 transposon system, important genetic methods, such as
gene trapping, enhancer trapping, and the Gal4-UAS system were developed to study

developmental biology, organogenesis, and neuroscience [83].
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1.5.2 CRISPR-Cas9 system

CRISPR/Cas9 can edit the genome of zebrafish with high efficiency [84].
Clustered, regularly interspaced, short palindromic repeats (CRISPR) — CRISPR-
associated (Cas) system normally found in bacteria is a defense mechanism to silence
foreign nucleic acids [84]. This bacterial defense mechanism has been adapted to
create guide RNAs (gRNAs) that direct site-specific DNA cleavage by the Cas9
endonuclease in vivo. The site-specific gRNA is designed as 20 bp sequence which is
complementary to genomic target sequence adjacent to protospacer adjacent motif
(PAM) site of NGG [84]. The mixture of gRNA and Cas9 mRNA/protein is co-
injected into one-cell stage embryos to generate gRNA-targeted DNA double strand
breaks (DSBs) mediated by Cas9 cleavage enzyme. Then, DSBs are repaired via
homology-directed repair (HDR) or non-homologous end-joining (NHEJ) and this
repair mechanism generally results in insertions or deletions (indels) of variable
length and thus frame shift or non-sense mutations [84], [85]. If these mutations are
found in the germ lines, then they are transmitted to next generations and so stable

mutant lines are generated.

1.5.3 Vivo-morpholino knockdown technology

Morpholino technology is a widely-used knockdown system in the zebrafish
organism [86]. There are two main types of morpholinos; splice-blocking and
translational-blocking morpholinos. Splice-blocking morpholinos are designed to
target intron-exon junctions and inhibit the pre-mRNA processing [86]-[88].

However, translational-blocking morpholinos are designed to target against the
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initiation codon of target MRNA to inhibit the translation of protein [86]-[88]. Vivo-
morpholinos are designed to deliver into tissues rather than the embryos [89]. In order
to deliver Vivo-morpholino to adult brain, cerebroventricular microinjection (CVMI)
method has been developed [90], [91]. After a skull incision under anesthesia, Vivo-
morpholino solution including cell tracker dye is injected by using a glass injection
capillary at the incision site [91]. Then zebrafish recover in fresh water. At least 30
min later, the fluorescence signal is controlled under anesthesia [91]. The effect of

morpholino is transient and lasts for at most 5 days [86], [87], [91].

1.6 Non-genetic interventions

Non-genetic interventions may also be utilized to investigate the cellular and
molecular alterations during brain aging. One of the widely used non-genetic
intervention is dietary ones including caloric restriction (CR) or overfeeding (OF)
[79], [92]-[94]. Moreover, drug or inhibitor treatment is using to change molecular

and cellular biology of organism [92], [95]-[97].

1.6.1 Dietary interventions

Non-genetic dietary interventions have impacts on the lifespan, healthspan
and mindspan. For example, high calorie or high fat diet leads to age-related
metabolic deteriorations including type-2 diabetes, cardiovascular diseases,
accelerated brain aging and cognitive impairments [98]-[101]. Moreover, high
caloric intake change the molecular and cellular mechanisms in the brain that may
cause cognitive decline [98], [99], [102], [103]. On the contrary, caloric restriction

(CR) is the only non-genetic intervention to extends the lifespan and healthspan
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across multiple species [21], [104], [105]. The low caloric intake (CR) reduces the
body fat and delays the onset of age-related metabolic diseases such as type-2
diabetes, cardiovascular diseases [106] and attenuates the cognitive decline with the

subtle alterations in the synaptic proteins [10], [107], [108].

Importantly, few studies have investigated the impacts of high calorie intake,
overfeeding (OF), and low calorie intake (CR) on the brain aging of zebrafish. For
example, a publication indicated that 6 week high fat-fed young zebrafish have
increased level of TrkB while decreased level of BDNF gene expression in the central
nervous system [109]. Moreover, lifelong high calorie diet decreased the
neurogenesis and declined the cognitive performance in 1 year old zebrafish as
compared to ad libitum (AL)-fed 1 year old and even 3 year old fish [110]. In
addition, CR diet has applied to this model organism previously in our laboratory
[79], [92]. However, very few publications have applied these opposing dietary
regimens, OF and CR, together in the same experimental conditions to unravel their
diverse mechanisms with respect to brain aging. Thus, to the best of our knowledge,
this present study is one of the few studies examined the impacts OF and CR diets
together in terms of the expression of neuronal proteins as well as the gene expression

of smurf2 and its interacting partners across lifespan.

1.6.2 Pharmacological interventions

The other important non-genetic intervention to alter aging profile is the
drug/inhibitor treatment. Some of the chemicals mimic CR diet such as resveratrol

and rapamycin or induce the apoptosis of senescent cells named as senolytic drugs
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and thus these pharmacological compounds have anti-aging effects [111]. For
example, resveratrol, an activator of SIRT1 and a CR mimetic, extends the lifespan of
yeast [112] while it changes the health parameters and transcription profile in mouse
tissues without extending the lifespan [113]. It has been shown that another CR
mimetic, rapamycin, extends the lifespan in yeast, worms and mouse models through
the activation of autophagy [111]. Moreover, the accumulation of senescent cells in
tissues is the hallmark of aging and this negative effect may be reversed by senolytic
compounds such as quercetin [111]. Another approach is to suppress the telomere
attrition by using telomerase activators [111]. It was shown that a telomerase
activator increases the healthspan in mice [114] and another telomerase activator
compound has neuroprotective effects in SOD1 transgenic mouse [115]. Taken
together, the pharmacological interventions could also be utilized to increase lifespan,

healthspan and mindspan.

A HECT ES3 ligase inhibitor, heclin, was identified over the past decade to
inhibit specifically HECT-domain E3 ubiquitin ligases, Smurf2, Nedd4, and WWP1
[116]. Since the previously published studies indicated that Smurf2 expression
increased during aging [35], [36], [39], it may imply that Smurf2 inhibition via heclin
in the adult animals could lead to delayed aging profile. Recently, Redondo et al.
demonstrated that hippocampal heclin injection improves the short-term memory,
consolidation and retrieval based on the administration time [97]. Taken together,
heclin administration to adult zebrafish may delay the onset of aging profile and age-
related cognitive decline and should be investigated to unveil the roles of Smurf2

during aging.
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1.7 Aims and Hypothesis

According to previous studies [35], [39], Smurf2 expression increases with
age in brain and bone marrow. Also, Smurf2 upregulation leads to cellular senescence
as a consequence of telomere shortening and it controls the genomic stability [31],
[34]. Taken together, it is suggested that Smurf2 protein has important roles in the
aging process. Although its expression is well-studied in cancer pathways, to the best
of our knowledge, the current study is one of the first studies to investigate Smurf2
gene and protein expression with respect to genetic and non-genetic interventions

across lifespan.

The first aim of this thesis was to investigate the Smurf2 protein and gene
expression levels across lifespan and to analyze the gene expression levels of its
interacting partners during aging in both whole brain and specific brain regions. It
was hypothesized that Smurf2 protein expression levels would increase with
advanced age and its interacting partners would be affected by this increase. The next
purpose was to examine the impacts of Smurf2 alterations in response to genetic
interventions including inducible knockin, stable knockout or transient knockdown.
We hypothesized that upregulation of Smurf2 would accelerate the brain aging
processes while its downregulation could delay the aging phenotypes. Lastly, it was
aimed to investigate the effects of non-genetic interventions on the gene expression of
smurf2 and its interacting partners and the protein levels of the neuronal and
proliferation/senescence proteins. The hypothesis was that the opposing dietary

regimens would have diverse impacts on the neuronal markers as well as on the levels
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of Smurf2 and its interacting partners while the Smurf2 inhibition with drug treatment

could alter the survival of embryos and the levels of its interacting partners.
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CHAPTER 2

METHODS
2.1 Subjects
2.1.1 Animals

All fish were raised and maintained in the zebrafish facility in Bilkent University
Molecular Biology and Genetics Department, Ankara, Turkey. Zebrafish were kept
on a 14-hour light-10-hour dark cycle at 27.5°C. Fry fish were fed twice a day with
fry dry food and once a day with small Artemia while adult fish were fed twice a day
with dry food flakes and once a day with live food, Artemia, which is live food and a
predatory source for the animals. The day before breeding, 6-8 pairs of wild-type
(WT) fish were put into the breeding tanks in the afternoon as one pair, keeping the
male and female separated with a separator. The next day, the separator was removed
from the breeding tanks. After the eggs were fertilized, within 20 min, the embryos
were collected into a petri dish and raised in E3 medium. All the birth dates were
recorded and the fish with the same date of birth were kept together. All fish were

maintained in the zebrafish facility.

In Chapter 3, to determine the gene and protein expression of Smurf2 in the adult
brain, a total of 56 WT zebrafish were utilized. The distribution of zebrafish was
young (6-8 months old) and old (29-35 months old) male and female animals. The
age range of old group were determined according to Yu et al. [69] indicating that in

zebrafish cognitive decline occurs between 24-36 months. The animal protocol for
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this study was approved by the Bilkent University Local Animal Ethics Committee

(HADYEK) with approval date Feb 21, 2018 and number 2018/5.

In Chapter 4, after the eggs were fertilized, within 20 min, the embryos were
collected into a petri dish and then Tol2 transposase system or CRIPSR-Cas9 system
was injected to one-cell stage embryos. The Tol2 transposase injected FO generation
was labeled as Tg(hsp70l:smurf2_EGFP) and CRISPR-Cas9 injected FO generation
was labeled as Tg(smurf2_el0). After Tg(hsp70l:smurf2_EGFP) FO animals were
grown to adulthood, they were bred with WT animals and embryos were collected for
heat-shock application and at the end of the heat-shock application, they were
examined under fluorescence microscope and then euthanized on ice. When the
Tg(smurf2_el10) FO animals became sexually mature, they were bred with WT
animals to collect F1 embryos. Also, 8 adult Tg(smurf2_el10) fish were utilized to
optimize the PCR-based genotyping methods. The animal protocol for this study was
approved by the Bilkent University Local Animal Ethics Committee (HADYEK)

with approval date Feb 21, 2018 and number 2018/5.

Also, in Chapter 4, Vivo-morpholino injections were applied to adult zebrafish.
A total 54 of adult zebrafish were anesthetized with Tricaine and then injected with
Vivo-morpholinos including Smurf2-specific morpholinos and standard control
morpholinos by CVMI. After desired post injection time, the animals were
euthanized on ice and their brain tissues were extracted for further analyses. The
animal protocol for this study was approved by the Bilkent University Local Animal

Ethics Committee (HADYEK) with approval date July 24, 2017 and number 2017/9.
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In Chapter 5, the non-genetic feeding interventions were performed on a total of
86 zebrafish in both young and old ages. Age-matched male and female zebrafish
were randomly assigned to the feeding tanks; ad-libitum (AL), overfeeding (OF) and
caloric restriction (CR). The feeding interventions were give to 9 months old (young)
and 20 months old (old) animals and lasted for 12 weeks. At the end of the 12 weeks
of intervention, the experiment was finished and animals were sacrificed to determine
the effects of age and diet on the zebrafish brain. Without deprivation from any
dietary nutrient, the calorie intake was altered among the diet groups. AL groups
were fed with 180 mg dry flake per day and with Artemia 3 times per week similar to
usual daily feeding. However, OF groups were fed with 360 mg dry flake/day and
with Artemia 2 times per day. CR groups were fed with Artemia once a week and
with 90 mg dry flake per two days. The animal protocol for this study was approved
by the Bilkent University Local Animal Ethics Committee (HADYEK) with the

approval date: Sept 6, 2017, no: 2017/12.

In Chapter 5, a non-genetic drug treatment was applied to embryos starting from
6 hpf to at most 5 dpf. Each inhibitor solution and control solutions were applied to
10-12 embryos in 2 ml E3 medium and the embryos were maintained at 28°C

incubator during treatment. The treatment was ended at 5 days of age (120 hpf).

2.1.2 Cell lines

The protein samples of MDA-MB-231, MCF7, and A172 cell lines were used for
the validation of antibodies in the current study. The MDA-MB-231 cell line is a

positive control for the anti-SMURF2 C-terminal (ab211746) antibody and the MCF7
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cell line is a positive control for anti-SMURF2, 200-300 aa, (ab94483) antibody. The
Al172, a human brain glioblastoma cell line, was used as a brain-specific cell line.
The MDA-MB-231 and MCF7 cell lines were kindly provided as pellets from Dr. Ali

Gure’s laboratory in Bilkent University.

2.2 Dissection of adult zebrafish brain

Adult female and male zebrafish (young and old) were euthanized in the ice
water [117], [118]. Under the dissecting microscope, the head was separated from the
body with a sharp blade and the eyes and optic nerve were separated carefully from
the head. After cleaning of excessive tissues, the brain was removed from the skull as
entirely intact. The weight of the brain was measured and recorded. The body weight
and length of adult animals utilized in Chapter 5 were measured and recorded. For
DNA, and RNA extraction, the whole brain or whole embryo was snap-frozen in
liquid nitrogen and kept in -80°C. For protein isolation, the tissues were immediately
homogenized in lysis buffer for experiments in Chapter 3. However, protein samples

were extracted from snap-frozen brain tissues in Chapter 4 and 5.

For further experiments in Chapter 3, after the dissection of entire brain, three
brain regions; telencephalon (Tel), the optic tectum (TeO) and, the
cerebellum/medulla/spinal cord (Ce) were separated from each brain as shown in
Figure 2.1 and the 3 microdissected pieces from each of the three animals in the same
age group were pooled together for region-specific analysis. Tel region is including
olfactory bulb and telencephalon while Ce region consists of cerebellum, medulla and

spinal cord as an integrative center as defined in Wullimann et al., 1996 [71]. The

23



tissues were snap-frozen in liquid nitrogen and stored at -80°C for further RNA
isolation. To extract the proteins, fresh tissues were immediately homogenized in
lysis buffer. For subcellular fractionation, dissected whole brains and three

microdissected brain regions; Tel, TeO, and Ce, which were pooled, were lysed

immediately.

Figure 2.1 Representation of the microdissection procedure. (A) Dorsal photograph
of zebrafish brain, (B) schematic representation of brain regions. Tel: telencephalon
and olfactory bulb, TeO: the optic tectum, Ce: the cerebellum/medulla/spinal cord.

(Adapted from Naslund, 2014 [119])
2.3 Protein Isolation
2.3.1 Total protein isolation

Proteins from individual and pooled brains were homogenized with a 25-gauge,
2-mL syringe in lysis RIPA buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% NP40,
0.1% SDS and protease inhibitor [Roche, 5892970001]), for which 60 puL was used
per 1 mg of tissue. Homogenates were incubated on ice for 30 min with gentle mixing
twice. After centrifuging at 13000 rpm for 20 min at +4°C, supernatants were

collected and aliquoted in clean tubes. The protein extraction from the cell lines was
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performed in a similar manner for brain tissues as described above. The protein

samples were stored at -80°C.

To isolate total protein from the pooled embryos, they were homogenized in lysis
RIPA buffer with a sonicator (UP 50H, Hielscher Ultrasonics GmbH, Teltow,
Germany) in order to prevent the loss of sample that occurs with the use of a syringe
during the protein extraction of pooled embryos. Homogenates were incubated on ice
for 30 min with gentle mixing twice. After centrifuging at 13000 rpm for 20 min at
+4°C, supernatants were collected in a new tube. The protein samples were stored at -

80°C.
2.3.2 Subcellular protein isolation

Subcellular protein fractionation from individual and pooled brains was
performed as described in Sezgin et al., (2017) with minor modifications. Whole
brain tissues and pooled brain regions were homogenized in 500 ul lysis buffer (50
mM Tris pH 7.5, 150 mM NaCl, 1% Triton X-100, 10 mM NaF and protease
inhibitor [Roche, 5892970001]) with Dounce homogenizer. Homogenates were
incubated on ice for 10 min and centrifuged at 14000 rpm for 15 min at +4 °C.
Supernatants including cytosolic fraction were collected into a new tube while the
pellets including nuclear fraction were dissolved in 150 ul lysis RIPA buffer (50 mM
Tris, pH 8.0, 150 mM NaCl, 1% NP40, 0.1% SDS and protease inhibitor [Roche,

5892970001]). Fractions were stored at -80°C.
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2.3.3 Bradford assay

To measure the concentration of protein lysates, the Bradford assay (B6916,
Sigma) with bovine serum albumin (BSA; Sigma St. Louis, MO, USA) as a standard
was performed in the 96-well plate. All standards and samples were loaded in
duplicates. Firstly, ddH,O was added to empty wells as indicated in Table 2.1 for
standards. For concentration-unknown protein samples, 4.5 ul ddH,O was added into
each well. Then, protein standards indicated amounts in Table 2.1 and 0.5 pl protein

samples were mixed with water.

Table 2.1 Preparation of BSA standards

BSA (u) ddH,O | Final concentration
(Img/ml stock) | (M (ng/ml)
Blank 0 5 0
Standard 1 0.5 4.5 2
Standard 2 1 4 4
Standard 3 2 3 8
Standard 4 3 2 12
Standard 5 4 1 16
Standard 6 5 0 20

After 250 pl Bradford reagent was added into the wells, the 96-well plate was

mixed in the orbital plate shaker at 300 rpm at room temperature for 2 minutes. The
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plate was incubated at room temperature for 10 minutes without shaking before the
absorbance value was obtained. The absorbance values were measured at 595 nm
wavelength with a multiplate reader (SpectraMax M5, Molecular Devices,
Sunnyvale, CA, USA). In the template design, blanks were assigned and utilized to
calculate the net absorbance values of standards and unknown proteins. Net
absorbance values of standards and the known concentrations were plotted and a
linear curve fit was drawn. From the known equation of linear curve fit, the unknown

concentrations of samples were calculated with the help of net absorbance values.

2.4 Western Blotting

The protein samples were separated in Sodium dodecyl sulfate polyacrylamide
gels (SDS-PAGE) under reducing and denaturing conditions according to their
molecular weights. To segregate proteins, 10% resolving gels for total protein lysates
and 8% resolving gels for subcellular fractions were prepared. The recipes of
resolving gels were shown in Table 2.2. After the resolving gels were polymerized,
5% stacking gels were poured above the resolving gels and 10 or 15-well combs were

placed properly. The recipe of stacking gel was shown in Table 2.3.
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Table 2.2 10% and 8% Resolving Gel Recipes

Stock solutions 100/0(2(:810 (!Vrlnr:? gel | 8% (?Oersgl(;/imnlg) gel
ddH,0 4.79 ml 5.29 ml
1.5 M Tris pH 8.8 2.5 ml 2.5 ml
10% SDS 100 pl 100 pl
40% Acrylamide 2.5 ml 2 mi
10% APS 100 pl 100 pl
TEMED 10 ul 10 pl

Table 2.3 5% Stacking Gel Recipe

Stock solutions 5%(?;?C8kir:% gel
ddH,0 4.82mi
0.5M Tris pH 6.8 2ml
10% SDS 80
40% Acrylamide 1ml
10% APS 80 ul
TEMED 20l

For antibody validation, 100 pg of protein lysate from the embryonic zebrafish at
2, 3, and 4 dpf and 40 pg of protein lysates from cell lines were loaded in the gel. For
the detection of Smurf2 and B-tubulin proteins, 10 pg of total protein lysate of

individual brain or 20 pg of total protein lysate of pooled brain regions was loaded in
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the gel. From each subcellular fraction (nuclear and cytosolic), 40 pg of protein
lysates were loaded. The required amount of protein and water were mixed to obtain
indicated concentrations. Then, equal amount of 2X Loading buffer (Table 2.4) was
mixed with each sample. The mixture was incubated in 95°C for 10 minutes to
denature secondary structures of proteins before the samples loaded in the gel. Each
sample was loaded at least three times in different gels to obtain technical replicates.
A pre-stained protein marker (26616, Thermo Scientific Paisley, UK) was loaded to
each gel to determine molecular weights of proteins, 10-180 kDa. Mini-PROTEAN
Tetra Cell electrophoresis system (BioRad, CA, USA) was used for the
electrophoresis. Firstly, the gels were run at 90 volts (V) for 30 minutes until samples
passed to the resolving gel. Then, the gels were run at 120 V for 90 minutes until

proteins were separated sufficiently.

Table 2.4 2X Loading Buffer recipe

Stock Solution = t%idiggm?;ﬁer Confei:'jrlation
10% SDS 4ml 4%
100% Glycerol 2mi 20%
4% Bromophenol blue (BPB) 100 pl 0.04%
0.5M Tris pH 6.8 2.5 ml 0.125 M
10% DTT is added freshly

After gel separation was done, the gel was removed from glasses carefully,

equilibrated in cold transfer buffer. In a separate container, PVDF membrane was
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activated in methanol for 5 seconds and then incubated in cold transfer buffer. The
gel and PVDF membrane were placed between cassette and foam pads. The cassette
was placed into the tank slots and the tank was filled with cold transfer buffer. The
transfer was performed at 100 V for 90-100 min. At the end of transfer, the
membrane was removed from cassette cautiously and incubated in a blocking
solution (5% milk powder in TBS-T) for 1 hour at room temperature. The membrane
was incubated in the primary antibody solution overnight (approximately 16 hours) at
+4°C with a moderate shaking. In the following day, the primary antibody was
collected back. The membrane was washed with TBS-T for 30 min with 5-min
intervals to remove any unbound primary antibody. After washing, the membrane
was incubated in the secondary antibody solution for 1 hour at room temperature. To
remove any unbound secondary antibody, the membrane was washed with TBS-T for
30 min. The primary and secondary antibodies used in this study were listed in Table
2.5. The protein bands were developed with SuperSignal West Femto Maximum
Sensitivity Substrate (34095, ThermoScientific, Rockford, IL, USA) and visualized

with ChemiDoc MP Imaging System (BioRad, Hercules, CA, USA).
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Table 2.5 Primary and secondary antibodies used in the study.

Antigen Supplier & Cat. No. Dilution

SMURF2 Abcam ab94483 1:2000 in 5% milk solution

SMURF2 Abcam ab211746 1:500 in 5% milk solution
LaminB1 Proteintech 66095-1-1g | 1:10000 in 5% milk solution
DCAMKL1 Abcam ab109029 1:1000 in 5% milk solution
HuC Abcam 78467 1:2000 in 5% milk solution
PCNA Abcam ab18197 1:1000 in 5% milk solution
B-tubulin CST 2146S 1:5000 in 5% milk solution
Rabbit-HRP CST 7074 1:5000 in 5% milk solution
Mouse-HRP sc-2005 1:2500 in 5% milk solution

The band densities were quantified using the ImageJ program (NIH, Bethesda,
MD, USA). Intensity measurements were performed by Elif Tugce Karoglu-Eravsar
who was blind to the identity of the group of bands in order to achieve an unbiased
quantification. Two subsequent normalization methods were performed. Firstly,
within-gel normalization was utilized to reduce exposure time and inter-assay
differences between technical replicates run at different gels. Second normalization
was tubulin (tub) normalization. The gel-normalized values of proteins of interest

were divided to gel-normalized values of the housekeeping control, p-tubulin, and

values obtained with this calculation were designated as tub-normalized data.

31




2.5 RNA isolation

Individual and pooled snap-frozen brain samples were homogenized in TRIzol
reagent (15596018, Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. The RNA concentration was measured with NanoDrop 2000 machine
(ThermoScientific). RNA samples were stored at -80°C. The TURBO DNA-free kit
(AM1907, Invitrogen) was used to remove possible DNA residuals according to the
manufacturer’s instructions. The DNase-treated RNA concentration was measured
with a NanoDrop 2000 machine (ThermoScientific). The DNase-treated RNA
samples were stored at -80°C. To clone the smurf2 coding sequence into the desired
plasmid, total RNA was isolated from snap-frozen tissues with QIAGEN RNeasy
Mini Kit (74104, Qiagen, Venlo, Netherlands) according to manufacturer’s

instructions. RNA samples were stored at -80°C.
2.6 cDNA synthesis

cDNAs were synthesized from 500 ng DNase-treated RNA samples by using an
iScript cDNA Synthesis Kit (1708891, Biorad, Hercules, CA, USA) according to
manufacturer’s instructions. cDNA samples were diluted for quantitative PCR depend

on the efficiency of primer pairs used.
2.7 Quantitative real time PCR (QRT-PCR)

In order to examine relative gene expression levels of genes of interest,
guantitative real-time PCR (QRT-PCR) was utilized. Reactions were performed in a
20 pl final volume. Light cycler 480 SYBR Green I Master mix solution
(04887352001, Roche, Mannheim, Germany) was used according to the
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manufacturer’s instructions. All qPCR experiments were performed in Roche
LightCycler 480 System (Roche, Basel, Switzerland). The primer pairs, and final

primer concentrations are listed in Table 2.6.

A housekeeping control, rpl13a, was used as the reference gene [121]. ACt was
calculated as Ct (target gene) — Ct (reference gene). AACt was calculated as the ACt
of sample — average ACt of all samples. In order to express fold changes, 2"(-AACt)
was calculated. Finally, fold change values were log, transformed to reduce the

variation and get better visualization of the data for further statistical analysis.

Table 2.6 The sequences of primer pairs used in this study.

Gene Final conc.

Forward Primer 5'--> 3' Reverse Primer 5'--> 3' . .
symbol in reaction

smurf2 ACTTCCTGCACACACAGACG GGACCCAACTCCTCACAGTT 0.5 uM
tp53 TTGTCCCATATGAAGCACCACA | CAGCAACTGACCTTCCTGAGTC | 0.5 uM

mdm2 GATTCGCGAAACGGTCAC TCGTTGTCAACCTTGCTGAT 0.5 uM
smad7 CCCCTATGGGGTTTTCAGAT GTGCCCTGAGGTAGGTCGTA 1 uM
yyla TGACAGGCAAGAAACTGCCA TTGTGCAACCTTTGTGTGGG 1 uM
ep300a GGCTTATGTGCCTATCTCCGA GCCAAAATCGTTTCCATCGCT 1 uM
sirtl TTCAGTGCCACGGGTCTTTT GGACACCTGGGACAATGAGG 1 uM

rpl13a | TCTGGAGGACTGTAAGAGGTATGC | AGACGCACAATCTTGAGAGCAG | 0.5 uM

2.8 DNA isolation and plasmid isolation

DNA was extracted from embryos and tissues with DNA lysis buffer (100 mM
Tris pH 8.2, 10 mM EDTA, 200 mM NaCl, 0.5% SDS and 1X proteinase K) at 55°C
overnight in a shaker. The next day, samples were heated to 95°C to inactivate
proteinase K and the DNA was precipitated with isopropanol and the suspended DNA

was stored at +4°C.
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Plasmid isolations were performed with NucleoSpin Plasmid, Mini kit for
plasmid DNA (740588, Macherey-Nagel, Diiren, Germany) according to
manufacturer’s instructions. The isolated plasmids were stored at +4°C for short

period and -20°C for longer period.
2.9 Conventional PCR
To amplify the gene of interest, conventional PCR was utilized.
2.9.1 PCR amplification to obtain Smurf2 CDS flanked with attB sites

Total cDNA sample was amplified with primers in Table 2.7. Phusion Hot Start
Flex 2X Master Mix (M0536, NEB, Ipswich, MA, USA) was used because Phusion
DNA Polymerase possesses 5'— 3’ polymerase activity, 3’— 5" exonuclease activity
thus it is one of the most accurate thermostable polymerases. It is suitable for cloning
and long amplification. Two-step PCR setup will be used to amplify 2298 bp length
coding sequence of smurf2. Smurf2tg-f1 and —r1 primers are specific to gene of
interest and Smurf2tg-f2 and —r2 primers add attB sites which are necessary for

recombination with pDONR221 vector.
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Table 2.7 Primer sequences for PCR to add attB (recombination sites) to

Smurf2 coding sequence.

Primer name Sequence 5'--> 3'

smurf2tg-f1 | AAAAAGCAGGCTTAGCCTGGATAAGGGTCAAGG

smurf2tg-rl | AGAAAGCTGGGTTACATCATTCCACAGCGAAGC

smurf2tg-f2 GGGGACAAGTTTGTACAAAAAAGCAGGCT

smurf2tg-r2 GGGGACCACTTTGTACAAGAAAGCTGGGT

2.9.2 PCR amplication to genotype Tg(hsp70l:smurf2_EGFP) F1 embryos

The primer pairs were designed to amplify EGFP and SmuGFP and smurf2
genes in the genome (Table 2.8). These primers were optimized with WT DNA
samples and the construct which was injected to embryos to create Tol2 transgenesis.

Phusion Hot Start Flex 2X Master Mix was utilized in PCR amplification.
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Table 2.8 Primer sequences for genotyping Tg(hsp70l:smurf2_EGFP) F1

embryos.
Prlr_ner Primers Sequence 5'--> 3' Product
pairs length

egfp-for GGTGAACTTCAAGATCCGCC
egfp 229 bp
egfp-rev CTTGTACAGCTCGTCCATGC

smugfp-for | TACCCAAAGCACACACTTGCT
smugfp 206 bp
smugfp-rev CTCGACCAGGATGGGCACC

Smurf2-right | GGACCCAACTCCTCACAGTT
smurf2 1459 bp
Smurf2-left | ACTTCCTGCACACACAGACG

2.9.3 PCR-based methods to genotype Tg(smurf2_el10)

A simple and efficient method to screen CRISPR-Cas9 induced mutants were
established by Hua et al. [122]. In their method, they used the critical annealing
temperature because an optimal annealing temperature suppresses mismatched
annealing and reduces the generation of non-specific products. According to this,
they developed ACT-PCR to detect CRISPR/Cas9-induced mutants. This method
includes the design of primers, the detection of the critical annealing temperature by
gradient PCR and the screening of mutants. The most important part of their method
is the design of the target specific primers because the forward primer flanks the
double strand break (DSB) site with its 3’ end containing a 1-4 bp overhang relative
to the DSB site to ensure specificity and sensitivity for WT gene binding and PCR
amplification; the reverse primer is located outside the DSB site and has a higher

melting temperature (Tm) value than the forward primer to ensure DNA template
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binding at the critical annealing temperature. Accordingly, the 3 diverse reverse
primer flanks the DSB site with its 3” end containing a 1-4 bp overhang relative to the
DSB site and the forward primer located outside the DSB site with a higher melting
temperature (Tm) value than reverse primer were designed (Table 2.9). The gradient

PCR were applied to find the critical annealing temperature.

Table 2.9 Primer pairs for ACT-PCR.

Primer name Sequence 5'--> 3'
g3.2_geno_for CGTCCTATGCCTGCTCTGTA
Primer pair 1
smurf2_geno_dsrevl GTTCCTTATCTCCCAGCC
smurf2_geno_for CGTCCTATGCCTGCTCTGTACCA
Primer pair 2
smurf2_geno_dsrev2 TGTTCCTTATCTCCCAGCCC
smurf2_geno_for CGTCCTATGCCTGCTCTGTACCA
Primer pair 3
smurf2_geno_dsrev3 GTTCCTTATCTCCCAGCCCG

Also, 8 adults of FO were euthanized and DNA samples were extracted from
their tails and gonads for genotyping. To genotype FO animals, following PCR, the
products were used in T7E1l assay to detect the mismatch [123] or in RFLP
(Restriction Fragment Length Polymorphism) method [124] to check any mutation in
the expected DSBs. The co-injection of guide RNA and cas9 RNA cause the cleavage

of target DNA sequence and then the repair at this site may cause mutations. T7E1
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assay performed for detecting the mismatch at target site and cleaved the PCR
products at that mismatch site [123]. However, RFLP method utilized a restriction
enzyme after PCR amplification. Because there is a Smal restriction site at the
expected mutation site, this restriction site allows genotyping by RFLP. In WT fish,
Smal restriction enzyme cut PCR product at one site leading 399 bp and 544 bp
fragments. However, if there is a mutation at that site, the restriction enzyme may not

cut PCR product. RFLP was applied to PCR product of tail and gonads of adults.

2.10 Tol2 transposase system

The Tol2kit was a gift from Kristen M. Kwan [81], Utah University, with a
permission from Dr. Koichi Kawakami. Tol2kit includes 6 different types of vectors;
5’ entry clones (promoters), middle entry clones, 3’ entry clones (reporter and
polyA), destination vectors, donor vectors and transposase vector. According to the
study’s requirements, the scientists are flexible to choose different vectors. The
Gateway cloning is based on a recombination reaction of att sites between at least 2
vectors. The BP recombination reaction is used to create a middle entry clone from an
attB-flanked PCR product and pDONR221 backbone. The LR recombination reaction
transfers the desired gene from an entry clone to destination vector. According to
Gateway cloning system, three entry clones (5°, 3’ and middle) are combined in one

destination vector.

In the present study, p5E-hsp70l entry clone was chosen for heat-shock
induction in the adult brain, p3E-EGFPpA for the expression of EGFP reporter.

Furthermore, to increase the efficiency of transposition in vivo, capped transposase
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MRNA was synthesized from pCS2FA-transposase plasmid via in vitro transcription
by using Ambion mMessage mMachine SP6 Transcription Kit (AM1340, Thermo

Fisher Scientific, Waltham, MA, USA).

The coding sequence of Smurf2 will be amplified as defined in previous
section. The amplicon was cloned into pDONR221 donor vector to create middle
entry clone via BP reaction (Gateway BP Clonase Il Enzyme mix, 11789100,
Invitrogen, Carlsbad, CA, USA). After successful BP recombination reaction and
transformation, isolated entry clones (pDONR221+Smurf2) was sequenced with the
primers in Table 2.8 to confirm the correct recombination. Then, a middle entry
vector (pDONR221+Smurf2), which have the correct sequence, was combined with
desired 5 entry (p5E-hsp70l) and 3’entry (p3E-EGFPpA) vectors in a destination
vector (pDestTol2CG2) via LR recombination reaction (Gateway LR Clonase Il

Enzyme mix, 11791100, Invitrogen, Carlsbad, CA, USA).

Table 2.10 M13 Sequencing primers.

Primer name Sequence 5'--> 3'

M13F GTAAAACGACGGCCAG

M13R CAGGAAACAGCTATGAC

2.11 CRISPR-Cas9 knockout system

pDR274, a gift from Keith Joung (Addgene plasmid # 42250) [84], is a guide
RNA (gRNA) expression vector used to create a gRNA to a specific sequence and

uses T7 promoter for in vitro transcription by using the MEGAshortscript T7 Kit
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(AM1354, Thermo Fisher Scientific, Waltham, MA, USA). pT3TS-nCas9n, a gift
from Wenbiao Chen (Addgene plasmid # 46757) [125], is used to transcribe Cas9
MRNA by using Ambion mMESSAGE mMACHINE T3 Transcription Kit (AM1348,

Thermo Fisher Scientific, Waltham, MA, USA).

Three different gRNAs which target different domains of Smurf2 were
designed via online bioinformatics tools with the help of Marion Gradl and Vanessa
Gerbe (Table 2.9). The oligo pairs were annealed together to obtain gRNAs. The
guide RNAs, which have Bsal cut sites was cloned into pDR274 backbone, which is
also digested with Bsal, by using restriction digestion-ligation methods. These
plasmids containing gRNAs was sequenced with M13F primer (Table 2.8) to confirm
the presence of gRNA. Then, Cas9 mRNA was in vitro transcribed from pT3TS-

nCas9n vector.

Table 2.11 Oligo sequences to anneal guide RNAs.

Oligo name Sequence 5'--> 3'

Oligo pair 1-e1 smurf2elglol | TAGGAGTCACGGTCCTGTGGCC

(quide RNA 1) I™gmurf2elglo2 | AMACGGCCACAGGACCGTGACT

Oligo pair-e10 smurf2e10g30l | TAGGGTCCATTGCCCCCGGGCT

(quide RNA 3) I"smurf2e10g302 | AAACAGCCCGGGGGCAATGGAC

Oligo pair-e15 smurf2el5g4o0l | TAGGGCATCGAGGCTCAGTTCC

(guide RNA 4) gmirfoe15g402 | AMACGGAACTGAGCCTCGATGC
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2.12 Microinjection into one-cell stage embryos

The injection solution of Tol2 or CRISPR-Cas9 was prepared; for Tol2
knockin, 25 pg DNA (pDest+Smurf2 plasmid), 25 pg transposase mRNA and 1X
phenol red (P0290, Sigma, St. Louis, MO, USA), which is used as an indicator of
injection, was mixed in 10 pl solution just before injection whereas for CRISPR-Cas9
knockout, 20 ng/ul gRNA, 75 ng/ul cas9 mRNA and 1X phenol red was prepared

fresh in 10 pl solution just before injection.

The injection needle was prepared and back-filled with the injection solution.
With RNase-free forceps, the tip of the needle was cut carefully. The calibration of
needle was done by adjusting the microinjector pressure and time setting. By using
micrometric slide, the volume of a droplet was measured. In these experiments, about

2 nl of injection mix was injected to embryos.

Collected embryos in one-cell stage were aligned into a petri dish and the
injection mix was applied into yolk of one-cell stage embryos. In each experiment,
uninjected embryos were separated in a petri dish to check their viability. Also, for
the CRISPR-Cas9 injection, only cas9 mRNA solution was injected as an injection

control.

2.13 Heat-shock treatment

When FO injected animals became mature, these potential founders were bred
with WT animals. At 24 hpf, the F1 embryos were divided randomly into two groups;
heat-shock treated (hs) and no heat-shock treated (no hs). The embryos in hs group
were treated with heat-shock at 37°C for 1 hour to induce the Smurf2-EGFP
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expression and replaced back to a 28°C incubator whereas no hs group kept at 28°C
during this time. After 4 hour, the embryos checked for EGFP signal under the
fluorescence microscope and their survival rates were recorded. At 48 hpf, the heat-
shock treatment was repeated to hs group to increase the amount of inducible protein
at 37°C for 1 hour and the animals were put back into a 28°C incubator while
embryos in no hs group was kept at 28°C. The last heat-shock applied at 72 hpf and
EGFP signal was imaged under the fluorescence microscope. For further analyses,
embryos were collected and stored at -80°C. Alternatively, heat-shock was applied at
5 dpf (120 hpf) for 1 hour, and then embryos were euthanized and collected after 2

hours for further analysis.

2.14 Vivo-morpholino injection

Vivo-morpholinos are designed to knock-down a gene of interest in living
organism such as adult zebrafish. According to protocol of Kizil and Brand [90],
Vivo-morpholino were injected via cerebroventricular microinjection (CVMI) into
the adult zebrafish brain. The experiment was performed as defined in Kizil et al.
[91]. By using CVMI, Vivo-morpholinos was administered into the
cerebroventricular fluid and distributed along the rostrocaudal axis of the brain [91].
To estimate the dispersion and the uptake of the morpholino, Smurf2-specific Vivo-
morpholinos were co-injected with a cell tracker dye (CellTracker Red CMTPX Dye,
C34552, Invitrogen, Carlsbad, CA, USA) which is a non-fluorescent cell-permeant
molecule [90]. When it is internalized by the cells, is converted by Gluthatione-S-
transferase to a red fluorescent compound [126]. Therefore, the fluorescence signal is

an indication of the cells that take up the injected morpholino. At least 30 minutes
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after microinjection, injected fish were anesthesized again to check red fluorescence

signal (Figure 2.2).

Figure 2.2 (a) Fluorescent signal at the injection site, the dispersion of injection
solution is weak. (b) A good injection with homogenous dispersion of fluorescence

signal. (c) Uninjected control, long exposure than injected ones.

2.15 Heclin treatment

Heclin (SML1396, Sigma, St. Louis, MO, USA) was dissolved in DMSO
(A3672, Applichem, Darmstadt, Germany) to obtain 5 mg/ml stock solution. Stock
solution was aliquoted and stored at -20°C. The molecular weight of heclin is 283.32
g/mol and so the molarity of stock solution is 17.65 mM. The stock solution was
diluted with DMSO to obtain the concentrations of 2.5 mM, 3.4 mM, 4.5 mM and 6
mM. Then each solution was diluted in E3 medium to obtain working solutions of 5
uM, 6.8 uM, 9 uM and 12 puM heclin. Thus, each working solution contained the
same concentration of DMSO (0.2% v/v) when embryos were exposed to these
solutions. Also, there was a blank control which is only E3 medium without DMSO
and heclin. To eliminate DMSO effect, there was also DMSO control which is

including 0.2% DMSO (v/v) in E3 medium.
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At 6 hpf, embryos were randomly divided into 24 well-plates. Each well
contained 10-12 embryos and 2 ml E3 medium. Each solution was replaced with 2 ml
experimental solution and embryos were kept at 28°C until 24 hpf. At 24 hpf, the
dead embryos were discarded and the numbers were recorded. After the experimental
solutions were changed with fresh solutions, the embryos were incubated at 28°C.
Experimental solutions were renewed every 24 hours and the dead embryos were
removed and recorded. According to experimental requirements, the treatment was
applied for 72 hours or 120 hours. At the end of the treatments, the embryos were
euthanized on ice and then were washed with E3 medium twice. The pooled embryos

were snap-frozen and stored at -80°C until the further experiments.
2.16 STRING analysis for interacting partners of Smurf2 protein

STRING database was utilized to prepare a protein network map of Smurf2
and its interacting partners for both humans and zebrafish [127]. In the human
interaction map, SMURF2, TP53, MDM2, YY1, EP300, SMAD7, and SIRT1
proteins were identified. However, because of the existence of teleost-specific gene
duplication [53], there are two paralogues of ep300 and yy1 in the zebrafish genome.
According to previous publications [54], [57], only functional paralogues, ep300a
and yyla were investigated in the current analysis. Thus, smurf2, tp53, mdmz2, yyla,
ep300a, smad7, and sirtl proteins were defined in the zebrafish map. The minimum

required interaction score was set to low confidence (0.150).

44



2.17 Statistical Analysis

The SPSS program (IBM, Armonk, NY, USA) was employed to perform
statistical analysis of the gene and protein expression levels in Chapters 3, 4 and 5.
The assumptions of a normal distribution and homogeneity of variance were checked
with the Shapiro-Wilk and Levene tests, respectively. If these assumptions were
violated, non-parametric tests including Kruskal-Wallis test and Mann-Whitney U
test, were applied. When the cases fulfilled the assumptions, parametric tests were

applied.

Specifically, in Chapter 3 whole brain protein expression of both total lysates
and subcellular fractions were analyzed with an unpaired t-test with the factor of age
with the significance levels of p<0.05. In the analysis of region-specific protein
expression of total lysates, non-parametric Kruskal-Wallis test was conducted
between age and region followed by pairwise comparisons which was corrected with
Bonferroni method. Thus, a new significance level of p<0.0167 was used due to three
pairwise comparisons (Tel young vs. old, TeO young vs. old, Ce young vs. old). On
the other hand, a two-way ANOVA with factors of age and region was employed in
subcellular fractions of region-specific protein expression levels. The gene expression
levels in whole brain tissues were analyzed with a Mann-Whitney U test or an
unpaired t-test. However, for all genes of interest, a two-way ANOVA was utilized in
the brain region-specific gene expression. The gene expression levels were further
investigated with Principal component analysis (PCA) and Pearson correlation
analysis in the case of both the whole brain and the brain-specific regions by using

both the R (Free Software Foundation) and SPSS programs.
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In Chapter 4, a two-way ANOVA was used to analyze smurf2 gene
expression levels with the factors of heat-shock and genotype (WT and Tol2). The
protein level of Smurf2 after CVMI was analyzed with a one-way ANOVA for exon-
skipping Vivo-morpholino injected or two-way ANOVA for translational blocking

Vivo-morpholino injected animals.

In Chapter 5, Kruskal-Wallis test was conducted for the body weight, body-
mass index (BMI) and Fulton K factor analysis in terms of feeding regimens.
However, for body length a two-way ANOVA was employed with factors of age and
diet. The protein and gene expression levels following dietary regimen were analyzed
with a two-way ANOVA. The further analysis was done with Pearson correlation.
However, after heclin treatment, survival analysis was performed with Log-Rank
(Mantel-Cox) test while the gene and protein levels were investigated with Kruskal-

Wallis test or two-way ANOVA.

The graphic representations of both the gene and protein expression levels
were generated using the SPSS program or Graphpad Prism (San Diego, CA, USA).
The PCA plots in Chapter 3 were drawn with the prcomp method and the
fviz_pca biplot package in R by Meri¢ Kinali. The some color-coded correlation
coefficient tables were drawn in R program by Meri¢ Kinali and some of them were

drawn in GraphPad Prism software.
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CHAPTER 3

THE LEVELS OF BRAIN-SPECIFIC EXPRESSION OF SMURF2 AND ITS

INTERACTING PARTNERS WERE ALTERED ACROSS LIFESPAN

3.1 Two commercially available Smurf2 antibody were validated in zebrafish

brain

Previous research indicated that smurf2 gene expression increased during
aging [35], [39]. To understand whether this up-regulation of smurf2 gene expression
is evident also in the protein expression levels, the western blot analysis was
conducted. Since Smurf2 antibodies had not been used in zebrafish tissues
previously, two commercially available Smurf2 antibodies were validated. The anti-
SMURF2, 200-300 aa. antibody is directed against the 200-300 amino acid residues
of the human SMURF2 protein while anti-SMURF2 C-terminal antibody recognizes
the C-terminal region of human SMURF2 protein. The MCF7 cell line is indicated as
a positive control for the anti-SMURF2, 200-300 aa antibody in the manufacturer’s
datasheet. Also, the MDA-MB-231 cell line is used as a positive control for anti-
SMURF2 C-terminal antibody. As expected, the anti-SMURF2, 200-300 aa antibody
yielded an 86 kDa band in all samples of zebrafish embryos, cell lines and zebrafish
brain lysates (Figure 3.1). However, the anti-SMURF2 C-terminal antibody yielded a
slightly heavier band (app. 100 kDa) in zebrafish embryos and a heavier band (app.
250 kDa) in zebrafish brain lysates (Figure 3.1). Also, the anti-LaminB1 antibody
was utilized as nuclear marker in nuclear and cytosolic fractions of MDA-MB-231

cell line and zebrafish brain lysates to confirm the subcellular fractionation. As
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expected, anti-LaminB1 was enriched in nuclear fractions while anti-p-tubulin was
enriched in cytosolic fractions (Figure 3.1). Interestingly, the bigger band than the
expected band (app. 250 kDa) was observed in both total lysates and cytosolic lysates
extracted from adult brain. In addition, a slight increase in embryo lysates might
indicate a regulatory mechanism such as post-translational mechanisms and complex

formation on the Smurf2 protein across lifespan.
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Figure 3.1 Antibody validation of anti-SMURF2 antibodies, the anti-SMURF2, 200—
300 aa, and anti-SMURF2 C-terminal antibody. (A) Protein lysates from the MDA-
MB-231 cell line, the MCF7 cell line, and the A172 cell line, protein lysates of
zebrafish embryos and protein lysates of zebrafish brain. (B) Subcellular fractionation
was validated with a nuclear marker, LaminB1 and a cytosolic marker, B-tubulin.

(Reprinted from Tuz-Sasik et al., 2020 [36])
3.2 Smurf2 protein expression was altered during brain aging

Our primary hypothesis was that the increasing trend in smurf2 gene
expression can be followed by Smurf2 protein expression during brain aging. In order

to test this hypothesis, whole brain lysates and region-specific lysates were analyzed
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in terms of age (Figure 3.2). The whole brain was separated to three integrative
centers as telencephalon (Tel), the optic tectum (TeO) and the
cerebellum/medulla/spinal cord (Ce) as defined in [71]. All young and old samples
were loaded on the gels as cohorts and each cohort was run at least three times.
According to t-test, there was no significant main effect of age (t(18)=1.059, p=0.304,
Figure 3.3A) on the whole brain lysates blotted with anti-SMURF2, 200-300 aa. On
the other hand, brain region-specific analysis showed that Smurf2 protein levels
detected with anti-SMURF2, 200-300 aa, altered significantly (x°(5)=11.990,
p=0.035, Figure 3.3A) by age and region interaction. According to pairwise
comparisons, Smurf2 protein levels increased significantly during aging in Tel
(p=0.003) but not in TeO (p=0.726) and Ce (p=0.121) areas. Same protein samples
were blotted with anti-SMURF2 C-terminal antibody and similar pattern was
observed. Whole brain analysis indicated no significant effect of age on Smurf2
protein levels (t(18)=-1.046, p=0.309, Figure 3.3B). Moreover, there was an
interaction effect between age and region (5°(5)=17.275, p=0.004) in the brain region-
specific analysis. The significant increase with advancing age was evident in the Tel
(p=0.002) and Ce (p=0.008) but not in the TeO (p=0.703) areas (Figure 3.3B). While
there was no obvious increase in whole brain, Smurf2 protein levels altered in a
region-specific manner during aging. It may implicate that up-regulation of smurf2
gene expression does not cause the global alteration in the protein expression. In
addition to heavier molecular weight of protein detected with anti-SMURF2 C-
terminal antibody, Smurf2 protein expression was significantly higher in aged Ce
region than in young Ce when it was detected with anti-SMURF2 C-terminal

antibody. These may imply that there is a regulation on Smurf2 regulation such as
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post-translational modifications or complex formation and should be further

investigated.
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Figure 3.2 Representative Western images for Smurf2 antibodies and the
housekeeping, B-tubulin, in whole brain lysates and region-specific lysates including
telencephalon (Tel), the optic tectum (TeO) and the cerebellum/medulla/spinal cord

(Ce) areas. (Reprinted from Tuz-Sasik et al., 2020 [36])
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Figure 3.3 (A) Smurf2 protein expression levels detected with the anti-SMURF2
(200-300 aa) antibody. (B) Smurf2 protein expression levels detected with the anti-

SMURF2 C-terminal antibody. Tub-normalized values are indicated in (A) and (B). *

indicates p<0.0167. (Reprinted from Tuz-Sasik et al., 2020 [36])

3.3 Smurf2 protein was localized mostly in cytosolic fraction

Previous research indicated that Smurf2 protein forms a complex with Smad7
and this complex degrades TGF-B receptor complex via the ubiquitin-mediated
proteosomal degradation in the cytosol or ubiquitinate the nuclear targets in the

nucleus [59], [128]. Smad7 interaction cause the activation and export of Smurf2
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from nucleus to cytosol [58], [59], [128]. In order to observe the age effect on the
subcellular localization of Smurf2 in the zebrafish brain, the subcellular fractionation
was utilized to obtain nuclear and cytosolic fractions from the whole brain and
specific brain regions; Tel, TeO, Ce. As shown in Figure 3.1, the subcellular
fractionation was confirmed with enriched LaminB1 in the nuclear fraction and
enriched B-tubulin in the cytosolic fraction. Both fractions of each sample were
loaded on the gel at least three times and blotted with anti-SMURF2, 200-300 aa, and
anti-SMURF2 C-terminal antibody in addition to anti-LaminB1 and anti-p-tubulin.
Both in young and old samples, Smurf2 protein was enriched in the cytosolic fraction
regardless of SMURF2 antibody and brain regions (Figure 3.4). Also, the molecular
weight of Smurf2 protein detected with anti-SMURF2 C-terminal antibody was
bigger than the expected weight in the cytosolic fraction. It may imply that this
antibody recognized the complex of Smurf2 in the cytosol and show bigger band in
the immunoblots. On the other hand, anti-SMURF2, 200-300 aa, is directed against a
different domain of Smurf2 protein and may detect the unbound, free Smurf2 protein
in the cytosol which had the expected molecular weight in the immunoblots. In order
to determine the exact mechanism and complex structure of Smurf2, further
experiments including co-immunoprecipitation and mass spectrometry should be

performed.
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Figure 3.4 Representative Western blots for subcellular fractions. Smurf2 protein
was enriched in the cytosolic fraction of the zebrafish brain. (Reprinted from Tuz-

Sasik et al., 2020 [36])

In the current study, the expression in subcellular fractions was analyzed
across lifespan. In the whole brain analysis, the expression of Smurf2 in the cytosolic
fraction was similar to the expression in the total lysates (Figure 3.3); Smurf2 protein
expression increased during aging but was not significant for both anti-SMURF2,
200-300 aa, and anti-SMURF2 C-terminal antibodies (t(4)=-0.470, p=0.663 and
t(4)=-0.632, p=0.562, respectively; Figure 3.5). However, the brain region-specific
analysis with anti-SMURF2 C-terminal antibody indicated that the main effect of age
and main effect of region were close to being statistically significant (F(1,24)=3.977,
p=0.058 and F(2,24)=3.356, p=0.052, respectively; Figure 3.6A) without an

interaction effect (F(2,24)=0.718, p=0.498, Figure 3.6B) on the cytosolic protein
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level of Smurf2. Also, Smurf2 protein detected with anti-SMURF2, 200-300 aa,
antibody was analyzed in the cytosolic fractions. There was a significant main effect
of region (F(2,22)=7.512, p=0.003) without a main effect of age and an interaction
effect between age and region (F(1,22)=1.714, p=0.204 and F(2,22)=0.276, p=0.761,
respectively; Figure 3.6C). The similar patterns in Smurf2 protein levels across
lifespan using total lysates and subcellular cytosolic lysates and also the enriched
amount of Smurf2 protein in cytosol rather than nuclear fraction may indicate that the
changes in the total lysates was driven by the alteration of cytosolic expression of

Smurf2.
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Figure 3.5 Smurf2 protein was enriched in the cytosolic fraction of the zebrafish
brain. (A) Smurf2 protein expression levels detected with the anti-SMURF2 (200—
300 aa) antibody. (B) Smurf2 protein expression levels detected with the anti-

SMUREF2 C-terminal antibody. Tub-normalized values are indicated in (A) and (B).
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Figure 3.6 Smurf2 protein was enriched in the cytosolic fraction of the zebrafish
brain. (A)(B) Smurf2 protein expression levels detected with the anti-SMURF2 C-
terminal antibody in the cytosolic fraction of the zebrafish brain. (C) Smurf2 protein
expression levels detected with the anti-SMURF2, 200-300 aa, antibody in the
cytosolic fraction of the zebrafish brain. Tub-normalized values are indicated in (A),

(B), and (C). (Reprinted from Tuz-Sasik et al., 2020 [36])

3.4 The expression levels of smurf2 and its interacting partners were changed in

the whole brain and brain regions across lifespan

The gene expression patterns of tp53, mdm2, ep300a, yyla, smad7, and sirtl
in addition to smurf2 were analyzed with qRT-PCR in the whole brain and the
specific brain regions (Figure 3.7). The gene expression levels of smurf2 were
upregulated in the aged whole brain (U=5.00, z=-2.082, p=0.037; Figure 3.7A). In the
whole brain analysis, the interacting partners were not changed significantly in terms
of age although there were numerical increases in mdm2 and yyla levels during aging
(U=8.00, z=-1.061, p=0.109 and U=11.00, z=-1.121, p=0.262, respectively).

Similarly, there were slight increases in the expression of ep300a and sirtl in the old
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ages (t(10)=-1.561, p=0.149 and U=10.00, z=-1.281, p=0.200, respectively). On the
other hand, tp53 and smad7 levels were remained at comparable levels during brain
aging (t(10)=-0.447, p=0.665 and t(10)=-0.138, p=0.893, respectively). Since
previous research indicated that post-translational modifications can compete with
each other or prevent further modification to regulate the stability of common targets
including tp53 and Smad7 [41], [42], [50], [60], the stable expression of tp53 and

smad7 during brain aging could be under tight control of several factors.

Similar to the comparable level of Smurf2 protein in the whole brain, the gene
expression of interacting partners was not altered significantly in the whole brain.
However, brain region-specific Smurf2 expression indicated a significant alteration in
Tel and Ce region. Thus, we hypothesized that the gene expression of interacting
partners are also changed in a brain region-specific manner. In order to test this
hypothesis, whole brain was divided into three integrative centers; Tel, TeO and Ce
and these regions were subjected to gRT-PCR analysis. Firstly, smurf2 expression
showed a main effect of age and region (F(1,18)=54.251, p<0.0005 and
F(2,18)=6.072, p=0.010, respectively) with an interaction effect (F(2,18)=34.059,
p<0.0005; Figure 3.7B). Post hoc analysis demonstrated a significant effect of age in
both Tel (p<0.0005) and Ce (p=0.013) regions and also a significant effect of region
in both young (Tel vs. TeO p<0.0005, Tel vs. Ce p=0.014 and TeO vs. Ce p=0.002)
and old (Tel vs. TeO p=0.002, Tel vs. Ce p=0.001) groups. Similar to whole brain
gene expression pattern, the brain-specific gene expression of tp53 was not changed
significantly in terms of age (F(1,18)=1.297, p=0.270) and region (F(2,18)=0.131,

p=0.878) as well as age by region interaction (F(2,18)=1.328, p=0.290; Figure 3.7C).
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On the other hand, there were a significant main effect of age
(F(1,12)=21.003, p=0.001) on mdm2 levels while a main effect of region was not
statistically significant (F(2,12)=1.166, p=0.344). Also, there was a significant
interaction effect between age and region on mdm2 expression levels
(F(2,12)=13.953, p=0.001; Figure 3.7D). According to pairwise comparisons, there
was a significant effect of age in Tel (p<0.0005) and a significant effect of region in
the young group (Tel vs. TeO p=0.003 and Tel vs. Ce p=0.007). While there was no
significant main effect of region (F(2,18)=1.072, p=0.362) on ep300a levels, there
was a significant effect of age (F(1,18)=5.419, p=0.032) with an interaction effect
between age and region (F(2,18)=6.092, p=0.010; Figure 3.7E). Post hoc analysis
indicated that a significant main effect of age was evident in the Tel (p=0.001) and a
significant effect of region was apparent in the young group (Tel vs. TeO p=0.012) on
ep300a expression levels. However, there was neither significant age effect nor
region effect on yyla (F(1,18)=0.012, p=0.914 and F(2,18)=2.035, p=0.160,
respectively) and smad7 (F(1,18)=1.235, p=0.281 and F(2,18)=2.720, p=0.093,
respectively) levels. Not surprisingly, age by region interaction was not significant on
yyla (F(2,18)=1.328, p=0.290; Figure 3.7F) and smad7 (F(2,18)=0.657, p=0.530;
Figure 3.7G) levels. Finally, sirtl level was altered significantly with respect to factor
of age (F(1,12)=12.305, p=0.004). Although there was no significant effect of region
(F(2,12)=2.323, p=0.140) on sirtl expression levels, age by region interaction was
significant (F(2,12)=9.299, p=0.004; Figure 3.7H); the interaction was evident during
aging in the Tel (p<0.0005) and also in young animals, between Tel and TeO
(p=0.003) and between Tel and Ce (p=0.015). To understand the potential

interactions between genes of interest, further analysis should be conducted.
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Figure 3.7 The relative gene expression levels of smurf2 and its interacting partners.
(A) The relative expression levels of the target genes of interest in whole zebrafish
brain during aging. The brain region-specific expression levels of (B) smurf2, (C)
tp53, (D) mdm2, (E) ep300a, (F) yyla, (G) smad7 and (H) sirtl during aging. *
indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001. (Reprinted from Tuz-
Sasik et al., 2020 [36])
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3.5 There was a potential balance between ubiquitination, acetylation, and
deacetylation regulatory genes during brain aging according to multivariate

analysis

To reveal the relationship between the genes of interest, Principal Component
Analysis (PCA) and Pearson correlation analysis was conducted. Two principal
components were extracted independent to the factor of age in the whole brain
expression dataset which was including ACt values of seven genes of interest. First
component (PC1) explained 75.3% of the variance in the dataset whereas second
component (PC2) contributed 11.2% of total variance (Figure 3.8). PC1 was driven
by seven genes of interest; their loading values were greater than 0.5 (Table 3.1).
However, PC2 was affected by only yyla and marginally by mdm2 (Table 3.1).
Moreover, the conducted correlation analysis did not indicate any correlation between
yyla and mdm2 (Figure 3.9). It was apparent also in the loading plot (Figure 3.8);
yyla and mdm2 had inverse contribution to the covariance. As seen in the loading
plot (Figure 3.8) and the correlation matrix, smad7 was not correlated with tp53 or
mdmz2 similar to no correlation between yyla and tp53/mdm2 in the whole brain. On
the other hand, the contribution of smurf2, ep300a and sirtl were very similar to the
variance and also they were highly correlated with each other. Since their proteins
regulate same target proteins such as tp53 and smad7 via different post-translational
mechanisms; ubiquitination, acetylation and deacetylation, their similar contribution
in the gene expression levels could be predictable and also may explain the
comparable levels of tp53 and smad7 during brain aging (Figure 3.7). The scatterplot

(Figure 3.8) indicate that the age had a different effect on the variance. Second
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component did not contribute the covariance in the old group; it implied that yyla and
mdm2 contribution to PC2 was driven by young group. Moreover, the correlation
analysis conducted in young group indicated that only associated genes with each
other were smurf2, ep300a and sirtl (Figure 3.10A). The other genes had inverse
contribution to variance (tp53-mdm2) did not have correlation in the young group.
Yet, in the old group, almost all genes were correlated with each other (Figure
3.10B). It might imply that the balance among PTMs controlled by Smurf2, ep300a
and Sirtl, is enough to control the stability in the adult brain; however, in the aged
adult, there is a shift in their balance and other factors have to take a role to maintain

the stability of target proteins and cellular processes in the brain.
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Figure 3.8 Loading plot and scatterplot of the first and second principal component
scores arranged by the factor of age in whole zebrafish brain. Old=red,
young=orange. The loading plot was generated by Meri¢ Kinali. (Reprinted from

Tuz-Sasik et al., 2020 [36])
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Table 3.1 Component loading scores of PC1 and PC2 in terms of whole

brain gene expression.

Component loading scores
Component | PC1 (75.3%) | PC2 (11.2%)
smurf2 0.938 -0.071
tpS3 0.786 -0.245
mdm2 0.863 -0.427
ep300a 0.977 -0.064
yyla 0.716 0.615
smad7 0.780 0.386
sirtl 0.975 -0.053
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Figure 3.9 Pearson correlation matrix of genes of interest in whole zebrafish brain.
*p<0.05, **p<0.01. The correlation matrix was generated by Meri¢ Kinali.

(Reprinted from Tuz-Sasik et al., 2020 [36] )
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Figure 3.10 Pearson correlation matrices of genes of interest in (A) young and (B)

old whole zebrafish brain. *p < 0.05, **p< 0.01.

64



In addition to whole brain data, the region-specific data was analyzed with
PCA and Pearson correlation analysis. Again, the region-specific dataset included the
ACt values of seven genes of interest. Individual PCAs were conducted for three
brain regions (Tel, TeO and Ce) independent of the factor of age. In each brain
region, two components were extracted. The percentage contribution of PC1 and PC2
to overall variance in each brain region was indicated in Table 3.2 and Figure 3.11.
PC1 of Tel, TeO and Ce were driven by all seven genes although PC2 was impacted
by diverse genes in each brain region (Figure 3.11). In Tel region, only yyla
influenced PC2. In the case of TeO region, PC2 was driven by smurf2, smad7 and
sirtl as well as yyla. On the other hand, PC2 component of Ce region was driven by
yyla and marginally by tp53 and sirtl. Furthermore, the correlation analysis
demonstrated that each brain region had different pattern (Figure 3.12). Surprisingly,
with respect to TeO region, there was a distinct correlation between yyla and mdm2
whereas in the case of whole brain, Tel and Ce regions, there was no significant
correlation between these genes (Figure 3.12). It was observed that smurf2, ep300a
and sirtl impacted variance similarly in the whole brain gene expression (Figure 3.8);
however, the loading plots of brain regions (Figure 3.11) had distinct patterns. For
instance, in the case of TeO and Ce regions, smurf2 and sirtl contributed to dataset
similarly while ep300a had similar contribution with tp53 in TeO region and with
smad7 in terms of Ce region (Figure 3.11B and C). With respect to Tel region, in
addition to smurf2 and ep300a, mdm2 had also similar impact on the variance (Figure
3.11A). Altogether, it may imply that the expression and interaction of smurf2 and its
partners have different patterns in age- and brain region-specific manner in order to

balance PTMs including ubiquitination, acetylation, and deacetylation.
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Table 3.2 Component loading scores of PC1 and PC2 in terms of brain

regions; Tel, TeO and Ce.

Component loading scores
Region Tel TeO Ce
PC1 PC2 PC1 PC2 PC1 PC2
(79.5%) | (11.2%) | (58.9%) | (30.6%) | (78.8%) | (16.1%)
smurf2 0.941 | -0.327 0.7 -0.692 | 0.863 | -0.378
tp53 0.937 0.315 0.901 | -0.123 | 0.903 0.428
mdm2 0.973 | -0.185 0.92 0.322 0.957 | -0.253
ep300a 0913 | -0.268 | 0.894 | -0.113 | 0.941 0.041
yyla 0.679 0.653 0.755 0.599 0.639 0.733
smad7 0.797 0.164 0.501 0.78 0.982 0.066
sirtl 0.961 | -0.142 | 0.592 -0.75 0.886 -0.44

Component
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Figure 3.11 Loading plots the scatterplots of the first and second principal
component scores arranged by the factor of age in specific zebrafish brain regions;
(A) Tel, (B) TeO, (C) Ce. Old=red, young=orange. The loading plots were generated

by Meri¢ Kinali. (Reprinted from Tuz-Sasik et al., 2020 [36])
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Figure 3.12 Correlation matrices of target genes of interest in zebrafish (A) Tel, (B)
TeO and (C) Ce. Significance of correlation coefficients (2-tailed): *p < 0.05, **p<
0.01. The correlation matrices were generated by Meri¢ Kinali. (Reprinted from Tuz-

Sasik et al., 2020 [36])

3.6 Discussion and Conclusions

This part of the current study focused on the Smurf2 expression levels across
lifespan and its relationship with interacting partners during aging. Previous research
has shown that smurf2 gene expression levels increased in the aged brain and HSCs
[35], [39]. In the present study, firstly Smurf2 protein expression was analyzed with
two commercially available antibodies in order to demonstrate whether the protein
levels have similar pattern with mRNA levels during aging. Although the Smurf2
level was not increased significantly in the whole zebrafish brain, in the case of
specific brain regions, Smurf2 protein levels increased significantly in Tel and Ce.
Moreover, subcellular protein fractionation indicated enriched Smurf2 levels in the
cytosol. Secondly, the interacting partners and substrates of Smurf2 were analyzed in
terms of gene expression levels. With respect to whole brain, only smurf2 levels
increased significantly in aged brain while tp53 and smad7 were stable during aging.
However, region-specific analysis indicated that the expression levels of smurf2 and
other genes of interest were changed in a region-specific manner during aging. In
addition, multivariate analysis with PCA and correlation demonstrated that smurf2,
ep300a and sirtl influence the data similarly in the whole brain. The correlation of 7
genes of interest were diverse in the young and old brain; in terms of young brain,

only smurf2, ep300a and sirtl were highly correlated while almost all genes had
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correlation with each other in the aged brain. This might imply that there is a balance
between the regulatory genes controlling ubiquitination, acetylation and deacetylation
but with advancing age, this balance may disrupt and other regulatory genes should

also take a role to sustain cellular stability.

In order to detect the protein band of Smurf2 in zebrafish tissues, we had two
commercially available antibodies, anti-SMURF2, 200-300 aa, and anti-SMURF2 C-
terminal. These two antibodies have not been validated in the zebrafish tissues so
they were validated at the beginning of the current study. Anti-SMURF2, 200-300 aa,
yielded expected 86 kDa band in both cell lines and zebrafish embryos and brain.
However, interestingly anti-SMURF2 C-terminal antibody recognized a band whose
molecular weight was heavier than the expected 86 kDa in the zebrafish embryos
(app. 100 kDa) and brain (app. 250 kDa). Since there was a gradual increase between
the embryos and adult brain, we asked about the potential regulatory mechanisms of
Smurf2 across lifespan. There were a brain-specific PTMs or a complex formation on
this protein. Other possibility was the one antibody was not enough to detect the
protein because of the PTMs of it. For example, as observed in the study of Li et al.
[42], acetylation of lysine residues on tp53 protein prevented the recognition of tp53
protein with PAb421, C-terminal antibody because the recognition sites of antibody
was occupied by acetyl residues. Smurf2 protein also was controlled by PTMs, it
would be reasonable to observe different bands with two antibodies. For example,
Smurf2 were methylated at arginine residues (R234 and R239 of human SMURF2)
by protein arginine methyltransferase 1 (PRMT1) [129] and these methylation sites

would be overlapped with anti-SMURF2, 200-300 aa, antibody. Thus, it would be
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possible that anti-SMURF2, 200-300 aa, recognizes unmethylated Smurf2 while anti-
SMURF2 C-terminal, whose recognition sites were independent from methylation
sites, may recognize the methylated version of Smurf2. Moreover, Smurf2 protein
levels and activity is regulated by other modifications such as sumoylation and
autoubiquitination [128], [130]. On the other hand, the complex formation of the
Smurf2 protein with Smad7 [128] would be the cause of the higher molecular weight
yielded with anti-SMURF2 C-terminal antibody. Surprisingly, neither anti-SMURF2,
200-300 aa nor anti-SMURF2 C-terminal antibody were cross detecting the other
band, 250 kDa or 86 kDa, respectively. There might be more complex interaction
what we thought and thus mutagenesis experiments could be performed to mutate the
potential PTM sites altering the binding of antibodies to Smurf2 protein and thus
underlying reason behind the different band sizes in different antibodies might be
unveiled by using Western blotting and co-immunoprecipitation. Furthermore, in
order to understand the exact mechanism on Smurf2 protein across lifespan,
immunoprecipitation or mass spectrometric analysis should be further conducted in

the brain tissue.

In the case of whole brain, Smurf2 protein levels did not alter significantly
during aging. However, microdissected brain regions, Tel, TeO and Ce, indicated a
region-specific increase in the aged brain in terms of Smurf2 protein levels. These
upregulation was robust in Tel region detected with both antibodies. Previous
research has shown that Smurf2 has a role in cellular senescence [31] and its
expression levels increased during aging [35], [39]. Moreover, a recent study

demonstrated that SA-B-gal levels, an important senescence marker, in Tel region of
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aged zebrafish upregulated as compared to young [79]. The accumulation of Smurf2
protein in Tel region during aging might be a protective mechanism against the
senescence or be a consequence of the senescence. Furthermore, since Smurf2 has a
role in stem cell exhaustion and aging in HSCs [35], it may also be a critical in stem
cell niches of zebrafish brain which are located in entire brain compared to restricted
regions in mammalian brain [76], [77] and thus Smurf2 protein was upregulated in
aged brain. Moreover, the homologues structure of hippocampus and amygdala were
found in the zebrafish Tel and this region has diverse roles in the sensory, motor and
cognitive functions including learning and memory [70]. Thus, zebrafish Tel is a
vulnerable region in terms of cognitive functions. It might also imply that age-
dependent alteration of Smurf2 in the case of Tel region might indicate its role during
aging and in age-related cognitive declines. To understand the role of Tel and Smurf2
gene and protein levels better in this region during aging, only Tel can be separated
from whole brain and analyzed and compared with remaining of the brain in terms of
gene and protein expression. Also, immunochemistry may help to localize Smurf2
protein in specific brain regions and colocalize it with neuronal and glial markers to
assign the global or cell-specific expression of Smurf2. On the other hand, the
cytosolic fraction was enriched in terms of Smurf2 protein. Although its expression
pattern was similar to whole lysate’s pattern, the effect of age and region was
marginally significant. The reason behind this discrepancy could be undetectable
protein level of Smurf2 in the nuclear fraction. The loading amount of proteins could
be increased to overcome this under detection of Smurf2 protein in nuclear fraction.
Moreover, the commercial kits may be utilized to increase the efficiency of

fractionation especially in small tissues like Tel. Also, it is critical to show this
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cytosolic enrichment in tissues by utilizing immunochemical staining on brain
sections. Unfortunately, up to now the antibodies used in the current study did not
work in immunohistochemical sections of zebrafish brain; however, further
development of new antibodies could lead to detailed anatomical analysis of Smurf2

in the aged brain.

In order to relate the upregulation of Smurf2 with its interacting partners, the
gene expression of six interacting partners as well as smurf2 was analyzed in the
current study. Smurf2 level was higher in the aged brain as compared to young brain
in the case of whole brain. However, its gene expression decreased in terms of Tel
and Ce regions in aged brain. The accumulation of Smurf2 protein in Tel region
during aging could cause the downregulation in gene expression. Since Smurf2
protein accumulated in Tel and may interfere with cognitive functions or lead to stem
cell exhaustion at that region, there might be a feedback mechanism to decrease the
protein accumulation. In order to understand the antagonistic expression of Smurf2
in Tel, it should be further investigated and in situ hybridization and

immunohistochemistry experiments can be conducted on brain sections.

Furthermore, other genes of interest did not change significantly in the whole
brain during aging. Even, the levels of tp53 and smad7 were almost stable during
aging in the case of whole brain. Moreover, the expression of mdm2, ep300a and
sirtl as well as smurf2 was altered in a region-specific manner although tp53 and
smad7 levels were not changed significantly with respect to age and brain region.
Then, multivariate analysis was conducted to understand the relations among the

genes of interest. The expression levels of smurf2, ep300a and sirtl in the whole
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brain had similar contributions to the variance and their expressions were highly
correlated with each other. Since their proteins are regulating the diverse PTMs,
ubiquitination, acetylation and deacetylation, on same targets [41], [42], [60], their
similar contribution in terms of gene expression might also be conceivable. The
crosstalk and competition among diverse PTMs could be likely contributed to cellular
aging in the brain. Moreover, brain region-specific analysis indicated diverse
contributions by genes of interest in each brain region. Most noticeable difference
was yyla contribution and correlation in TeO. For example, yyla had different
influence in terms of whole brain and it was not correlated with mdm2 neither in the
whole brain nor brain regions, Tel and Ce. However, there was a correlation between
yyla and mdm2 in the case of TeO. Both MDM2 and YY1 proteins are the negative
regulators of tp53 [45], [47] and they have physical interaction [45], [131], thus there
might be a potential competition or compensation mechanism between them during
aging. The stability and activity of tp53 is under tight control of PTMs including
ubiquitination by MDM2, inhibition by YY1, acetylation by ep300, indirect control
by MDM2 and YY1 ubiquitination via SMURF2 [44]-[48]. According to our results
and previous findings, it might be implied that there is region-specific needs for
diverse PTMs during aging. Although the current study demonstrated potential
relations among the genes of interest, their protein levels and protein-protein

interactions in the brain will be further studied to unravel their roles in terms of brain

aging.

As a conclusion, this part of thesis work demonstrated the levels of Smurf2

and its interacting partners with respect to age and brain regions. In order to
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understand the role of Smuf2 in brain aging in detail, the upregulation or
downregulation of Smurf2 in the zebrafish model organism should be analyzed.
Therefore, some genetic and non-genetic interventions will be analyzed in the next

sections.
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CHAPTER 4

THE STABLE AND TRANSIENT GENETIC INTERVENTIONS CHANGED

THE SMURF2 LEVELS IN THE ADULT ZEBRAFISH BRAIN

4.1 The heat-inducible Tol2 transposase system was utilized to obtain an

inducible Smurf2 overexpression model

4.1.1 The prepared destination vector and Tol2 transposase mMRNA were co-

injected into one-cell stage embryos which grew in the adulthood

To obtain heat-inducible Smurf2 over-expression line, Tol2 transposase
system was utilized. The primers were designed for the cloning of Smurf2 coding
sequence into pDONR221 donor vector via recombination reaction. The alignment of
plasmids with expected plasmid sequence and with NM_001114426.1 (Danio rerio
SMAD specific E3 ubiquitin protein ligase 2 (smurf2), mRNA) identified with
sequencing. After LR reaction, the destination vector was 11 kb length and thus, it
was not easy to be sequenced the plasmid. With the help of online tools, | determined
the expected sequence and restriction cut sites in it. Several restriction digestion
experiments were performed to show the presence of hsp70l sequence, smurf2 CDS
and EGFP sequence. Also, the integrity of in vitro transcribed capped Tol2
transposase mMRNA from pCS2FA-transposase was examined by agarose gel
electrophoresis (Figure 4.1). Finally, 25 pg DNA (pDest+Smurf2 plasmid) and 25 pg
Tol2 transposase MRNA were injected to one-cell stage embryos by microinjection.

The survival rates of Tol2-injected and uninjected groups were followed for 3 days
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and let them grow as founder fish named as Tg(hsp70l:smurf2_EGFP) with the date

of birth, 15.02.17.

Figure 4.1 Agarose gel to confirm transposase mRNA integrity. Lane 1: DNA

marker, Lane 2, 3: in vitro transcribed transposase mRNA.

4.1.2 Heat-shock application and PCR experiments was used to confirm the

founder animals and their F1 generation

The embryos were raised to sexual maturity and then they were bred with WT
animals to identify the founder fish. The F1 embryos from potential FO founders were
induced by heat-shock because of the hsp70l promoter and thus Smurf2 protein
should be tagged with EGFP. After the breeding of potential founders with wt
animals, at 24 hpf, the F1 embryos were divided randomly into two groups; heat-
shock treated (hs) and no heat-shock treated (no hs). The embryos in hs group were
treated with heat-shock at 37°C for 1 hour to induce the Smurf2-EGFP expression
and replaced back to a 28°C incubator whereas no hs group kept at 28°C during this

time. After 4 hour, the embryos checked for EGFP signal under the fluorescence
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microscope and their survival rates were recorded. At 48 hpf, the heat-shock
treatment was repeated to hs group to increase the amount of inducible protein at
37°C for 1 hour and the animals were put back into a 28°C incubator while embryos
in no hs group was kept at 28°C. The last heat-shock applied at 72 hpf and EGFP
signal was imaged under the fluorescence microscope. The dsRed fluorescence signal
used to check autofluorescence. Two potential FO founder fish was identified (Figure

4.2). In addition, the WT animals used as control and they divided into hs and no hs

group.

Heat shock treatment No heat shock Heat shock treatment No heatshock No heat shock

dsRed GF Tol2-1M embryos dsRed G Tol2-6F embryos dsRed GFF Wild-type embryos

Figure 4.2 Fluorescence microscope images of Tg(hsp70l:smurf2_EGFP) F1 (Tol2-

1M, Tol2-6F) and WT embryos.

In order to confirm the transposition and integration of the genes of interest
into zebrafish genome, the gene amplification was performed with conventional PCR
and with 3 primer pairs; EGFP and SmuGFP and Smurf2. | tried to optimize these
primers with WT DNA samples and the construct which was injected to embryos to
create Tol2 transgenesis. Smurf2 primers worked with both DNA samples from WT
and embryos of potential founders (Figure 4.3). It was expected that EGFP primers

work with the Tol2 construct while not with WT DNA samples (Figure 4.4).
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However, PCR product of EGFP in neither Tol2 embryos nor WT embryos were
detected whereas a housekeeping gene, B-Actin, primers amplify DNA in all samples

(Figure 4.5).

Figure 4.3 PCR products of Smurf2 primers.

Linearized construct Wild-type

Figure 4.4 Gradient PCR products of EGFP primers. 61°C was chosen for the next

PCR experiments with this primer pair.
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Figure 4.5 PCR products of B-Actin and EGFP primers.

At the same time, the potential founders named as Tol2-6F and Tol2-1M
according to fluorescence signals of their progenitors, were bred with WT animals
again and their embryos were collected (DOB: 28.12.17) and they were grown as F1
generation. After, they became mature and they were bred them with WT animals and
check EGFP signal on their embryos after heat-shock treatment because F1
generation has more stable transgenesis and their embryos (F2) should have more

stable EGFP signal after heat-shock treatment.

Moreover, | applied heat-shock at 5 dpf (120 hpf) for 1 hour, and then
embryos were euthanized after 2 hours. RNA samples were extracted from pooled
embryos. According to gRT-PCR results, smurf2 gene expression levels were altered
with a main effect of genotype (2 factors, WT and Tg(hsp70l:smurf2_EGFP) (Tol2)
F1; F(1,28)=5.621, p=0.025; Figure 4.6). However, there were no main effect of heat-
shock and no interaction effect (F(1,28)=0.843, p=0.366 and F(1,28)=0.366, p=0.550,

80



respectively). The genotype effect was robust between heat-shock treated WT and
heat-shock treated Tol2 embryos (p=0.042). Since hsp70l promoter was a leaky
promoter [132], we also observe increased gene expression of smurf2 in no heat-
shock treated Tol2 embryos as compared to no heat-shock WT but this was not

statistically significant (p=0.229).
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Figure 4.6 Gene expression levels of smurf2 was increased with Tol2 genotype in

heat-shock treated group as compared to WT heat-shock treated embryos. *: p<0.05.
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4.1.3 Discussion and Conclusions

The main aim of this part was to obtain an inducible Smurf2 transgenic
animal by utilizing Tol2 transposase system. The inducible system gives us to
overexpress the gene of interest at the desirable time across lifespan rather than the
overexpression throughout the life. Also, the overexpression is a powerful method to
see the function and potency of the gene of interest. After we obtain a stable
generation, we may induce the overexpression of Smurf2 in the adulthood by heat-
shock, especially in the young ages in order to accelerate the aging process and
compare them with their age-matched counterparts and older animals. For these
purposes, we generated the desired vectors and injected them to one-cell stage
embryos which were defined as FO generation. After they became sexually mature,
they were crossed with WT animals to obtain F1 generation which were exposed to
heat-shock for three consecutive days in order to induce the expression of Smurf2,
and EGFP. Few animals were defined as founders according to EGFP signal in their
offspring; however, the gene amplification did not confirm the integrated copies of
EGFP in their genome. As an alternative way, heat-shock was applied at 5 dpf for 1
hour and the mRNA expression levels of Smurf2 indicated an upregulation in the F1
embryos of Tg(hsp70l:smurf2_EGFP) with heat-shock. However, because of the time
limitations, the desired stable generation could not be obtained and thus the potential
accelerated aging model could not be tested during this thesis work. The further
crossing and testing of the generations should be completed in order to obtain a stable

transgenic line.
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Generally, FO generation has mosaic expression [82] thus, it was not expected
to observe ubiquitous expression of EGFP in adult FO animals. However, the
important point is the germ-line transmission of Tol2 insertion to create a stable line.
Germ cells of the injected fish also are mosaic, and, by crossing founder FO fish with
WT fish, non-transgenic fish and heterozygous transgenic fish can be obtained [82].
Unfortunately, the frequency of germline transmission of the injected DNA is very
low i.e. about 5% of the injected fish can produce transgenic offspring [82]. More FO
generation should be bred and so more offspring could be investigated after heat
shock. Furthermore, in the current study the heat shock were started at 24 hpf and
repeated for three consecutive days or applied at 5 dpf for once. In LaBonty and
colleagues’ article [133], they started to heat-shock treatment at 5 hpf. This approach
could be considered to induce the earlier expression and more robust fluorescence

signal.

The inducible system gives the opportunity to overexpress the gene of interest
at the desirable time rather than the overexpression throughout the life. After we
obtain a stable generation, we may induce the overexpression of Smurf2 in the
adulthood by heat-shock, especially in the young ages in order to accelerate the aging
process and compare them with their age-matched counterparts and older animals.
For example, if the overexpression of Smurf2 leads to an accelerated brain aging
phenotype, it is expected to see an increased senescent phenotype which can be
measured with increased level of SA-B-gal and p16 gene expression in the brain [28],
[79], [80]. Moreover, the proliferation rate could be affected and so the levels of

global proliferation marker, proliferating cell nuclear antigen (PCNA), and an
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astrocyte and astrogliosis marker, glial fibrillary acidic protein (GFAP), could be
changed because of the early-onset of aging phenotype [78], [134]-[138]. Similarly,
neuronal marker, embryonic lethal, abnormal vision (ELAV; Drosophila) like 3
(HuC), could be downregulated because its protein level decreases during aging [78],
[139]. After the heat-shock treatment is applied to young transgenic animals, the
brain tissues can be sectioned and immunohistochemical staining can be conducted to
colocalize Smurf2 protein, which is tagged with EGFP, with neuronal proteins,
proliferation markers and SA-B-gal signal. Since the three different Smurf2
antibodies could not work in the immunosections during the current study, EGFP tag
might be a better way to label Smurf2 protein and so colocalize Smurf2 with other

proteins.

As shown in Chapter 3, smurf2 gene expression level decreases during aging
in a region-specific manner, especially in Tel and Ce,[36] but these could be the
consequences of the protein accumulation in these specific regions which has been
also shown in Chapter 3 [36]. Similar to these results, overexpression of Smurf2 in
the young ages may mimic the older Smurf2 protein level and cause to decrease in
the gene expression level due to the accumulation of Smurf2 protein. Furthermore, it
has been known that Smurf2 can play a critical role in inflammation by controlling
the degradation of tumor necrosis factor receptor 2 (TNF-R2) and so promoting the
activation of c-Jun N-terminal Kinase (JNK) [30], [140]. Also, increased activation of
nuclear factor kB (NF-xB), which is highly correlated with chronic inflammation
during normal aging, induces the upregulation of smurf2 gene expression in aged

mesenchymal stem cells and enhances the ubiquitin-mediated degradation of f-
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catenin similar to TNF-induced Smurf2 expression does in mesenchymal stem cells
[141], [142]. Since the roles of Smurf2 in inflammation and potentially in
inflammaging, the overexpression model can be utilized to understand the
inflammatory/anti-inflammatory effects of Smurf2 in the brain. Although our
treatment is heat-inducible, it should be overexpressed in the all somatic and germ
cells after heat-shock treatment. Thus, our treatment can lead to systemic alterations

and should be investigated to understand the aging profile among multiple organs.

To conclude, because of the limitations including time and inducible systems,
the desired stable transgenic line and potential inducible accelerated aging model
could not be generated and tested for the neuronal impacts of Smurf2 overexpression.
The phenotyping and genotyping could be done with more FO animals. If it is
necessary, new injections can be performed easily with the same vectors which have
already generated and found in the laboratory. Moreover, since we have complete
Tol2kit, the new constructs could be generated for the different inducible systems or

ubiquitous expression throughout the life.

4.2 The gene knockout of Smurf2 across lifespan were obtained by utilizing

CRISPR-Cas9 system

To achieve a knockout model of Smurf2, the CRISPR-Cas9 system was
employed. Firstly, three different gRNAs which target different domains of Smurf2
were designed with the help of Marion Gradl and Vanessa Gerber in Karlsruhe

Institute of Technology. The gRNA targeting exon10 of Smurf2 corresponding WW
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domains, was cloned and transcribed with T7 polymerase. pT3TS-nCas9n plasmid
was used to transcribe capped cas9 mRNA with T3 polymerase. The alignment of
expected plasmid sequence of pDR274+guide3 with prepared plasmid compared with
sequencing. Finally, gRNA and cas9 mRNA were injected to one-cell stage embryos
by microinjection. The survival rates of co-injected, only cas9 injected and uninjected
groups were followed for 4 days. The injected embryos were named as

Tg(smurf2_el10) with the date of birth, 20.01.17.

4.2.1 Several PCR-based methods were employed for genotyping the founder

fish and F1 generation embryos

After they reached the sexual maturity, adults in FO generation were bred with
WT zebrafish to identify the founders. The DNA was extracted from collected
embryos and was subjected to PCR reactions. Hua et al. [122] established a simple
and efficient method to screen CRISPR-Cas9 induced mutants called as ACT-PCR.
In the current study, the temperature of 64.8°C was chosen as the critical annealing
temperature for genotyping pair #1. This method should be confirmed with FO

generation and F1 embryos.

Figure 4.7 Gradient PCR for genotyping pair #1 to utilize in ACT-PCR.
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Four pairs of potential founders (FO) were inbred and then their embryos were
collected to check their phenotypes. After breeding, these 8 adult fish were
euthanized and DNA samples were extracted from their tails and gonads for
genotyping. To genotype FO animals, PCR products were used in T7E1 assay to
detect the mismatch [123] and in Restriction Fragment Length Polymorphism (RFLP)
method [124] to check any mutation in the expected DSB site. After T7E1 assay, the
samples were run on the agarose gel (Figure 4.8). It was expected that if guide RNA
injection caused to mutation, T7E1 enzyme recognize the mismatch and produced
cleaved fragments which is detectable in the gel. However, the results were not
reliable because both control cas9 injected and gRNA injected male gonads have
cleaved products while female gonads have only uncleaved PCR products. This
method should be optimized with control cas9 injected embryos/tissues or naive

emrbyos/tissues and then applied to Tg(smurf2_e10) FO adults or F1 embryos.

A T7E1 products

C9-1M Testis
CC-1M Testis
C9-1F Eggs
CC-1F Eggs

1000 bp
900 bp

Figure 4.8 Representative image of T7E1 assay. C9: only cas9 injected FO, CC:

gRNA and cas9 injected FO.
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Lastly, RFLP method was performed with a Smal restriction enzyme. Since
there is a Smal restriction site at the expected mutation site, this restriction site allows
genotyping by RFLP. In WT fish, Smal restriction enzyme cut PCR product at one
site leading 399 bp and 544 bp fragments. However, if there is a mutation at that site,
the restriction enzyme may not cut PCR product. | applied RFLP to PCR product of
tail and gonads of adults and ran the restriction products on the gel (Figure 4.9).
Unfortunately, all PCR products were cut by Smal enzyme; all Tg(smurf2_el0) FO
adult tissues were same at the restriction site in smurf2 gene. The experimental

conditions should be optimized more to identify the knockout animals.

RFLP with Smal RFLP with Smal

C9-1M Testis
C9-1M Tail
CC-1M Testis
CC-1M Tail
C9-1F Eggs
C9-1F Tail
CC-1F Eggs
CC-1F Tail
CC-2F Eggs
CC-2F Tail
CC-2M Testis
CC-2M Tail
CC-3F Eggs
CC-3F Tail
CC-3M Testis
CC-3M Tail
CC-4F Eggs
CC-4F Tail
CC-4M Testis
CC-4M Tail

L
{H
il

Figure 4.9 Representative RFLP results. C9: only cas9 injected FO, CC: gRNA and

cas9 injected FO.
4.2.2 Discussion and Conclusions

In order to achieve a knockout model of Smurf2 across lifespan, the CRISPR-
Cas9 system was utilized. After generation of gRNAs and cas9 mRNA, they were co-
injected into one-cell stage embryos and were grown to maturity. The FO adult tissues
and F1 embryos were used in the several PCR-based genotyping methods.

Unfortunately, they were not optimized in the time of thesis work. They will be
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optimized and if it is needed, new injections will be performed with already prepared
gRNA and cas9 mRNA. Also, rather than the in vitro transcribed cas9 mRNA, Cas9
protein can be co-injected with gRNAs to increase the efficiency [143]. Moreover,
the solutions can be injected to cell rather than the yolk of one-cell stage embryos to
increase the efficiency [144], [145]. Besides, gRT-PCR method will be performed
with genotyping primers that were designed for ACT-PCR to screen mutants because
if there is a mutation at the reverse primer target site, the threshold cycle value may
be higher than the normal threshold cycle values because the primer pairs cannot
amplify the mutated DNA samples. After optimize a genotyping procedure, the

generation of Smurf2 knockout will be a beneficial model to study brain aging.

4.3 Vivo Morpholino

In the current work, the last genetic intervention to alter Smurf2 expression
was Vivo-morpholino treatment. To deliver Vivo-morpholino solutions to zebrafish
brain, cerebroventricular microinjection (CVMI) technique [90] was utilized. The
effect of Vivo-morpholino technology is transient that is time- and dose-dependent
[90]. The purpose was the knockdown of Smurf2 expression during adulthood for a
short time at most 5-7 days rather than a lifelong knockout model. For this purpose,
two different Vivo-morpholinos were designed and applied to adult brain; exon-
skipping which targets to exonl15-intronl5 junction of smurf2 gene and translational

blocking.
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4.3.1 Exon-skipping Vivo-morpholino decreased the protein intensity in a non-

significant manner

Firstly, exon-skipping Vivo-morpholino was applied and it was expected that
the morpholino injection on the adult brain cause a deletion of exon 15 during
splicing and so a truncated protein. Also, exon 15 and consecutive exons translates
HECT domain of Smurf2. This domain is the catalytic domain for E3 ubiquitin ligase
activity. So, the truncated protein was expected to be a non-functional and affect the
roles of Smurf2 on brain aging. Since anti-SMURF2 antibody (anti-SMURF2 C-
terminal; ab211746) recognizes Smurf2 protein between 507-765 aminoacid residues,
after the deletion of exon 15 this antibody could not bind to protein. Thus, the
intensity of the band should be less than untreated groups according to the

knockdown efficiency.

After zebrafish were CVMI-injected, they were incubated in a tank which was
oxygenated and was kept at 28° C until euthanization. For each time point, at least 3
animals were euthanized and their protein were extracted and applied to Western blot
analysis. Anti-SMURF2 C-terminal and B-tubulin antibody were used in Western blot
(Figure 4.10). Each sample was loaded on the gel at least TWO times. The protein
level of Smurf2 was not altered significantly with time post injection (F(7,24)=1.108,
p=0.405; Figure 4.11). However, according to relative protein expression levels of
Smurf2 after Vivo-morpholino injection, at 1 days post injection (dpi), there was
about 41% decrease in terms of Smurf2 protein expression level. This time point
could be utilized for further analysis to determine neuronal alterations as a response

to possible non-functional truncated Smurf2 protein.
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100 kDa

Figure 4.10 Representative Western image for Anti-SMURF2 C-terminal (~200 kDa)

and B-tubulin (55 kDa) antibodies after exon-skipping Vivo-morpholino injection.
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Figure 4.11 Protein expression level of Smurf2 was not altered with respect to post

injection time. Tub-normalized values are indicated.
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4.3.2 Translational Vivo-morpholino also decreased the protein levels of Smurf2
but the level of downregulation did not reach statistically significant level with

observed timepoints

As an alternative, translational blocking Vivo-morpholino of Smurf2 was
injected to adult zebrafish brain via CVMI. Since translational blocking MOs bind
complementary mRNA sequences near the translational start site to hinder ribosome
assembly and thus inhibit the translation of protein [86], it was expected to decrease
in Smurf2 protein level. In this experiment, 5 time points including uninjected (0 hpi),
12 hpi, 1, 3, 5 dpi for both Smurf2_tr Vivo-morpholino and standard control Vivo-
morpholino, a negative control MO that targets a human beta-globin intron mutation,
were investigated. After injection of Vivo-morpholinos, zebrafish kept in a tank
which was oxygenated and was kept at 28° C until desired time points. Proteins were
loaded on the gel as 3 cohorts and at least 3 times (Figure 4.12). Surprisingly, in
standard control Vivo-morpholino injected protein lysates had numerically less
amount of Smurf2 than translational Vivo-morpholino injected ones’ (Figure 4.13)
but there was no significant main effect of treatment (F(1,20)=0.333, p=0.571) or
time point (F(4,20)=1.651, p=0.201). The decrease in standard control injected
animals can be caused by the stress or off-target effects. Also, in this experiment
uninjected group was just anesthetized and then recover in fresh fish water; any

incision or injection was not applied to them.
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Figure 4.12 Representative Western image after translational blocking Vivo-

morpholino injection.
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Figure 4.13 Protein expression level of Smurf2 was not altered with respect to

treatment and post injection time. Tub-normalized values are indicated.
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To eliminate the confounding stress effect induced by incision to skull which
was necessary for injecting the morpholino solution to cerebroventricular region,
uninjected group (0 hpi) was anesthesized and only incision was applied to their
skull. Then, the animals were recovered in the fresh water and then added the
analysis. The cohorts were run on the gel as duplicate. The main effect of treatment
and main effect of timepoint were not statistically significant (F(1,20)=0.005,
p=0.942 and F(4,20)=0.442, p=0.777, respectively; Figure 4.14) and also there was
no interaction effect between treatment and timepoint (F(4,20)=0.363, p=0.832).
Since Smurf2 protein expression level decreased at 1 dpi while restored at 3 dpi,
timepoint of 2 dpi could be used to investigate the consequences of Smurf2

downregulation with translational blocking Vivo-morpholino.
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Figure 4.14 Protein expression level of Smurf2 was not altered with respect to
treatment and post injection time when uninjected animals were also incised with

syringe under anesthesization. Tub-normalized values are indicated.

4.3.3 Discussion and Conclusions

Vivo-morpholinos are designed to knockdown a gene of interest in vivo such
as adult zebrafish. Generally, Vivo-morpholino is delivered systemically by
intravenous or intraperitoneal injections. Also, Kizil and Brand established CVMI
method to deliver Vivo-morpholino into the adult zebrafish brain [90]. CVMI of
Vivo-morpholinos blocks protein production efficiently approximately up to a week
and lead to functional consequences [90], [91]. In the current study, two Vivo-

morpholinos were employed and injected to adult brain.
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Firstly, exon-skipping Vivo-morpholino which targets to exonl5-intronl5
junction was investigated. This Vivo-morpholino injection may cause a deletion of
exonl5 during splicing and so producing a truncated protein. Since one of SMURF2
antibodies, anti-SMURF2 C-terminal recognizes Smurf2 protein between 507-765
aminoacid residues that are expressed from exonl15-exonl9, after Vivo-morpholino
treatment, this antibody could not bind to truncated protein. However, the protein
level of Smurf2 was not altered significantly with time post injection. On the other
hand, after Vivo-morpholino injection, at 1 dpi, there was about 41% decrease in
terms of Smurf2 protein expression level. This time point could be utilized for further
analysis and also a control injection including standard control Vivo-morpholino or
mismatch control Vivo-morpholino could be beneficial to compare the levels of

knockdown.

Moreover, a translational blocking Vivo-morpholino was investigated in
terms of Smurf2 protein level. Translational blocking morpholinos bind to
complementary mRNA sequences near the translational start site and so hinder
ribosome assembly following inhibition of the translation [56]. Thus, it was expected
to decrease in Smurf2 protein level but the treatment including Smurf2_tr Vivo-
morpholino and standard control Vivo-morpholino, and the post injection timepoints
did not altered Smurf2 level significantly. Besides, Smurf2 protein expression level
decreased numerically at 1 dpi while restored at 3 dpi, timepoint of 1 dpi and/or 2 dpi
could be further investigated to demonstrate the impacts of Smurf2 downregulation in

the case of adult brain.
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To conclude, Vivo-morpholino gives an opportunity to knockdown the gene
of interest at any time during lifespan however, its effect was transient. Moreover, the
knockdown level of each gene is different because its level is dependent on the
expression level of endogenous proteins and on the efficiency of the morpholino [91].
Thus, each Vivo-morpholino solution was demonstrated with the factor of post
injection timepoints to determine the 50% efficiency in the current study. The future
investigations should be performed in terms of Smurf2 protein levels during post
injection times with immunostaining as well as Western blotting before performing
further experiments to observe neuronal impacts of Smurf2 knockdown with Vivo-
morpholino. Moreover, as mentioned in the next chapter, non-genetic drug treatment
could be utilized to demonstrate the inhibition of Smurf2 activity and its

consequences.
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CHAPTER 5

THE NON-GENETIC INTERVENTIONS INCLUDING DIET AND
INHIBITOR TREATMENT ALTERED THE EXPRESSION OF

INTERACTING PARTNERS OF SMURF2 AND NEURONAL MARKERS

5.1 Dietary interventions, overfeeding and caloric restriction, altered the body
parameters and neuronal markers while they did not affect the expression of

Smurf2 and its interacting partners in the brain

5.1.1 The dietary regimens changed the primary and secondary body

parameters

At the end of 12 week dietary interventions, the primary body parameters,
body weight and length, of each fish were measured and recorded. Then, the
secondary parameters, BMI and Fulton K factor, were calculated. In terms of body
weight (Figure 5.1), there was a main effect of age (°(1)=10.952, p=0.001) and diet
(x*(2)=44.850, p<0.0005). Pairwise comparisons indicated that the main effect of age
was evident in AL (p=0.012) and CR (p=0.019) fish. Moreover, the body weight was
significantly different between OF and CR fed fish in both young and old ages
(p<0.0005 and p=0.0004, respectively) and between AL and CR in both young and
old fish (p=0.0006 and p=0.001, respectively). It was obvious that CR regimen leads
to weight loss in both young and old fish while fish fed with OF diet gain weight
which was not significant in both ages. Since zebrafish continue to grow even in
advanced age [146], [147], previous research indicated that aged animals had higher

in weight and length [79], [92]. Thus, the body length was analyzed in the current
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study; both the main effect of age and diet were significant (F(1,80)=50.626,
p<0.0005 and F(2,80)=40.305, p<0.0005, respectively) with an interaction effect
(F(2,80)=5.588, p=0.005, Figure 5.2). The main effect of diet was significant between
AL and CR-fed fish (p<0.0005) and between OF and CR fish (p<0.0005). According
to pairwise comparisons, the age effect was evident in AL and CR groups (p<0.0005
and p<0.0005, respectively) but not in terms of OF (p=0.176). The effect of diet was
evident in young (AL vs. OF, p=0.005; AL vs. CR, p<0.0005; OF vs. CR, p<0.0005)
and old (AL vs. CR, p<0.0005; OF vs. CR, p=0.001) in the case of body length. The
current study revealed that body weight and length increase during aging because
zebrafish have continuous growth. It might imply that the dietary regimens have an

impact on the body weight and length.
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Figure 5.1 Body weight was altered with respect to aging and dietary regimens.

Corrected p-values, *: p<0.025, **: p<0.005, ***: p<0.0005.
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Figure 5.2 Body length of zebrafish was altered in terms of age and diet. *: p<0.05,

*%: p<0.01, ***: p<0.001.

The secondary body parameters including BMI and Fulton K factor were
calculated since body weight and length were changed with respect to age and diet
and only weight is not enough to define the status of overweight/obesity or well-
being of fish. BMI and Fulton K factor was used in previous zebrafish research [92]—
[94], [148], [149]. In terms of BMI, the main effect of age was significant
(x*(1)=5.264, p=0.022). There was a main effect of diet (°(2)=45.400, p<0.0005);
this effect was evident in both young and old fish between OF and CR (p<0.0005 and
p<0.0005, respectively) and between AL and CR (p<0.0005 and p=0.002,
respectively) in the case of BMI. While Fulton K factor was not altered during aging
(4*(1)=0.658, p=0.417), the diet effect was significant (*(2)=36.347, p<0.0005).

Similar to BMI result, the diet effect was apparent between OF and CR in both young
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and old (p<0.0005 and p<0.0005, respectively) and between AL and CR (p=0.002
and p=0.006, respectively). The present results demonstrated that our CR regimen
was effective to decrease body weight and BMI values of zebrafish. However, OF
regimen did not increase the body parameters significantly as compared to age-
matched AL-fed fish except the body length of young OF group. A previous study
conducted by Ran et al. revealed that their 8 week OF diet was increased Fulton K
factor by 13.9% in young adults while 8 week CR diet decreased Fulton K factor by
8.5% [149]. Our present 12 week OF diet increased Fulton K factor by 16.2% and
13.0% in young and old fish, respectively. Also, Fulton K factor decreased with CR
diet by 20.2% and 22.6% in young and old group. We may imply that our non-genetic
interventions including OF and CR was effective to change body parameters and
probably the gene and protein expression profile in the brain which will be explained

in next section.
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Figure 5.3 Secondary body parameters, (A) BMI and (B) Fulton K factor, were
changed by dietary regimens. Corrected p-values, *: p<0.025, **: p<0.005, ***:

p<0.0005.

5.1.2 The neuronal markers, HuC and DCAMKL1, were altered by aging and

dietary regimens

In order to observe the neuronal alterations of age and diet, the early-
differentiated neuronal marker, HuC, and the post-mitotic neuronal markers,
DCAMKL1, were analyzed. Prior to the current study, anti-HuC antibody and anti-
DCAMKL1 antibody were not validated in zebrafish tissues. Thus, firstly these
antibodies were validated with positive controls and zebrafish brain tissue (Figure
5.4A). The molecular weight of detected bands was at the expected size; HUC was
approximately at 40 kDa and DCAMKL1 was approximately at 82 kDa. After

validation, each sample was run as cohorts at least 3 times on the gel (Figure 5.4B).
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Figure 5.4 HuC and DCAMKLL1 antibodies were validated in zebrafish brain. (A)
Antibody validation with positive controls; NIH3T3 and mice brain lysate. (B)

Representative Western blots for HuC and DCAMKL1 across age and diet groups.

The early-differentiated neuronal protein, HuC, levels were decreased
significantly during aging (F(1, 30)=9.706, p=0.004) whereas neither the main effect
of diet nor the interaction effect was statistically significant (F(2, 30)=0.020, p=0.980
and F(2, 30)=2.235, p=0.124, respectively). Based on pairwise comparisons, the main
effect of age was apparent in OF and CR groups (p=0.023 and p=0.007, respectively;
Figure 5.5A). HuC is an early-differentiated neuronal marker [150], while
DCAMKL1 has persistent expression in the post-mitotic neurons [151]. Thus,

DCAMKL1 was also investigated in the current study. There was a significant
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interaction effect between age and diet (F(2, 30)=3.903, p=0.031) without a main
effect of age (F(1, 30)=0.005, p=0.945) and a main effect of diet (F(2, 30)=2.337,
p=0.114) in the case of DCAMKL.1 protein levels. The interaction effect between age
and diet was evident between young OF and old OF fish (p=0.046; Figure 5.5B).
Moreover, DCAMKL1 protein levels were marginally significant between young AL
and young OF group (p=0.056). While early differentiated neuronal protein, HuC,
level decreased during aging especially in OF and CR fish, the level of post-mitotic
neuronal protein, DCAMKLL1, had higher in aged OF fish as compared to young OF.
This might imply that the different steps of neurogenesis could be under control of
age and diet and the alteration in the neuronal proteins could be the result of

decreased proliferation or increased senescence in advanced age [78], [80].
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Figure 5.5 Protein expression levels of post-mitotic neuronal markers (A) HuC and
(B) DCAMKL1 in terms of age and diet. Tub-normalized values are indicated in (A)

and (B). *: p<0.05, **: p<0.01.
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5.1.3 Global proliferation marker, PCNA, and senescence associated protein

Smurf2, did not change with age and diet

In order to investigate the role of aging and short-term dietary regimens on the
proliferation and senescence, PCNA and Smurf2 protein expression levels were
analyzed in the present study. Similar to anti-HUC and anti-DCAMKL1, anti-PCNA
antibody should be validated in the zebrafish tissue. The expected protein size, 29
kDa, was detected in the zebrafish brain while HEK293 and NIH3T3 cell lysates,
positive controls, gave slightly higher band, 35 kDa, which is also similar to
presented image in the antibody datasheet. Anti-SMURF2 antibody was already
validated in the zebrafish brain in the Chapter 3 of the current study (Figure 3.1A)
[36]. After antibody validation, each sample was run as cohorts at least 3 times on the
gel and blotted with anti-PCNA and anti-SMURF2 as well as anti-B-tubulin (Figure

5.6B).
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Figure 5.6 PCNA antibody were validated in zebrafish brain. (A) Antibody
validation with positive controls; HEK293 and NIH3T3 protein lysates. (B)
Representative Western blots for PCNA and Smurf2 across age and diet groups.
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The proliferation marker, PCNA, levels did not alter with age (F(1,
30)=0.808, p=0.376) and diet (F(2, 30)=2.836, p=0.074). Furthermore, there was no
interaction effect between age and diet (F(2, 30)=1.699, p=0.200; Figure 5.7A). The
expression pattern of PCNA across age and diet was similar to the expression pattern
of DCAMKL1 across age and diet (Figure 5.5B) although there was no significant
effect on PCNA protein levels. For example, the OF and CR diets in young ages
decreased both PCNA and DCAMKLL1 protein levels while OF diet increased the
levels of PCNA and DCAMKL1 in the advanced age as compared to young. Since
the current study focused on the global effects of diet and aging on the brain, the
whole brain was analyzed. It may lead to hinder the region-specific alterations in
terms of PCNA. However, further region-specific analysis such as protein analysis
from microdissected brain regions or immunohistochemical staining will unravel the
effects of age and diet on the proliferation and neurogenesis and also the relation

between them.

Previous research demonstrated that smurf2 gene expression increased in the
whole brain during aging [39] and also Smurf2 protein expression increased in a
region-specific manner in the advanced age [36]. Also, it has been shown that ectopic
expression of Smurf2 was enough to induce cellular senescence in vitro [31].
Therefore, Smurf2 protein levels were investigated across age and diet (Figure 5.7B);
there was no significant main effect of age (F(1, 30)=0.833, p=0.369) and diet (F(2,
30)=2.281, p=0.120). Also, the interaction effect was not statistically significant (F(2,
30)=0.129, p=0.880) in the case of Smurf2 protein levels. Since Smurf2 is not a direct

marker of senescence, the further analysis would be done with senescence proteins
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and SA-B-gal assay in order to relate the neuronal alteration with senescence

mechanism.
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Figure 5.7 Protein expression levels of (A) global proliferation marker, PCNA and
(B) senescence-related protein, Smurf2 in terms of age and diet. Tub-normalized

values are indicated in (A) and (B).

5.1.4 The neuronal markers, HuC and DCAMKL1, were negatively correlated
especially in aged brain while DCAMKL1 and PCNA were highly correlated in

both young and aged brain

In order to relate the neuronal markers and proliferation and senescence
proteins, correlation analysis was conducted. Independent to age and diet,
DCAMKL1 protein levels were negatively correlated with HuC protein levels (r= -
0.345, n=36, p=0.039; Figure 5.8). HUC protein is expressed in early-differentiated
post-mitotic neurons [150] while DCAMKL1 could be expressed in both mitotic and
post-mitotic neurons [151], [152]. Their mostly non-overlapping expression time

during neurogenesis could be the reason of negative regulation observed in the
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current study. To understand the causative effects behind the negative regulation,
further analysis should be performed including immunohistochemistry and
coimmunoprecipitation. On the other hand, PCNA proteins label the mitotic neurons
[78], [153], [154] and in the present study it was demonstrated that it was highly
correlated with DCAMKLL1 (r=0.660, n=36, p<0.0005; Figure 5.8). It may imply that
the expression of PCNA and DCAMKL1 are correlated and sequentially expressed
over time during neurogenesis. Further coexpression/colocalization experiments
should be conducted to unravel the exact expression pattern among PCNA,
DCAMKL1 and HuC proteins. Also, we tried to understand the role of Smurf2
especially role in senescence in response to aging and non-genetic dietary
interventions. However, the dietary interventions did not change the levels of Smurf2
protein (Figure 5.7) and also the correlation analysis has not been shown any relation

between Smurf2 and the markers of neurons and proliferation (Figure 5.8).
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Figure 5.8 Pearson correlation matrix indicated a negative correlation between HuC
and DCAMKLL1 protein levels and a positive correlation between DCAMKLL1 and

PCNA protein levels. *: p<0.05, **: p<0.01, ***: p<0.001.

In order to understand the relations among the proteins of interest during
aging, the expression levels of young and old were analyzed separately. In both
young and old brain, the positive correlation between DCAMKL1 and PCNA was
significant (r=0.669, n=18, p=0.002 and r=0.662, n=18, p=0.003, respectively; Figure
5.9). However, the negative correlation between HuC and DCAMKLL1 protein levels
was not significant (r=-0.257, n=18, p=0.304; Figure 5.9A) in terms of young brain.
In the aged brain, the levels of HuC was negatively correlated with DCAMKL1 (r= -
0.511, n=18, p=0.030) and also with PCNA (r=-0.473, n=18, p=0.047; Figure 5.9B).
Surprisingly, Smurf2 protein levels in the aged brain was positively correlated with
DCAMKL1 (r= 0.493, n=18, p=0.037). It may imply that PCNA and DCAMKL1

could be expressed sequentially over time regardless of age. However, the aging
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process may affect the dynamics of proliferation and senescence in the neurons; it
was evident with the diverse correlation of neuronal markers and PCNA/Smurf2
proteins in the aged brain as compared to young brain (Figure 5.9). This
demonstrated that it is essential to perform the immunostaining to colocalize the
proteins of interest across lifespan and also create mutant or transgenic model

organisms to better understand the aging dynamics of the brain.
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Figure 5.9 Pearson correlation matrices indicated diverse correlations between
proteins of interest in (A) young and (B) old brains. *: p<0.05, **: p<0.01, ***:

p<0.001.
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5.1.5 Age and dietary regimens did not affect the gene expression levels of

smurf2 and interacting partners

One of the aims of the current study was to unravel the effects of non-genetic
interventions including OF and CR during aging. Since smurf2 and its interacting
partners altered in a brain region-specific manner during aging (Figure 3.7), we
investigated the expression levels of genes of interest in this section across the factor
of age and diet. The smurf2 expression levels did not change significantly with age
(F(1, 30)=0.872, p=0.358) or diet (F(2, 30)=0.796, p=0.460). Also, the interaction
between age and diet was not statistically significant (F(2, 30)=0.208, p=0.813;
Figure 5.10A). Previous studies and our results were shown that smurf2 expression
significantly increased in advanced age in terms of whole brain (Figure 3.7A; [36],
[39]). However, the aged fish analyzed in the previous studies [36], [39] was older
than the current old OF and CR-fed animals. Possibly, because of the age difference
and dietary interventions, the main effect of age was hindered in the case of smurf2

expression.

On the other hand, tp53 expression level decreased significantly during aging
(F(1, 30)=16.162, p<0.0005) without a diet effect (F(2, 30)=0.468, p=0.631) or age
by diet interaction effect (F(2, 30)=1.271, p=0.295). The age effect was evident in
CR-fed groups during aging (p=0.001; Figure 5.10B) and aged OF fish had lower
tp53 level as compared to young diet-matched group which was marginally
significant (p=0.082). In consistent with the current result, previous research in mice
model demonstrated a significant decrease in the number of tp53 positive cells in

CA1 region with respect to high calorie diet [155] and with respect to CR diet [156].
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Interestingly, our previous results indicated that neither in the whole brain nor in the
specific brain regions, the levels of tp53 was not changed significantly with age
(Figure 3.7; [36]) similar to mice studies which indicated no significant alteration in
the tp53 gene expression levels during aging in the case of whole brain [157] and
hippocampus [158]. Thus, it may imply that tp53 expression in the brain could be

more vulnerable against the dietary alterations rather than aging.

In the case of mdm2 levels, there was not any significant main effect of age or
diet (F(1, 30)=0.889, p=0.353 and F(2, 30)=1.395, p=0.263, respectively) and age by
diet interaction (F(2, 30)=0.487, p=0.619; Figure 5.10C). Similar to this result, our
previous data demonstrated that mdm2 levels did not change significantly with age in
terms of zebrafish whole brain (Figure 3.7D; [36]). Moreover, the recent research
with the rodent model revealed that mdm2 was expressed differentially among
adipose tissues in response to high fat diet [159] while the advanced age decreased
the mdm2 mRNA and protein levels in hippocampus [158] and both white and brown
adipose tissues [160]. This might imply that mdm2 expression levels are tissue-
dependent and even region-dependent because its expression level altered according

to the localization of adipose tissue [159] and specific brain regions [36][158].
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In terms of ep300a expression levels, the main effect of age and the main
effect of diet were not statistically significant (F(1, 30)=0.042, p=0.839 and F(2,
30)=0.742, p=0.485, respectively). Also, the interaction effect was not significant
(F(2, 30)=0.540, p=0.589; Figure 5.10D) in ep300a levels. Although a previous
research has been shown that EP300 acetyltransferase is a master regulator of genes
dysregulated in OF diet in the case of human and zebrafish adipose tissue [52], the
present study did not show any alteration with diet in the case of brain ep300a levels
except a slight decrease in the aged OF group (Figure 5.10D). However, the age
effect on the whole brain expression was consistent with our previous result (Figure
3.7E; [36]); the gene expression of ep300a was not altered significantly across
lifespan in the whole brain homogenates. Since there was a brain region-specific
alteration in the level of ep300a [36] and the regulatory role in adipose tissue, ep300a

expression might be tissue- or cell-specific.

Moreover, the gene expression level of yyla was not altered by age or diet
(F(1, 30)=0.591, p=0.448 and F(2, 30)=1.139, p=0.334, respectively) or age by diet
interaction (F(2, 30)=0.410, p=0.668; Figure 5.10E). The previous analyses with the
factor of age and the factor of region indicated no significant alteration in yyla
expression levels with respect to age or brain regions (Figure 3.7; [36]). However, a
recent study demonstrated that the level of YY1 mRNA increased in the liver of high
fat fed young mice [161]. In the current study, yyla levels of young OF fish was a
slightly higher than the levels of young AL in a non-significant manner (Figure

5.10E).
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On the other hand, smad7 gene expression was changed with the factor of age
(F(1, 30)=5.613, p=0.024); the aged brain had less amount of smad7 transcript.
However, there was no main effect of diet (F(2, 30)=1.088, p=0.350) or interaction
effect (F(2, 30)=0.082, p=0.921; Figure 5.10F) on the levels of smad7. Also, pairwise
comparisons demonstrated that age effect was not apparent in any diet groups in
terms of smad?7. It was shown previously that the expression level of smad7 was not
age- or brain region-dependent in our recent study (Figure 3.7; [36]). Another recent
study revealed that long-term high fat diet downregulate the smad7 level in mice

pancreas [162].

Lastly, in the case of sirtl levels, neither main effect of age nor main effect of
diet was significant (F(1, 30)=1.564, p=0.221 and F(2, 30)=0.565, p=0.575,
respectively). Moreover, age by diet interaction was not statistically significant (F(2,
30)=0.256, p=0.776; Figure 5.10G). There were several studies which represented the
gene and protein levels of Sirtl during aging and in response to dietary regimens
because SIRT1, a NAD-dependent deacetylase, regulates the lifespan in accord with
the metabolism. It has been shown that in the advanced age, SIRT1 gene and protein
expression were decreased in substantia nigra and hippocampus of rodents [26],
[163], [164] and in telencephalon region of zebrafish [36]. Also, the high fat diet in
mice caused to downregulation of SIRT1 protein levels in hippocampus [24] while
CR diet increased sirtl gene expression in the prefrontal cortex and hippocampus
[25] and SIRTL1 protein expression in hippocampus [26]. In the present study, the
pattern among old diet groups was similar to previous studies; sirtl level was

downregulated in OF diet whereas it was upregulated in CR diet but these alterations
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were not statistically significant. The age and dietary effect could be underestimated
in the whole brain and the region-specific analysis of sirtl could be further

performed.

5.1.6 The post-translational modifications, ubiquitination, acetylation and

deacetylation, controlling genes were in a potential balance during aging

In order to relate the expression levels of genes with each other, Pearson
correlation analysis was conducted among the genes of interest. Similar to our
previous results (Figure 3.9, Figure 3.12, [36]), the pairwise correlations among
smurf2, mdm2, ep300a and sirtl were observed in this dataset (Figure 5.11).
However, the correlation of tp53 with other genes of interest was changed since tp53
expression levels could be more prone to the dietary alterations. Moreover, although
the genes of interest were correlated differently in young and old brains (Figure 5.12),
the correlation among smurf2, mdm2, ep300a and sirtl were mostly conserved in
both young and aged brains. The young and old brains had diverse relations; yyla
was correlated with smurf2, mdm2 and ep300a in only young brains (Figure 5.12A).
However, tp53 were related with mdm2 in only young brain while tp53 and smad7
was correlated only in the aged brain (Figure 5.12B). Because of their roles in PTMs,
the relation among smurf2, mdm2, ep300a and sirtl could be conserved to balance

between ubiquitination, acetylation and deacetylation during aging.
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Figure 5.11 Pearson correlation matrix indicated strong correlations among smurf2,

mdmz2, ep300a and sirtl expression levels. *: p<0.05, **: p<0.01, ***: p<0.001.
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5.1.7 Discussion and Conclusions

This part of the current study aimed to understand the effects of non-genetic
dietary interventions during aging on the zebrafish brain in terms of the neuronal
proteins and associated proliferation proteins as well as the expression of Smurf2 and
its interacting partners. CR diet is a non-genetic intervention which positively affects
the lifespan and healthspan in multiple organisms [21], [104], [165]. However, high
calorie intake i.e. OF lead to metabolic and cognitive impairments even in young ages
[98]-[100]. To our knowledge, the present study is one of research including two
opposing dietary regimens, CR and OF in the same experimental conditions during
aging analyzed the global protein and gene expression alterations. Our results
demonstrated that the body weight and length increased during aging which is
expected in the zebrafish model organism since zebrafish continue to grow even in
advanced age [79], [92], [146], [147]. Also, both young and old OF groups gained
weight and have increased BMI while CR groups had less weight and BMI as
compared to age-matched AL fish. The early-differentiated neuronal marker, HuC,
decreased with advanced age and this decrease was apparent in the brain of OF and
CR-fed fish. On the other hand, DCAMKL1 increased significantly only in OF fish
during aging. In order to demonstrate accompanying mechanisms, the global
proliferation marker, PCNA, and senescence protein, Smurf2, were analyzed with
respect to age and diet. Interestingly, PCNA and Smurf2 protein levels were not
altered by age or diet although PCNA levels were highly correlated with DCAMKL1
levels. The gene expression of smurf2 and its interacting partners were also analyzed,;

only tp53 levels decreased in advancing age and especially in the case of CR diet.
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Lastly, the correlation among the gene expression levels indicated that the potential
balance between the regulatory genes controlling ubiquitination, acetylation and
deacetylation could be age and diet dependent in order to maintain the cellular

stability.

The body parameters were altered by age and diet in the present study. Firstly,
the body weight was analyzed to understand the weight gain or weight loss in
response to aging and dietary regimens. Both age and diet affected significantly the
body weight. The animal fed with OF tended to have higher body weight as
compared to AL-fed fish. In contrast, animals in CR diet lost weight significantly as
compared to age-matched AL group which is consistent with previous studies [79],
[92]. Moreover, the body length was investigated and the body length increased with
advancing age and the dietary regimens lead to the alterations of body length.
Previous research has shown that zebrafish can grow even in older ages [146] and
thus the body weight and length of aged zebrafish was higher than young animals
regardless of diet [79], [92]. However, the study by Arslan-Ergul et al. indicated that
10 week CR diet did not cause significant change in terms of the body length but
there was a decreasing trend in CR groups of both young and old fish [79].
Unfortunately, it was not possible to measure the body length of zebrafish without
anesthetization and so the body length of each fish was not measured at the beginning
of treatment and during 12 weeks diet to prevent the confounding stress and
anesthetic effect on the brain. Thus, we could not conclude whether CR diet affect the
normal growth of fish. It will be essential to measure the body length at least at the

beginning of the study with anesthetization similar to the study by Landgraf et al.
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[94] or a camera-equipped system [119], [166] in order to decide body length

alteration by CR diet.

The previous studies also utilized the second body parameters, BMI and
Fulton K factor, [92]-[94], [148], [149] in order to define the effects of dietary
interventions. As expected, in the present study BMI values were altered by age and
diet significantly; aged animals tended to have higher BMI values in each diet and
there was an opposing trend between OF and CR groups in terms of BMI. A recent
study demonstrated that 8 week CR diet decreased BMI value significantly [92] as
similar to this study. Another studies indicated that OF fish had significantly higher
BMI value than control fed group at the end of 8 week diet [93], [94] and our 12
week diet resembled the same effects on BMI values. Additionally, Fulton K factor
changed significantly with dietary regimens; OF increased but CR decreased Fulton
K factor. Previous research have shown that after short-term and long-term high fat
diet or OF, Fulton K factor increased significantly as compared to normal fat diet or
AL, respectively [94], [148], [149]. Also, the study by Ran et al. demonstrated that
Fulton K factor of young adult zebrafish fed with CR diet for 8 week was decreased
significantly [149]. Moreover, since Landgraf et al. measured the initial body weight
and length, they had chance to compare BMI and Fulton K factor at the initiation and
at the end of the high fat diet [94]. In order to understand whether the dietary
regimens intervene the dynamics of body growth, the initial body parameters should
be recorded just before the diet. Also, recent publications has drawn attention to body
fat volume ratio could be a better predictor of cognitive impairment than the body

parameters [98], [100], [167]. However, in our study we did not examine the adipose
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tissues or body fat volume since this study aimed to determine the effects of dietary
regimens in the brain aging. Further examination could be done in order to determine
the body fat volume ratio and behavioral and cognitive performance in respect to age

and diet.

One of the main purposes was to determine the neuronal impacts of aging and
dietary interventions. For this aim, the post-mitotic neuronal markers, HuC and
DCAMKL1, were analyzed. HuC is known as early-differentiated neuronal marker
and can be detected in post-mitotic neurons. It has been shown that HuUC positive
neuron number declined in the aged zebrafish brain and human brain in a region-
specific manner [78], [139]. In concordance with their result [78], [139], HuC protein
levels decreased significantly during aging in our study. This age effect was
significant especially in OF and CR-fed fish. It may imply that caloric intake has
more robust effect than aging in early neuronal differentiation. Immunostaining could
be utilized as further steps in order to label HuC positive cells and colocalize with

other neuronal markers with respect to age and diet.

On the other hand, in the current study DCAMKL1 protein levels were altered
significantly by age and diet interaction; aged OF zebrafish had higher DCAMKL1
expression than young diet-matched animals. Previously published studies conducted
with rodent models indicated that DCAMKLL1 has persistent expression in adult
neuron [152] although this protein is also expressed in immature neuronal cell
populations of highly neurogenic regions of the adult brain [168]. So, its balanced
expression level is a requirement during neurogenesis [152]. In aged OF zebrafish,

this balance may be shifted through upregulation of DCAMKL1 and maybe more
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neurogenesis. However, the study by Shu et al. also demonstrated that more
DCAMKL1 does not mean more neurogenesis since its ectopic expression leads to a
mitotic arrest [152]. It may be interpreted that the negative impacts of high caloric
intake may be evident in cell cycle regulation; DCAMKL1 overexpression could
suppress the unregulated proliferation through mitotic arrest. In order to unravel this,

the cell cycle markers and regulators could be further analyzed.

To understand the effects of age and diet on the global proliferation and
senescence, the proliferation marker, PCNA, and the senescence protein, Smurf2 was
analyzed. It has been shown that the PCNA, a global proliferation marker, labels the
cycling population of neural progenitors [78], [154] and PCNA positive cell number
decreased with advancing age in the brain of zebrafish and mouse [78], [134], [135].
However, in our study PCNA protein level was not altered by age and diet. Also, in a
recent publication, PCNA levels increased with advancing age however, this age
effect was robust in the rapamycin-treated group rather than the AL-fed and CR-fed
zebrafish [92]. In the current study, the protein levels was investigated with Western
blotting by utilizing whole brain protein lysates, while Jinno et al., Edelmann et al.,
and Oh et al. [78], [134], [135] utilized the anatomical methods to determine PCNA
positive cell number in the brain. Moreover, in the study of Celebi-Birand et al. [92],
since the treatment with rapamycin dissolved in dimethyl sulfoxide (DMSO), the AL-
fed and CR-fed groups received DMSO in tank water. The anatomical cell counting
[78], [134], [135] and the additional component [92] may cause the alterations
between our current study and their study. Previously, it has been shown that

senescent cells detected with SA-B-gal increases with advancing age [79], [80],
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whereas CR diet can prevent the generation of senescent cells [169]. Moreover, it was
known that Smurf2 has roles in cellular senescence and its ectopic expression is
enough to induce cellular senescence in vitro [31]. Recently, it has been demonstrated
that smurf2 gene expression levels increased with advanced age [36], [39] and
Smurf2 protein expression increased in the aged zebrafish in a region-specific
manner [36]. In the light of these evidences, Smurf2 protein expression was
investigated with respect to age and diet. In the current feeding study, the protein
level of Smurf2 was not changed in age and diet groups. Similarly, a previous
publication revealed that SA-B-gal levels in the brain are not altered by short-term CR
diet as compared to age-matched AL animals [79]. In order to unveil the effects of
age and diet on the neuronal proliferation or senescence in a comprehensive picture,
other proliferation and senescence markers should be further analyzed in the gene and
protein levels and also the colocalization of these markers and neuronal markers

could be achieved by immunostaining.

Then, in order to relate the neuronal markers with global proliferation and
senescence proteins, correlation analysis was conducted. There was overall positive
correlation between DCAMKL1 and PCNA which was also conserved in both young
and old groups. The possible explanation for this positive correlation can be
overlapping temporal expression of PCNA and DCAMKL1 during neurogenesis
[152]-[154], [168]. PCNA is expressed in mitotic progenitor cells during whole cell
cycle [78], [134], [153], [154]. DCAMKL1 have more diverse and persistent
expression in the rodent brain; for example, this protein can be expressed in immature

post-mitotic neuronal cells in the neurogenic regions of the adult brain [151], [168],

124



in mitotic cells [152] and in radial glia cells [168], [170]. Thus, DCAMKLL1 levels in
whole brain lysates may reflect its protein expression in both neuronal and glial cells.
On the other hand, HuC protein levels were negatively related with DCAMKLL1
levels independent to age and diet. Nevertheless, this negative regulation was more
robust in the aged brain and HuC levels were also negatively correlated with PCNA
in the aged brain. This may imply that HuC have non-overlapping expression time
with DCAMKL1 and PCNA levels. Moreover, surprisingly the level of Smurf2
protein had a positive correlation with DCAMKLL1 in the old brain. In the light of this
evidence, it suggests that global proliferation and senescence is dysregulated with
advanced age. In order to gain insight into the proliferation and senescence in the
context of age and dietary regimens, anatomical analyses will be further conducted
and the number of positive cells for each protein of interest or multi-labeled cells with

more than one protein of interest will be counted.

In the Chapter 3 of this thesis work, the gene expression of smurf2 and its
interacting partners changed in a region-specific manner (Figure 3.7; [36]). Thus, it
could be also beneficial to investigate their expression levels with respect to non-
genetic dietary interventions. Interestingly, only tp53 and smad7 gene expression
levels decreased significantly with advanced age. Previous studies have shown that
smurf2 levels was higher in the aged brain and HSCs [35], [36], [39]. In the current
feeding experiment, both gene and protein expression of Smurf2 was not altered by
age and diet. The possible reason could be the age differences in aged animals
between the current study (23 month old at the time of euthanization) and previous

studies (29-35 month old at the time of euthanization, [36], [39]). Since to the best of
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our knowledge, this is one of the studies investigated Smurf2 gene and protein levels
with respect to different dietary regimens, it was not possible to discuss the dietary
pattern but we suggest that the dietary effects may hinder the overall age effect in the
whole brain. It should be further analyzed in a region-specific manner with respect to

age and diet.

On the other hand, tp53 expression level decreased significantly during aging
with a significant decrease in CR-fed group and a marginally significant decrease in
OF-fed zebrafish. In concordance with the current result, previous research conducted
with mouse model organism demonstrated a significant decrease in the number of
tp53 positive cells in CA1 region with respect to high calorie diet [155] or low
calorie, CR diet [156]. However, our previous results indicated that tp53 levels were
not altered with advanced age in the whole brain and specific brain regions [36]
similar to mouse studies which indicated no significant alteration in the tp53 gene
expression levels during aging in the brain [157] [158]. Thus, it may imply that tp53
expression in the brain could be more vulnerable against the dietary alterations rather
than aging. Another gene of interest, mdm2, whose protein is a negative regulator of
tp53 protein [47], was not changed in terms of age and diet in the present work. Our
recent publication demonstrated that mdm2 gene expression level was comparable in
the whole brain during aging [36]. However, same study indicated that the level of
mdm2 was altered in a region-specific manner [36]. Also, it was recently shown that
mdm2 gene was expressed differentially among adipose tissues in response to high fat
diet [159] while the advanced age decreased the mdm2 mRNA and protein levels in

hippocampus [158] and both white and brown adipose tissues [160]. It suggests that
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mdmz2 expression levels may be a tissue- and brain region-dependent. The further
region-specific analysis may give a comprehensive insight into the role of tp53 and
mdm2 genes and proteins with respect to dietary regimens. The protein of tp53 is
negatively regulated by YY1 via ubiquitin mediated degradation [45]. The levels of
yyla, the functional paralogues of human YY1 [57], was not altered by age and diet
in the current study. In our recent publication, it has been shown that there was no
effect of age and brain regions in the case of yyla expression levels in the zebrafish
brain [36]. Another recent study conducted with young mouse model, after short-term
high fat diet, YY1 mRNA and protein levels increased in the liver [161]. Moreover,
Hakvoort et al. [171] indicated that mouse subjected to 3 days fasting have diverse
gene expression profile between brain and four other metabolically active organs,
small intestine, kidney, liver and muscle. A set of transcription factors including YY1
may organize the fasting response in four metabolically active organs but not in the
brain [171]. Same study concluded that the brain is extremely protected against the
fasting [171]. In the light of this evidence, yyla and some other genes of interest have
comparable expression levels in terms of brain in order to protect the brain against
sudden changes in caloric intake and following alterations in nutrient sensing
signaling. The next step should be a multi-organ analysis to unravel the role of

metabolically active organs on the protection of brain in response to caloric intake.

In terms of ep300a expression levels, there was no effect of age and diet.
However, a previous research has been shown that EP300 acetyltransferase is a
master regulator of genes dysregulated in OF diet in the case of human and zebrafish

adipose tissue and reversed by CR [52]. But, the age at initiation of diet, the dietary
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compositions and the duration of diet were different between the study of Nishimura
et al. [52] and the present study. On the other hand, our previous result demonstrated
that the gene expression levels of ep300a was not altered across lifespan in the whole
brain but altered in a region-specific manner [36]. Taken all together, ep300a
expression can be tissue- and brain region-dependent and its expression should be

analyzed in multiple organs as well as in specific brain regions.

Although our previous publication indicated no alteration in the levels of
smad7 in both whole brain and specific brain regions [36], the expression level of
smad7 was decreased with age in the current study. However, the overall main effect
of age was not robust in any diet groups. A previously published work has shown that
Smad7 mRNA levels are higher in the neurogenic brain regions than the levels in
non-neurogenic brain regions since Smad7 regulates the proliferation of neural stem
cells in the mouse brain [172], [173]. Hence, the overall decrease with advanced age
in our study could be the consequence of less proliferation in the brain during aging.
On the other hand, a recent study revealed that long-term high fat diet downregulate
the smad7 expression level in mice pancreas [162]. To learn in detail, the analyses

should be extended to the specific brain regions and multiple organs in the zebrafish.

In the present study, the last gene of interest is sirtl that regulates lifespan in
concert with metabolism [23]. Previous publications has shown that SIRT1 protein
levels decrease with aging and cause a subsequent increase in the acetylation of
proteins in hippocampus including tp53 [26], [164], [174] while CR diet increases the
expression of SIRT1 protein [26], [175]. Also, recent studies showed that high-fat

diet in mice leads to downregulation of SIRT1 protein levels in hippocampus whereas
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acetylated tp53 protein levels increase because of the inadequate deacetylation via
SIRT1 [24], [174]. Last but not least, a study conducted in the brain of juvenile rats
demonstrated that the gene expression level of Sirtl is higher in both prefrontal
cortex and hippocampus than the levels of AL-fed animals while OF diet causes the
downregulation of Sirtl gene expression in the prefrontal cortex as compared to AL-
fed group [25]. Unfortunately, neither aging nor short-term dietary regimens was not
influenced the level of sirtl in terms of whole brain in the present study. Furthermore,
according to our previous experience [36], sirtl expression levels was not changed
across lifespan in the case of whole brain while its level decreased with aging in the
telencephalon. Taken all together, the protein and gene expression levels of Sirtl

could be analyzed in a region-specific manner.

In order to relate the expression levels of genes with each other, Pearson
correlation analysis was conducted among the genes of interest. Similar to our
previous results [36], the pairwise correlations among smurf2, mdm2, ep300a and
sirtl were observed in this dataset. However, there were differences in terms of the
correlation of tp53 with other genes of interest since tp53 expression levels could be
more prone to the dietary alterations in concordance with its altered gene expression
in OF- and CR-fed animals during aging. Moreover, the correlation among smurf2,
mdm2, ep300a and sirtl were mostly conserved in both young and aged brains
although the genes of interest were correlated differently during aging for example,
yyla was correlated with smurf2, mdm2 and ep300a in only young brains. However,
tp53 were related with mdm2 in only young brain while tp53 and smad7 was

correlated only in the aged brain. The age-related alterations could be driven also by
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dietary regimens similar to tp53 expression levels with decreases in aged OF and CR
group as compared to their younger counterparts. Because of their roles in diverse
PTMs, the relation among smurf2, mdm2, ep300a and sirtl could be conserved to
balance ubiquitination, acetylation and deacetylation during aging. However, this
analysis does not enough to understand the causative relationships among gene
expression levels in terms of aging and dietary regimens. Their direct interaction and
relation should be analyzed with coimmunoprecipitation or colocalization on the

brain slices including immunostaining.

In conclusion, in order to understand the effects of non-genetic dietary
interventions including high caloric intake i.e. OF and low caloric intake, CR, in the
same experimental conditions, both young and old zebrafish were treated with short-
term OF and CR diets as well as AL control diet in this part of thesis work. To the
best of our knowledge, this current study is one of the first studies to investigate the
impacts of opposing caloric intake on the brain in both young and old animals. The
present results may be preliminary to unravel the role of high or low caloric intake on
the cellular and molecular properties of brain and cognitive abilities. The further
analysis on gene and protein expression levels could be necessary to complete the

picture of dietary interventions and brain aging.
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5.2 The specific inhibitor of HECT E3 ligase, Heclin, altered the expression of

mdm2 and tp53 in zebrafish embryos

5.2.1 Increasing doses of heclin decreased the survival proportions of embryos

Heclin is a selective inhibitor of HECT-type E3 ligases, Nedd4, Smurf2, and
WWHP1 [116]. In a recent study, it has been shown that heclin treatment improved
short-term memory, consolidation and retrieval [97]. Before treating adult zebrafish
with heclin, the dose curve was conducted on zebrafish embryos. The embryos were
incubated in one of the different doses of heclin (5 uM, 6.8 uM, 9 uM, 12 uM) or
DMSO control (0.2% in E3) or blank (E3) control from 6 hpf to 72 hpf. The doses of
heclin was determined according to previous in vitro results [116]; heclin inhibited
Smurf2 with 1C50 values of 6.8 uM and autoubiquitination of the Smurf2 with an
IC50 value of 9 uM. One lower (5 uM) and one higher (12 pM) doses were also
added in our analysis. The solution was replaced with a fresh solution every day and
the dead embryos were removed and recorded for survival analysis. The survival
distributions for the interventions were statistically different (}2(5) =55.92, p<
0.0001; Figure 5.13). The survival ratios of embryos for each treatment at 24, 48 and
72 hpf were noted in Table 5.1. Although 6.8 uM and 9 pM doses of heclin can
inhibit Smurf2 activity and its ubiquitination, respectively, 45 uM heclin is required
to kill 50% of cells in vitro [116]. In our embryo treatment, 5 uM and 6.8 uM heclin
treatment had similar survival ratios with blank and DMSO controls. With higher
doses of 9 uM and 12 uM, the survival ratio was decreased but the highest dose, 12

uM, could not reach the 50% lethality on the embryos. The main aim of this part of
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thesis was to evaluate the potential effects of non-genetic inhibition of Smurf2 by

heclin, so the downstream genes were investigated in the next section.
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Figure 5.13 Survival analysis indicated that the survival distributions for the

interventions were statistically different.

Table 5.1 Survival proportions (%) at the time of 24, 48, and 72 hpf for
each treatment solutions. Data expressed as Mean+ SEM. hpf: hours post

fertilization.

Blank DMSO 5uM 6.8 uM 9uM 12 uM

control control Heclin Heclin Heclin Heclin

24 hof 94.62 95.79 95.83 97.92 87.50 72.92
P +2.34% | +£2.06% | £2.04% | +£1.46% | +3.38% | +4.54%

48 hof 94.62 95.79 94.79 96.88 84.38 69.79
P +2.34% | £2.06% | £2.27% | £1.78% | +3.71% | +4.69%

72 hpf 94.62 95.79 94.79 94.79 83.33 67.71

+2.34% | £2.06% | +£2.27% | £2.27% | +3.80% | +4.77%
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5.2.2 Heclin treatment altered the expression of Smurf2 interacting partners,

especially in terms of mdm2

Since heclin inhibits the activity of HECT E3 ligases in vitro [116], it was not
expected to see an alteration in the gene expression levels of smurf2. The treatment
does not changed the smurf2 expression significantly (y2(5)=9.440, p=0.093; Figure
5.14A). However, tp53 gene expression was altered (x2(5)=12.673, p=0.027; Figure
5.14B). Also, there was a treatment effect in the case of mdm2 levels
(F(5,18)=12.819, p<0.0001; Figure 5.14C). Pairwise comparisons indicated that 12
uM heclin treated group had differential expression than blank control (p=0.001),
DMSO control (p<0.0001), 5 uM heclin (p<0.0001), 6.8 uM heclin (p=0.001) and 9
uM heclin (p=0.001) treated groups. Heclin does not affect the autoubiquitination of
MDM2 in vitro [116] however Smurf2 protein enhances the E3 ligase activity of
MDM2 which ubiquitinates and degrades tp53 protein [47]. In the depletion of
Smurf2 by RNA interference, the MDM2 and proapoptotic tp53 target gene
expression levels increased [47]. Thus, the increase in the embryonic expression of
mdm2 may be the indirect consequence of the inhibition of Smurf2 activity. But
heclin  treatment did not alter the expression levels of ep300a
(F(5,18)=1.092, p=0.398; Figure 5.14D), yyla (F(5,18)=2.497, p=0.069; Figure
5.14E), and smad7 (x2(5)=7.646, p=0.177; Figure 5.14F). Lastly, there was a main
effect of treatment in terms of sirtl gene expression (F(5,18)=3.018, p=0.038; Figure
5.14G). This effect was marginally significant between blank control and 12 uM
heclin treated embryos (p=0.067). In order to gain insight into the senescence and

apoptosis mechanism induced by heclin, the gene expression profiles of senescence-
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related genes, proapoptotic genes and anti-apoptotic genes could be investigated

similar to the study of Nie et al. [47].
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Figure 5.14 The relative gene expression levels of smurf2 and its interacting partners
in whole embryo at 72 hpf after heclin treatment; (A) smurf2, (B) tp53, (C) mdm2,

(D) ep300a, (E) yyla, (F) smad7 and (G) sirtl . **: p<0.01, ***: p<0.001.
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5.2.3 The early-differentiated neuronal marker, HuC, was changed in embryos

with respect to the treatment of heclin

According to the results of survival ratios and gene expression profile, 6.8 uM
heclin dose was chosen to investigate the neuronal impacts because 12 uM heclin
concentration could have some off-target effects to trigger lethality and the alteration
in the gene expression levels while 6.8 uM heclin concentration have similar lethality
with blank and DMSO controls and the gene expression levels have comparable with
other concentrations except tp53 levels. Previous study conducted with rodent model
demonstrated that the inhibiton of HECT E3 ligases in CAl region of dorsal
hippocampus leads to enhancement of short-term memory, consolidation, retrieval
and reconsolidation dependent on the administration time of heclin [97]. In order to
understand the neuronal and proliferative impacts of HECT ligase inhibition, the
embryos were treated with 6.8 uM heclin for 5 days and the embryos were collected
at 3 dpf and 5 dpf to isolate proteins. The survival distributions for the interventions
(blank control, DMSO control and 6.8 uM heclin) were not statistically different

(x2(2) =0.6052, p=0.73; Figure 5.15).
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Figure 5.15 Survival analysis indicated that the survival distributions for the

interventions for 5 days were not statistically different.

In order to understand the cumulative effect of heclin, the embryos at 3 dpf
and 5 dpf were investigated with respect to treatment and time. Similar to gene
expression levels of smurf2, its protein expression was not altered by heclin treatment
(F(2,12)=0.171, p=0.845; Figure 5.16) because heclin inhibits its activity [116]. Also,
there was no main effect of time and an interaction effect between treatment and time
(F(1,12)=4.161, p=0.064 and F(2,12)=0.145, p=0.866, respectively) in terms of

Smurf2 protein levels.
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Figure 5.16 Protein expression level of Smurf2 was not altered with respect to heclin

treatment and time. Tub-normalized values are indicated.

To unravel the neuronal impact of heclin treatment in the embryos, the early-
differentiated neuronal marker, HuC, was analyzed but the treatment did not affect
the protein levels of HUC (F(2,12)=2.532, p=0.121). However, the main effect of time
was statistically significant (F(1,12)=69.073, p<0.0001) with an interaction effect
(F(2,12)=4.882, p=0.028; Figure 5.17A). These were evident between DMSO control
and 6.8 uM heclin-treated group (p=0.012). Moreover, the protein levels of HUC was
significantly higher in 5 dpf embryos than 3 dpf embryos had in the case of blank
control (p=0.003), DMSO control (p<0.0001) and 6.8 uM heclin treatment (p=0.005).
Interestingly, blank control and DMSO control at 5 dpf was marginally significant

(p=0.066) with an increased expression in DMSO control. Although DMSO
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concentration at the final solution (0.2%) was selected based on a recent paper [176],
our result may imply that DMSO concentration also interferes with embryonic
development and neuronal proliferation. The other neuronal marker, DCAMKL1 was
also investigated and there was a main effect of developmental time
(F(1,12)=66.534, p<0.0001; Figure 5.17B) without a main effect of treatment or an
interaction  effect  (F(2,12)=0.603, p=0.563 and F(2,12)=0.426, p=0.663,
respectively). The protein levels of DCAMKL1 was significantly lower in 5 dpf
embryos than 3 dpf embryos had in the case of blank control (p<0.0001), DMSO
control (p=0.001) and 6.8 uM heclin treatment (p=0.001). Similar to DCAMKLL1, the
protein levels of PCNA was decreased significantly at 5 dpf compared to 3 dpf
(F(1,16)=31.243, p<0.0001; Figure 5.17C) in terms of blank control (p=0.031),
DMSO control (p=0.001) and 6.8 uM heclin treatment (p=0.005). There was neither a
main effect of treatment nor an interaction effect with respect to PCNA protein levels
(F(2,16)=0.534, p=0.596 and F(2,16)=0.923, p=0.417, respectively). Taken together,
the main effect in the protein levels was the developmental time of embryos rather
than the specific inhibitory effect of heclin on Smurf2 protein. Moreover, since
DMSO impacts the level of HUC protein, the lower DMSO concentrations but the
higher molarity of heclin could be utilized for the next experiments to see drastic
effects of Smurf2 inhibition on the neuronal development by investigating same

proteins and additional markers.
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Figure 5.17 Protein expression level of (A) HuC, (B) DCAMKLL1 and (C) PCNA
was altered with respect to developmental time. Tub-normalized values are indicated.

*: p<0.05, **: p<0.01, ***: p<0.001.

5.2.4 Discussion and Conclusions

The main aim of this part was to investigate the impacts of non-genetic drug
treatment, which inhibits Smurf2 activity, on the gene expression levels of interacting
partners, and the protein levels of neuronal markers and global proliferation marker.
Heclin is a reversible selective inhibitor of HECT-type E3 ligases, Nedd4, Smurf2,
and WWP1 [97]. Also, a recent study conducted with rat demonstrated that
hippocampal injection of heclin leads to improve in short-term memory,
consolidation and retrieval [98]. In the current study, firstly heclin treatment was
applied to embryos from 6 hpf to 72 hpf and survival ratios were analyzed; increasing
heclin dose decrease the survival proportions. Also, the gene expression level of tp53,
mdm2, and sirtl was altered by treatment. Since the higher lethality and overall

increase in gene expressions in the case of 12 pM heclin concentration, the protein
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expression profile experiments were conducted with 6.8 uM heclin-treated embryos
as well as control groups. Although there was a significant decrease in heclin-treated
group as compared to DMSO control in terms of HuC protein levels, blank control
and DMSO control were marginally different. The overall time (developmental)
effect was observed in the case of HuC, DCAMKL1 and PCNA protein levels. Since
our knowledge on heclin is very limited for now, our preliminary result may give a
new perspective about the activity of Smurf2 protein on the neuronal proliferation. In
order to gain more insight into the impacts of Smurf2 inhibition, additional neuronal

proteins could be analyzed in the embryos with higher concentrations of heclin.

Since it has been shown that HECT E3 ligase inhibition by heclin leads to
enhancement in short-term memory in adult rat, after define the dose according to
survival analysis and gene expression levels, the neuronal proteins and a global
proliferation protein was investigated. Surprisingly, only HuC protein level was
altered with heclin treatment compared to DMSO control at 5 dpf while blank control
and DMSO control were marginally different. This suggests that DMSO
concentration (0.2% v/v) could interfere with neuronal development and heclin
treatment may recover its effect on HuC protein level. Moreover, DCAMKL1 and
PCNA levels have difference between blank and DMSO control groups whereas
heclin treatment, which also included 0.2% (v/v) DMSO in final solution, reverse the
protein levels as similar to blank control. To understand the effect of DMSO, it is
essential to investigate higher and lower concentrations of DMSO in embryo medium

in terms of HUC, DCAMKL1 and PCNA levels.
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Our next aim was to perform heclin treatment in the adult zebrafish and
observe the effects on adult neurogenesis and aging. In order to achieve this goal, we
tried to build an ex vivo treatment setup based on recent studies [177], [178] and
investigate the levels of genes of interest and neuronal proteins on ex vivo treated
adult brains. As it has been stated that ex vivo drug treatment has several advantages
including cost-effectiveness, application to adult brain and last but not least, the direct
penetration of drug to the isolated brain due to lack of blood-brain barrier [177],
[178]. After the system is set up in our laboratory, this way of treatment will be
applied to adult brain of both young and old zebrafish to investigate the neuronal

proliferation across lifespan.
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CHAPTER 6

OVERALL DISCUSSION AND CONCLUSIONS, AS WELL AS FUTURE
PROSPECTIVES

Aging is a normal and natural process that is associated with impairments in
cognitive function, including slowing of information processing, declines in memory
and cognitive operations [1]. At first, brain aging was thought as a result of neuronal
death which disproved in studies conducted with model organisms. It has been shown
that the number of neurons in the hippocampus, parahippocampal region and
subregions of parahippocampal region does not alter significantly during aging [3],
[4]. Rather than the neuronal loss, brain aging is accompanied by specific and
relatively subtle synaptic alterations in the hippocampus and prefrontal cortex [5].
Moreover, the neurogenesis occurs in restricted brain regions across lifespan in
mammals [7] with a decrease during aging [6], [8]. Moreover, it has been shown that
subtle cellular and synaptic alterations have contributions to neurobiological aging
[9]-[12]; hence, the molecular and cellular alterations may give more insight into the

brain aging process.

The hallmarks of aging are shared features of aging process in different
organisms including rodents and zebrafish [13], [14]. These hallmarks are genomic
instability, telomere attrition, epigenetic alterations, loss of proteostasis, deregulated
nutrient sensing, mitochondrial dysfunction, cellular senescence, stem cell
exhaustion, and altered intercellular communication [13]. Several key proteins

including smurf2, tp53, ep300a and sirtl regulate more than one of these hallmarks of
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aging [31]-[34], [49]. Taken all together, the investigation of molecular and cellular
underpinnings of aging is essential to understand and so prevent the age-related

diseases and cognitive decline.

According to previously published studies [35], [39], smurf2 expression
increases with age in brain and bone marrow. Also, its upregulation leads to cellular
senescence as a consequence of telomere shortening [31]. Moreover, it has been
shown that several E3 ubiquitin ligases have critical roles in neurological disorders
for example, Parkinson’s disease and Alzheimer’s disease [179]-[181]. In the human
genome, over 600 genes were identified as E3 ubiquitin ligase coding genes because
E3 ligases mediate the substrate specificity and target recognition [182], [183]. 83 of
E3 ubiquitin ligase genes were associated with 70 different neurological disorders
[180]. For example, mutations in the E3 ligases, LRSAM1, FBXO7 (PARK15), and
PARKIN/PARK?2 have been identified in Parkinson’s disease while mutations in
FBXL7, FBXL13 and TTC3 ubiquitin ligases have been associated with Alzheimer’s
disease [180]. Moreover, E3 ligase Neuralized1 overexpression enhances the memory
formation and synaptic plasticity by upregulating the expression of AMPA-type
glutamate receptors [179]. Specifically, E3 ligase Smurf2 degrades EZH2 by
ubiquitination and thus enhances neuron differentiation after ischemic stroke [184].
As well as the roles of ubiquitin ligases in the neuronal processes, interacting partners
of Smurf2 such as tp53, ep300, SIRT1, YY1 have essential roles in central nervous
system including synaptic plasticity, learning and memory, and neuroprotection
against neurodegenerative diseases [185]-[188]. For example, tau accumulation is

under control of several PTMs including ubiquitination by CHIP, acetylation by
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ep300 and deacetylation by SIRT1. E3 ligase CHIP polyubiquitinates and degrades
phosphorylated tau [189], [190]. However, acetylation of tau by ep300 prevents the
degradation of phosphorylated tau [185] similar to the prevention of ubiquitin-
mediated degradation of tp53 and smad7 by acetylation [50], [191]. On the other
hand, SIRT1-mediated deacetylation of tau allows the ubiquitination and subsequent
degradation of phosphorylated tau and prevents tau aggregation which is one of the
hallmarks of Alzheimer’s disease [185], [188]. Moreover, it has been shown that tp53
levels increase in neurodegenerative diseases (For review, [192]). The network
between some of the mentioned proteins, and Smurf2 and its interacting partners
were investigated with STRING database and summarized in Figure 6.1 [127].
Although Smurf2 has been well-studied in cancer cells [30], our knowledge about its
role in brain aging is very limited. However, it has known that there is a crosstalk
between cancer and neurodegenerative diseases [192], [193] similar to cancer and
aging have [13]. Cancer is the consequence of the aberrant gain of cellular fitness,
i.e., cell survival, while aging and neurodegenerative diseases are characterized with
the loss of fitness, cell death [13], [192]. A transcriptomic meta-analyses indicated
that the genes upregulated in three neurodegenerative diseases (Alzheimer’s disease,
Parkinson’s disease, and schizophrenia) are significantly overlapped with the
downregulated genes in three kinds of cancers (lung, prostate, and colorectal cancer)
and vice versa [193]. For example, the p53 pathway is upregulated in cancers, while
it is downregulated in neurodegenerative diseases [193]. Importantly, the ubiquitin-
proteasome system is downregulated in neurodegenerative diseases whereas it is
upregulated in cancers [193]. In the light of these evidences, it is inevitable to

investigate Smurf2 and its interacting partners during brain aging.
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Figure 6.1 STRING analysis of 13 proteins in humans. Nodes represent the proteins
and the colors in the nodes represent the specific functional enrichment in the
network; blue in node: protein ubiquitination (GO:0016567), purple in node:
regulation of synaptic plasticity (GO:0048167), red in node: neurodegeneration (KW-
0523), green in node: Alzheimer’s disecase (KW-0026) and yellow in node:
Parkinson’s disease (KW-0907). Color lines represent interaction type between
nodes; green line: activation, red line: inhibition, blue line: binding, purple line:
catalysis, cyan line: phenotype, magenta line: PTM, black line: reaction, yellow line:

transcriptional regulation.

The overall aim of this thesis to investigate the alterations in the gene and
protein expression level of Smurf2 and its interacting partners with respect to aging,
genetic interventions and non-genetic interventions. To the best of our knowledge,
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the current study is one of the first studies to investigate Smurf2 gene and protein
expression with respect to genetic and non-genetic interventions across lifespan. This
overall aim was investigated under three aims; (1) the analysis of the protein and gene
expression levels of Smurf2 and its interacting partners during normal brain aging,
(2) the investigation of the impacts of genetic interventions on Smurf2, and (3) the
examination of non-genetic interventions with respect to Smurf2, its interacting

partners and neuronal proteins.

In Chapter 3, Smurf2 protein levels were investigated across lifespan; its
expression increased with advanced age in terms of whole brain and specific brain
regions, Tel and Ce. Also, its protein was mostly localized in cytosol. Then, Smurf2
and its interacting partners were investigated in terms of gene expression levels. Only
smurf2 gene expression significantly increased in the whole brain however, the brain
region-specific analysis demonstrated that smurf2, mdm2, ep300a and sirtl decreased
in the Tel region of aged zebrafish. Interestingly, in spite of the decrease in terms of
gene expression in Tel and Ce region, upregulated protein levels were observed in the
same regions. These support the idea that Smurf2 accumulated in the aged brain and
possibly maintains proteostasis in more vulnerable cognitive regions. In addition, the
multivariate analysis demonstrated that smurf2, mdm2, ep300a, and sirtl were highly
correlated and influenced the dataset similarly. This might imply that there is a
balance between their proteins with the roles in ubiquitination, acetylation and
deacetylation but with advancing age, this balance may disrupt and other regulatory
proteins should also take a role to sustain cellular stability. Increasing sample size

may improve the results of multivariate analysis, PCA and Pearson correlation. Field
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(2015) stated that as a common rule, researchers have at least 10-15 samples per
variable in factor analysis while some statisticians argued that 300 is a good sample
size [194]. In our analysis, we had a total of 12 animals, 6 young and 6 old, in terms
of whole brain whereas a total of 6 fish, 3 young and 3 old, in terms of each brain
region. If we would increase the sample size at least in brain region-specific dataset,
it may improve our understanding about their relations in specific brain regions and
may unravel the age-related contributions of genes of interest. Moreover, since
smurf2, mdm2, ep300a and sirtl have similar contribution to principal components;
their relationship should be investigated in terms of protein expression and protein-
protein interaction in order to give a causative meaning of this module conserved in
whole brain and Tel. As well, the protein levels of interacting partners and their

protein-protein interactions may be further examined in terms of aging.

In Chapter 4, the stable and transient genetic interventions were utilized to
upregulate or downregulate the Smurf2 levels. A heat-shock inducible Smurf2
transgenic animal was generated via Tol2 transposase system. The inducible system
gives us to overexpress the gene of interest at the desirable time across lifespan rather
than the overexpression throughout the life. After we obtain a stable generation, we
may induce the overexpression of Smurf2 in the adulthood by heat-shock, especially
in the young ages in order to accelerate the aging process and compare them with
their age-matched counterparts and older animals. Because of the limitations
including time and low frequency of germline transmission, the desired stable
transgenic line and potential inducible accelerated aging model could not be

generated and tested for the neuronal impacts of Smurf2 overexpression during this
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thesis work. In order to increase the frequency of germline transmitted founder fish,
new injections can be performed easily with the same vectors which have already
generated and found in the laboratory. Moreover, since we have complete Tol2Kkit, the
new constructs could be generated for the different inducible systems or ubiquitous
expression throughout the life. For example, to prevent the leakage of hsp70l
promoter without heat-shock treatment, another heat-shock promoter could be
utilized. In a recent publication, HspR promoter, a repression-based system was
established to overcome the leaky properties of activation-based heat-shock response
system [195]. HspR sequence may be cloned into 5’ entry clones with a
recombination and then this promoter vector can be merged in a destination vector in
order to inject into one-cell stage embryos. Also, autofluorescence signal made
difficult to the phenotyping with EGFP signal. It will be corrected with Image
Calculator in Fiji ImageJ [196], [197]. Moreover, to overcome the autofluorescence
issue during phenotyping, the confocal microscope can be utilized to rather than the
stereo microscope. The specific emission filter can block the autofluorescence signal

and pass only EGFP signal [198].

Also, same chapter aimed to generate the stable knockout model of Smurf2 by
using CRISPR-Cas9 system. Since the knockout of Smurf2 did not cause any
phenotypic trait in the embryos or young adults, genotyping methods were necessary
to identify the founder fish. Unfortunately, the PCR-based methods could not be
optimized until now. After an efficient and reliable method is optimized, new
injections will be performed with already prepared gRNA and cas9 mRNA. Also,

rather than the in vitro transcribed cas9 mRNA, Cas9 protein can be co-injected with
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gRNA s to increase the efficiency [135]. The generation of Smurf2 knockout could be

a beneficial model to study brain aging as well as metabolic aging.

On the other hand, Vivo-morpholino gives an opportunity to knockdown the
gene of interest at any time during lifespan. The purpose was the knockdown of
Smurf2 expression during adulthood for a short time. Vivo-morpholino solutions
were delivered into zebrafish brain via CVMI [90]. The effect of Vivo-morpholino
technology is transient that is time- and dose-dependent [90]. The knockdown
efficiency was investigated for two different Vivo-morpholinos in the present study.
Accordingly, the further analysis will be done at 1 dpi for splice-blocking morpholino
but at 1 dpi and/or 2 dpi after the application of translational-blocking morpholino.
The future investigations should be performed to observe the neuronal effects of

Smurf2 knockdown with Vivo-morpholino.

In Chapter 5, the non-genetic interventions including dietary regimens and
inhibitor treatment was employed in order to understand the role of Smurf2 in the
brain aging. The OF and CR diet, altered the neuronal markers, HuC and
DCAMKL1, without changes in global proliferation protein, PCNA and senescence
protein, Smurf2. There was overall positive correlation between DCAMKLL1 and
PCNA which was also conserved in both young and old groups. On the other hand,
HuC protein levels were negatively related with DCAMKL1 levels independent to
age and diet. Nevertheless, this negative regulation was more robust in the aged brain
and HuC levels were also negatively correlated with PCNA in the aged brain. This
may imply that HUC has non-overlapping expression time with DCAMKL1 and

PCNA proteins. Moreover, surprisingly the level of Smurf2 protein had a positive
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correlation with DCAMKLL in the old brain. In the light of this evidence, it suggests
that global proliferation and senescence is dysregulated with advanced age. Also,
gene expression levels of smurf2 and its partners were not altered significantly except
tp53 expression in the whole brain. However, the correlation among smurf2, mdmz2,
ep300a and sirtl were mostly conserved in both young and aged brains as consistent
with their relation shown in Chapter 3. This supports our previous implication; there
is a balance between the genes regulating ubiquitination, acetylation and

deacetylation that is age-dependent in order to maintain the cellular stability.

Lastly, heclin, a specific HECT E3 ligase inhibitor, was utilized to inhibit
Smurf2 activity. Before understanding its impacts on adult brain, heclin was applied
to embryos. Survival ratios in terms different doses were analyzed; increasing heclin
dose decrease the survival proportions. Also, the gene expression level of tp53,
mdmz2, and sirtl was altered by treatment. The protein expression profile experiments
were conducted with 6.8 uM heclin-treated embryos as well as control groups since
the higher doses had lower survival ratio. Only HuC protein level was altered with
6.8 uM heclin treatment compared to DMSO control at 5 dpf while blank control and
DMSO control were marginally different. This suggests that DMSO concentration
(0.2% v/v) could interfere with neuronal development and heclin treatment may
recover its effect. To understand the effect of DMSO, it is essential to investigate the
higher and lower concentrations of DMSO in embryo medium in terms of HuC,
DCAMKL1 and PCNA levels. The next step will be conducted on the adult brain as
ex vivo treatment in order to observe the potential effects of Smurf2 inhibition on the

adult brain and brain aging.
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It is inevitable to investigate the protein levels of interacting partners to gain
insight into the complete role of Smurf2 during brain aging. Since some publications
examined the some of the interacting partners across lifespan or against to non-
genetic feeding interventions, their protein levels should be investigated under same
conditions with same samples. For example, it will be expected to observe a decrease
in terms of Sirtl protein level in aged brain in a region-specific and maybe gender-
specific manner according to previous observations [26], [199], [200]. On the other
hand, since the protein level of ep300 decreases in senescent cells [51], there could be
a potential decrease in the case of ep300a in the aged brain especially in Tel
according to our group’s previous observation that senescent cell number increased in
aged brain Tel [79]. Since tp53 protein has a short half-life and its activity is tightly
regulated by several PTMs [45], [47], [201], its protein expression also may be stable
during aging. However, tp53 protein levels increases in hippocampus [158] and in
astrocyte cells derived from aged individuals [202]. Thus, the protein levels of tp53
should be investigated in a region-specific and brain cell-specific manner. However,
MDMZ2 protein level decreases slightly in hippocampus in the aged mouse [158].
Furthermore, it was shown that dysregulation in the MDM2-tp53 balance leads to
premature aging [43], [49]. YY1 regulates the genes associated with
neurodegenerative diseases according to a transcriptional meta-analysis [55] and it is
a part of the repressor complex with SIRT1 to suppress microRNA-134 and regulate
synaptic plasticity and memory formation [56]. Moreover, YY1 could be a critical
mediator in neuronal plasticity by regulating transcription of genes in mature neurons
in hippocampus [203], [204]. According to previous literature, we can expect slight

alterations in terms of Mdm2 and Yy1la protein levels during brain aging in a region-

151



specific manner but other consequences of aging could be the changes in their
activity and interactions with other proteins including tp53 and Smurf2. In the light of
these evidences, the further experiments on proteins of interest including Western
blotting, immunohistochemistry, and co-immunoprecipitation, are important to gain a

comprehensive picture about brain aging.

Finally, in order to unveil therapeutic implications of Smurf2 expression
during aging, the overexpression model could be inevitable because it may show the
potency of this protein. In order to rescue potential detrimental effect of Smurf2 in
the overexpression model as well as aged WT brain, we could apply some drugs
including HECT inhibitor, heclin, proteasome inhibitors such as MG132 [205] or
senolytics that decrease the accumulation of senescent cells [111]. To observe the
consequences of overexpression of Smurf2 and drug treatment, further experiments
may performed in terms of gene and protein expression for example, qRT-PCR,

immunohistochemistry, co-immunoprecipitation, Western blotting and SA-B-gal.

In conclusion, in the present thesis it was shown that Smurf2 protein levels
increased during aging. Its gene expression and interacting partners’ expression were
also altered in a region-dependent manner. Also, the stable and transient genetic
methods were utilized to alter Smurf2 expression and see its role during aging.
Lastly, dietary regimens were altered the levels of neuronal proteins and tp53 gene
expression without change in terms of Smurf2 gene and protein levels. To the best of
our knowledge, this study is one of the first studies to investigate the levels of Smurf2
during aging and in response to genetic and non-genetic interventions. The future

investigations should be conducted to gain a complete insight into Smurf2 impacts
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across lifespan. It could be a promising target to delay the brain aging process and the

onset of age-related cognitive decline.
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