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Abstract—Aging occurs due to a combination of several factors, such as telomere attrition, cellular senescence,
and stem cell exhaustion. The telomere attrition-dependent cellular senescence is regulated by increased levels
of SMAD specific E3 ubiquitin protein ligase 2 (smurf2).With age smurf2 expression increases and Smurf2 protein
interacts with several regulatory proteins including, Smad7, Ep300, Yy1, Sirt1, Mdm2, and Tp53, likely affecting its
function related to cellular aging. The current study aimed at analyzing smurf2 expression in the aged brain
because of its potential regulatory roles in the cellular aging process. Zebrafish were used because like humans
they age gradually and their genome has 70% similarity. In the current study, we demonstrated that smurf2 gene
and protein expression levels altered in a region-specific manner during the aging process. Also, in both young
and old brains, Smurf2 protein was enriched in the cytosol. These results imply that during aging Smurf2 is reg-
ulated by several mechanisms including post-translational modifications (PTMs) and complex formation. Also,
the expression levels of its interacting partners defined by the STRING database, tp53, mdm2, ep300a, yy1a,
smad7, and sirt1, were analyzed. Multivariate analysis indicated that smurf2, ep300a, and sirt1, whose proteins
regulate ubiquitination, acetylation, and deacetylation of target proteins including Smad7 and Tp53, showed
age- and brain region-dependent patterns. Our data suggest a likely balance between Smurf2- and Mdm2-
mediated ubiquitination, and Ep300a-mediated acetylation/Sirt1-mediated deacetylation, which most possibly
affects the functionality of other interacting partners in regulating cellular and synaptic aging and ultimately cog-
nitive dysfunction. � 2020 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

Aging is a natural and multi-factorial process that is

accompanied by numerous alterations in the organism.

At a systems level, normal aging is associated with

changes in cognitive function, which include slowing
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down of information processing, moderate declines in

memory, and increased failure in executive functions

(Raz, 2002). Normal aging leads to a measurable but tol-

erable loss of cognitive ability that may or may not affect

the person’s quality of life or ability to function and identi-

fying the cellular mechanisms that underlie these cogni-

tive changes will be vital to preserving an older person’s

independence.

At a macroscopic level, it has been suggested that

significant cellular and synaptic loss underlie these

altered cognitive functions. However multiple studies

indicate that there is no significant cellular (Rapp and

Gallagher, 1996; Rapp et al., 2002) and synaptic loss

(Calhoun et al., 1998; Poe et al., 2001; Shi et al., 2007;
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Newton et al., 2008) in the aged brain. Thus, it is likely

subtle cellular and synaptic alterations are contributing

to this brain aging process (Ganeshina et al., 2004;

Adams et al., 2008; VanGuilder et al., 2010, 2011). There-

fore, analyzing subtle molecular and cellular alterations in

the aged brain, rather than focusing on significant struc-

tural changes, will provide powerful insights for under-

standing the neurobiological underpinnings of the aging

process.

Some of the widely-accepted hallmarks of aging

demonstrate shared characteristic features of age-

related cellular changes in the brain, and may contribute

to the subtle functional alterations in neuronal cellular

and synaptic integrity. Genomic instability and telomere

attrition are defined as the primary hallmarks of aging

because they lead to cellular damage and dysfunction,

and ultimately cellular senescence (López-Otı́n et al.,

2013). Due to endogenous risk factors such as DNA repli-

cation errors and reactive oxygen species, as well as

exogenous biological, chemical and physical risk factors,

the cellular mechanisms maintaining DNA integrity and

stability are subject to dysfunction during the aging pro-

cess (Hoeijmakers, 2009). Throughout the life of an

organism, genetic damage accumulates in the cells, and

thus, cellular aging results from a buildup of many years

of DNA damage. A complex DNA repair system network

maintains genomic stability in normal cells (Lord and

Ashworth, 2012). In addition to DNA repair processes,

specific mechanisms for preserving the integrity and

length of telomeres have evolved (Blackburn et al.,

2006). Although telomere attrition increases with advanc-

ing age in mammals because of the end replication prob-

lem in each DNA replication cycle (Levy et al., 1992), it is

long discussed whether telomere attrition is a cause of

aging or consequence of aging (Hornsby, 2006;

Carneiro et al., 2016). Although telomerase, a specialized

DNA polymerase, may overcome this problem, most

somatic cells in mammals lose the ability of telomerase

expression by maturation (Wright et al., 1996; Cong

et al., 2002). In the absence of telomerase, the shortening

of telomeres increases throughout life. Evidence from

previous literature indicates that telomere attrition is a fea-

ture of replication-competent cells such as small intestine

and ovaries; however, recent findings demonstrate that

post-mitotic neurons may also display senescence-like

characteristics due to telomere erosion (Ain et al.,

2018). The response to both genomic instability and

telomere attrition in the cell could be in some cases to

undergo cellular senescence, which is considered

another hallmark of aging (López-Otı́n et al., 2013).

Senescent cells accumulate in aged tissues because of

either an increase in their generation or a decrease in

their clearance (López-Otı́n et al., 2013). Additionally,

with an increase in senescent cells, the regenerative

potential of tissues declines during aging. For example,

the generation of hematopoietic stem cells (HSCs) decli-

nes with age and this leads to alterations in the production

of immune cells, which is known as immunosenescence

(Shaw et al., 2010; Fulop et al., 2018). Interestingly,

recent findings imply a protective role of senescence in

tissue repair and regeneration. It has been shown that
senescent cells in a wounded tissue increase myofibrob-

last differentiation, and fastens wound healing (Demaria

et al., 2014). Similarly, it was found that senescence

may act to prevent injury-associated tissue fibrosis by

restraining proliferation (Krizhanovsky et al., 2008).

In conjunction with these changes, some common

factors have the ability to regulate all the hallmarks of

aging mentioned above. One such component is the

SMAD specific E3 ubiquitin protein ligase 2 (Smurf2),

which regulates ubiquitin-mediated proteasomal

degradation. Evidence shows that Smurf2 protein has

roles in both the induction of telomere-dependent

cellular senescence (Zhang and Cohen, 2004) and stem

cell exhaustion (Ramkumar et al., 2014). Moreover, gene

expression levels of smurf2 are significantly increased in

the aged brain (Arslan-Ergul and Adams, 2014). This sug-

gests a potential role for this protein in mediating some of

the functional changes associated with cellular aging.

Smurf2 is a conserved ‘homologous to E6-AP COOH

terminus’ (HECT)-domain E3 ubiquitin ligase protein

belonging to the Nedd4 subgroup (Chen and Matesic,

2007). It was first identified as a negative regulator of

transforming growth factor-b (TGF-b) signaling by target-

ing receptor-regulated Smads and the TGF-b type I

receptor (Zhang et al., 2001). It implemented this through

interactions with phosphorylated Smads, which leads to

their ubiquitination and subsequent degradation (David

et al., 2013). Nuclear export of Smurf2 requires an asso-

ciation with Smad7 that leads to ubiquitin-mediated pro-

teasomal degradation of TGF-b receptor complex

(Kavsak et al., 2000; Yan et al., 2009). Thus, Smurf2

can be found in nuclear and cytosolic fractions depending

on the cellular conditions (Borroni et al., 2018; Emanuelli

et al., 2019). Further research demonstrated that Smurf2

has essential roles in other signaling pathways and cellu-

lar processes such as telomere attrition and induction of

cellular senescence. For example, telomere attrition

occurs in parallel with an increase in Smurf2 expression,

both of which are sufficient for the development of a

senescent phenotype, and ectopic expression of Smurf2

in early passage fibroblast cells leads to cellular senes-

cence (Zhang and Cohen, 2004). Several studies have

increased our understanding of the function of Smurf2

as being related to cellular senescence, it has been

shown that it mechanistically links to p16 (Kong et al.,

2011), which is considered as a marker of aging

(Krishnamurthy et al., 2004). The gene expression levels

of p16 increase in cells undergoing senescence

(Krishnamurthy et al., 2004) and this leads to a decrease

in the self-renewal capacity of stem cells during aging

(Ramkumar et al., 2014). Taken together, these data sug-

gest that Smurf2 may promote an aging phenotype of cel-

lular senescence through telomere attrition.

In promoting cellular senescence, not only is the p16

pathway recruited by Smurf2 but it also regulates and

recruits the p53-p21 pathway (David et al., 2013). A

well-studied transcription factor, tp53, responds to several

cellular stressors by regulating target genes, which induce

growth arrest, DNA repair, cellular senescence, and

apoptosis (Li et al., 2002a). Smurf2 promotes tumor pro-

tein p53 (tp53) degradation by stabilizing the E3 ubiquitin
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protein ligase ‘mouse double minute 2’ (MDM2) (Nie et al.,

2010). Also, Yin Yang 1 (YY1), which is degraded by

Smurf2, inhibits tp53 activity (Sui et al., 2004), and thus,

the suppressive ability of YY1 on tp53 activity is relieved

by Smurf2 (Jeong et al., 2014). Furthermore, as a stress

response, tp53 is acetylated by E1A Binding Protein P300

(ep300), a transcriptional co-activator; however, MDM2

suppresses ep300-mediated tp53 acetylation (Ito et al.,

2001). Smad7 is acetylated by ep300 to protect against

Smurf2-mediated ubiquitination similarly to the tp53 regu-

lation mentioned above (Grönroos et al., 2002;

Simonsson et al., 2005). In contrast to ep300, Sirtuin 1

(SIRT1), a nicotinamide adenine dinucleotide (NAD)-

dependent deacetylase, removes the acetyl groups from

Smad7, which inhibits TGF-b signaling (Yan et al.,

2009). It has been suggested that the sirtuin family,

including SIRT1, regulates life span in concert with meta-

bolism because of the NAD-dependent deacetylase func-

tion (Guarente, 2007). In addition to its role in metabolism,

SIRT1 regulates senescence via deacetylation of target

proteins (Yuan et al., 2016). All of these results suggest

a role for Smurf2 and its downstream targets and interact-

ing partners in controlling several hallmarks of aging such

as telomere attrition, cellular senescence, genomic stabil-

ity, and stem cell exhaustion. Despite the wealth of

research investigating Smurf2 in relationship to these pro-

cesses and cancer, the current study is one of the first to

investigate alterations in smurf2 expression in the aging

brain.

The zebrafish (Danio rerio) model organism has

begun to get attention as a gerontological model (Van

houcke et al., 2015) because it has an integrated nervous

system, and shows advanced behavioral properties such

as memory and social behaviors (Saverino and Gerlai,

2008; Oliveira, 2013). Additionally, they age gradually like

humans (Kishi et al., 2003), and their genome shows a

70% similarity with the human genome (Howe et al.,

2013). Moreover, the zebrafish brain has regenerative

properties, including neurogenesis that is not restricted

to the telencephalon but is widespread throughout the

entire brain (Kizil et al., 2012). Although these animals

possess a high regenerative capacity (Johnson and

Weston, 1995; Becker et al., 1997; Poss, 2002), neuroge-

nesis decreases with age in zebrafish (Edelmann et al.,

2013; Arslan-Ergul et al., 2016). This is in concert with

increases in an important biomarker of aging,

senescence-associated b-galactosidase (SA b-gal),
which builds up linearly with advancing age in the zebra-

fish brain and other tissues (Kishi et al., 2008; Arslan-

Ergul et al., 2016). As indicated in the review by Van

houcke et al. (2015), these hallmarks of aging observed

in mammals are well-represented in the zebrafish nervous

system, and thus, they are a promising model organism to

study brain aging and age-related changes.

In the light of all this evidence, we hypothesized that

Smurf2 protein expression would increase in the aged

brain in a manner similar to the mRNA levels, and this

upregulation would influence Smurf2 interacting

partners’ gene expression levels. Western blot

experiments were performed with two different anti-

SMURF2 antibodies, which recognize different domains
of the Smurf2 protein. Blots with the anti-SMURF2,

200–300 aa, antibody, which is recognizing the portion

between the 200–300 amino acid residues of Smurf2

protein, showed that the expression levels did not

change with age. However, the other antibody directed

toward the C-terminal region yielded a band

corresponding to a larger molecular weight protein and

demonstrated a numerical but not statistically significant

increase in the protein level of Smurf2 during aging. To

further analyze the region-specific protein expression

levels of Smurf2, proteins from microdissected brain

regions including the telencephalon (Tel), optic tectum

(TeO) and cerebellum/medulla/spinal cord (Ce) were

analyzed with Western blotting of two antibodies

directed against the Smurf2 protein. The analyses with

both antibodies indicated a region-specific increase in

Smurf2 protein expression during aging that was limited

to the Tel region. In order to define the subcellular

localization of Smurf2 with advancing age, fractionation

experiments were performed on the whole brain and

specific brain regions and it was indicated that the

presence of enriched cytosolic levels of Smurf2 was

observed in the whole brain and three specific brain

regions. Moreover, since Smurf2 is known to regulate

various functions in the cell through different targets, it

was also important to define the downstream genes and

interacting partners and measure their expression levels

during brain aging. Using the STRING database

(Szklarczyk et al., 2019), we generated a protein interac-

tion map and measured the gene expression levels of

tp53, mdm2, sirt1, yy1a, ep300a, and smad7, in addition

to smurf2. While the whole brain expression analysis

showed a numerical increase only in smurf2 expression

levels, the brain region-specific analysis indicated alter-

ations in mdm2, ep300a and sirt1 as well as smurf2
expression levels varied during aging. Moreover, multi-

variate testing of gene expression levels using Principal

Component Analysis (PCA) demonstrated that smurf2,
ep300a, and sirt1 influenced the variance in the same

way in the whole brain, while each region had its own dis-

tinct pattern. This indicates that their regulatory roles are

correlated with each other, i.e., all changed in the aging

brain in region-dependent manner, and these changes

in the interacting partners in the signaling pathway may

influence cellular aging hallmarks such as senescence

induced by telomere attrition or genomic instability.
EXPERIMENTAL PROCEDURES

Animals and cell lines

All fish were raised in standard conditions 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 a constant

temperature of 27.5 �C. Adult fish were fed twice a day

with dry food flakes and once a day with Artemia, which
is live food and predatory source for the animals.

For the current study, both wild-type (AB strain)

zebrafish embryos and larvae at 2, 3, and 4 days post

fertilization (dpf), and brains from adult fish, which were
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6–8 months old (young) and 29–35 months old (old), were

examined. The age range of old group were determined

according to previous research indicating that in

zebrafish cognitive decline starts after 24 months and

continue until 36 months (Yu et al., 2006). The adult brain

tissue samples included both male and female animals.

Both larvae and the adult fish were euthanized in ice

water (American Veterinary Medical Association

(AVMA), 2013; Varga and Matthews, 2012). After eutha-

nization, embryos were pooled, snap-frozen in liquid nitro-

gen, and kept at �80 �C until protein extraction. Using the

dissecting microscope, the head of the adult fish was

removed from the body with a sharp blade after eutha-

nization, and then the eyes and optic nerve were sepa-

rated carefully from the head. After cleaning off the

excessive tissues, the brain was removed from the skull

in an entirely intact form. The brain weight was deter-

mined and recorded. Individual brain tissues were snap-

frozen in liquid nitrogen and kept at �80 �C until further

analysis for whole brain RNA isolation, while proteins

were isolated from individual brain tissues immediately

in lysis buffer. For region-specific RNA and protein isola-

tion, three young and three old zebrafish brains were

microdissected into three regions: telencephalon (Tel),

the optic tectum (TeO) and the cerebellum/medulla/spinal

cord (Ce). After Tel, TeO, and Ce were separated from

each whole zebrafish brain sample, the 3 microdissected

pieces from each of the three animals in the same age

group were pooled together. Similar to whole brain RNA

and protein isolation, pooled brain regions for RNA isola-

tion were snap-frozen in liquid nitrogen and kept at

�80 �C, while the proteins of the pooled brain regions

were isolated immediately in the lysis buffer. For subcellu-

lar fractionation, dissected whole brains and three

microdissected brain regions; Tel, TeO, and Ce, which

were pooled, were lysed immediately. The animal proto-

col for this study was approved by the Bilkent University

Local Animal Ethics Committee (HADYEK) with approval

date Feb 21, 2018 and number 2018/5.

Different tissue cell lines were used for the validation

of antibodies used in measuring the Smurf2 protein

levels in the zebrafish brain tissues. The MDA-MB-231

cell line is a positive control for the anti-SMURF2 C-

terminal (ab211746) antibody and the MCF7 cell line is

a positive control for anti-SMURF2, 200–300 aa,

(ab94483) antibody. These two breast cancer cell lines

were kindly provided as cell pellets from Dr. Ali Gure’s

laboratory in Bilkent University. In order to show the

expression of Smurf2 in brain cells, the A172, a human

brain glioblastoma cell line, was used, which were in our

laboratory.

Protein isolation for Smurf2 analysis

Protein isolation from individual and pooled brains was

performed as described in Karoglu et al. (2017). Briefly,

brain tissues 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 inhibi-

tor [Roche, 5892970001]), for which 60 lL was used per

1 mg of tissue. Homogenates were incubated on ice for

30 min with gentle mixing. After centrifuging at
13,000 rpm for 20 min at 4 �C, supernatants were col-

lected in a new tube. The only modification in the protocol

was for protein isolation from the embryos. They were

homogenized with a sonicator (UP 50H, Hielscher Ultra-

sonics 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. The protein

extraction from the cell lines was performed in a similar

manner for brain tissues as described above. The con-

centration of protein lysates was measured using the

Bradford assay (B6916, Sigma) with bovine serum albumin

(BSA; Sigma St. Louis, MO, USA) as the standard control.

Proteins were stored at �80 �C for use in Western blotting.
Subcellular fractionation for Smurf2 protein
localization

Subcellular fractionation from individual and pooled brains

was performed as described in Sezgin et al., (2017) with

minor modifications. Briefly, whole brain tissues and

pooled brain regions were homogenized with Dounce

homogenizer in 500 lL lysis buffer (50 mM Tris pH 7.5,

150 mM NaCl, %1 Triton X-100, 10 mM NaF and protease

inhibitor [Roche, 5892970001]). Lysates were incubated

on ice for 10 min and centrifuged at 14,000 rpm for

15 min at 4 �C. Supernatants were collected into a new

tube as a cytosolic fraction and pellet including nuclear

fraction were dissolved in 150 lL lysis RIPA buffer

(50 mM Tris, pH 8.0, 150 mM NaCl, 1% NP40, 0.1%

SDS and protease inhibitor [Roche, 5892970001]). The

concentration of protein lysates was measured using the

Bradford assay (B6916, Sigma) with bovine serum albu-

min (BSA; Sigma St. Louis, MO, USA) as the standard

control. Proteins were stored at �80 �C for use in Western

blotting.
Western blotting for Smurf2

From individual brain samples, 10 mg of protein lysate

were loaded in the gel for the detection of Smurf2 and

b-tubulin for young and old comparisons. From pooled

brain regions, 20 mg of protein lysate were loaded in the

gel for the detection of Smurf2 and b-tubulin for age and

region comparison. For antibody validation, 100 mg of

protein lysate from the embryonic zebrafish at 2, 3, and

4 dpf were loaded in the gel. From the cell lines 40 mg of

protein lysate was loaded in the gel for the validation of

the antibodies directed against Smurf2 due to the fact

that they had never been tested previously in zebrafish

tissues. For whole brain protein analysis, five biological

replicates from each group (four groups: young female,

young male, old female, and old male) were loaded in

five cohorts at least three times, which also provided

technical replicates, in a 10% resolving gel under

reducing and denaturing conditions. For region-specific

protein analysis, pooled brain samples were loaded at

least three times in a 10% resolving gel under the same

conditions. For protein analysis of subcellular fractions,

three biological replicates of whole brain subcellular

fractions from the two groups, young and old, were

loaded in an 8% resolving gel under reducing and

denaturing conditions at least three technical replicates.
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At the same time, the subcellular fractions of pooled brain

regions were loaded at least four times in an 8% resolving

gel under the same conditions.

The Western blotting procedure was performed as

described previously (Karoglu et al., 2017). Briefly, mem-

branes were incubated in the following primary antibod-

ies; anti-SMURF2, 200–300 aa, (ab94483, Abcam,

Cambridge, UK, 1:2000 dilution in 5% milk solution),

anti-SMURF2 C-terminal (ab211746, Abcam, 1:500 dilu-

tion in 5% milk solution), and anti-b-tubulin (CST

#2146S, Cell Signaling Technology, Danvers, AM, USA,

1:5000 in 5% milk solution) as a loading control overnight

at 4 �C. Secondary antibodies were goat-anti-rabbit IgG,

HRP-linked antibody (CST #7074S, Cell Signaling Tech-

nology, 1:5000 dilution in 5% milk solution) for detecting

the anti-SMURF2, 200–300 aa, (ab94483) antibody and

the anti-b-tubulin, and goat-anti-mouse IgG-HRP antibody

(sc-2005, Santa Cruz Biotechnology, Santa Cruz, CA,

USA, 1:2500 dilution in 5% milk solution) for detecting

the anti-SMURF2 C-terminal (ab211746) antibody. To

validate the subcellular fractionation, anti-LaminB1

(66095-1-Ig, proteintech, 1:10,000 dilution in 5% milk

solution, kindly provided from Dr. Sreeparna Banerjee’s

laboratory in Middle East Technical University), was uti-

lized as a nuclear control while anti-b-tubulin (CST

#2146S, Cell Signaling Technology, Danvers, AM, USA,

1:5000 in 5% milk solution) was used as a cytosolic con-

trol. The bands were detected with SuperSignal West

Femto Maximum Sensitivity Substrate (34095, Thermo

Fisher Scientific, Rockford, IL, USA) and the signal on

membranes was visualized using a ChemiDoc MP Imag-

ing System (Biorad, Hercules, CA, USA).

The band densities were quantified using the ImageJ

program (NIH, Bethesda, MD, USA) and the author,

ETK-E., who performed the quantification, was blind to

the identity of the group to which the protein bands in

the membrane belonged in order to achieve an

unbiased quantification. For the analysis, we used

tubulin (tub) normalization. The gel-normalized Smurf2

values were divided to gel-normalized values of the

housekeeping control, b-tubulin, and values obtained

with this calculation were designated as tub-normalized

data.
RNA isolation

Individual and pooled snap-frozen brain samples were

homogenized in TRIzol reagent (15596018, Invitrogen,

Carlsbad, CA, USA) according to the manufacturer’s
Table 1. Primer sequences used in the gene expression study

Gene symbol Forward Primer 50 –>30 Revers

smurf2 ACTTCCTGCACACACAGACG GGAC

tp53 TTGTCCCATATGAAGCACCACA CAGC

mdm2 GATTCGCGAAACGGTCAC TCGTT

smad7 CCCCTATGGGGTTTTCAGAT GTGC

yy1a TGACAGGCAAGAAACTGCCA TTGTG

ep300a GGCTTATGTGCCTATCTCCGA GCCA

sirt1 TTCAGTGCCACGGGTCTTTT GGAC

rpl13a TCTGGAGGACTGTAAGAGGTATGC AGAC
instructions. The RNA concentration was measured with

a NanoDrop 2000 machine (ThermoScientific), and then

the TURBO DNA-free kit (AM1907, Invitrogen) was

used to remove possible contamination from the DNA

according to the manufacturer’s instructions. The

DNase-treated RNA concentration was measured with a

NanoDrop 2000 machine (ThermoScientific).
Quantitative PCR (qRT-PCR)

All cDNAs were synthesized from 500 ng DNase-treated

RNA samples by using an iScript cDNA Synthesis Kit

(1708891, Biorad, Hercules, CA, USA). cDNA samples

were diluted in a 1:4 or 1:8 ratio and 2 lL diluted cDNA

was used for qPCR experiments. Reactions were

performed in a 20 lL final volume. Light cycler 480

SYBR Green I Master mix solution (04887352001,

Roche, Mannheim, Germany) was used according to

the manufacturer’s instructions. All qPCR experiments

were done utilizing the Roche LightCycler 480 System.

The primer sequences, and final primer concentrations

are listed in Table 1.
STRING analysis for protein interacting partners of
Smurf2

A protein network map of Smurf2 and its interacting

partners, defined primarily by the literature, was

analyzed for both humans and zebrafish using the

STRING database (Szklarczyk et al., 2019). In the human

interaction map, SMURF2, TP53, MDM2, YY1, EP300,

SMAD7, and SIRT1 proteins were identified, while for

the zebrafish map, smurf2, tp53, mdm2, yy1a, ep300a,

smad7, and sirt1 proteins were defined. Due to the exis-

tence of teleost-specific gene duplication (Glasauer and

Neuhauss, 2014), two paralogues of both ep300 and

yy1 exist in the zebrafish genome and based on the liter-

ature (Shiu et al., 2016; Babu et al., 2018) only functional

paralogues of ep300a and yy1a were accounted for in the

current analysis. The minimum required interaction score

was set to low confidence (0.150) because the default

setting (medium confidence, 0.400) missed some interac-

tions that have been verified in the literature such as that

between Smurf2 and MDM2 (Nie et al., 2010).
qRT-PCR data analysis for Smurf2 and its interacting
partners

DCt was calculated as Ct (target gene) – Ct (reference

gene). Rpl13a, an internal control, was used as the
e Primer 50 –>30 Final concentration in reaction

CCAACTCCTCACAGTT 0.5 lM
AACTGACCTTCCTGAGTC 0.5 lM
GTCAACCTTGCTGAT 0.5 lM
CCTGAGGTAGGTCGTA 1 lM
CAACCTTTGTGTGGG 1 lM

AAATCGTTTCCATCGCT 1 lM
ACCTGGGACAATGAGG 1 lM
GCACAATCTTGAGAGCAG 0.5 lM



Melek Umay Tuz- Sasik et al. / Neuroscience 436 (2020) 46–73 51
reference gene (de Oliveira et al., 2014). DDCt was calcu-
lated as the DCt of sample – average DCt of all samples

and 2^(�DDCt) was calculated to express fold changes.

Finally, fold change values were log2 transformed to

reduce the variation and get better visualization of the

data for further statistical analysis.
Statistical analysis

The SPSS program (IBM, Armonk, NY, USA) was

employed to perform statistical analysis of the gene and

protein expression levels. Both datasets were tested for

the assumptions of a normal distribution and

homogeneity of variance with the Shapiro-Wilk and

Levene tests, respectively. When these assumptions

were violated, non-parametric tests including Mann-

Whitney U test and Kruskal-Wallis test were applied. In

the cases where the assumptions were fulfilled,

parametric tests were applied. Specifically, for whole

brain protein expression of both total lysates and

subcellular fractions, an unpaired t-test was employed

with the factor of age with the significance levels as

p< 0.05. For region-specific protein expression of total

lysates, because of the violation of assumptions,

Kruskal-Wallis test was conducted between age and

region followed by pairwise comparisons. Due to the

fact that three pairwise comparisons were performed

(Tel young vs. old, TeO young vs. old, Ce young vs.

old), a Bonferroni-correction was applied and a new

significance threshold of p< 0.0167 was used for these

comparisons. However, a two-way ANOVA with factors

of age and region was utilized to analyze 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. In the brain region-specific gene expression

analysis, a two-way ANOVA was applied.

Further analysis of the gene expression levels in both

the whole brain and the brain-specific regions was done

using PCA with both the R (Free Software Foundation)

and SPSS programs. Two principal components were

extracted from the complete dataset of the expression

levels of the seven genes with regard to the DCt values
in order to determine the changes in each gene’s

amount relative to the others. A Pearson Correlation

Matrix of the seven gene expression levels with respect

to the DCt values was analyzed using the SPSS

program to support the PCA. The graphic

representations of both the gene and protein expression

levels were generated using the SPSS program. The

PCA plots were drawn with the prcomp method and the

fviz_pca_biplot package in R.
RESULTS

Western blot validation of Smurf2 antibodies

Previous results from our laboratory demonstrated that

gene expression levels of smurf2 increase in the aged

zebrafish brain (Arslan-Ergul and Adams, 2014). Thus,

our initial hypothesis was that the protein expression

levels of Smurf2 would parallel this observed increase in
mRNA levels during brain aging. To achieve this goal,

we used Western blot analysis to measure Smurf2 protein

levels, and prior to this, we validated two commercially-

available anti-SMURF2 antibodies, which had not been

used previously in zebrafish tissues. The first antibody

we used was an anti-SMURF2, 200–300 aa, from Abcam

(Abcam, ab94483, Cambridge, UK), which recognizes the

200–300 amino acid residues of the human SMURF2 pro-

tein. The blot yielded the expected Smurf2 protein band at

the 86 kDa molecular weight in all the samples of the cell

line lysates, as well as lysates from zebrafish embryos

and larvae at 2, 3 and 4 days post fertilization (dpf;

Fig. 1A). Using a well-characterized antibody for zebrafish

tissues, the expected a-b-tubulin band (55 kDa) was also

observed in the Western blot procedure (Fig. 1A). More-

over, young and old zebrafish brain lysates, which were

blotted with the anti-SMURF2, 200–300 aa, antibody,

yielded the expected 86 kDa Smurf2 protein band. Thus,

our initial experiments validated the anti-SMURF2,

200–300 aa, antibody for use in both zebrafish larvae

and the adult brain (Fig. 1A).

A second antibody from Abcam (anti-SMURF2 C-

terminal, ab211746, Abcam, Cambridge, UK) directed

against the human SMURF2 C-terminal region was

utilized and validated for use in zebrafish tissues. All the

cell line lysates, more specifically the breast cancer cell

line, MDA-MB-231, which is the positive control for the

anti-SMURF2 C-terminal antibody, produced the

expected 86 kDa band in the immunoblots (Fig. 1A). To

our surprise and interest, embryos and larvae at the

2–4 dpf stages had a band of approximately 100 kDa,

which is slightly larger than the expected band observed

in the cell line lysates. Moreover, when we blotted the

membrane that contained young and old zebrafish brain

lysates, with the anti-SMURF2 C-terminal antibody, an

even larger Smurf2 band at the molecular weight of

250 kDa, not the expected 86 kDa protein, was detected

(Fig. 1A). These differences in the molecular weights of

the specific bands in zebrafish brain tissue lysates as

compared to zebrafish embryos and larvae at 2–4 dpf,

as well as the cell line lysates, might point to possible

regulatory mechanisms such as PTMs on the Smurf2

protein or the formation of a complex between this

protein and its interacting partners that begins to occur

during embryonic development and continues into later

stages of brain aging.

Smurf2 gene expression increases in a region-
specific manner during brain aging

We hypothesized that the protein levels of Smurf2 would

change in the same direction as the gene expression

levels. To test our hypothesis that the protein levels of

Smurf2 increase in the brain with age, we performed

Western blot analysis in young and old zebrafish brain

tissues using the two different commercially-available

antibodies that were validated by us. Moreover, in order

to examine any region-specific alterations in Smurf2

protein levels, three brain areas including the

telencephalon (Tel), the optic tectum (TeO) and the

cerebellum/medulla/spinal cord (Ce) were microdissected

from the whole zebrafish brains of young and old



Fig. 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, which is the positive control for the anti-SMURF2 C-terminal antibody, and the MCF7 cell line, which is the positive

control for the anti-SMURF2, 200–300 aa, antibody, and the A172 cell line used as a control for brain cells, gave the expected molecular weight of

86 kDa in the immunoblot using both of the anti-SMURF2 antibodies. Protein lysates of zebrafish embryos and larvae at 2, 3 and 4 dpf gave the

expected band in the immunoblot using anti-SMURF2, 200–300 aa, antibody, and the expected band with a small shift in the molecular weight to

approximately 100 kDa in the immunoblot with the anti-SMURF2 C-terminal antibody. The anti-SMURF2 C-terminal antibody recognized an even

larger band of approximately 250 kDa in young and old zebrafish brains, as well as the expected molecular weight band of 86 kDa with the anti-

SMURF2, 200–300 aa, antibody. (B) Subcellular fractionation was validated with a nuclear marker, LaminB1 and a cytosolic marker, b-tubulin.
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animals (Fig. 2A). While cerebellum, medulla and spinal

cord are evolutionary and functionally distinct regions,

we pooled them in our analysis since it is technically

difficult to remove regions. Our aim was to separate

three integrative centers as Tel, TeO and Ce as defined

in Wullimann et al. (1996). Also, our main focus was the

changes in Tel region because Tel is more prominent

region in respect to cognitive functions. Previous detailed

molecular analysis demonstrated that different parts of

Tel have roles not only in the control of sensory and motor

functions but also in cognitive tasks including learning and

memory (Ganz et al., 2014). Moreover, the putative

homologues of mammalian hippocampus and amygdala

were already defined in the zebrafish Tel region as the

ventral division of the lateral zone of area dorsalis (Dlv

in medial pallium) and the medial zone of the dorsal telen-

cephalic area (Dm in ventral pallium), respectively (Ganz

et al., 2014). Several studies demonstrated that long-term

potentiation (LTP), which is the cellular basis of synaptic

plasticity underlying learning and memory, occurs in the

Tel region of zebrafish brain (Nam et al., 2004; Ng

et al., 2012; Wu et al., 2017). More importantly, although

the zebrafish brain has 16 distinct zones of neurogenesis,

which is not restricted to the telencephalon, but is wide-

spread throughout the entire brain (Grandel et al., 2006;

Kizil et al., 2012), neurogenesis decreases with advanc-

ing age in the Tel (Edelmann et al., 2013; Arslan-Ergul

et al., 2016).

Initially the anti-SMURF2, 200–300 aa, antibody

recognizing the region between the 200–300 amino acid

residues of the human SMURF2 protein was used.

Young and old zebrafish brain protein samples were

loaded in the gel and this was repeated at least three

times, and then the protein levels of Smurf2 were

determined by blotting with the anti-SMURF2,
200–300 aa, antibody, along with the housekeeping

control antibody, anti-b-tubulin. Both proteins were

quantified followed by tub-normalization. According to

an independent sample t-test, there was no significant

effect of age on the whole brain protein levels of tub-

normalized Smurf2 (t(18) = 1.059, p= 0.304, Fig. 2B).

However, a region-specific analysis indicated that

Smurf2 protein levels changed significantly and there

was an interaction between age and region groups

(v2(5) = 11.990, p= 0.035) and pairwise comparisons

showed that Smurf2 protein increased significantly

during aging in the Tel (p= 0.003) but not in TeO

(p= 0.726) and Ce (p=0.121) areas (Fig. 2B).

The second antibody recognizing the C-terminal

region of the SMURF2 protein was used subsequently

in order to test whether the protein levels detected with

the anti-SMURF2 C-terminal antibody changed in the

aged brain. To accomplish this, the same protein

samples were loaded again using SDS-PAGE and this

time blotted with the anti-SMURF2 C-terminal antibody,

as well as anti-b-tubulin. Interestingly, the band

recognized by this anti-SMURF2 C-terminal antibody

directed against Smurf2 was larger, with a weight of

approximately 250 kDa not the expected molecular

weight of 86 kDa (Fig. 1A). The bands in the blots were

quantified and tub-normalized to test our hypothesis as

to whether or not Smurf2 levels change during brain

aging. There was no significant main effect of age on

tub-normalized Smurf2 levels (t(18) = �1.046,

p= 0.309, Fig. 2C) although there was a numerical

increase with age. Moreover, in a manner similar to the

data using the anti-SMURF2, 200–300 aa, antibody, the

anti-SMURF2 C-terminal antibody showed significant

changes between age and region (v2(5) = 17.275,

p= 0.004) and a region-specific significant increase



Melek Umay Tuz- Sasik et al. / Neuroscience 436 (2020) 46–73 53
with advancing age in the Tel (p= 0.002) and Ce

(p= 0.008) but not in the TeO (p= 0.703) areas

(Fig. 2C). Since we observed increases in Smurf2

protein levels that are brain-region selective, we

concluded that any changes in smurf2 mRNA levels are

not leading to global brain alterations. Moreover, due to

the fact that in the Ce brain area protein levels are not

similar using the two different antibodies, this may

represent PTMs in the Smurf2 protein that are

increasing during brain aging. The other possibility we

considered is that the complex formation of Smurf2 with

other proteins such as Smad7 and TGF-b receptors,

may increase molecular weight.
Subcellular localization of Smurf2 is mostly cytosolic
in zebrafish brain

Research has determined a role for the Smurf2-Smad7

complex in degrading the TGF-b receptor complex in

the cytosol (Kavsak et al., 2000) or in targeting substrates

for ubiquitin-mediated degradation in the nucleus

(Wiesner et al., 2007). To determine any effects of age

on the subcellular localization of Smurf2 or Smurf2 com-

plex structure, we performed fractionation experiments

to analyze nuclear and cytosolic fractions separately

across different groups. Firstly, we validated the subcellu-

lar fractionation method with nuclear marker, LaminB1,

and cytosolic marker, b-tubulin (Fig. 1B). Both fractions

of each sample were loaded on the gel at least three

times and the immunoblots of both individual whole brain

and pooled brain regions (Fig. 3A) indicated that Smurf2

protein recognized by both antibodies was mostly
Fig. 2. Smurf2 protein levels were altered in a region-specific manner during

b-tubulin antibodies in the individual whole brains of young and old zebrafish a

telencephalon (Tel), the optic tectum (TeO) and the cerebellum/medulla/spina

the anti-SMURF2 (200–300 aa) antibody, directed against the internal 200–3

TeO and Ce regions, whereas they increased significantly with age in the Tel

C-terminal antibody, directed against the C-terminal region, increased numeri

and Ce, the levels were significantly higher in the old brain lysates as compare

in (B) and (C). Data are represented as boxplots and * indicates p< 0.0167
detected in cytosolic fraction. The increased molecular

weight of Smurf2 protein recognized by anti-SMURF2

C-terminal antibody was also present and enriched in

the cytosolic fraction; it implied that this antibody might

recognize the complex of Smurf2 in the cytosol while

the anti-SMURF2, 200–300 aa, antibody binds to cytoso-

lic Smuf2 but not in a complex structure (86 kDa).

Fractionation experiments performed in the whole

brain of young and old animals (Fig. 3) showed similar

results with those done in total lysates (Fig. 2B, C). The

pattern demonstrated that tub-normalized Smurf2

protein increased but was not statistically significant for

both the anti-SMURF2, 200–300 aa, antibody (t(4)
= �0.470, p= 0.663) and anti-SMURF2 C-terminal

antibody (t(4) = �0.632, p= 0.562). Region-specific

analysis of the anti-SMURF2 C-terminal antibody

showed that both the main effect of age was close to

being statistically significant (F(1,24) = 3.977, p= 0.058,

Fig. 3B) and the main effect of region was also close to

being statistically significant (F(2,24) = 3.356, p= 0.052).

However, the interaction effect of age by region was not

significantly different (F(2,24) = 0.718, p= 0.498,

Fig. 3C). Moreover, Smurf2 expression recognized by

the anti-SMURF2, 200–300 aa, was statistically

significant in terms of the main effect of region

(F(2,22) = 7.512, p= 0.003) while the main effect of age

(F(1,22) = 1.714, p= 0.204) and the interaction effect

between age and region (F(2,22) = 0.276, p= 0.761,

Fig. 3D) was not statistically different. The similar results

in Smurf2 protein levels changes observed between the

experiments using total protein extract and subcellular

fractionation along with the anti-SMURF2 C-terminal
brain aging. (A) Representative Western blots for both Smurf2 and the

nd the brain-specific regions of young and old zebrafish, including the

l cord (Ce) areas. (B) Smurf2 protein expression levels detected with

00 amino acid residues, did not change with age in the whole brain,

. (C) Smurf2 protein expression levels detected with the anti-SMURF2

cally but not statistically in the whole brain and TeO areas, while in Tel

d to those of the young animals. Tub-normalized values are indicated

.



Fig. 2 (continued)

54 Melek Umay Tuz- Sasik et al. / Neuroscience 436 (2020) 46–73
antibody likely indicates that the contribution of cytosolic

fraction not the nuclear was driving the changes in the

total lysates.
Identification of interacting partners of SMURF2
using computational analysis for biological
determination of differential expression patterns in
the aged brain

Since the interacting and downstream partners work with

Smurf2 in several cellular processes, their gene

expression levels were also analyzed to determine

whether alterations exist during brain aging. Due to the

fact that the gene expression levels of smurf2 increase

in the aged brain (Arslan-Ergul and Adams, 2014), we

hypothesized that some interacting partners and down-

stream genes would also be affected by the upregulation

of smurf2 with age. The transcription factor, tp53,
responds to several factors that induce cellular stress by

regulating target genes, which promote growth arrest,

DNA repair, cellular senescence, and apoptosis (Li

et al., 2002a). Based on the literature, tp53 is an indirect

target of Smurf2, which degrades YY1 (Jeong et al.,

2014) and/or stabilizes MDM2 (Nie et al., 2010). YY1 is

a target of Smurf2 that is regulated by proteasome-

mediated degradation, and the degradation of YY1 by

Smurf2 relieves the suppression of tp53 activity (Jeong

et al., 2014). Similarly, MDM2, a ubiquitin ligase, is a neg-

ative regulator of tp53 and its stability is maintained by

Smurf2 (Nie et al., 2010). On the other hand, Smad7 is

an adaptor protein that recruits both Smurf2 to the TGF-

b receptor complex, as well as Smad7 itself, for

ubiquitin-mediated proteasomal degradation. Additionally,

Smad7 interaction leads to the export of Smurf2 from the

nucleus to the cytosol (Kavsak et al., 2000; Yan et al.,

2009). Smad7 is acetylated by ep300, and stabilized by



Fig. 3. Smurf2 protein was enriched in the cytosolic fraction of the zebrafish brain. Representative Western blots for both Smurf2, LaminB1 and the

b-tubulin antibodies in the nuclear and cytosolic fractions of (A) individual whole brains of young and old zebrafish and the brain-specific regions of

young and old zebrafish, including the telencephalon (Tel), the optic tectum (TeO) and the cerebellum/medulla/spinal cord (Ce) areas. Smurf2

protein expression levels detected with the anti-SMURF2 C-terminal antibody increased with advancing age (B) and increased in old Tel (C) as
compared to young in region-specific analysis. (D) Smurf2 protein expression levels detected with the anti-SMURF2, 200–300 aa, antibody did not

change significantly with age. Tub-normalized values are indicated in (B), (C) and (D). Data are represented as boxplots.
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protecting against Smurf2-ubiquitination (Grönroos et al.,

2002; Simonsson et al., 2005). Moreover, ep300 acety-

lates tp53 during stress responses but MDM2 suppresses

the ep300-mediated tp53 acetylation (Ito et al., 2001).

SIRT1 is also one of the Smad7-binding partners and

deacetylates Smad7 and inhibits TGF-b signaling (Yan

et al., 2009). All of the interacting partners and substrates

of Smurf2 chosen for analysis in the current study (Fig. 4)

were done and their interaction scores were obtained

from STRING database (Table 2) because they have
intricate functional relationships with each other, as well

as having regulatory roles in cellular senescence.

Although there is a 70% homology of the zebrafish

genome with the human (Howe et al., 2013), some candi-

date genes in zebrafish have 2 paralogues because of the

teleost specific gene duplication (Glasauer and

Neuhauss, 2014). For example, there are 2 paralogues

of ep300; ep300a, and ep300b. Based on the study of

Babu et al. (2018), the expression of both ep300a and

ep300b at 4 dpf larvae was more specific to the brain



Fig. 4. 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. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

Table 2. Interaction scores of proteins of interest in (A) Human and (B) Zebrafish. Provided from STRING database

A-Human B-Zebrafish

node1 node2 combined_score node1 node2 combined_score

TP53 MDM2 0.999 mdm2 tp53 0.999

TP53 EP300 0.999 smurf2 smad7 0.994

SMURF2 SMAD7 0.997 sirt1 tp53 0.992

TP53 SIRT1 0.996 ep300a tp53 0.992

EP300 SIRT1 0.994 ep300a sirt1 0.788

TP53 YY1 0.987 yy1a tp53 0.730

EP300 YY1 0.975 mdm2 sirt1 0.575

EP300 MDM2 0.975 sirt1 smad7 0.515

YY1 MDM2 0.956 ep300a mdm2 0.507

MDM2 SIRT1 0.703 tp53 smad7 0.488

EP300 SMAD7 0.682 ep300a smad7 0.428

TP53 SMAD7 0.650 ep300a yy1a 0.424

SMAD7 SIRT1 0.648 sirt1 yy1a 0.394

YY1 SIRT1 0.527 mdm2 yy1a 0.327

YY1 SMAD7 0.516 yy1a smad7 0.306

SMURF2 YY1 0.485 smurf2 tp53 0.260

TP53 SMURF2 0.316 mdm2 smurf2 0.240

SMURF2 MDM2 0.300 mdm2 smad7 0.232

SMAD7 MDM2 0.295 ep300a smurf2 0.182

EP300 SMURF2 0.259 yy1a smurf2 0.158
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region, and the expression of ep300a and ep300b had the

highest level in the brain among all adult tissues. How-

ever, ep300a is a catalytically active acetyltransferase in

the brain while ep300b is not active in the brain (Babu

et al., 2018). In addition to ep300, yy1 has 2 paralogues

as yy1a and yy1b. At the 3 dpf larval stage, yy1a expres-

sion was detected in the brain and eye. Knockdown of

yy1a using the antisense morpholino technique caused

an increase in tp53 and shrinking of the developing mid-

and hindbrains in 3dpf yy1a morphants as compared to

control embryos (Shiu et al., 2016). For these reasons,

ep300a and yy1a, the functional paralogues of the human

genes, and the other five genes with only one paralogue,

smurf2, mdm2, tp53, smad7, and sirt1, were used in the

STRING database analysis and the subsequent gene

expression analyses with qRT-PCR.

As seen in Fig. 4, in both humans and zebrafish,

Smurf2 and all of its functional partners analyzed had

protein–protein interactions that control binding,

catalysis, activation, inhibition, as well as post-

translational and transcriptional regulation. The STRING

database analysis indicated that SMURF2 and SMAD7

affect each other with respect to binding, reaction, and

catalysis, and inhibition in humans and zebrafish.

Moreover, SMURF2 interacts with YY1, EP300, TP53,

and MDM2 in humans. However, it was demonstrated

that Smurf2 has relationships only with smad7, tp53,

and mdm2 in zebrafish. Interactions indicated with a

gray color line means that two proteins are functionally

associated based on the STRING score, but the type of

interaction is as yet unknown. However, the

relationships between YY1 and TP53 as well as MDM2

and TP53 are well described in terms of the binding,

PTMs, transcriptional regulation, and inhibition. EP300

in humans and ep300a in zebrafish both have binding

interactions with SMAD7, SIRT1, MDM2, YY1, and

TP53, and thus it would suggest that EP300 is a

regulator of the proteins of interest that have a role in

aging. Since the proteins of these genes strongly

interact, it supports our aim of analyzing the gene

expression levels of smad7, tp53, mdm2, yy1a, ep300a,

and sirt1 in addition to smurf2.

The gene expression levels of Smurf2 and its
interacting partners are differentially altered in the
whole brain and brain-specific regions during aging

The gene expression patterns of the following genes,

including smurf2, tp53, mdm2, ep300a, yy1a, smad7,
and sirt1, were analyzed using qRT-PCR in the whole

brains of the young and old animals. As shown in

Fig. 5A, smurf2 gene expression levels increased

significantly with old age (U= 5.00, z= �2.082,

p= 0.037). It was observed that the expression levels

of mdm2 and yy1a numerically increased in the aged

brain although this upregulation was not statistically

significant, and this is likely due to a large variance

(U= 8.00, z= �1.061, p= 0.109 mdm2; U= 11.00,

z= �1.121, p= 0.262 yy1a). Similarly, ep300a and

sirt1 had an increase in their expression levels in old

brains but there were no significant differences between

the age groups (t(10) = �1.561, p= 0.149 ep300a;
U= 10.00, z= �1.281, p= 0.200 sirt1). Furthermore,

tp53 and smad7 were stable during brain aging (t(10)
= �0.447, p= 0.665 tp53; t(10) = �0.138, p= 0.893

smad7; Fig. 5A). Since the aforementioned genes of

interest have roles in transcriptional and translational

regulations such as ubiquitination, acetylation, and

deacetylation and functionally affect each other, a

compensation mechanism may be occurring in their

gene expression levels during brain aging. Several

studies have shown that PTMs compete with each other

to regulate the stability of common targets such as tp53

and Smad7, or one PTM may either promote or prevent

the further modification on the proteins targeted by other

PTMs (Grönroos et al., 2002; Li et al., 2002a; Brooks

and Gu, 2003; Simonsson et al., 2005). In the current

study, Smurf2 and its interacting partners, with the excep-

tion of Smad7 and tp53, increased with age. Therefore,

increased gene expression levels in one of the target

genes might trigger the upregulation of the other 4 genes

to eliminate a bias towards a specific PTM. For example,

in the presence of ep300, the amount of Smad7 was sig-

nificantly increased because the acetylation of Smad7

prevented its ubiquitination and subsequent degradation

(Grönroos et al., 2002). Thus, any shift in the balance

between PTMs might trigger the activation of other PTM

mechanisms to stabilize the cell again.

Since we observed that there is brain region-specific

regulation in the protein expression levels of Smurf2, we

tested the hypothesis that gene expression levels of

Smurf2 and its interacting partners may be regulated in

a similar manner. To test this possibility, we performed

qRT-PCR analysis for the seven genes of interest of the

pooled brain regions, which included Tel, TeO and Ce.

According to the results of a two-way ANOVA, there

were a significant main effects of age (F(1,18) = 54.251,

p< 0.0005) and region (F(2,18) = 6.072, p= 0.010) on

smurf2 gene expression levels. More importantly, there

was a significant interaction between age and region

(F(2,18) = 34.059, p< 0.0005) on smurf2 levels.

Pairwise comparisons indicated that a significant effect

of age in both Tel (p< 0.0005) and Ce (p= 0.013).

Additionally, there was 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 (Fig. 5B).

While smurf2 expression levels in the whole brain

increased significantly during aging (Fig. 5A), the region-

specific expression levels in Tel and Ce decreased with

age (Fig. 5B). Not surprisingly, there was no significant

main effect of age on tp53 (F(1,18) = 1.297, p= 0.270,

Fig. 5C), yy1a (F(1,18) = 0.012, p= 0.914, Fig. 5F) and

smad7 (F(1,18) = 1.235, p= 0.281, Fig. 5G) levels

which was in a manner similar to their expression in the

whole zebrafish brain (Fig. 5A). Similarly, there was

neither a significant main effect of region on tp53
(F(2,18) = 0.131, p= 0.878, Fig. 5C), yy1a
(F(2,18) = 2.035, p= 0.160, Fig. 5F) and smad7

(F(2,18) = 2.720, p= 0.093, Fig. 5G) nor a significant

interaction between age and region on tp53
(F(2,18) = 1.328, p= 0.290, Fig. 5C), yy1a

(F(2,18) = 1.047, p= 0.371, Fig. 5F) and smad7
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(F(2,18) = 0.657, p= 0.530, Fig. 5G). However, analysis

of mdm2 indicated that its expression levels were

altered significantly with age (F(1,12) = 21.003,

p= 0.001, Fig. 5D) but not by region (F(2,12) = 1.166,

p= 0.344). Nevertheless, there was a statistically

significant interaction between age and region on mdm2
expression levels (F(2,12) = 13.953, p= 0.001). Pairwise

comparisons revealed that there was a significant main

effect of age in Tel (p< 0.0005) and region in the

young group (Tel vs. TeO p= 0.003 and Tel vs. Ce

p= 0.007, Fig. 5D). Moreover, ep300a expression

levels were altered significantly with respect to factor of

age (F(1,18) = 5.419, p= 0.032, Fig. 5E) and there was

an age by region interaction (F(2,18) = 6.092,

p= 0.010). There was a significant main effect of age

in the Tel (p= 0.001) and region in the young group

(Tel vs. TeO p= 0.012) on ep300a expression levels.

In a similar manner, there was a significant main effect

of age (F(1,12) = 12.305, p= 0.004, Fig. 5H) and an

age by region interaction (F(2,12) = 9.299, p= 0.004) on

sirt1 levels. These effects on sirt1 levels were driven by

age in the Tel (p< 0.0005) and region in young animals

(Tel vs. TeO p= 0.003 and Tel vs. Ce p= 0.015,

Fig. 5H). However, there were no significant main

effects of region on both ep300a (F(2,18) = 1.072,

p= 0.362) and sirt1 (F(2,12) = 2.323, p= 0.140)

expression levels.
Multivariate analysis of gene expression levels in the
brain demonstrates a potential balance between
ubiquitination, acetylation, and deacetylation during
aging

In order to determine alterations in the expression levels

of each gene as compared to the others, further

investigation of their levels was done using PCA. In the

complete dataset, which included the gene expression

levels of the seven selected target genes with regards

to DCt values, two components were extracted

independent of the factor of age. The first component

(PC1) explained 75.3% of the variance in the data and

PC1 was driven by all seven genes because of their

component loading values, which were greater than 0.5.

The second component (PC2) contributed to 11.2% of

the variance in the dataset and was influenced by only

yy1a (component loading score >0.5) and marginally

affected by mdm2 (component loading score = 0.427).

Moreover, the correlation matrix in Table 3 indicated

that there was neither a correlation between yy1a and

mdm2 nor one between yy1a and tp53, whereas the

other genes were correlated with each other. It was also

predicted from the loading plot in Fig. 6 that yy1a and

mdm2 had an inverse contribution to the overall

covariance. The correlation matrix (Table 3) also

indicated that smad7 was correlated with neither tp53
nor mdm2 in whole zebrafish brain as suggested from
Fig. 5. The relative gene expression levels of smurf2 and its interacting partne
target genesof interest inwhole zebrafish brain during aging. Thebrain region-s

(F) yy1a, (G) smad7 and (H) sirt1 during aging. Data are represente

*** indicates p< 0.001.
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their inverse contribution in the loading plot (Fig. 6).

Moreover, the loading plot demonstrated that smurf2,
sirt1, and ep300a contributed to the variance in the

same way, and this was also evident in the correlation

matrix that demonstrated a significantly higher

correlation between smurf2, ep300a, and sirt1 (Pearson

correlation >0.9; Table 3). These three genes have

roles in regulating similar targets, such as tp53 and

smad7, via different pathways, which could increase the

likelihood of PTMs, ubiquitination, acetylation, and

deacetylation. As seen in the scatterplot in Fig. 6 the

data might indicate that the factor of age has a

differential impact on the variance. The data

demonstrated that PC2 did not majorly affect the

variance in the old group, whereas it has an apparent

contribution to that seen in the young group (Fig. 6).

Also, in the young group, only smurf2, ep300a, and sirt1
were associated with each other significantly, while in

the old group almost all genes were correlated (data not

shown). It may indicate that the balance between

ubiquitination, acetylation, and deacetylation mediated

by Smurf2, ep300a, and Sirt1 is enough to maintain the

stability of target proteins, however during brain aging

there may be a shift and other factors take a role to

maintain cell stability. From this data, it is possible to

infer that smurf2 as well as ep300a, and sirt1 have

regulatory roles during brain aging because of their

position in controlling PTMs.

To examine the region-specific alterations of gene

expression patterns as compared to each one of the

others, further analysis was conducted with PCA. In the

region-specific dataset, which included the expression

levels of 7 selected target genes in pooled young-old

zebrafish brain regions either in the Tel, TeO or Ce

measured by the DCt values, two components were

extracted independently of the factor of age. The first

component (PC1) explained 79.5%, 58.9%, and 78.8 %

of the total variance in Tel, TeO and Ce dataset,

respectively and PC1 of all three regions were driven by

all seven genes. However, the second component

(PC2) of each region had different contribution to the

genes of interest. For the Tel specific dataset (Fig. 7A),

PC2 contributed to 11.2% of the variance and was

influenced only by yy1a (component loading score

>0.5). Moreover, in the Ce dataset (Fig. 7C), PC2

contributed to 16.1% of the variance and was driven by

yy1a and marginally by tp53 and sirt1. However, in the

TeO region (Fig. 7B), PC2 had a 30.6% contribution to

the variance and this was driven by smurf2, smad7, and
sirt1 as well as yy1a. Moreover, the correlation matrices

of the region-specific gene expression (Tables 4–6)

showed different patterns in each region. Noticeably,

TeO-specific expression had a distinct correlation

between yy1a and mdm2 (Table 5), whereas neither the

whole brain analysis (Table 3) nor the Tel- or Ce-

specific region analysis (Tables 4 and 6) demonstrated
rs illustrated by age and region. (A)The relative expression levels of the
pecific expression levels of (B) smurf2, (C) tp53, (D)mdm2, (E)ep300a,
d as boxplots and * indicates p< 0.05, ** indicates p< 0.01,



Table 3. Correlation matrix of target genes of interest in whole zebrafish brain. Significance of correlation coefficients (2-tailed): *p < 0.05, **p< 0.01.

(n = 12)
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this correlation. Overall, the patterns of correlations

between the seven selected genes demonstrated

differences between regions (Tables 4–6). To illustrate,

in the whole brain data all seven genes were driving the

variance together (Table 3) while in the region-specific

data certain gene clusters influenced it (Tables 4–6). In

the gene expression levels of the whole brain (Fig. 6),

we observed that smurf2, ep300a and sirt1 impacted

the dataset similarly, however, based on the loading

plots (Fig. 7) of the region-specific gene expression

level analysis, smurf2 and sirt1 contributed to the

dataset similarly in TeO and Ce, while ep300a had
comparable influences with tp53 in TeO (Fig. 7B) and

with smad7 in Ce (Fig. 7C). Furthermore, smurf2 and

ep300a had analogous effects on the Tel dataset. As

seen in the scatterplots in Fig. 7 the data might indicate

that the factor of age had a differential impact on the

variance in distinct brain regions. In the light of these

results, the data suggest that the expression and

interaction of smurf2, and its interrelated partners are

age- and brain region-specific and they balance

ubiquitination, acetylation, and deacetylation in a region-

specific manner during aging with each region having its

own fingerprint on the balance of these possible PTMs.



Fig. 6. Loading plot demonstrates gene expression levels of smurf2 and its interacting partners and a scatterplot of the first and second principal

component scores arranged by the factor of age in whole zebrafish brain. Old = red, young = orange. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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DISCUSSION

The current study focused on changes in SMAD specific
E3 ubiquitin protein ligase 2 (smurf2) expression levels

during brain aging using the zebrafish model organism.

Previous data indicate that smurf2 gene expression

levels increase with age in both the brain (Arslan-Ergul

and Adams, 2014) and the HSCs (Ramkumar et al.,

2014), however, whether or not the protein levels change

in a similar manner has not been studied. Thus, in the cur-

rent study, we aimed firstly to analyze the protein expres-

sion levels of Smurf2 in the brain in both a global- and

region-specific manner. The results demonstrated that

Smurf2 protein levels increased significantly with

advanced age in a region-specific manner but not globally

in the zebrafish brain. Moreover, Smurf2 protein was

enriched in the cytosolic fraction on the zebrafish brain.
In the literature it has been demonstrated that Smurf2

has several interacting partners and also substrates

(Fig. 4) because of its role as a ubiquitin E3 ligase. Thus,

the next step was to define the interacting partners and

analyze their gene expression levels in the aged brain.

The gene expression levels of smurf2 and its interacting

partners were analyzed with qRT-PCR to reveal possible

age- and region-specific patterns and the data showed

that while smurf2 increased significantly in the old zebra-

fish brain, mdm2, yy1a, sirt1, and ep300a were also rising

in the whole brain, whereas tp53 and smad7 were stable

in the whole brain and the specific 3 brain regions

examined. The region-specific gene expression analysis

indicated that the expression levels of smurf2 and its

interacting partners were altered region-specifically with

aging. Moreover, multivariate statistical testing along with

PCA demonstrated that smurf2, ep300a, and sirt1 affect



Fig. 7. Loading plots demonstrate gene expression levels of smurf2
and its interacting partners and 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. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this

article.)
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the dataset in the same way during aging and there are

distinct combinations of these three genes based on the

brain region, suggesting that there is a balance between

ubiquitination, acetylation, and deacetylation during cellu-

lar aging in the brain. Moreover, while all seven genes

examined in the study correlated with each other in the

old group, in young zebrafish, only smurf2, ep300a, and
sirt1 gene expression levels had a significant relationship

with each other (data not shown), suggesting a possible

compensatory mechanism to maintain the cellular stabil-

ity, which is disrupted with age. Thus, this disturbed stabil-

ity in cellular maintenance is probably due to smurf2,
ep300a, and sirt1 having multiple regulatory roles in

several pathways during aging via ubiquitination, acetyla-

tion, and deacetylation, respectively.

Initially, we hypothesized that the increasing pattern of

smurf2 gene expression levels during aging is occurring in

parallel with increased protein expression. To test this

hypothesis, we used antibodies directed against Smurf2

to determine the protein levels in the aged brain. We

also included embryos and larval fish from 2 to 4 dpf in

order to validate the antibodies specificity to Smurf2

protein. Our antibodies reacted with the protein motif of

the human SMURF2 and it was predicted to work in

recognizing the homologous protein in zebrafish tissues.

As expected, both antibodies reacted with the cell

lysates giving the expected molecular weight of 86 kDa.

Although the Smurf2 protein bands of embryos and

larvae at 2, 3 and 4 dpf recognized by the anti-

SMURF2, 200–300 aa, antibody were at the expected

molecular weight of 86 kDa, the anti-SMURF2 C-

terminal antibody detected a protein with a slight

increase in size (about 100 kDa) in the embryos and

larvae. Moreover, in the adult brain a larger molecular

weight protein of about 250 kDa was recognized by this

antibody, however, the anti-SMURF2, 200–300 aa, and

b-tubulin yielded the expected band size in the same

tissues. This addresses questions about possible

regulatory mechanisms of Smurf2 across lifespan. The

information obtained from embryos and adult brain

would suggest that there could be a brain-specific PTM

on Smurf2 or a potential developmental switch in the

regulation of this protein. Thus, increasing smurf2 gene

expression during brain aging influences also protein

expression levels of Smurf2, however, this was not

detectable with only one antibody because of potential

protein modifications. As mentioned in the paper by Li

et al. (2002a), acetylation of lysine residues, a PTM, pre-

vented the recognition of tp53 protein by the C-terminal

domain-specific antibody, PAb421, because the sites for

acetylation of tp53 were overlapping with the PAb421

antibody recognition sites (Li et al., 2002a). Since Smurf2

may also be modified post-translationally, it would be rea-

sonable to speculate that it would react differently with the

anti-SMURF2 C-terminal antibody. For example, arginine

methylation by protein arginine methyltransferase 1

(PRMT1) regulates Smurf2 expression (Cha et al.,

2015). It has been shown that PRMT1 methylates argi-

nine residues at the 234 and 239 amino acid positions

of the human SMURF2, and the knockdown of PRMT1



Table 4. Correlation matrix of target genes of interest in zebrafish Tel. Significance of correlation coefficients (2-tailed): *p < 0.05, **p< 0.01. (n= 6

per region)
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causes an upregulation of the level of Smurf2 (Cha et al.,

2015). It is possible that the anti-SMURF2,

200–300 aa, recognizes unmethylated Smurf2 because

the methylated arginine residues overlap with the anti-

SMURF2, 200–300 aa, antibody recognition sites, and

thus methylation prevents the binding between the Smur-

f2 antigen and the anti-SMURF2, 200–300 aa, antibody.

However, the anti-SMURF2 C-terminal recognizes the

methylated version of Smurf2 due to its recognition site

being independent of those for methylation. Also, it has

been demonstrated that Smurf2 level and activity is under
control of other PTMs such as sumoylation and autoubiq-

uitination (Wiesner et al., 2007; Chandhoke et al., 2016).

However, one of these PTMs would likely not increase the

molecular weight size as observed in the current study.

One other possibility is the complex formation of the

Smurf2 protein with interacting partners such as a

Smurf2-Smad7 complex (Wiesner et al., 2007). The acti-

vated Smurf2-Smad7 complex causes TGF-b receptor

complex degradation in the cytosol (Kavsak et al., 2000)

or targets nuclear substrates for ubiquitin-mediated

degradation (Wiesner et al., 2007). It is also possible that



Table 5. Correlation matrix of target genes of interest in zebrafish TeO. Significance of correlation coefficients (2-tailed): *p < 0.05, **p< 0.01. (n= 6

per region)
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similar to the study by Emanuelli et al., (2019), the anti-

SMURF2, 200–300 aa antibody binds to cytosolic Smuf2

but not in a complex (86 kDa) and independent of PTMs,

whereas anti-SMURF2 C-terminal antibody recognizes

the Smurf2 complex structure. While we strongly believe

that the changes in molecular weight represent either a

Smurf2 protein complex or multiple PTMs of different ori-

gins, of course we cannot eliminate the possibility that the

antibody, anti-Smurf2, 200–300 aa, cannot bind to the

complexed Smurf2 because the recognition site is not

available. Further analysis with immunoprecipitation or

mass spectrometry of the protein structure of Smurf2

and its complex structures, as well as its PTMs, should
be performed in order to delineate whether or not there

are differences in the complex structure formation or

PTMs across lifespan.

In embryos and larvae at 2, 3 and 4 dpf, we observed

a slightly larger band than the expected 86 kDa and

smaller band than in the adult brain. Since all the main

parts of the central nervous system, including the

brain, have formed by 5 dpf (Nüsslein-Volhard and

Dahm, 2002), any changes in the state of the Smurf2

protein are most likely reflected in these areas. As devel-

opment continues past this point, Smurf2 would also be

involved in the maturation of these areas. It has been

shown that in early Xenopus embryogenesis Smurf2



Table 6. Correlation matrix of target genes of interest in zebrafish Ce. Significance of correlation coefficients (2-tailed): *p < 0.05, **p < 0.01. (n= 6

per region)
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modulates neural development and regulates several

markers at the neural plate border (Das and Chang,

2012). Additionally, it is known that the TGF-b signaling

pathway is needed during embryogenesis and for proper

development (Tominaga and Suzuki, 2019). Moreover,

the signaling transmission depends on the ligand, tissue,

and developmental stage, which indicates that TGF-b
signaling is context-dependent and likely increased dur-

ing early development (Hata and Chen, 2016). Research

has demonstrated that the Smurf2-Smad7 complex in

the cytosol will degrade the TGF-b receptor complex
and this ultimately results in less signaling (Kavsak

et al., 2000). In the current study, the Smurf2 band

detected at 100 kDa in embryos should indicate a protein

with many PTMs not a complex formation of Smurf2 with

Smad7 because that would be much larger than

100 kDa. Additionally, during this period the TGF-b
receptor protein levels should be stabilized and not

degraded by a Smurf2-Smad7 complex in order to main-

tain the TGF-b signaling for proper development. Further

developmental time points should be examined for the

functional regulation of Smurf2.
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To test our initial hypothesis as to whether Smurf2

protein levels increase during brain aging in parallel with

smurf2 gene expression levels, two different anti-

SMURF2 antibodies were used to examine the effects

of age and brain region. Whereas the protein levels in

the whole brains of old zebrafish did not increase

significantly as compared to young animals, the analysis

of the microdissected brain regions including the

telencephalon (Tel), optic tectum (TeO) and the

cerebellum/medulla/spinal cord (Ce), demonstrated an

upregulation in the Tel with two different antibodies.

Moreover, protein expression determined by anti-

SMURF2 C-terminal antibody showed also a significant

increase in Ce. Since the Tel represents about 18% of

brain volume and Ce represents about 33% of total

brain volume (Ullmann et al., 2010), it is reasonable to

observe a numerical increase in whole brain Smurf2 pro-

tein level as determined by the anti-SMURF2 C-terminal

antibody. Importantly, both antibodies demonstrated that

Smurf2 protein levels increased with age but it was

region-dependent and only in one region, Ce, did we

see differences between the two antibodies. The fact that

there were age-related increases in the Tel region that

occurred across both antibodies reflects the point that

these changes in Smurf2 are robust in that area. Smurf2

is a ubiquitin E3 ligase regulating several important path-

ways (David et al., 2013) and has roles in senescence

(Zhang and Cohen, 2004). Interestingly, we reported that

SA-b-gal levels in Tel also increase with advanced age

(Arslan-Ergul et al., 2016) and thus, Smurf2 protein accu-

mulation in this region might be protective by maintaining

proteostasis and an underlying reason for senescence to

occur or the consequence of senescence. Neurogenesis

in this area decreases with advancing age in Tel

(Edelmann et al., 2013; Arslan-Ergul et al., 2016). Previ-

ous research indicated that different parts of Tel have

roles in the sensory, motor and cognitive functions includ-

ing learning and memory (Ganz et al., 2014). Moreover,

the putative homologues of mammalian hippocampus

and amygdala were defined in the zebrafish Tel region

(Ganz et al., 2014). Recent studies has shown LTP of

synaptic plasticity occurs in the Tel region of zebrafish

brain (Nam et al., 2004; Ng et al., 2012; Wu et al.,

2017). Since the Tel is a more prominent region with

respect to cognitive functions including learning and

memory in zebrafish, age-responsive Smurf2 alterations

as reported in the current study imply a role for Smurf2

during aging and age-related cognitive alterations. Cur-

rently there are no antibodies that recognize the Smurf2

protein that work for performing immunohistochemical

analysis in the zebrafish brain. As antibodies develop, fur-

ther anatomical studies should be performed.

As mentioned previously, Smurf2 has several

substrates and interacting partners, which are also

involved in diverse regulatory roles in cellular processes.

In the current study, we confirmed that the gene

expression levels of smurf2 increase significantly in the

aged brain, as was shown previously in both brain

tissues and HSCs (Arslan-Ergul and Adams, 2014;

Ramkumar et al., 2014). However, when we investigated

gene expression levels in the three main regions of the
zebrafish brain, we found that smurf2 levels decreased

in Tel and Ce during aging. Despite there being a down-

regulation of smurf2 in the Tel and Ce regions, upregu-

lated protein levels were observed in the same regions

and support the hypothesis that Smurf2 accumulated in

the aged brain and possibly maintains proteostasis in

more vulnerable regions of the brain to aging. Moreover,

while the gene expression levels of smurf2 in the whole

brain increased, there was a significant decrease in the

Tel and Ce regions, which sums up approximately 50%

of zebrafish brain volume. The three microdissected

pieces from each of the three animals in the same age

group were pooled together to obtain enough concentra-

tions of mRNA for subsequent analysis. However, as a

drawback of the microdissection of a small brain, there

is a large possibility of losing some small portions of the

brain during this procedure. This may account for some

of the discrepancies between the whole brain and

region-specific analyses.

The aim of STRING analysis was to display the

interacting partners of Smurf2 in zebrafish. After defining

the interacting partners computationally, which have also

known roles in aging and senescence, their gene

expression patterns levels were analyzed to determine

whether or not there were significant correlations

between them in the aged zebrafish brain. In contrast to

smurf2 expression levels, surprisingly, the other

interacting partners did not change significantly although

there were numerical increases in some with tp53 and

smad7 remaining absolutely stable during brain aging.

The expression levels of mdm2 increased marginally in

the aged brain of zebrafish and decreased in a region-

specific manner in the Tel. MDM2 regulates tp53 during

normal aging and the balance between tp53 and MDM2

prevents the cells from tp53-mediated senescence,

which results in an early aging phenotypes (Lessel et al.,

2017; Wu and Prives, 2018). Like MDM2, YY1 is also a

negative regulator of tp53 (Sui et al., 2004). The expres-

sion levels of yy1a and sirt1 were slightly elevated in the

aged zebrafish brain in our gene expression analysis.

YY1, a transcription factor, regulating genes associated

with neurodegenerative diseases (Li et al., 2014). Also, it

has been shown that YY1 is part of a repressor complex

with SIRT1 to suppress microRNA-134 (miR-134) and

the upregulation of YY1. In addition, the upregulation of

SIRT1 activates cAMP response binding protein (CREB)

expression, which enhances synaptic plasticity and mem-

ory formation (Gao et al., 2010). Recent studies indicate

that the protein expression of SIRT1 decreases during

aging in the hypothalamus (Sasaki, 2015), heart (Gu

et al., 2013) and vascular tissue undergoing senescence

(Kitada et al., 2016). Moreover, SIRT1 protects against

neurodegeneration in models of Alzheimer’s disease and

amyotrophic lateral sclerosis by promoting neuronal sur-

vival via tp53 deacetylation (Kim et al., 2007). Deacetyla-

tion destabilizes tp53 and may promote its degradation

by the ubiquitin–proteasome system (Li et al., 2002a;

Solomon et al., 2006; Kim et al., 2007). Previous studies

in mice and rats demonstrated that while the protein

expression of Sirt1 reduces with age, the gene expression

level changes of sirt1 during aging are gender-dependent
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and specific to particular brain areas such as the hypotha-

lamus, hippocampus, and cortex; old mice has lower sirt1
mRNA levels in the hypothalamus (Lafontaine-Lacasse

et al., 2010; Quintas et al., 2012). Our current study used

whole brain tissues of zebrafish from young and old ani-

mals and included both males and female subjects, and

the increase of sirt1 in the old brain was driven by female

samples (data not shown). This would suggest that sirt1

gene expression during aging may be sexually dimorphic

and might vary differentially in specific brain regions in

zebrafish as well. In the current study, brain region-

specific analysis of sirt1 expression showed that it was

altered depending on which region was examined in the

aged brain.

In the current study, ep300a expression increased

numerically but was not statistically significant in the

whole brain but it decreased in the Tel region of the

aged zebrafish. Previously, Li et al. (2002b) indicated

that the gene expression level of ep300 in mice liver

decreased with age while the ep300 expression levels

in other tissues were stable in old mice. Similarly, distinct

brain regions showed different patterns in the aged brain

according to our region-specific analysis. Recently, it

was shown that ep300 protein expression levels increase

in aged mice livers (Nguyen et al., 2018), while in senes-

cent cells ep300 protein levels were decreasing (Sen

et al., 2019). Taken together with the current results,

ep300a expression levels may change according to the

type of tissues or even the specific brain region, as well

as the state of proliferation or senescence. On the other

hand, we demonstrated that tp53 and smad7 expression

was stable during brain aging in zebrafish. Since tp53

has a short half-life and its activity is tightly regulated

by several processes including PTMs such as ubiquitina-

tion, phosphorylation, and acetylation (Hasegawa and

Yoshikawa, 2008; Ou and Schumacher, 2018), its

expression may be under tight regulatory control and

kept stable during aging. However, it was shown that

tp53 protein levels increased in cells such as astrocytes

derived from aged individuals (Bitto et al., 2010). Fur-

thermore, in the neurogenic brain regions such as the

hippocampus, subventricular zone (SVZ), and olfactory

bulb, Smad7 mRNA levels are higher than the levels in

non-neurogenic brain regions including cortex and stria-

tum, since Smad7 regulates neural stem/progenitor cell

proliferation in the mice brain (Krampert et al., 2010).

In the current study, smad7 mRNA levels remained at

a comparable level during aging in the zebrafish brain.

Although previous studies showed region-specific alter-

ations in Smad7 levels (Krampert et al., 2010;

Marschallinger et al., 2014), the current study did not

indicate any significant changes due to age and region.

As we know, zebrafish produce new neurons along the

rostrocaudal brain axis throughout their lifespan, which

is contrary to the mammals (Kizil et al., 2012) and 16 dis-

tinct proliferative zones have been described in the zeb-

rafish brain (Grandel et al., 2006). These neurogenic

zones are distributed along the entire brain, and thus this

would be consistent with the fact that we did not observe

any distinct region-dependent alterations in smad7

expression levels with advanced age.
PCA demonstrated that smurf2, ep300a, and sirt1

expression levels had similar contributions to the

variance of the data and they were significantly

correlated with each other. The comparable trend of

these genes; smurf2, ep300a, and sirt1, would imply

that their proteins are regulating common targets via

different PTMs such as ubiquitination, acetylation, and

deacetylation, respectively. For example, it has been

well documented that Smurf2 influences MDM2, tp53,

YY1, and Smad7 levels via ubiquitination (Kavsak et al.,

2000; Nie et al., 2010; Jeong et al., 2014) while ep300,

a transcriptional co-activator, acetylates tp53, YY1, and

Smad7 (Ito et al., 2001; Grönroos et al., 2002, 2004),

and conversely, SIRT1 deacetylates Smad7 (Kume

et al., 2007) and tp53 (Vaziri et al., 2001; Solomon

et al., 2006). Moreover, it is known that acetylation and

ubiquitination compete to control the stability of Smad7

(Grönroos et al., 2002; Simonsson et al., 2005), while it

functions cooperatively with YY1 and additional proteins

underlying synaptic plasticity (Gao et al., 2010). Acetyla-

tion of Smad7 by ep300 protects it from ubiquitin-

mediated degradation (Grönroos et al., 2002). However,

YY1 inhibits ep300-mediated tp53 acetylation and tp53-

activated transcription (Grönroos et al., 2004), and addi-

tionally, YY1 physically interacts with Mdm2, which is also

a negative regulator of tp53 (Sui et al., 2004; Inoue et al.,

2016). MDM2 also regulates tp53 stability with the help of

other factors such as Smurf2 and ep300 as well as YY1

(Ito et al., 2001; Nie et al., 2010), and these four regulate

different post-translational mechanisms, although they

have the same target proteins. In brief, Smurf2 ubiquiti-

nates Smad7, while ep300 acetylates it and SIRT1

deacetylates it. Also, Smurf2 affects the ubiquitination

state of tp53 and ep300 acetylates tp53, while SIRT1

deacetylates it. Since they share the target proteins and

one modification will affect the others (Yao et al., 2001;

Simonsson et al., 2005; Solomon et al., 2006), it is likely

that they have similar contributions to cellular aging in

the brain.

Our multivariate analysis completed with PCA also

indicated that yy1a had a different influence on the

covariance and there was no correlation between yy1a
and mdm2 in the whole brain. As well as yy1a and

mdm2, yy1a was not correlated with smurf2 and sirt1 in

the brain region-specific gene expression analysis

except TeO. Interestingly, gene expression levels of

TeO indicated a correlation between yy1a and mdm2.

Since both MDM2 and YY1 are negative regulators of

tp53 (Sui et al., 2004; Nie et al., 2010) and they can inter-

act physically with each other (Sui et al., 2004; Inoue

et al., 2016), it is likely that they compete or compensate

during aging. Our PCA analysis indicated that their contri-

bution to the variance was in the opposite direction and

may support the idea of competition or compensation.

Additionally, while YY1 suppresses tp53 (Sui et al.,

2004), it inhibits tp53 acetylation by ep300 (Grönroos

et al., 2004), and Smurf2 relieves the suppression of

YY1 on tp53 activity (Jeong et al., 2014). Since MDM2

also regulates tp53 stability in similar ways with the help

of other factors such as Smurf2 and ep300 (Ito et al.,

2001; Nie et al., 2010), it may compete with YY1 or
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compensate YY1 activity in the regulation of tp53 while it

may work coordinately with YY1 in TeO to overcome

region-specific needs. However, the similar contribution

of smurf2, ep300a, and sirt1 to the variance in the qRT-

PCR dataset would demonstrate that these genes in the

zebrafish brain likely influence the other target genes of

interest. Previous studies indicated that both acetylation

and ubiquitination modify the same lysine residues of

tp53 and there is a balance between acetylation/deacety-

lation and ubiquitination on the stability of Smad7 (Li et al.,

2002a; Brooks and Gu, 2003; Simonsson et al., 2005).

Furthermore, SIRT1 has a role in neuronal survival via

tp53 deacetylation (Kim et al., 2007; Hasegawa and

Yoshikawa, 2008). Thus, there may be a balance

between ep300a-mediated acetylation/Sirt1-mediated

deacetylation and Smurf2-mediated ubiquitination during

brain aging. Since Smurf2 and its interacting partners reg-

ulate each other and they were regulated by several

PTMs, it will be necessary to determine the protein

expression levels of interacting partners during brain

aging as well as their functional protein–protein interac-

tions. Moreover, further steps should be done that to

unravel the causative interactions between their proteins.

Although there have been many studies about the role

of Smurf2, they were generally analyzed in the context of

cancer progression. In the review by David et al., (2013),

Smurf2 was described as a double-edged sword because

of its function in both tumor suppression and promotion.

This implied that Smurf2 has roles in several cellular path-

ways including senescence (Zhang and Cohen, 2004;

Kong et al., 2011), telomere attrition (Zhang and Cohen,

2004), stem cell self-renewal (Ramkumar et al., 2014),

and genomic stability (Blank et al., 2012) as well as

ubiquitin-mediated proteasomal degradation (David

et al., 2013). Genomic instability, telomere attrition, loss

of proteostasis, cellular senescence and stem cell

exhaustion are also occurring during aging and are

described as some of the hallmarks of aging (López-

Otı́n et al., 2013). Both the gene and the protein expres-

sion levels of smurf2 increased with advancing age in

the brain. Our previous studies also demonstrated that

during aging, the number of senescent cells increases in

the brain (Arslan-Ergul et al., 2016). Cellular senescence

is defined as an antagonistic hallmark of aging (López-

Otı́n et al., 2013) because it is a response to damaged

or aged cells (Muñoz-Espı́n and Serrano, 2014). More-

over, senescence is thought to be a central hallmark of

aging (McHugh and Gil, 2018) because telomere attrition

and genomic instability trigger the senescence response

and the others have several links with senescence. As a

response to telomere shortening in fibroblasts, Smurf2

was upregulated and this increase was sufficient to trigger

a senescent phenotype (Zhang and Cohen, 2004). It has

been shown that Smurf2 regulates senescence via the

p16 (Kong et al., 2011) or the p53-p21 pathways (Zhang

and Cohen, 2004; Nie et al., 2010). The ubiquitination

and consequent degradation of the inhibitor of differentia-

tion or DNA binding 1 (Id1) by Smurf2 provide a link

between Smurf2 and p16 during senescence (Kong

et al., 2011). The study by Ramkumar et al., (2012)

demonstrated that in the spleen of Smurf2-deficient mice
there was decreased SA-b-gal activity, a senescence

marker, and lower p16 gene and protein expression

levels, which is another indicator of senescence

(Krishnamurthy et al., 2004). This suggests that the

absence of Smurf2 leads to a delayed senescence

response. Moreover, an age-dependent increase of p16

expression is associated with a decline in stem cell self-

renewal in brain, pancreas, and hematopoietic system

(Kong et al., 2011; Ramkumar et al., 2014). Consistent

with this, senescence inducers such as telomere attrition

and oxidative stress cause DNA damage and this acti-

vates a kinase cascade to trigger tp53 activation

(McHugh and Gil, 2018). Furthermore, sirtuins establish

a link between metabolism and senescence, for instance,

SIRT1 deacetylates tp53 and promotes its degradation

with ubiquitin-mediated proteolysis (Solomon et al.,

2006), and prevents senescence (McHugh and Gil,

2018). On the other hand, Smurf2 has a role in genomic

stability through the ring finger protein 20 (RNF20), which

also regulates genomic stability and the chromatin land-

scape (Blank et al., 2012). The other regulatory role of

Smurf2 is in stem cell exhaustion, which is an integrative

hallmark of aging (López-Otı́n et al., 2013). It has been

shown that the function of HSCs declines with age in a

Smurf2-dependent manner such that Smurf2-deficient

mice have an absence of the premature exhaustion of

HSCs, and thus, Smurf2-deficient HSCs had increased

self-renewal capacity (Ramkumar et al., 2014). In the

review of Wu and Prives (2018), the authors indicated that

the p53 pathway is a master regulator of three hallmarks

of aging; genomic stability, mitochondrial dysfunction, and

cellular senescence. Moreover, several findings sug-

gested that the cooperation of tp53 and SIRT1 is required

for genomic stability (Yi and Luo, 2010), and alternatively,

the downregulation of ep300, which acetylates tp53, YY1,

and Smad7, delays senescence (Sen et al., 2019).

It has been demonstrated that there is no significant

cellular (Rapp and Gallagher, 1996; Rapp et al., 2002)

or synaptic loss (Calhoun et al., 1998; Poe et al., 2001;

Shi et al., 2007; Newton et al., 2008) in the aged brain.

It is likely subtle cellular and synaptic alterations that are

contributing to this aging process (Ganeshina et al.,

2004; Adams et al., 2008; VanGuilder et al., 2010,

2011). In this study, we focused on the molecular

changes which are possibly affecting the cellular and

synaptic changes during aging, as well. It has been shown

that SIRT1 is expressed in the neurons of hippocampus

and has a role in synaptic plasticity and so learning and

memory (Gao et al., 2010; Michan et al., 2010). A repres-

sor complex including SIRT1 and YY1 suppresses brain-

specific miR-134 which regulates the expression of CREB

and brain-derived neurotrophic factor (BDNF) (Gao et al.,

2010). Since these proteins are important for synapse for-

mation and LTP, the suppression on miR-134 is relieved

in SIRT1 knockout mice and it causes the decreased

LTP in the CA1 region of the hippocampus and thus

impaired memory (Gao et al., 2010; Michan et al.,

2010). Moreover, SIRT1 has protective roles in neurode-

generative diseases including Alzheimer’s and Parkin-

son’s diseases. For example, SIRT1 deacetylates Tau

and promotes the clearance of Tau by proteasome-



Melek Umay Tuz- Sasik et al. / Neuroscience 436 (2020) 46–73 69
mediated degradation (Min et al., 2010; Herskovits and

Guarente, 2014) while ep300 acetylates Tau (Min et al.,

2010). The inhibition of ep300 promotes Tau deacetyla-

tion and eliminates phosphorylated Tau associated with

neurodegenerative diseases such as in Alzheimer’s dis-

ease (Min et al., 2010). Additionally, in the context of

the regulation of Tau, SIRT1-mediated deacetylation

and ep300-mediated acetylation and even phosphoryla-

tion and ubiquitination work to create an important bal-

ance to maintain the normal cellular processes that will

promote intact cognitive function. In addition, it has been

shown that the overexpression of ‘EP300 interacting inhi-

bitor of differentiation 1’ (EID1) protein, which is highly

expressed in neurons of mouse and human brains, leads

to decreases in LTP and impairs spatial learning and

memory because the increased inhibitory function on

acetyltransferase activity of ep300 affects the expression

and post-translational regulation of target proteins such

as the acetylation of tp53 (Liu et al., 2012). Tedeschi

and Di Giovanni, (2009) indicated that during neuronal

outgrowth and maturation, the ep300-mediated acetyla-

tion of tp53 increased in neuronal cells. Recent studies

showed that loss of fragile X mental retardation protein

(FMRP) affects tp53, MDM2, and EP300 in neurons and

subsequently synaptic downscaling and hyperexcitability

(Lee et al., 2018) and adult neurogenesis and cognition

(Li et al., 2018). The loss of FMRP stabilizes tp53 in neu-

rons which decreases the ubiquitination of the GluA1 sub-

unit of the AMPA receptor and synaptic downscaling with

the help of other interacting partners such as MDM2 and

Nedd4-2 (Lee et al., 2018). Moreover, as a result of FMRP

downregulation, both the protein levels of EP300 and

MDM2-mediated ubiquitination and degradation of the his-

tone deacetylase, HDAC1, increases in adult hippocampal

neural stem cells (NSCs). Thus, unbalanced histone acety-

lation in FMRP-deficient NSCs results in cognitive impair-

ment whereas reducing histone acetylation restores

neurogenesis and cognition in adult FMRP-deficient mice

(Li et al., 2018). Taken together with all information, the

combination of subtle changes in the molecular level has

an influence on the synaptic and cognitive levels.

The aforementioned Smurf2 and its interacting genes

and their roles in the hallmarks of aging specifically in

senescence imply that smurf2 and other master

regulators such as tp53 and ep300a have roles in brain

aging and future studies should examine their functional

roles in more detail. Moreover, inducible overexpression

models of Smurf2 may help to clarify its role in

senescence and aging regulation of its interacting

partners. Due to the elaborate network between Smurf2

and the aforementioned interacting proteins, a Smurf2

overexpression model may be used to study premature

aging and even neurodegenerative diseases via its

interacting partners such as Sirt1, tp53, and ep300.

In summary, Smurf2 has several roles in various

cellular processes and most of them are related to a few

key hallmarks of aging like genomic instability, telomere

attrition, and cellular senescence. Thus, we studied the

levels of smurf2 gene and protein expression during

brain aging. Our previous data indicated that gene

expression levels of smurf2 increased with age (Arslan-
Ergul and Adams, 2014), so we hypothesized that Smurf2

protein expression would also increase with age and its

interacting partners would be affected by this upregula-

tion. Our study demonstrated that Smurf2 protein levels

increase in a brain region-specific manner with age. More-

over, the gene expression levels of the critical interacting

partners and substrates of Smurf2 were analyzed and our

findings indicate that smurf2 and its interacting partners,

ep300a and sirt1, have a similar contribution to the vari-

ance of data and are highly correlated. Thus, it is likely

that Smurf2, Mdm2, ep300a and Sirt1 affect the stability

of Smad7, yy1a, and tp53. To our knowledge, this study

is one of first that focuses on Smurf2 and its several inter-

acting partners during brain aging and our data indicate

that the changes in Smurf2 might underlie subtle cellular

changes, especially in senescence and proliferation that

contribute to cognitive decline.
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