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Abstract

Iron is an essential metal cofactor for enzymes involved in many cellular functions such as energy
generation and cell proliferation. However, excessive iron concentration leads to increased oxidative stress
and toxicity. As such, iron homeostasis is strictly controlled by two RNA binding proteins known as Iron
Regulatory Proteins (IRPs) that regulate at post-transcriptional level the expression of iron management
genes. Despite this fine regulation, impairment of iron homeostasis occurs during aging: iron progressively
accumulates in several organs and in turn, it exacerbates cellular vulnerability and tissue decay. Moreover,
excessive iron accumulation within the CNS is observed in many neurodegenerative diseases. We
investigated the age-dependent changes of iron homeostasis using the short lived fish Nothobranchius
furzeri. Here, we show that i) both iron content and expression of microRNA family miR-29 increase during
adult life and aging in the N. furzeri brain; ii) iron up-regulates miR-29 expression in fish brain and murine
neurons, while in turn miR-29 targets the 3’-UTR of IREB2 mRNA, reducing iron intake; iii) Transgenic fish
with knock-down of miR-29 show significant adult-onset up-regulation of IRP2 and its target TFR1 in
neurons and display enhanced age-dependent accumulation of brain iron; iv) miR-29 triggers a global gene
expression response that partially overlaps with that induced by aging.
Our studies indicate that miR-29 modulates intracellular iron homeostasis and is up-regulated as an
adaptive response to limit excessive iron accumulation and prevent early-onset aging processes.

Introduction

Iron is the most abundant trace element in the animal body, its abundance reflects its essential role in cell
physiology. Iron is a required cofactor for carrier proteins and enzymes involved in fundamental biological
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process such us oxygen delivery, DNA synthesis and oxidative phosphorylation (for review see Dlouhy AC et
al., 2013; Rouault TA et al., 2005). Although iron is an essential element, it is also extremely reactive and
capable of producing radical oxygen species (ROS), thereby inducing oxidative damage and apoptosis
(Dixon SJ et al, 2014). Intracellular iron concentration is under strict physiological control. Iron responsive
elements (IRE) in mRNAs and iron responsive proteins (IRPs) constitute an iron sensing system that tightly
regulates intracellular iron homeostasis coordinating iron uptake, storage, export and utilization (Zhang DL
et al., 2014). IRP1 and IRP2 are RNA-binding proteins that recognize specifically IREs located in 3’- or 5’UTRs of different protein-coding transcripts and regulate their translation (Meyron-Holtz et al., 2004 ;
Sanchez M et al., 2011). At steady-state, IRPs positively regulate the translation of transferrin receptor
(TFR1) and bivalent metal transporter 1 (SLC11A2) mRNAs (Garrick et al., 2003) and repress ferritin heavy
and light-chain (FTH, FTL) and ferroportin (SLC40A1) mRNAs (Theil 1990; Abboud and Haile, 2000; McKie et
al., 2000) thereby promoting iron uptake and availability. However, in iron-repleted conditions, F-Box And
Leucine-Rich Repeat Protein 5 (FBLX5), stabilized by iron, starts to accumulate and interacts with IRP2
mediating its ubiquitination and degradation (Salahudeen A et al., 2009; Vashisht A et al., 2009) instead
IRP1, via conformational change, loses the RNA binding ability and acquires cytosolic aconitase activity
(Haile DJ et al., 1992). Thus, IRPs inactivation positively regulates FTH, FTL and SLC40A1 and represses TFR1
and SLC11A2 mRNA translation reducing iron uptake and promoting iron storage and export. While IPR1 is
mostly expressed in liver, spleen, blood and kidney, IRP2 is strongly expressed in the central nervous
system (CNS). IRP2-deficienct mice display severe iron metabolism misregulation in the CNS and develop
movement disorders characterized by ataxia, bradykinesia and tremor (LaVaute T et al., 2001). Instead,
transgenic overexpression of IRP2 in mice increases neuronal iron up-take and leads to mitochondrial
oxidative insults to the CNS and a subsequent degeneration of dopaminergic neurons (Asano T et al., 2015).
Despite the presence of a sophisticated homeostatic regulation, during aging iron accumulates in multiple
tissues and this likely contributes to physiological decline (Bartzokis G et al., 1997; Zecca L et al., 2004).
Dietary iron supplementation was shown to induce protein insolubility and significantly reduce C. elegans
lifespan (Klang IM et al., 2014). In particular, the age-dependent iron accumulation in the central nervous
system (CNS) was linked to cognitive dysfunctions and memory deficit in humans (Penke L et al., 2012).
Furthermore, marked iron accumulation is a hallmark of neurodegenerative diseases like Alzheimer
Parkinson and multiple sclerosis, increasing ROS production thereby exacerbating oxidative damage and
cell death (Smith et al., 1997; for review see: Crespo et al., 2014; Wong et al 2014; Oshiro et al., 2011). In
the context of Alzheimer’s disease, iron accumulation can promote the formation of both Aβ plaques and
tau-tangles (Mantyh et al., 1993; Yamamoto et al., 2002). Furthermore, Amyloid precursor protein (APP)
and α-Synuclein expression are modulated at post-transcriptional level by IRE-IRPs system and recently APP
was shown to be required for iron export (Duce et al., 2010; Febbraro et al., 2012; Friedlich et al., 2012).
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Therefore, dysregulation of iron can be considered as one of the key pathophysiological mechanisms of
aging and age-related neurodegenerative diseases.
MicroRNAs are small non-coding RNAs that form a ribonucleic complex with argonaute proteins. This
complex negatively regulates expression of protein-coding genes at a post-transcriptional level by binding
mRNAs due to sequence complementarity and inducing mRNA degradation and translational inhibition.
MiR-29 family members (miR-29a, miR-29b and miR-29c) are produced in mammals from two intergenic
loci

and are one among the most expressed microRNA families (Landgraf et al. 2007). They are enriched in

the CNS, are expressed both in neuronal and glial cells and their binding sites are highly overrepresented in
brain mRNAs co-immunprecipitated with argonaute complex (Boudreau et al., 2014). During brain
development of rodents and primates, miR-29 is expressed at low levels and its expression dramatically
increases during late postnatal development and continues to increase during entire adult life and aging in
humans and non-human primates (Somel et al., 2010; Podolska et al., 2011; Fenn et al., 2013). In addition,
age-dependent up-regulation of miR-29 was observed also in other organs such us heart, lung, liver, kidney
of mice, and aorta of both mice and humans (Boon et al., 2011; Takahashi et al., 2012, Ugalde et al., 2011).
Therefore, up-regulation of miR-29 seems to be a conserved hallmark of aging.
Mice lacking only the miR-29b/a-1 locus (therefore with residual miR-29 activity) reach adulthood, display
ataxic phenotype and a mild loss of Purkinje cells in the cerebellum and die around 9 months of age
(Papadopoulou et al., 2015). A similar cerebellar phenotype is induced acutely by miR-29 antagomiR
(Roshan et al., 2014). On the contrary, mice with a targeted deletion of all MiR-29

loci

are born without

evident abnormalities, but rapidly accumulate defects during post-natal development and die within 6
weeks (Cushing et al., 2015). Interestingly, this microRNA family was found to target Beta-Site APP-Cleaving
Enzyme (BACE1) mRNA and to be downregulated in sporadic Alzheimer’s disease (Hébert et al., 2008).
Moreover, up-regulation of miR-29 protects neurons against apoptosis during neuronal maturation,
forebrain cerebral ischemia and stroke by targeting pro-apoptotic members of the BCL-2 family (Kole et al.,
2011; Ouyang et al., 2013; Khanna et al., 2013). Overall, these data strongly suggest a conserved key role
for miR-29 family in protecting neurons from aging-induced damages.
Here, we investigated the role of miR-29 during adult life in the short-lived killifish Nothobranchius furzeri,
an emerging vertebrate model species for aging research, characterized by an exceptionally short lifespan
of 4-12 months, age-dependent cognitive decline and expression of age-related phenotypes at the
molecular, cellular and integrated level (Valenzano et al., 2006a; Valenzano et al., 2006b; Di Cicco et al.,
2011; Terzibasi et al., 2012; Wendler et al., 2015; for a review see Cellerino et al., 2015). Moreover,
transgenesis was established, a reference genome sequence is available and extensive data on agedependent gene regulation are available (Valenzano et al., 2011; Baumgart et al., 2014; Valenzano et al.,
2015; Reichwald et al., 2015: Baumgart et al., 2016). We previously demonstrated that expression of miR-
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29 increases during aging in

N. furzeri

relevance of miR-29

experimentally by generating genetically-modified fish lines expressing a

in

vivo

(Baumgart et al., 2012). Here, we investigate the physiological

competitive inhibitor for miR-29 (sponge) in the neurons. Further, we show that miR-29 targets IRP2 and
test the hypothesis that miR-29 directly regulates brain iron homeostasis and opposes age-dependent iron
accumulation and the resulting damages.
Results

Iron accumulates in Nothobranchius furzeri brain.
We investigated age-dependent brain iron accumulation in N. furzeri MZM 04/10pl, a strain with a median
lifespan of ~ 30 weeks (Terzibasi

et

., 2008, 2009; Baumgart

al

et

al

., 2014). Brain non-heme iron

concentration was quantified using a colorimetric assay (Rebouche et al., 2003) in fish of five age groups: 5,
12, 20, 28 and 39 weeks. These age steps correspond to sexual maturity, young adult, mature, median
lifespan and very old stages. We found that, like in mammals (Hallgren et al., 1958; Bartzokis et al., 1997),
iron content increases over time. From 5 to 39 weeks of age, iron amount increases almost 10-fold in
animals of both sexes (two-way ANOVA age: P<0,0001, gender: P=0,75, fig. 1A). This datum was
corroborated by histochemical Pearl’s staining with DAB intensification on brain sections. Increased
labelling was apparent in the brains of older fish, particularly in Purkinje cell layer of the cerebellum (Fig.
1B). We also investigated the expression of genes coding for key proteins of iron metabolism by
interrogating a public dataset of genome-wide age-dependent transcript regulation in the N. furzeri brain at
the same five age steps analyzed here (Baumgart

et

., 2014). We observed that expression of the

al

transferrin receptor (TFR1A) gene and the solute carrier transporter 11a2 (SLC11A2) gene, directly involved
in intracellular iron delivery, significantly declines as a function of age (ANOVA for linear trend R=0,5009,
P<0,0001; R= 0,3892, P<0,01, respectively Fig. 1C), with the largest difference observed between 5 weeks
and 12 weeks of age. On the other hand, expression of the genes coding for ferritin heavy chain (FTH1A)
and Ferroportin (SLC40A1), required for iron storage and discharge, are stable (ANOVA for trend R= 0,067,
P= 0.11; R=0.078; P=0,11, respectively Fig. 1C). Since all of these genes are controlled by IRE-IRPS system,
we investigated whether expression of

IREB2

and

ACO1

mRNAs is age-dependent and did not detect

significant regulation during aging (ANOVA for trend R=0,141, P=0,069; R=0.045, P=0,33 Fig. 1D).

IREB2

mRNA is higher-expressed in brain as compared to ACO1 mRNA, while the opposite is observed in the liver
(Fig. S1A). These same differences in the relative expression levels of IREB2 and

ACO1

between brain and

liver were previously observed in the mouse (Meyron-Holtz et al., 2004) and suggest that

IREB2

is the

principal regulator of iron homeostasis in the brain. In mammals, iron regulates IREB2 expression mainly at
the post-translational level by iron-dependent proteasomal degradation of IRP2. As expected, Western blot
analysis revealed that IRP2 decreases with age (ANOVA for linear trend R=0.7199, P=0.0002, fig. 1E). Since
IRP2 is negatively regulated by FBXL5 we evaluated also its expression at mRNA and protein level but
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curiously in both cases we didn’t found any significant variation over time (Fig. S1B-C). These data suggest
that iron progressively accumulates over time and IRP2 undergoes toward an age-dependent
downregulation not FBXL5 mediated.
MiR-29 family targets IREB2 mRNA.
MicroRNA-29 is up-regulated with age in multiple tissues of

N. furzeri

including brain (Baumgart et al.,

2012). We noticed the presence of an 8 nt seed sequence in the 3’UTR of IREB2 mRNA that is evolutionary
conserved in vertebrates (Fig. 2A) and both miRanda (Betel D et al., 2010) and TargetScan (Agarwal et al.,
2015) retrieved

IREB2

mRNA as a target for miR-29 both in fishes and mammals. In addition, StarBase

provides support for a physical interaction of miR-29 and

IREB2

3’-UTR in human and mouse (Li J

.,

et al

2014). We then investigated the transcriptional control of miR-29. The N. furzeri genome contains three loci
for miR-29 family members but one is expressed at much higher levels, (a detailed analysis of

N. furzeri

miRNA repertoire is in preparation and will be published elsewhere). While IRP2 is down-regulated with
age, transcription of the miR-29 locus is up-regulated more than 15 times with age (Fig. 2B). In addition, we
investigated transcriptional control of miR-29 in the mouse brain since it was already shown that mature
miR-29 dramatically increases during the first two months of postnatal life (Hebert S et al., 2008; Li H et al.,
2013). Using RT-qPCR, we quantified the expression of both miR-29 primary transcripts in postnatal day 0
(P0) and P60 mouse cerebral cortex. As expected, both increased more than 30 times (miR-29b/a P<0,001,
miR-29b/c P<0,001, fig. 2C). Then, we assessed the expression of iron management genes such as

,

IREB2

, and DMT1: all were found to be significantly downregulated (P<0,01, P<0,05, P<0,05, respectively Fig.

TFRC

2D). It also relevant to note that mice lacking one locus for miR-29 show up-regulation of

Ireb2

(Papadopulous et al., 2015). These data suggest that both in fish and mouse miR-29 is involved in the agedependent down-regulation of IRP2. We further used
domains in the adult

N.

furzeri

in situ

hybridization to define miR-29 expression

brain. We found this primary transcript intensely expressed in the

periventricular gray zone (PGZ) of the optic tectum (fig. 2E), and in the granular cell layer (GCL) of
cerebellum (fig. 2F), where it was expressed by neurons, as showed by its co-localization with the neuronal
marker HuC/D. To demonstrate a direct interaction between miR-29 family members and IREB2 mRNA in
fish, we isolated the 3’UTRs of

IREB2

from zebrafish and

N. furzeri

cDNA and fused them with the eGFP

coding sequence to generate a reporter system. 100pg of each reporter mRNA were co-injected in fertilized
zebrafish embryos with the same amount of control mRNA encoding for the red fluorescence protein (RFP)
and 100pg of dre-miR-29a or dre-miR-29b mimic. Control embryos were injected with the same mixture
with omission of the miRNA mimics. At 24hpf, injected embryos were trypsinized and analyzed by
cytofluorimetry to assess the eGFP/RFP ratio (fig. 2G). For both 3’UTRs, the normalized eGFP fluorescence
was significantly reduced in presence of miR-29 mimics (35%, P<0,05 T-test and 40% P<0,01, T-test for N.
furzeri

and zebrafish 3’UTR respectively, fig. 2H-I). For both constructs, a mutation of 4 nucleotides in the
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putative target sequence of the 3’-UTRs abolished repression (fig. 2H-I). In addition, we performed
luciferase assay in HEK293T cells to demonstrate direct targeting of

IREB2

MiR-29 decreased luciferase activity of a reporter containing mouse

3’UTR by miR-29 in mammals.

IREB2

3’UTR (P<0,01 T-test;) and

repression was abrogated by mutation of the putative binding site (fig. 2J).
Iron overload induces miR-29 in neurons
Given the regulation of

IREB2

by miR-29, a logical question to ask was the regulation of miR-29 by iron.

First, we studied stem-cells derived murine telencephalic neurons

in

vitro

(Bertacchi M

et al

., 2014).

Incubation of murine neurons with either Fe(II) or Fe(III)-dextran induced a dose-dependent up-regulation
of miR-29 (Fig 3A-B). We then induced acute iron overload in adult fish by parental injection of 350µg per
gram of weight of Fe-dextran and monitored brain iron concentration and miR-29 expression up to three
days post-injection (p.i.). Iron significantly accumulated in the brain 4 hours p.i. (the first time point
investigated) reaching a maximum at 8-12 hours p.i. to slowly decrease (fig. 3C). We observed a delayed
and significant increase of both miR-29 primary transcript 2 and miR-29a mature form (fig. 3D), following
the injection, starting at 24 h p.i. and reaching its maximum at 48h p.i. (pri-miR-29 48h: P<0,01; 72h:
P<0,05; miR-29a 48h P<0,05; 72h P<0,05, one way ANOVA; fig.3C). In addition, iron overload caused upregulation of miR-29 also in liver and muscle (fig. S3A), suggesting that this regulation is not brain specific,
but it takes place at systemic level. We then asked whether physiological steady-state levels of iron could
influence miR-29 expression. We injected i.p 30µg/g of the iron chelant deferoxamine (DFO). At 24 hours
post-injection brain iron amount was reduced by 25% (P<0,05, fig. S3A), we did not aim for stronger
reduction of iron since this can have serious negative consequences on physiology. We monitored pri-miR29-2 expression at 24h, 48h and 72h after injection and did not detect any differences (fig. 3E), suggesting
that physiological levels of iron do not regulate miR-29. Induction of miR-29 might be a direct response to
iron accumulation or a secondary response to iron-induced oxidative stress. To distinguish between these
two possibilities, we replicated the iron-overload experiment and, after 4 hours, we administered either
DFO, and we assessed miR-29 expression at 48h after iron injection. DFO treatment significantly reduced
pri-miR-29 up-regulation. (P<0,05, fig. 3F). Our results suggest that intracellular iron increase directly upregulates miR-29.
Genetic repression of miR-29 function
To investigate the physiological relevance of miR-29 in the regulation of iron homeostasis during adult life,
we generated transgenic zebrafish and N. furzeri expressing a competitive inhibitor of miR-29 designed by
fusing to the eGFP a 3’-UTR with seven repetitions of a miR-29 binding site (miR-29-sponge) (fig. 4A, on the
top). As a first step, we tested whether miR-29-sponge transcript was directly targeted by miR-29 family
members by co-injecting them with the control RFP mRNA (as described above for miR-29 mimics)
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measuring the eGFP/RFP ratio by fluorocytometry. A strong repression of eGFP signal was induced by miR29 mimics (fig 4B). Then, we generated a transgenic zebrafish line by placing miR-29-sponge under the
control of 5,3 kb of D. rerio actin beta 1 promoter (tg:actb2-eGFP-sponge-29) (fig. 4A). We then used the F1
generation to assess the functionality of the construct in vivo. For this purpose, we took advantage of the
extremely low expression of miR-29 during the first two days of embryonic development (Chen PY

.,

et al

2005) and injected increasing doses of miR-29a or miR-29b mimics, (~100pg, ~150pg and ~200pg) both in
wild-type and in tg:actb2-eGFP-sponge-29. We found that both mimics induced similar effects and 200 pg
of mimic induced morphological defects like brachyury, microcephaly and microphthalmia. The percentage
of defective embryos was much lower in tg:actb2-eGFP-sponge-29 (fig. 4C-D). Recent work showed that at
steady-state microRNAs regulate their targets more through mRNA destabilization than by translation
repression (Eichhorn SW et al., 2014), so we used injected embryos with lower mimic dosages (100pg and
150pg by which did not display overt morphological aberration) in order to evaluate the expression of wellknown miR-29 targets. We chose as target

ELNA1

(elastin) and

COL11A1A

(collagen type XI, alpha 1a),

because these are genes highly expressed in embryos bearing in their 3’-UTR 4 and 2 predicted target
binding sites, respectively (Fig. S4A) and quantified their expression through RT-qPCR. We observed a dosedependent down-regulation of these transcripts in wild-type, but not in tg:actb2-eGFP-sponge-29 injected
embryos. All these data supported the evidence that genetically modified fish with stable sponge
overexpression could counteract miR-29 effects. Finally, we measured

IREB2

mRNA but we didn’t detect

down-regulation after miR-29 mimic injection (fig. 4G), however we observed downregulation of

TFR1A

mRNA in wild type but not tg:actb2-eGFP-sponge-29 injected embryos (fig. 4H). These data suggest that, in
fish, miR-29 influences IRP2 translation but not IREB2 mRNA stability.
MiR-29 deficiency induces iron imbalance during adult life
Once established that miR-29 sponge counteracts the endogenous miR-29 activity in vivo and could perturb
regulation of iron-management genes, we investigated whether and how miR-29 disruption affects iron
homeostasis in neuronal cells during adult life. To this end, we isolated from zebrafish genomic DNA a 3.1
Kb neuronal specific promoter Dre-kif5a (kinesin 5a), in order to limit miR-29 loss of function to mature
neurons. Kif5a promoter fragment was sufficient to maintain the expression of eGFP-sponge-29 throughout
life both in zebrafish and N. furzeri. Since zebrafish life expectancy is of about five years (Gerhard GS et al.,
2002) we decided to generate a stable line in

N.

consequences of miR-29 depletion during adult life.

furzeri

in order to investigate more rapidly the

N. furzeri

F1 fish exhibited a stable expression over

time (fig. 5A-B) and a double labeling with eGFP and HuC/D proved the neuronal specificity of the
expression pattern (fig. S5A). We did not observe any macroscopic defects, but a reduced fertility, and a
reduced post hatch survival that limited the number of animals that could be analyzed. It should be noted
that a full knock-out of miR-29 is postnatally lethal in the mouse, so reduced viability is expected and the
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fact that some transgenic fish reached adulthood could be due to the incomplete antagonism of miR-29 by
the sponge construct. Following the initial hypothesis that neuronal miR-29 deficiency could lead to a
dysregulation of iron homeostasis, we first measured by Western blot the expression of IRP2 and TFR1A in
young adult (12 weeks old) wild type and transgenic fish. As expected, both proteins were found upregulated as compared to control animals (fig. 5C). In addition, we assessed IRP2 level also in 5 months old
zebrafish kif5a:sponge-29 line brain confirming its up-regulation (fig. S5B). Confirmed that mir-29 deficiency
increased the expression or IRP2, we measured IRP2 levels at 5, 12, 20, 27 weeks of age both in transgenic
animals and wild type. We found a comparable expression in young age (5 weeks), but when fish grow old
the relative protein level remain largely deregulated in genetically modified fish, indicating that miR-29
significantly influences IRP2 expression during adult life (ANOVA for linear trend, wild-type: R=0,7199,
P=0,0002, Sponge-29: R= 0,2871, P=0,0691, fig. 5D-E). Therefore we measured both iron-management
genes expression and iron content in young adult 12 weeks old wild type and kif5a:sponge-29 fish. We
quantified by RTq-PCR the expression of

,

IREB2

TFR1A

,

,

FTH1A

,

SLC401A

, but we found a

SLC11A2

significant difference only for TFR1A, up-regulated in the kif5a:sponge-29 animals (p<0,05; fig. 5F). This is
consistent with the notion that iron homeostasis in neurons is regulated mainly by the ortholog of TFR1A,
TFRC since they intake iron in the form of transferrin-bound iron released by the astrocytes (Rouault, 2013)
and variations of TRF1A expression would have the largest consequences on neuronal iron homeostasis.
Finally, we quantified non-heme iron content and this was significantly increased as compared to wild type
(P<0,05, fig. 5G), suggesting that miR-29 deficiency accelerates iron in-take over time.
MiR-29 antagonism induces aging phenotypes in N. furzeri brain
To further elucidate the physiological consequences of miR-29 deficiency and, in turn, accelerated iron
accumulation in adult brain, we analyzed the global gene expression profile through RNA-seq. We
compared the expression profile of 12 weeks old transgenic fish with 12 weeks old wild type fish, using four
biological replicates for experimental group. We detected 1307 differentially-expressed genes (DEGs, FDR <
0.05, edgeR). We performed a KEGG pathways analysis (FDR<0,05) on all DEGs. Among up-regulated DEGs
we found an over-representation of genes involved in energy production processes such as oxidative
phosphorylation and TCA cycle, including genes that encode for proteins known to be influenced by iron. In
particular, Oexle et al. (1999) showed that iron induces aconitase 2 (ACO2), isocitrate dehydrogenase 3
(NAD+) beta (IDH3B), succinate dehydrogenase complex, subunit A (SDHA), all these four genes are upregulated in transgenic fish (fig. 6A) (see also KEGG pathways graphical maps, appendix S1). Moreover,
among up-regulated DEGs, we found also ribosome biogenesis, lysosome, phagosome and endoplasmic
reticulum functions as well as downstream p53 effectors (fig. 6A) and an overrepresentation among downregulated DEGs for genes involved in intracellular and extracellular remodeling, circadian rhythm and the
following pathways: JAK-STAT, MAPK, WNT and Notch (fig. 6B; appendix S1). Several of these pathways
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were previously reported to be regulated in the N. furzeri brain during aging (see Baumgart M et al., 2014;
Reichwald K et al., 2015). Remarkably, the majority of these showed the same direction of regulation during
aging and in response to miR-29 antagonism (arrowed asterisk, fig. 6A-B) and only a minority, showed
opposite directions of regulation (black asterisk, fig. 6A-B). Moreover, in a longitudinal study of N. furzeri,
Baumgart et al. (2016) reported that higher expression of genes belonging to the oxidative
phosphorylation, phagosome, lysosome, ribosome biogenesis and RNA transport pathways is negatively
correlated with lifespan. Instead, higher expression of ECM-receptor interaction genes is positively
correlated with lifespan (Baumgart M et al., 2016). We found that miR-29 antagonism induces an upregulation of those pathways negatively correlated with lifespan (marked with a grey minus in fig. 6A-B),
with the exception of RNA transport and spliceosome pathways and a down-regulation of the only pathway
positively correlated with lifespan (marked with a plus in fig. 6A-B). Among up regulated DEGs, we found 25
and genes positively correlated and 3 negatively correlated with lifespan (P=0,0007, Fisher exact test, fig.
6C), among down-regulated DEGs, we found 9 genes positively correlated and 15 negatively correlated with
lifespan (P=0,0049, Fisher exact test, fig. 6C). We interpreted these data as a signature of accelerated aging.
To corroborate our hypothesis, we repeated the analysis at the gene level. We intersected the sets of DEGs
of sponge-29 animals and aging (obtained by comparing gene expression of 5 weeks vs. 39 weeks old fish;
Baumgart et al., 2014; Reichwald et al., 2015). The intersection contains 525 genes (fig. 6D) and 456 (~87%)
show the same direction of regulation in aging and miR-29 sponge (p<10-16, χ2 test). Of those, 225 are upregulated (Type 1 genes, fig. 6E) and 231 are down-regulated (type 3 genes, fig.6E) in both cases. Only 68
genes (~13%) showed opposite regulation: 34 down-regulated in sponge-29 and up-regulated during aging
(type 2, fig. 6E) and 34 with the opposite behavior (type 4, fig. 6E). Surprisingly, type 4 genes contained, in
addition to

, other iron management genes such us the ferroxidase ceruloplasmin (CP) and

TFR1A

transferrin a (TFA), confirming again the relationship between miR-29 and iron (the complete gene list is
reported in supplementary table 1). Furthermore, we assessed the expression profile of those genes with a
conserved predicted binding site for miR-29. To this end, we retrieved a list of D. rerio 548 predicted targets
(score ≤ -0,30) from TargetScanFish (Ulitsky et al., 2012). Out of those, 38 genes were DEGs in kif5a:sponge29 N. furzeri fish: 28 up-regulated and 10 down-regulated (fig. S6A). 22/28 N. furzeri ortholog up-regulated
genes exhibited a conserved binding site (table fig. S6A). For 10/28, the miR-29 predicted binding site was
conserved also in the mouse and human orthologs and for 5 of these an interaction with miR-29 was
observed also by cross-linking immunoprecipitation (CLIP)-seq (fig.S6A). Here, as expected in accordance
with the literature, we found genes involved in epigenetic reprogramming: Lysine-Specific Demethylase 6B
(KDM6BB), DOT1-like, histone H3 methyltransferase (DOT1L), Enhancer of polycomb homolog 1 (EPC1 ),
glutamate metabolism: Glutamate receptor-interacting protein 1 (GRIP1), IGF1 signaling: insulin-like growth
factor binding protein 2a (IGFBP2A). Curiously, among down-regulated DEGs we found well-known
mammalian miR-29 targets like: Ten-eleven translocation methylcytosine dioxygenase 3 (TET3), DNA

bioRxiv preprint doi: https://doi.org/10.1101/046516; this version posted March 31, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

(cytosine-5)-methyltransferase 3ab (DNMT3AB) and collagen type IV alpha 1 (COL4A1). Thus, we examined
which was the effect of aging on conserved miR-29 predicted targets. Of 22 up-regulated targets 6/22 were
found in type 4 dataset, 12/22 were not regulated by aging, indicating that for those miR-29 could directly
influences their expression at transcriptional level. On the other hand 4/22 up-regulated and 9/10 of downregulated targets were found respectively in type 1 and type 3 dataset (fig. S6A), indicating that probably
the global effect of miR-29 depletion on aging is prevalent over the target-specific effect of miR-29. Finally,
we analyzed 12 weeks old brains of kif5a:sponge-29 and wild type fish at histological level. Kif5a:sponge-29
fish exhibited an increased accumulation of the aging marker lipofuscin as compared to wild-type (P<0,01,
fig.7A-B), a marker of oxidative damage especially against cell or mitochondria membranes (Brunk and
Terman, 2002) that is up-regulated in conditions of iron overload (Johnston and Milward, 2010; Johnston et
al., 2012). Moreover, we observed an increased immunoreactivity for glial markers GFAP and S100β
(P<0,05, fig.7C-D), this data was also supported by RT-qPCR analysis and RNA-seq that both revealed an
increased expression for relative mRNA genes in kif5a:sponge-29 fish (P<0,05, fig. S5B). Overall, these data
strongly indicated that miR-29 family regulates brain iron metabolism during adult life and its deficiency
induces an acceleration of some aspects of the aging phenotype.
Discussion

In this study, we investigated the effects of miR-29 regulation on iron metabolism during adult life in the
brain of the short-lived fish N. furzeri. Expression of miR-29 is known to be upregulated during brain aging,
here we report that: i) brain iron content increases with age; ii) miR-29 expression is induced by iron
overload; iii) miR-29 negatively regulates the expression of IREB2 gene in neurons during adult life; iv) miR29 antagonism results in a chronic up-regulation of IRP2 and TFR1A resulting in increased brain iron
deposition; v) transcriptome profile revealed an increased expression of TCA cycle and oxidative
phosphorylation genes along with enhanced aging-related phenotype upon miR-29 antagonism vi)
histological analysis revealed enhanced gliosis and lipofuscin deposition. These data demonstrate that upregulation of miR-29 during aging is a compensatory response to limit an excessive age-dependent iron
accumulation which can actively contribute to cell and tissues decline
IRP2 is an RNA-binding protein that acts as master regulator of intracellular iron availability in the brain,
therefore influencing both energy production and redox status of cells. IRP2 is rapidly degraded when iron
increases via allosteric activation of FBXL5 and this regulation defines a set point for physiological
intracellular iron concentrations. Despite this rapid negative feedback regulation, iron accumulates in the
brain during aging in N .furzeri as previously shown in mammals and it likely contributes to aging-induced
dysfunctions. We also showed that, in fish, IRP2 protein, but not

IREB2

transcript, undergoes an age-

dependent down-regulation but not its negative regulator FBXL5. Further, miR-29 directly targets IREB2 in
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fish and mouse, it is up-regulated during aging and IRP2 is in turn up-regulated upon miR-29 antagonism,
suggesting that under physiological conditions miR-29 exerts a translational control over IRP2 expression.
This control, that requires transcriptional regulation of miR-29, obviously operates on a different time scale
with respect to FBXL5-mediated degradation. Indeed, the increase of miR-29 upon iron overload has a
kinetic of days, while iron accumulates within hours. Moreover, miR-29 expression level seems affected by
iron overload, but not by iron depletion. In fact, reducing iron by 25% with DFO does not change miR-29
expression in the following 72 hours. The same dose of DFO, however, reduced miR-29 up-regulation if
provided hours after iron injections when intracellular iron levels are already within the pathological range.
Finally miR-29 antagonism chronically enhances cellular iron intake. Although the FBXL5 mechanism is
present in the aged brain, it is insufficient to contrast a persistent increased iron level that in turn can
exacerbate damage accumulation rate accelerating the aging process. Therefore, we suggest that increased
miR-29 expression is a compensatory response to reduce iron intake when iron deposits as a consequence
of age-related changes of cellular physiology.

Here, for the first time, we report the case of vertebrate system where neuronal specific perturbation of a
microRNA induced iron imbalance and accelerated expression of aging phenotypes, both at the level of
global gene expression and histological markers. Although we do not provide a formal proof for a causal
relationship between increased iron and accelerated aging, this hypothesis is strongly supported by
experiments in C.

. Klang et al. (2014) indeed reported that in

elegans

C. elegans

dietary iron significantly

accelerates the aging-related phenotype, reduces the lifespan expectancy and increases age-dependent
protein aggregation. We cannot exclude, however, that the effects of miR-29 antagonism on aging are not
entirely mediated by iron and also involve other pathways that are directly targeted by this pleiotropic
miRNA (e.g: epigenetic reprogramming, matrix remodeling ). Overall, these data suggest that: i) loss of iron
homeostasis gives a significant contribution to the normal aging process in vertebrates. ii) miR-29 is an
important hub for preventing aging effects and iii) iron metabolism regulation is part of the protective
action exerted by miR-29. Our data are in agreement with several independent reports on the protective
role of this microRNA, for instance miR-29 promotes neuronal survival in conditions of acute neuronal
injury such as ischemia (Khanna et al., 2013), miR-29 deficiency in mice induces neuronal loss in the
cerebellum (Papadopoulou et al., 2015), an area where miR-29 is strongly expressed in N.

furzeri

as well,

and most importantly excessive iron accumulation and down-regulation of miR-29 are both associated to
Alzheimer’s disease (Smith et al., 1997; Hebert et al., 2008; Smith et al., 2010; Wang et al., 2011). Our data
suggest that these two phenomena are linked and iron accumulation in AD is a consequence of reduced
miR-29. All these data combined with the evolutionary conserved age-dependent regulation of miR-29
reinforce the general idea that it exerts a protective action in the aging brain.
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Mitochondria are the main iron users and play a pivotal role in the aging process, although we not
investigated mitochondria physiology in miR-29 downregulated animals, here we show that TCA cycle and
oxidative phosphorylation genes are over-represented among up regulated genes upon miR-29 deficiency.
Strikingly, insoluble proteins upon iron overload, as reported by Klang et al., (2014), are also enriched for
TCA cycle and oxidative phosphorylation enzymes, suggesting that this transcriptional regulation is a
compensatory response to iron-induced damages on mitochondrial proteins. These data suggest that miR29 indirectly promotes mitochondrial function.
Conclusions
Age-related damage accumulation is an inescapable condition that tends to change cellular homeostasis,
on the other hand cells tend to maintain their homeostasis inducing a progressive and adaptive response in
order to counteract this inevitable process and preserve their physiological functions. Age-dependent upregulation of miR-29 is part of this adaptive response, its deficiency leads to exacerbation of aging-induced
damage (fig. 8) partly due to impaired iron homeostasis.

Materials and methods
Fish maintenance

: all experiments were performed on group-house

Nothobranchius furzeri

N. furzeri

of the MZM-04/10

strain. The fish used were raised in 35L tanks at 25°C and were fed two to three times a day with frozen
Chironomus larvae or living nauplii of Artemia salina, depending on size. Eggs were collected by sieving the
sand with a plastic net and kept in wet peat moss during developmental processes and diapauses. Embryos
were hatched by flushing the peat with tap water at 16–18°C. Embryos were scooped with a cut plastic
pipette and transferred to a clean vessel. Fry were fed with newly hatched Artemia nauplii for the first 2
weeks and then weaned with finely chopped Chironomus larvae.
Danio

Rerio

: all experiments were performed on the Ab strain. Fish were maintained at 28°C under

continuous flow in zebrafish facility with automatic control for a 14-hour light and 10-hour dark cycle
(Zebtech system). To generate embryos for injection, male and female fish were placed the night before
injection in a one liter fish tank with the inner mesh and divider. Zebrafish embryos were obtained from
natural spawning by removing the divider and light stimulation.
Vectors design and generation of transgenic lines:

bioRxiv preprint doi: https://doi.org/10.1101/046516; this version posted March 31, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

For the generation of all transgenesis vectors, we used multisite gateway technology (Kwan MK et al.,
2007). Design of vector (kif5aa: EGFPCAAX-SPONGE-29-SV40pa): mir-29 sponge consisted of 7 repetition of
mir-29 complementary sequences with a mismatch of 4 nucleotides immediately after the seed sequence.
The sponge sequence was previously chemically synthetized by Eurofin (Milan) then cloned in the 3’ entry
p3E-polyA using the restriction site BamHI. 3,094 kb of zebrafish kif5aa promoter region (Source:
ZFIN;Acc:ZDB-GENE-070912-141) was amplified by PCR from genomic DNA, (from -2969 to +125 bp
including a small portion of the first exon, before the ATG), using primers Kif5a-SalI f: (5’-gtcgac –
GTTGTCCAGCACGGATGTATAGGTA-3’) and Kif5a-XmaI r:(5’-cccggg-ATAGCGGGGCAGAGGACGGCAG-3’) and
cloned into gateway 5’-entry p5E-MCS. Then, the multisite gateway recombination reaction was performed
as described in the Invitrogen Multi-Site Gateway Manual, an equimolar amount of entry vectors, 20 fg of
each, (p5E-kif5aa, pEM-EGFPCAAX, and p3E-sponge-20-SV40pa) and destination vector (pDESTol2CG2)
were combined with LR Clonase II Plus enzyme mix. For the generation of (actb2: EGFPCAAX-SPONGE-29SV40pa) was used as 5’entry p5-bactin2 (from Tol2kit v1.2) together with the other plasmids following the
protocol mentioned above. All these vectors also contain the eGFP reporter gene driven by the zebrafish
cardiac myosin light chain (cmlc2) promoter. All vectors generated were extracted and purified using
Qiagen plasmid midi kit (toxin free). Eggs were harvested and injected at zygote stage as described in the
following protocols (Valenzano DR

et al

., 2011 and Xu Q, 1999 for

N. furzeri

and

D. rerio

microinjections

respectively). For microinjection borosilicate microcapillaries were used. Capillaries were pulled with a
micropipette puller (P97, Sutter Instrument). The needles were filled with 2µl of water solution containing
20-30 ng/ µl of plasmid DNA, 20-30 ng/µl of Tol2 transposase mRNA, 0,4M KCl and 1% phenol red as visual
control of successful injections . The embryos were injected with ~2nL of mix solution and the drop volume
was estimated under a microscope using a calibrated slide. ). Injections were performed under the Nikon CPS stereoscope. F0 fishes were screened under fluorescence microscope at 3-4th day after hatching (N.
furzeri

) and at 24hpf for zebrafish larvae. Three different founders were selected for line establishment.

IREB2

3’UTR vectors assembly and mir-29 targeting validation:

In order to experimentally validate

IREB2

as direct mir-29 target in fishes, 671bp and 633 bp from

IREB2

3’UTR of N. furzeri and D. rerio, respectively, were amplified by PCR from cDNA of both species (N. furzeri
reference: Nofu_GRZ_cDNA_3_0193494,

D.

rerio

reference: ZFIN; Acc:ZDB-GENE-051205-1) using the

primers nfIREB2-3’UTR-BamH-F: (5’-ttcgggggatccCATGTTTGACTCTGAGAAGGAC-3’) and nfIREB2-3’UTRBamH-R:(5’-ttcgggggatccGTTCTGTGCCCAGTTTGCCC-3’) for
gtcacgC-GGATCCTCACATGGACCTCTGAACACC-3’)
GGATCCCACAGCGAAAGTATCACAGCC-3’) for

D.

and
rerio

N.

furzeri

and DrIREB2-3’UTR-BamH-F: (5’-

DrIREB2-3’UTR-BamH-R:

(5’-gatcggc-

and cloned in the 3’ entry p3E-polyA, then p5E-

CMV/SP6, pME-EGFPCAAX, p3E-IREB2-3’UTR-polyA and pDESTol2CG2 were combined using multisite
gateway (see above). Finally, the plasmid producing fluorescence standard control was assembled
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combining p5E-CMV/SP6, pME-RFP, p3E-polyA and pDESTol2CG2. We renamed these plasmids as N.f
CMV/SP6: eGFP-IREB2-pA, D.r CMV/SP6: eGFP-IREB2-pA and CMV/SP6: RFP-pA. For all of these reporters,
in vitro

IREB2

transcription was carried out as described below. About 2nl of solution containing 100pg of egfp-

sensor mRNA, 100pg of RFP standard, 100pg of Dre-mir-29a mimic (Qiagen) and 100pg of Dre-mir-

29b mimic (exiqon) was microinjected in the zygote stage embryos (for the control embryos was assembled
the same mix without microRNA mimic). At 24hpf, 40-50 embryos were collected from each experimental
condition, dechorionated and dissociated with trypsin 10X at 37ºC 15 min. Dissociated cell were diluted in
PBS 1x, loaded in the flow cytometer machine (FacsCalibur, Becton-Dickinson) and the eGFP/RFP
fluorescence ratio was analyzed and quantified. For mmu-IREB2 3’UTR validation we used dual luciferase
reporter assay system (Promega), a sequence of mmu-IREB2 3’utr (transcript ID: ENSMUST00000034843)
containing the putative mir-29 binding site was cloned in pMIR-report using the restriction enzymes SpeI
and MluI. Mmu-mir-29a/b1 precursor was cloned in CMV/SP6: RFP-Pa vector, downstream of RFP using the
restriction enzyme MluI. Transfection on Hek293 was performed using lipofectamine 2000 (Invitrogen).
CMV:RFP-mir-29b/c precursor-polyA-tail was co-transfected with pMIR-report and Renilla control vector
following the manufacturer’s instructions. In the control experiment was co-trasfected the same vector
without mir-29a/b1 precursor sequence. 24 hours after transfection both Renilla and Firefly luciferase
activity were measured using the luminometer (GloMax 96 microplate Luminometer w/dual injectors).
Mutant vectors were generated using the QuikChange II XL Site-Directed Mutagenesis kit (Stratagene).
In vitro RNA and DIG-labeled probes synthesis:

The Tol2 mRNA was transcribed from the pCS-TP plasmid whereas eGFP-IREB2-3’utr and the standard
fluorescence control mRNAs were transcribed from plasmids: N.f CMV/SP6: eGFP-IREB2-pA, D.r CMV/SP6:
eGFP-IREB2-pA and CMV/SP6: RFP-pA respectively. All were previously linearized using NotI and purified
with Wizard® SV Gel and PCR Clean-Up System (Promega). Then 1µg of each linearized plasmid was
transcribed using the mMESSAGE mMACHINE SP6 kit (Ambion) according to the manifacturer’s protocol.
For DIG-labeled probe synthesis, initially the probes were amplified by PCR from cDNA using a reverse
primer carrying a T7 promoter sequence in its 5’end. 200ng of PCR product, previously purified with
Wizard® SV Gel and PCR Clean-Up System (Promega), were directly transcribed using T7 enzyme
(Fermentas) and digoxygenated RNTP mix (Roche) 2 hours at 37ºC. In vitro transcription mix were
precipitated with 1/10 of volume of LiCl (5M) and 2,5 volumes of isopropanol, than washed with 70%
ethanol and finally resuspended in nuclease-free water.
Total RNA extraction and RT-qPCR:

Dissected tissues were immediately put in 500 µl of Qiazol lysis reagent and manually homogenized with
pounder. Total RNA was extracted using miRneasy mini kit (Qiagen) according to the manufacture’s
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protocol. 200ng of each RNA extraction was retrotranscribed for cDNA synthesis using mirscript II RT kit
(Qiagen). qPCR was performed using Rotorgene 6000 (Corbet). PCR mix solutions were prepared using
SsoAdvanced™ Universal SYBR® Green Supermix (Biorad) and 4ng of cDNA for each sample as template.
The relative gene quantification was calculated using the ΔΔCt method, as reference genes were used TBP,
ACTB2

and GAPDH for N.furzeri , D. rerio and mouse respectively.

Histology and histochemistry:

All the immunohistochemical procedures were performed on frozen tissue sections. Animals were killed
with overdose of MS-222, brains were dissected and fixed in PFA 4%, washed in PBS 1X twice then
equilibrated in sucrose 30% and embedded in Tissue-Tek OCT (Leica). Frozen tissues were cut with cryostat
(Leica), 12-14 µm thick sections were immediately put on superfrost plus slides (Thermo Scientific), dried in
the oven at 55ºC for 1 hour. Sections were rehydrated in PBS 1x permeabilized with tritonX 0,3% and
blocked in BSA 5%, goat serum 1%. Primary antibodies were all incubated over night at 4ºC according to the
following dilutions: Anti-IRP2 (1:500, Abcam), Anti-TFRC (1:500, Abcam), Anti-HuC/D (1:50, Invitrogen),
Anti-eGFP (1:1000, Abcam), Anti-GFAP (1:400, Invitrogen), Anti-S100 (1:400, Dako). Secondary antibodies
coupled to Alexa Fluor dye (488, 546, 635) were incubated 2 hours RT (1:500).
For in

situ

hybridizations, slides were incubated with proteinase K for 10 minutes at room temperature

(RT)(1:80000; Fermentas 20mg/ml), post-fixed with PFA 4% 20 minutes RT, then were incubated with a
digoxigenin (DIG)-labeled probes (60ºC, ON). Immediately before incubation probes were put in
hybridization solution denaturated at 98ºC for 3 min. Sections were washed with SSC2x twice at 60ºC for
15min. each, then with SSC 0,5x three times 10 min each RT and incubated with anti-Dig AP Fab (Roche;
1/2000 4ºC ON) in blocking solution (Roche). The day after, slides were placed 20 min RT in TMN (TrisMgCl2-NaCl buffer) with the addition of levamisole 1 mM (Sigma) in order to inhibit endogenous alkaline
phosphatase and transferred in Fast red solution (Roche tablets). The staining was constantly monitored
under epiflourescence microscope and blocked by washing in PBS 1X. Images were acquired using
epifluorescence microscope (Nikon, Eclipse600) or confocal microscope (Leica DMIRE2).
For lipofuscin detection, unstained sections were deparaffinized and mounted using a water-based medium
within DAPI (Invitrogen). An important property of lipofuscin is its broad autofluorescence. So it was
acquired using Zeiss apotome(2) at an excitation wavelength of 488 and 550nm as well and under UV
excitation was acquired DAPI staining. Images were analyzed using Image-j, threshold were determined by
operator and applied to images to discriminate lipofuscin granules from background signal. The area
occupied by granules was expressed as a percentage of total image area analyzed.
Iron staining (Perl’ s staining):
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For iron staining, according with (Meguro R et al., 2007), with some adjustments, brains were dissected and
fixed in PFA 4% and embedded in paraffin. 5-7 µm thick sections were deparaffinized and immersed in 4%
ferrocyanide and 2% HCl for 1 hour at 37ºC, then immersed in methanol containing 0,5 % H2O2, 0,01 NaN3
for 30 min RT, finally immersed in 0.1 M phosphate buffer containing DAB 0,05% , 0,005% H2O2 and 0,1%
tritonX for 30 min. Sections were counterstained with hematoxylin, dehydrated and mounted.
Non heme iron quantification:

For iron quantification was followed the protocol published by (Rebouche JC. et al. 2003). Extracted tissues
were put in a 1.5ml tube previously weighed and were burden again in order to precisely determine wet
tissue weight. Homogenates were prepared in high-purity water (max resuspension volume 100µl). 50 µl of
homogenate tissues were combined in a new 1.5ml tube with an equal volume of protein precipitation
solution (1N HCl, 10% trichloroacetic acid) and placed in thermoblock at 95ºC for 1 hour. Tubes were
cooled RT for 10 min then were centrifuged for 15 min at 4ºC. 70 µl of supernatant was collected from each
tube sample and combined with an equal volume of chromogenic solution (Ferrozine 0,5 mM, ammonium
acetate 1,5 M and Tioglicolic acid 0,1% ). After 30 min absorbance was measured at 562 nm using
spectrophotometer. Standard curve were prepared using 0, 0,5, 1, 2, 4, 8, 10, 20 µg/ml of iron standard
solution (Sigma).
Iron and drugs delivery:

Fish were previously anesthetized with Trichaine methanesulfonate and weighed. A single dose respectively
of 350 µg/g body weight iron dextran (Sigma, 100mg/ml), 30 µg/g body weight deferoxamine (DFO,
Novartis) and 50 µ/g body weight 4-OH-Tempol (Sigma) was injected intraperitonealy. Injections were
performed under a stereo microscope (Leica) using Amilton syringes 10µl , control animals were shaminjected with saline solution. At 4, 8, 12, 24, 48 and 72 hours after injection brains were removed from
anesthetized animals and put in a previously weighed tube for iron measurement or immediately frozen in
liquid nitrogen for the following RNA extraction.
Western blot:

Samples were lysed in RIPA-buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 0,5%
deoxycolic acid) containing protease inhibitor (Complete Protease Inhibitor Cocktail Tablets, Roche
Diagnostics) and centrifuged at 12300 rpm for 10 min at 4°C and supernatants were collected. Total protein
concentration was determined by BCA protein assay (Pierce). Aliquots of homogenate with equal protein
concentrations were separated in 10% acrylamide gel and transferred to nitrocellulose membranes by mini
trans-blot (Bio-Rad). The membranes were blocked with milk (5% w/v) and probed with appropriate
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primary and secondary IgG-HRP conjugated antibodies (Millipore). Enhanced chemiluminiscence detection
system (GE Healthcare) was used for developing on autoradiography-films (GE Healthcare). Densitometric
quantification was performed using image-j and normalized to the relative amount of βIII-Tubulin and
expressed as n-fold of control samples. In this study were used the following antibodies anti-IRP2 (Abcam
1:1000), anti-TFRC (Abcam 1:500).
Cell culture and iron exposure:

Following a previously published protocol (Bertacchi et al., Cell Mol Life Sci, 2013), murine ES cell line
E14Tg2A was differentiated into cortical neurons. In brief, mouse embryonic stem cells (mESC) were
cultured in a chemically defined medium on laminin-coated culture dishes for 20 days. mESC-derived
neurons were then treated with iron dextran (50 ug/mL, 100 ug/mL and 200 ug/mL) and Iron(II) sulfate (25
uM, 50 uM and 100 uM) in Neurobasal Medium (Thermo Fisher Scientific) supplemented with B27 (Thermo
Fisher Scientific) for 72 hrs, medium was changed daily. Subsequently, two wells of six-well plate were
pooled for each thesis; RNA extraction and PCR analysis were carried out from three biological replicates.
RNA-sequencing and analysis

RNA was extracted using Quaziol (Qiagen). Library preparation using Illumina's TruSeq RNA sample prep kit
v2 and sequenced on Illumina HiSeq2500, 50bp single-read mode in multiplexing obtaining around 50-40
mio reads per sample. Read mapping was performed using Tophat 2.0.6 (Kim D et al., 2013) and
featureCounts v1.4.3- p1 (Liao Y et al., 2014) using as refences the N.

furzeri

genome (Reichwald K et al.,

2015) or Zv9.73. Differential gene expression analysis was performed using R software, for DEGs
identification was used the statistical test of edgeR package (Robinson et al., 2010). For multiple testing
correction a false discovery rate <0.05 was chosen. KEGG pathway analysis was performed using the
software Web-based gene set analysis tool kit (WebGestalt) (Zhang et al., 2005) using an FDR<0,05.
Ethic authorization for animal experimentation:

Procedure for animal husbandry and breeding were authorized by the Italian Ministery of Health (Aut N.
96/2003-A).
Animal experiment procedure were specifically approved by the local ethical committee and the Italian
Ministery of Health (Aut. N. 1314/2015-PR).
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Figure legends
Figure 1. Age dependent brain iron accumulation in Nothobranchius furzeri
A) Brain non-heme iron content (µg/g wet tissue) in fish of different ages. Blue and black lines represent

males and females, respectively. Iron increases with age, (P<0.0001, two-way ANOVA), and no differences
were observed between the sexes (P=0.75). B) DAB-enhanced Perl’s staining of the cerebellum of young
and old fish. The black arrows point to labelled Purkinje cells. The inset in the bottom right corner of each
picture shows a magnification of the Purkinje cells bodies. C-D) Age-dependent regulation of the transcripts
coding for key genes of iron metabolism, from Baumgart et al., (2014). Expression values (in RPMKs) for
each age were centered and scaled to the mean. E) Representative Western blot of IRP2 in brain extracts
and densitometric analysis. α-TUBULIN was used as loading control. For C, D mean ± starndard errors of
means is reported and the significance of age-dependent modulation was assessed using 1 way ANOVA
with post-test for trend.

Figure 2. MiR-29 family targets IREB2 mRNA
A) Presence of a putative binding site for miR-29 family in the

IREB2

vertebrate species (H.

: ENSMUSG00000032293;

: ENSG00000136381;

sapiens

ENSRNOG00000013271;

M. musculus

: ENSCAFG00000001766;

C. familiaris

mRNA 3’-UTR sequence in several

G. gallus

R. norvegicus

: ENSGALG00000003171;

D. rerio

:
:

ENSDARG00000021466; N. furzeri: Nofu_GRZ_cDNA_3_0193494), mammalian sequences are in black, birds
in purple and teleost fish in blue. Perfect match to the position 2-8 of the miR-29 seed sequence is
highlighted in green and is present in all vertebrate sequences shown. B) Age-dependent expression of miR29 primary transcripts (Pri-miR-29-1, 2, 3) in the brain of N. furzeri. The relative expression was evaluated
by RT-qPCR, data were normalized on TATA binding protein (TBP), pri-miR-29-2 results much more
expressed than the other clusters and shows a clear age-dependent up-regulation (1 way ANOVA with posttest for trend: R= 0,5285 P<0,0001, n=4 biological replicates for age group). C) Quantification of pri-miR-29
cluster (pri-miR-29b-a; pri-miR-29b-c) in post-natal day 0 and 60 mouse brain. Both primary transcript
dramatically increase during post-natal development (P<0,001 and P<0,001 respectively). D) Relative
expression of iron management genes IREB2 (P<0,01) TFRC (P<0,05), SLC11A2 (P<0,05) in post-natal day 0
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and 60 mouse brain. Both for C and D statistical significance was calculated by Mann-Whitney’s U-test, n=6
(p0 brain) and n=7 (p60 brain) biological replicates. E-F) Pri-miR-29-2 expression pattern in N. furzeri brain.
Optic tectum magnification (E) shows pri-miR-29-2 in

situ

hybridization signal (red) and HuC/D expression

(green). Pri-miR-29-2 shows a nuclear staining and a co-localization with neuronal marker HuC/D in all
periventricular gray zone (PGZ), white arrows show neurons in the optic tectum (TeO) negative for pri-miR29-2. Scale bar 50µm. Cerebellum overview picture (F) shows a clear and strong expression of pri-miR-29-2
just in the granular cell layer (GCL), it is instead is absent in the Purkinje cell (white arrow) and molecular
layer (ML). Scale bar 200µm. G) Scheme of the reporter constructs and assay for miR-29 activity. Green
fluorescent protein (GFP) mRNA fused with the 3^ UTR of

IREB2

is injected in one-cell stage zebrafish

embryos with or without the miRNA of interest. Red fluorescent protein (RFP) mRNA is injected as a loading
control (i). Binding of miR-29 to the reporter mRNA causes repression of GFP signal (ii). Embryos were
trypsinized and cells relative fluorescence was read by flow cytofluorimeter (iii). H-I) Expression of GFP
assessed by cytofluorometric analysis. Fusion with IREB2 3’UTR of N. furzeri (H) and D. rerio (I). The white
bars indicate the baseline fluorescence intensity of the construct shown in (G) in the absence of miR-29
mimic. The middle black bars indicate the fluorescence in the presence of miR-29 mimic and the right black
bars the fluorescence of a construct (Δ) where the putative binding site for miR-29 in the IREB2 3’-UTR was
mutated to destroy complementarity. Statistical significance of fluorescence difference between baseline
and co-injection with miR-29 mimics was evaluated by Student’s t-test (*, P<0,05; **, P<0,01). J) Dual
luciferase assays of 293T cells co-transfected with firefly luciferase construct containing the wild-type or
the mutant target sites of mmu-IREB2 3^-UTR along with the miRNA expression plasmid (pcs2+: CMV:RFPmiR-29b/c precursor-polyA-tail) or the empty vector (pcs2+: CMV:RFP-polyA-tail). Histograms show
normalized mean values of the relative luciferase activity of miRNA expression plasmid-transfected cells
with respect to empty vector transfected cells, from 4 tests of two independent transfections. Values are
normalized to the mean of control plasmid transfected cells. Bars represent mean± standard deviation (**,
P<0,01; T-test)

Figure 3. Iron overload induces miR-29 up-regulation in neurons and brain
A-B) Modulation of miR-29 family members in murine neurons derived from mESCs incubated respectively

with: A) 0, 50µg/ml, 100µg/ml, 200µg/ml of Fe(III)-dextran or with B) 0, 25µM, 50µM, 100µM of Fe(II)SO4
for 72 hours. Statistical significance between control and iron-treated cells was evaluated by one-way
ANOVA with post-hoc Tukey’s test (* = P<0,05; ** = P<0,01; *** = P<0,001), n= 3 independent replicates. C)
Time course of non-heme iron amount (quantified by colorimetric analysis) and pri-miR-29-2 expression
level in fish brain (quantified by RT-qPCR) following intraperitoneal (i.p.) injection of 350 µg/g of iron
dextran, control animals were injected with saline solution. Grey line represents iron amount, blue line
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represents pri-miR-29-2 relative expression level (setting the baseline to 1). Statistical significance for primicroRNA expression was calculated by one-way ANOVA with post-hoc Tukey’s test (*, P<0,05; **, P<0,01),
n=4 biological replicates for each point. D) Expression of mature

N.fu

-miR-29a at 48 hours after iron

injection quantified by RT-qPCR, U6 was used as normalization control. E) Time course of pri-miR-29-2
expression level (quantified by RT-qPCR) following i.p. injection of 30 µg/g of deferoxamine (DFO), n=4
biological replicates for each time point. F) Modulation of pri-miR-29-2 expression in fish brain (quantified
by RT-qPCR) after iron overload and in combination with administration of 30 µg/g of DFO, control animals
were injected with saline solution, Mann-Whitney’s U-test (*, P<0,05); n=5 for each experimental point. For
all the graphs, mean ± standard errors of means are reported.
Figure 4. Genetic repression of miR-29 function by sponge technology
A) Transgenic sponge-29 zebrafish are generated by Tol2-mediated transgenesis, expression cassette

consist of 5,3kb of zebrafish actb2 promoter, eGFP fused to a synthetic 3’UTR containing 7 repetition of
miR-29 binding site and a SV40 late poly-A tail. The image shows a F1 embryo (72 hours post fertilization)
and the ubiquitous expression of eGFP-sponge throughout the body. B) Expression of eGFP measured by
cytofluorimetry analysis. eGFP mRNA fused with sponge-3’UTR was injected in zebrafish embryos along
with or without dre-miR-29 mimics. RFP mRNA was injected as loading control. MiR-29 mimics strongly
reduced eGFP-sponge signal (***, P<0,001, T-test). Whisker plots indicate the 10%, 25%, median, 75% and
90% ranges. C-D) Wild-type and F1 transgenic zebrafish were injected with 200pg of miR-29a or miR-29b
mimics at the one cell stage, control embryos were injected just with water and red-phenol. Picture (C)
shows representative control embryos, wild-type embryos +200pg mimics, transgenic embryos + 200pg
mimics at 24hpf. Stacker bar chart (D) represents the percentages of embryos with different phenotypes
(normal, death, microcephaly and brachyury) in the three conditions. E-H) Expression level at 24 hours
post-fertilization of COL11A1, ELNA, IREB2 and TFR1A upon miR-29 mimics injections. One-stage wild-type
and transgenic embryos were injected with different doses (100 and 150 pg) of microRNA mimics and the
expression level determined by RT-qPCR. Statistical significance was assessed by one-way ANOVA * =
P<0,05. Error bars indicate standard errors of means.

Figure 5. Genetic repression of miR-29 chronically affects iron homeostasis during adult life
A) Schematic representation of the kif5a:eGFP-sponge-29 expression cassette and F1

N. furzeri

line 5 days

after hatching. B) Brain coronal section with an eGFP immunohistochemistry of kif5a:eGFP-sponge-29 F1 20
weeks-old

N. furzeri

. C) Western blot of IRP2 and TFR1A in 12 weeks old kif5a:sponge-29 (n=4) and wild-

type (n=4) fish brain extracts. D) Representative Western blot of IRP2 in brain extracts of kif5a:sponge-29 at
different ages (5, 12, 20, 27). In C-D α-TUBULIN was used as loading control. E) Densitometric analysis of
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IRP2 expression. The solid blue line represents expression in kif5a:eGFP-sponge-29 animals, values were
normalized to the mean of 5 weeks values, n=3 biological replicates were used for each time point. ANOVA
for trend n.s. The gray line represents wild type fish. F) Expression levels of iron management genes
measured through RT-qPCR in kif5a:eGFP-sponge-29 as compared to wild type. TFR1A alone was found deregulated (*, P<0,05, Mann-Whitney’ s U-test). G) Brain non-heme iron content (µg/g wet tissue) in
kif5a:eGFP-sponge-29 (n=5) compared to wild type (n=6) at age 12 weeks (*, P<0,05, Mann-Whitney’ s Utest).
Figure 6. MiR-29 antagonism accelerates aging rate
A-B) KEGG pathway overrepresentation analysis on DEGs (FDR≤0,01). The red and black asterisks indicate

categories of DEGs regulated with age in the brain (from Reichwald et al., 2015). Red colored asterisk
indicates categories that exhibit the same direction of regulation both in aging and sponge-29. Black
colored asterisk indicates those with opposite regulation. Gray plus and minus symbols represent
categories that positively and negatively correlates with lifespan respectively (from Baumgart et al., 2016)
C) Venn diagram illustrating the intersection between up and downregulated DEGs in sponge-29 and genes

positively and negatively correlated with lifespan respectively (P=0,007 and P=0,0049, Fisher exact test) D)
Venn diagram illustrating the intersection between DEGs during aging and DEGs in sponge-29. E)
Correlation analysis of fold-changes of genes in the intersection shown in (D). Pie chart represents the
fraction of genes coherently or incoherently regulated by aging and sponge-29.
Figure 7. miR-29 deficiency induces lipofuscin accumulation and gliosis
A) Representative images of lipofuscin accumulation in the optic tectum of 12 weeks old kif5a:eGFP-

sponge-29 and wild type fish brains. Lipofuscin auto-fluorescent granules (green) were detected with
ApoTome microscope, counterstained with DAPI (blue). Scale bar: 20µm. B) Quantification of lipofuscin
density based on percentage of area over threshold, n=6 (*, P<0,05; Mann-Whitney’ s U-test). C)
Representative images of immunoreactivity for GFAP and S100β markers in the optic tectum of 12 weeks
old kif5a:eGFP-sponge-29 and wild type fish brains. D) Quantification of GFAP/S100β intensity per area of
section. The analysis was performed in n=5 wild type and n=4 kif5a:sponge-29 fish brains (*, P<0,05, MannWhitney’ s U-test). Scale bar 100µm.
Figure 8: miR-29 prevents early-onset aging process

A model of miR-29 function in iron metabolism. In response to the age-dependent iron accumulation, miR29 expression increases and represses IRP2 by limiting excessive intracellular iron accumulation. This
represents a compensatory response primed by cells in order to maintain cellular iron homeostasis and
slow down the decline progression. Iron homeostasis regulation is likely one of several mechanisms by miR29 prevents aging-induced physiological decline.
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