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SUMMARY

Excess adipose tissue is associated with metabolic disease and reduced lifespan, whereas caloric
restriction decreases these risks. Here we show that as mice age, there is down-regulation of Dicer
and miRNA processing in adipose tissue resulting in decreases of multiple miRNAs. A similar
decline of Dicerwith age is observed in C. elegans. This is prevented in both species by caloric
restriction. Decreased Dicerexpression also occurs in preadipocytes from elderly humans and can
be produced in cells by exposure to oxidative stress and UV radiation. Knockdown of Dicerin
cells results in premature senescence, and fat-specific Dicer knockout renders mice hypersensitive
to oxidative stress. Finally, Dicerloss-of-function mutations in worms reduce lifespan and stress
tolerance, while overexpression of Dicer confers stress resistance. Thus, regulation of miRNA
processing in adipose-related tissues plays an important role in longevity and the ability of an
organism to respond to environmental stress and age-related disease.

INTRODUCTION

Aging is a complex process characterized by a progressive impairment of the organism’s
response to environmental stress and general metabolic deterioration. This results in
accumulation of cellular damage that can lead to diseases, such as diabetes and cancer, and
eventually death (Akerfelt et al., 2010; Vijg and Campisi, 2008). Interventions that prolong
healthy lifespan improve the ability of the organism to deal with environmental threats and
prevent metabolic complications (Fontana and Klein, 2007; Russell and Kahn, 2007).
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Calorie restriction (CR) extends lifespan across species from yeast to primates (Anderson et
al., 2009; Bishop and Guarente, 2007; Fontana et al., 2010). Calorie-restricted mice live up
to 60% longer than ad /ibitum fed mice and are protected against metabolic diseases like
diabetes and obesity, as well as cancer, cardiovascular disease and other age-related
complications (Fontana et al., 2010). The mechanisms through which CR promotes lifespan
involve multiple metabolic adaptations, including decreased production of reactive oxygen
species, decreased levels of circulating pro-inflammatory cytokines, increased expression of
protein chaperones, increases in detoxification pathways, enhanced DNA repair processes,
decreased apoptosis and reduced cellular senescence (Cohen et al., 2004; Fontana and Klein,
2007). In mammals, part of the beneficial effects of CR is thought to be mediated by
decreases in adipose mass (Huffman and Barzilai, 2009). Indeed, depletion or expansion of
adipose tissue using genetic or surgical approaches has been shown to impact the risk of
many metabolic diseases and affect mean and maximum lifespan in rodents (Bluher et al.,
2003; Huffman and Barzilai, 2009).

Despite evidence for an important role of adipose tissue in mediating lifespan and disease
susceptibility, it is not known how aging and CR coordinate processes in this tissue to exert
its cell non-autonomous effects. Adipose tissue is known to exert some of its systemic
effects through lipid storage and release, secretion of adipokines and by serving as a site of
chronic inflammation in obesity. Here we show an additional regulatory role of adipose
tissue. We find that aging in mice is associated with down-regulation of multiple
microRNAs (miRNASs) in fat, and that these changes are largely prevented by CR. This is
due in large part to a decrease in components of the miRNA processing machinery,
particularly Dicer. We also show that this phenomenon is present in human preadipocytes
and in the nematode C. elegans. Finally, we show that response to environmental stress and
lifespan can be positively or negatively affected by up- or down-regulating the levels of
Dicerexpression in the worm intestine or in mouse adipose tissue, demonstrating an
important role for changes in mMiRNA processing in adipose and related tissues in the cell
non-autonomous regulation of aging.

miRNA processing in fat with age and CR

To identify potential mechanisms through which adipose tissue modulates lifespan, we
investigated how aging affects expression of miRNAs in subcutaneous adipose tissue by
quantifying over 600 miRNAs of C57BL/6J mice at one, three, six and 24 months of age. Of
the 265 miRNAs that were detectable, 136 (51%) decreased with age, while only 27 (10%)
miRNAs increased (Figure 1A and Table S1). Most of these miRNAs showed an
exponential decline with the most robust down-regulation occurring between one and six
months of age followed by either a new steady state or a further gradual decline up to 24
months (Figures 1B and S1A). Analysis of adipose tissue from mice subjected to caloric
restriction from three to six months of age indicated that CR not only prevented this decline
for many miRNAs, but in many cases restored expression to the levels observed at one
month of age (Figures 1A, C, S1B and Table S1). Thus, of the 136 miRNAs that decreased
with age, 63% were at least partially rescued by CR (Figures S1B).

miRNA processing begins with the transcription of primary miRNA molecules (pri-
miRNA). These are processed in the nucleus by Drosha to generate precursor miRNAs (pre-
miRNAS), which are exported to the cytoplasm where they are cleaved by Dicer to give
mature miRNAs (Jinek and Doudna, 2009). In order to identify the specific steps in miRNA
processing that are affected by age, we assessed the levels of pre- and pri-miRNAs for
several highly represented miRNAs in adipose tissue. While expression of the mature forms
of these miRNAS decreased substantially with age, levels of the pre- and pri-miRNAs
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showed variable patterns, with some showing a mild decrease, some remaining stable, and
some increasing throughout the 24 month period, indicating a significant defect in the
processing of pre-miRNAs to mature miRNAs with age (Figures 1D and S1C). Consistent
with this, Dicer protein in adipose tissue dramatically decreased with age (Figure 2A). This
decrease was completely prevented by calorie restriction (Figures 2A and B), paralleling the
changes observed with the miRNAs. These changes correlated well with changes in several
stress, senescence and longevity biomarkers, including phosphorylated p53, which
progressively increased in adipose tissue with age, and SIRT1 and HMGAZ2, which
decreased with age over a similar time course (Figures S2A and S2B). This decrease in
Dicer protein was due in large part to a decrease in Dicer mMRNA, which declined by 60%
between one and six months of age (Figure 2C). Exportin-5, which is responsible for the
transport of pri-miRNAs from the nucleus to the cytoplasm, and Argonaute-2, a member of
the RNA-Induced Silencing Complex that is required for miRNA-mediated gene silencing,
were also down-regulated at the mRNA level by 50-60% with age (Figure 2D). Again, CR
reverted the decreases in mMRNA levels of these components of the miRNA processing
pathway to the levels found in three month-old mice (Figure 2E). Drosha mRNA levels were
also reduced with age, but at lesser extent, and were not affected by CR (Figures 2D and E).
Thus, age and CR lead to changes in the expression of multiple miRNAs in adipose tissue of
mice, and this correlates with changes in components of the miRNA processing pathway,
particularly Dicer.

The decline in expression of Dicer with age was not limited to subcutaneous white fat and
was also seen in perigonadal white fat at both protein and mRNA levels, as well as to a
lesser extent in interscapular brown fat at the protein level (Figures 2C, S2C and D). As with
subcutaneous fat, expression of Dicer in these fat depots was increased by CR (Figures S2C
and D). A significant, but small, decrease in Dicerwith age was also observed in the spleen
at the mRNA level and in the brain at both mRNA and protein levels (Figures S2C-E). By
contrast, liver, kidney and skeletal muscle showed no changes in Dicer mMRNA expression
with age (Figures 2C and S2E).

Adipose tissue is composed of adipocytes and cells of the stromovascular fraction, such as
preadipocytes, inflammatory cells and vascular cells, and this composition may vary with
age and nutritional state. To examine whether the changes observed occurred in adipocytes,
subcutaneous fat pads were digested with collagenase and separated into adipocytes and
stromovascular fraction by centrifugation. This revealed that Dicerexpression at the mRNA
and protein level was decreased in older mice in both the adipocyte and stromovascular
fractions (Figures 2F, 2G and S2F). By contrast, isolated adipocytes showed no down-
regulation of Drosha or Exportin-5, and Argonaute-2 expression was only modestly
decreased (Figure 2F). Isolation of preadipocytes from the stromovascular fraction by cell
sorting revealed that the decrease in expression of Dicerand miRNAs with age in this
fraction was due to changes in the preadipocytes (Figure 2H), while other cells in the
stromovascular fraction showed no change in Dicerexpression with age (Figure S2G).

Decreases in Dicer expression in adipose as a function of age and CR were not due to
changes in fat accumulation or obesity-related inflammation, since Dicer expression was no
different between high fat diet fed obese mice and controls (Figures S2H and 1). Likewise,
mice with fat-specific knockout of the insulin receptor (FIRKO mice), which are leaner and
live longer than their littermate controls (Bluher et al., 2003; Bluher et al., 2002), did not
show alterations in Dicer expression in relation to controls in either subcutaneous or
perigonadal fat when young (<3 months) or old (>24 months) mice were compared (Figures
S2J and K). Finally, 24 h fasting did not impact Dicer mRNA or protein levels (Figures S2L
and M), indicating that the regulation of miRNA processing in fat tissue in response to
calorie restriction is not an acute phenomenon.
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Dicer, stress, and nutrient deprivation

To gain insight as to the factors that might influence Dicer expression with age, we
challenged 3T3-F442A preadipocytes with stressors associated with aging and metabolic
diseases. Acute treatment with sub-lethal doses of a number of agents that induce oxidative
stress, including H,O», glucose oxidase and paraquat, resulted in reduced expression of
Dicer (Figures 3A-C). Most of these effects occurred rapidly, in a dose-dependent manner
and were accompanied by parallel decreases in Dicer protein. Sub-lethal doses of UV
radiation also resulted in a robust reduction of Dicer mRNA levels (Figure 3C). In contrast,
treatment with tunicamycin, which induces the unfolded protein response, increased Dicer
expression, while treatment with TNF-a and Fas ligand had no significant effect (Figure
3D). Interestingly, pre-treatment of cells with insulin, an intervention that protects
preadipocytes from stress-induced apoptosis (Tseng et al., 2002), prevented the effects of
H,0, on Dicerexpression (Figure 3E). Likewise, serum deprivation or treatment with
rapamycin or AICAR, increased Dicer mRNA expression (Figure 3F), correlating with the
fact that both m7orand AMP kinase, the targets of rapamycin and AICAR, have been
implicated in control of lifespan and stress response in multiple organisms (Greer et al.,
2007; Harrison et al., 2009; Robida-Stubbs et al., 2012). Thus, stressors associated with the
aging process have a negative impact on Dicerexpression, while models of nutrient
deprivation /n vitro have a positive impact on Dicerexpression. Furthermore, the effect of
stressors can be prevented by acute insulin treatment.

Dicer knockout in adipocytes increases sensitivity to stressors

To investigate the role of reduced Dicer expression in adipocyte biology, preadipocytes were
isolated from the subcutaneous fat of mice with floxed Dicer allele (Dicer®/1°%), and the
Dicer gene was inactivated /n vitro using adenoviruses harboring Cre recombinase (Figures
S3A-E). These Dicerknockout cells were viable and able to differentiate into adipocytes,
but showed significantly increased doubling time (Figure 4A) and a trend towards decreased
proliferation (Figure S3F). Dicerknockout cells also exhibited hypercondensed chromatin
and fragmented nuclei (Figure S3G, arrows), consistent with early changes of apoptosis.
This was confirmed by increased levels of Annexin V/staining (Figure 4B) and caspase 3
cleavage (Figure 4C). In addition, the percentage of senescent cells as estimated by -
galactosidase staining was increased 8-fold after Dicerablation (Figures 4D and S3H). Gene
expression profiling in Dicer knockout cells using microarrays revealed a pattern of gene
expression that resembled that of senescent cells (Sahin and Depinho, 2010), with down-
regulation of genes involved in DNA repair and up-regulation of genes involved in
mitochondrial stress pathways and inflammation (Table S2 and Figures S31 and J).
Likewise, both phosphorylated (active) and total p53, a critical component of cellular
senescence, were significantly increased in Dicer knockout preadipocytes (Figures 4E and
S3K), as was the expression of the p53 target p21WAFI (Figure 4F). There was also
increased phosphorylation of p38 MAPK and reductions of the inhibitor of NF-xB
signaling, ixB-a, and heat shock protein 27 (hsp27) (Figures 4E and S3K). These changes
could all contribute to the increased sensitivity of Dicerknockout cells to apoptosis in
response to different stressors (Figures 4B, C, F and S3K).

High levels of miR-125b have been shown to inhibit apoptosis by targeting genes in the p53
network (Le et al., 2009). Interestingly, miR-125b and other members of the miR-1251lin-4
family were decreased in expression with age in the fat of mice (Figures 1A and B), and this
correlated with increased levels of phosphorylated p53 in adipose tissue with age (Figure
S2A). miR-125bwas also decreased in Dicerknockout cells (Figure S3E), negatively
correlating with p53 activation. To determine if down-regulation of miR-125//in-4 may
mediate some of the effects of lack of Diceron cellular senescence and stress response,
Dicerknockout cells were transfected with a m/iR-1256 mimic (Figures S4A and B). This
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resulted in a reduction in the levels of phospho-p53, total p53, and cleaved caspase 3 in the
knockout cells to levels approaching that of the control (Figure S4C). More importantly, the
miR-125b mimic reversed the susceptibility of Dicerknockout cells to paraquat-induced
apoptosis (Figures 4G and S4D). Thus, preadipocytes with reduced Dicerexpression were
senescent and more susceptible to stress, and this could be attributed, at least in part, to the
down-regulation of the miR-125]lin-4 family and a consequent up-regulation of the p53
pathway in these cells.

To assess if alterations in Dicerexpression in adipose tissue could affect stress resistance at
the level of the organism, we generated fat-specific Dicer knockout mice (AdicerKO) by
breeding Dicer®/1°X mice and mice with an adiponectin promoter-Cre transgene (Figure
S4E-G). We then injected these and control mice with the superoxide generator paraquat,
which results in tissue failure that has been shown to be prevented, in part, by calorie
restriction (Sun et al., 2001). As expected, we found that six-month old mice are more
sensitive to paraquat-induced mortality than one-month old animals (Figure 4H).
Interestingly, when Dicer levels in fat were prematurely down-regulated by gene
inactivation, one-month old mice became as sensitive to paraquat as six-month old control
mice (Figure 4H). This occurred without any obvious morphological abnormality that could
indirectly affect susceptibility to oxidative stress (Table S3). Consistent with this being a
model of premature aging, four-month old AdicerKO mice displayed higher levels of
phosphorylated p53 in both adipose and non-adipose tissues (Figure 41), indicating a cell
non-autonomous role for Dicer in adipose tissue to regulate aging.

Evolutionary conservation in humans and nematodes

To assess if regulation in the miRNA processing pathway also occurred with age in humans,
we studied preadipocytes in culture obtained from subcutaneous fat from young (26+4.1
years), middle-aged (46+2.2 years) and old (74+3.7 years) human donors (Figure S5A). We
have previously shown that preadipocytes from older donors have decreased differentiation
capacity and increased expression of proinflammatory cytokines, indicating that they
maintain an altered phenotype reflecting the age of the donor even after multiple passages in
culture (Tchkonia et al., 2010). As in rodent fat, Dicer, Droshaand Exportin-5 mRNAs were
all decreased in expression in preadipocytes from old human donors in comparison to young
human donors, with the greatest difference being for Dicer (Figure 5A). Consistent with the
decrease in these processing enzymes, many miRNAs, including members of the miR-125/
lin-4 family, showed decreased expression in preadipocytes from the older individuals
(Figure 5B). Interestingly, with the exception of miR-30c¢ and miR-145, which were down-
regulated by aging in mice but not in humans, all the other miRNAs followed a very similar
kinetics of down-regulation with age across these species. This pattern of age-related
decreases in Dicerexpression in human preadipocytes was not observed in cells that were
aged in culture by serial passage (Figures S5B-D).

Previous studies have revealed that many miRNAs are also down-regulated with age in C.
elegans (Ibanez-Ventoso et al., 2006; Kato et al., 2011). In agreement with the mammalian
data, this decline in miRNAs was associated with a progressive decline in Dicerand Drosha
MRNA with age in C. efegans, so that in old animals (31 days), they were reduced by 90%
(Figures 5C and S6A and B). The expression of Argonaute (a/g-1 and alg-2) and Exportin-1
(xpo-I) mRNASs showed transient increases from day 5 to day 10 and then decreases
between days 10 to 31 (Figure S6B). Consistent with the changes in Dicer, expression of
lin-4 and /et-7 miRNAs also decreased with age (Figure S6B). As in mice, the reduction of
Dicerexpression with age was delayed in calorically-restricted, long-lived worms, such as
worms with the ear-2 mutation (Figure 5C). Dietary restriction by growth in a liquid medium
promoted a similar trend towards an increase in Dicer mRNA (Figure S6C).
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Both heat shock factors and the insulin/IGF-1 signaling pathway have been proposed to
mediate the effects of dietary restriction in C. elegans (Greer et al., 2007; Steinkraus et al.,
2008). To test if these factors could be placed upstream of Dicer, we measured Dicer mMRNA
in worms that overexpress heat shock factor-1 (/sf-1) and worms with impairment of the
insulin/IGF receptor orthologue daf-2. Dicer mRNA levels were increased 5.9-fold in
animals that overexpress Asf-1 (Figure 5D), but were markedly reduced in young animals in
all three gaf-2loss-of-function models studied (e1370, e1368 and RNAI) (Figure S6A).
Thus, while Asf-1 positively regulates Dicer, insulin/IGF-1 signaling seems to act through a
parallel pathway to modulate the effects of dietary restriction, consistent with our data in the
FIRKO mouse.

Dicer, lifespan, and stress resistance

We took advantage of this evolutionary conservation to use C. elegansto determine whether
modulation of Dicer function might influence aging and stress responses at the organismal
level. The Dicernull mutant dcr-1(ok247) develops to adulthood, presumably because of
maternally supplied Dicer, but cannot produce mature miRNAS or endo-siRNAs and is
sterile. Under normal growth conditions (20°C) or modest heat stress (= 28°C), dcr-1(0k247)
exhibited marked decreases in mean and maximum lifespan (Figure 6A and B and Table
S4). Resistance to heat was similarly reduced in dcr-1(bp132) mutants, which are partially
defective in miRNA processing but are fertile (Ren and Zhang, 2010) (Figure 6B and Table
S4). Importantly, survival was reduced in dcr-1(0k247)and dcr-1(bp132) heterozygotes at
each temperature examined (Figure 6B and Table S4). This indicates that Dicer
haploinsufficiency renders worms short-lived, and argues that the role of Dicer in stress
resistance and lifespan is independent of its developmental functions. In contrast, lifespan
and heat tolerance were decreased only slightly by a Dicer mutation (mg375) (Pavelec et al.,
2009) that impairs its helicase domain and endo-siRNA production, but leaves miRNA
synthesis intact (Figure 6A and B and Table S4), suggesting that the effect of Dicer on
lifespan and stress defense may be largely associated with altered miRNA processing.

In C. elegans, Diceris expressed at high levels throughout the intestine (Figure S7A), the
closest analogue of fat in mammals. To investigate whether up-regulation of Dicerin C.
elegans intestine could affect survival and stress resistance, we generated transgenic lines
that overexpressed Dicer2- to 6-fold in the intestine (pges-1..dcr-1) (Figure S7B and C). At
middle age, these transgenic worms maintained Dicer levels to levels comparable to those of
young (day 3) wild type animals (Figure S7D). Intestinal Dicer overexpression significantly
enhanced resistance to various stresses. In the higher-expressing pges-1.:dcr-1 lines, mean
and maximum lifespan at 33°C were increased 2- to 3- and 2.1- to 2.8-fold, respectively
(Figure 6D and Table S4). These worms were also resistant to oxidative stress from paraquat
or arsenite and had a slightly increased lifespan under normal conditions (20°C)(Figures 6E,
STE, STF and Table S4). To determine if Dicer expression in the intestine is sufficient to
promote survival, we introduced the pges-1..dcr-1 transgene into the Dicer loss of function
mutant der-1(0k247) (Figures S7G and H). At high temperature, intestinal Dicer expression
increased survival of this mutant from 88 to 97 hours, i.e. similar to the effect of whole body
expression using the dcr-1 promoter (mean lifespan 88 vs. 106 hours) (Figure S71 and Table
S4). Thus, Dicer function in selective tissues, such as the intestine, can increase resistance of
the organism to stress.

While it is likely that the effect of Dicer on longevity and stress resistance involves multiple
miRNAs, Dicer overexpression in intestine resulted in 1.5- to 5-fold increases in the levels
of miRNAs /et- 7, miR-231, and /in-4 (Figures S7C), the last of which has been shown to
promote longevity (Boehm and Slack, 2005). Furthermore, the impaired heat resistance of
dcr-1(bp132) was substantially rescued by a mutation that allows /in-4to be processed more
readily [/in-4(bp238)] (Ren and Zhang, 2010) (Figure 6C and Table S4). This suggests that
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while many miRNAs influence lifespan (Pincus et al., 2011), /in-4 may be especially
important for the stress defense and longevity functions of Dicer. Accordingly, intestinal
overexpression of /in-4increased resistance to arsenite (Figure 6F, S7J, and S7K).
Overexpression of Dicer in the intestine upregulated the chaperone genes /Asp-70and
hsp-70-Iike (FA4ES5.4) to a similar extent seen in animals overexpressing Asf-1 (Figures 5D
and 6G), and modestly increased expression of other stress response genes (Figure S7L).
Together, these data suggest that the Dicerinfluences stress resistance and longevity through
multiple mechanisms that involve /in-4and presumably other miRNAs, along with
chaperone defenses.

DISCUSSION

Studies in species across the evolutionary spectrum from yeast to mammals have shown that
calorie restriction can promote longevity and stress resistance (Fontana et al., 2010). In
mammals, this appears to be due in large part to the effect of calorie restriction on adipose
tissue, since reducing fat mass by surgical (Huffman and Barzilai, 2009) or genetic
approaches (Bluher et al., 2003) without reducing food intake can mimic this effect. The
exact molecular mediators linking adipose tissue and calorie restriction to longevity,
however, remain poorly understood. In this study, we show that in adipose tissue of mice
there is a coordinated decline in many miRNAs with age and that this correlates with a
down-regulation of miRNA processing enzymes, especially Dicer. This time-course
coincides with a period of significant growth and plasticity of the adipose tissue in rodents.
This also suggests that metabolic studies and studies of age-related diseases like type 2
diabetes using animals of this age may be limited because of the changing environment
caused by changing levels of numerous miRNAs. A similar decline in Dicer and miRNAs is
found in nematodes as they age and in human preadipocytes taken from older individuals.
Importantly, in both mice and worms this pattern is almost completely reversed by calorie
restriction. Further, we show that changing the levels of Dicerand miRNA expression in fat
or its counterpart in worms, the intestine, by either knockout or overexpression can alter
organismal survival and stress resistance. Thus, the regulation of miRNA processing in fat
tissue or its analogue with aging is an evolutionarily conserved phenomenon which appears
to integrate metabolic signals and coordinate the detrimental effects of stress and the
beneficial effects of caloric restriction on the aging process.

Dicer is a RNase Il endoribonuclease whose primary function is to cleave double-stranded
RNA into 20-25 nucleotide double-stranded RNA fragments that mediate RNA interference
(Jinek and Doudna, 2009). Dicer is required for miRNA processing, cleaving the hairpin
loop structures of pre miRNAS to release mature miRNAs that can bind to complementary
sequences at the 3’ UTR of target mMRNAs to induce mRNA degradation and/or to inhibit
protein translation (Guo et al., 2010; Jinek and Doudna, 2009). Dicer is also required for
synthesis of small interfering RNAs (e.g. endo-siRNASs) that have been implicated in gene
silencing and epigenetic regulation in both somatic and germline cells (Duchaine et al.,
2006), and has been show to be involved in the degradation of A/u RNA sequences (Kaneko
etal., 2011). These A/u RNAs have been associated with macular degeneration in aging in
humans, and accumulation of A/ RNAs correlates with a down-regulation of Dicerin the
retina of aged individuals (Kaneko et al., 2011). Despite the multiple roles for Dicer in
producing or degrading small RNAs, our data with different mutant alleles of the Dicer gene
in worms suggest that the effects of Dicer down-regulation on stress defense is primarily
mediated by impaired miRNA biogenesis.

Although Dicer is an important enzyme in the miRNA processing pathway and its down-
regulation can result in the down-regulation of many miRNAs, not all miRNAs are affected
to the same degree, suggesting that Dicer expression level is not the only factor determining
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miRNA levels. Indeed, factors like the rate of transcription of pri-miRNAs, splicing of
miRtrons, RNA editing, levels of the dSRNA precursors or the pre-miRNAs, level of Dicer
partners, post-transcriptional modification of Dicer, and miRNA turnover all contribute to
miRNA expression (Winter et al., 2009). Consistent with this, potentiation of Dicer-
mediated miRNA processing by increasing TRBP phosphorylation results in increased
expression of many miRNAs. However, in this case, some miRNAs are reduced even
though Dicer activity is increased (Paroo et al., 2009), suggesting a complex regulation of
miRNA processing. Nonetheless, alterations in Dicer expression that affect miRNA
processing appear to play a critical role in stress response, as C. elegans carrying Dicer
mutations that block (homozygous) or diminish (heterozygous) miRNA synthesis are both
hypersensitive to stress. This suggests that as Dicer declines with age there may be a graded
effect or perhaps some threshold at which the decrease affects stress defense and lifespan,
even without a complete loss of the enzyme.

miRNAs themselves are important regulators and play critical roles in fine-tuning the
transcriptome, helping to preserve cell identity and survival (Ebert and Sharp, 2012).
Dysregulation of miRNAS has been associated with alterations in development and multiple
pathologies, including various age-related diseases such as diabetes, cardiovascular disease,
neurodegenerative disease and cancer (Bernstein et al., 2003; Boehm and Slack, 2005;
Kanellopoulou et al., 2005; Lanceta et al., 2010). miRNAs have also been shown to
influence pathways involved in senescence, like the p53/p21 pathway, the p16/RB pathway,
the pathways involved in control of a variety of secretory proteins associated with
senescence and chronic disease (such as IL-6 and IL-8), as well as transcriptional and post-
transcriptional factors involved in control of cellular senescence, such as HMGA2 (Bhaumik
et al., 2009; Gorospe and Abdelmohsen, 2011).

Of the miRNAs that have been shown to be involved in control of aging and stress
resistance, those in the /in-4/miR-125 family are of particular interest. Previous studies have
shown that reducing /in-4 expression will reduce lifespan in worms, while increasing its
level will prolong lifespan (Boehm and Slack, 2005). Likewise, miR-125b, the mammalian
orthologue of /in-4, has been shown to be a negative regulator of the important senescence
network coordinated by p53 in mammalian cells (Le et al., 2009). Here we show that Dicer
overexpression in intestine of C. elegans can prevent the decline of /in-4 with aging, and this
is associated with increased levels of the molecular chaperone Asp-70, a target gene of /sf-1,
which has been demonstrated to mediate some of the effects of /in-4 on longevity (Boehm
and Slack, 2005). In addition, we find that /in-4 overexpression in the intestine is sufficient
to confer resistance to stress and a compensatory /in-4 mutation largely rescues the
acr-1(bp132) defect in heat stress survival. Moreover, as Dicer levels fall with age, levels of
members of the miR-125//in-4 family are reduced in cells of the adipose tissue of both mice
and humans. In mouse preadipocytes, we show that restoration of this down-regulation can
reverse some components of senescence and the activation of stress pathways. Thus,
although the decline in Dicer affects many miRNAs that are likely involved in aging and
age-related disease, our data demonstrate that alterations in the expression of members of
the miR-1251lin-4 family in adipose-related tissues play an important role in stress response
and contribute to the ability of fat to promote organismal survival in a cell non-autonomous
manner.

The insulin/IGF-1 signaling and the heat shock pathways have been proposed to be involved
in some of the beneficial effects of calorie restriction on health and lifespan (Greer et al.,
2007; Russell and Kahn, 2007; Steinkraus et al., 2008). In worms, Dicerexpression is
increased by /Asf-1 overexpression, but is independent of daf-2 function, suggesting that
changes in miRNA processing may be more closely linked to the heat shock pathway than
the insulin/IGF-1 pathway. Worms with gaf-2 loss-of-function mutations, which are known
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to have increased longevity and stress resistance (Kenyon et al., 1993; Wang and Ruvkun,
2004), exhibit relatively low levels of Dicerexpression when young, and these further
decline with aging. Likewise, Dicerlevels in the adipose tissue of FIRKO mice, which have
an inactivated insulin receptor gene in fat, are similar to those in controls, despite their
longevity phenotype (Bluher et al., 2003). The fact that the effects of insulin/IGF-1 signaling
on longevity and stress resistance are independent of those related to changes in Diceris
further supported by the finding that acute treatment of preadipocytes in culture with insulin
does not affect Dicerexpression, but prevents the down-regulation of Dicerin response to
oxidative stress. Thus, Dicerseems to act in a different, and possibly complementary,
pathway from insulin/IGF-1 signaling in its ability to mediate effects on survival and stress
resistance (model summarized in Figure 7).

Exactly how adipose and related tissues mediate their cell non-autonomous effects on aging
remains unknown. In mammals, adipose tissue is the site of production of many hormones
and adipokines and releases metabolic intermediates such as free fatty acids (Waki and
Tontonoz, 2007). Adipose tissue can also serve as a site for production or storage of toxic
intermediates, including products of reactive oxygen species production, small lipophilic
molecules, and other metabolic by products (Picard and Guarente, 2005; Wisse et al., 2007).
It is also possible that the systemic effects of adipose tissue on aging could be mediated by
some sterol metabolites, such as the dafachronic acids previously identified in worms
(Gerisch et al., 2007) or products of miRNA processing itself. Interestingly, small RNAs can
be detected in the circulation in mammals (Cortez et al., 2011), suggesting that the
intercellular transport of miRNAs or other small RNAs might contribute to stress resistance
and longevity. Consistent with this idea, the adipocyte has been shown to secrete vesicles
carrying small RNAs, which could function in intercellular communication (Muller et al.,
2011; Ogawa et al., 2010), and some studies have suggested that circulating miRNAs might
serve as biomarkers of cardiovascular disease, cancer and other age-related diseases (Cortez
et al., 2011). In addition, changes in miRNAs in preadipocytes may have autonomous effects
on the ability of these preadipocytes to self-renew. This could lead to an accumulation of
large, insulin resistant fat cells in adipose tissue, which would in turn promote an
inflammatory response that could contribute to systemic insulin resistance and many of the
diseases associated with aging (Bhaumik et al., 2009; Tchkonia et al., 2010). Thus, Dicer
and miRNA expression in fat could serve as a coordinating site for the cell autonomous and
cell non-autonomous events that regulate the response of an organism to environmental
stress in response to metabolic fluctuations.

In summary, our work demonstrates that down-regulation of miRNAs and miRNA
processing is an evolutionarily conserved physiological phenomenon associated with age. In
mammals, this regulation takes place most prominently in adipose tissue, and in both
mammals and worms, this process appears to participate in the modulation of the ability of
the organism to respond to stress. Interventions that preserve miRNA processing in adipose
tissue, therefore, may provide a new approach for prevention of some of the complications
associated with aging and age-related diseases such as diabetes.

EXPERIMENTAL PROCEDURES

Mice

Mice were maintained on a 12h light-dark cycle with ad /ibitum access to tap water (reverse
osmaosis purified) and chow diet (Mouse Diet 9F, PharmaServ) until the date of sacrifice,
unless otherwise indicated. Male mice were used throughout this study. For the feeding
paradigm, 6 week-old C57BL/6J mice were given a low-fat (Rodent NIH-31M Auto,
Taconic) or high-fat (TD.93075, Harlan Teklad) diet for 18 weeks prior to the sacrifice. For
the fasting paradigm, 8 week-old C57BL/6J mice were submitted to 24 h food deprivation.
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FIRKO mice and littermate controls (IR'°X/19%X) were as previously described (Bluher et al.,
2003). Aged and calorie restricted C57BL/6J mice were obtained from the National Institute
on Aging. Calorie restriction was initiated at 14 weeks of age with a 10% decrease in
calories, increased to 25% restriction at 15 weeks, and to 40% restriction at 16 weeks, which
was maintained until the indicated age, when the mice were sacrificed. Mice were killed by
cervical dislocation. Subcutaneous flank white adipose, perigonadal white adipose,
interscapular brown adipose, liver, gastrocnemius skeletal muscle, brain, spleen, and kidney
were collected, snap frozen in N», and stored at —80 °C. Protocols for animal use were
reviewed and approved by the Animal Care Committee of the Joslin Diabetes Center and
Brandeis University and were in accordance with the National Institutes of Health
guidelines.

Fat-specific Dicer knockout mice (AdicerKO) were generated by breeding Dicer®¥/1oX mice
with mice carrying the Cre recombinase driven by the adiponectin promoter (kindly
provided by Evan Rosen, Beth Israel Deaconess Hospital, Boston, MA). Paraquat was
injected intraperitoneally at 0.65 mg/Kg body weight and survival was monitored
periodically.

Worms were derived from the wild-type N2 strain and cultured at 20°C on Nematode
Growth Medium plates that were seeded with a lawn of E. coli strain OP50-1 unless
otherwise indicated. The following alleles were used in this study: daf-Ae1370),
aaf-2e1368), dcr-1(ok247)(PD8753), der-1(bp132), dcr-1(mg375), /in-4bp238); LG IV
uulsi(sur-5::GFP;pRF4phsp16::GFP[IR]); eat-2(ad1116) II; ccls4251[myo-3::GFP +
dpy-20(+)] I; gtls3[myo-2::GFP dsRNA hairpin] I11; mls11[myo-2::GFP + pes-10::GFP +
gut::GFP] IV; EX[lin-4p::lin-4; myo-2p::GFP]; and Is[hsf-1p::hsf-1;rol-6]. The dcr-1 gene,
including all intronic regions, was amplified from the fosmid clone WRM066bH04
(Geneservice) using Phusion High-Fidelity DNA Polymerase (Finnzymes) and the oligos 5’-
AGCATGCATGGTCAGGGTAAGAGCTGAT-3" and 5'-
ACCCGGGGAACAGTTGTTAATGATGGGC-3’, and subcloned into pGem-T Easy vector
(Promega). The gene was then transferred to the pPD95.75.pges-1 vector using the Spe | and
Xma | sites. The presumptive dcr-1 promoter was obtained by amplifying 0.6 kb of the
upstream genomic sequence using the oligos 5’-
TAAGCTTAAAACTCACCATCAGGCATTCT-3" and 5’-
ACCCGGGGAACAGTTGTTAATGATGGGC-3” and cloned upstream of dcr-1::GFP
insert. L/n-4 precursor was amplified from N2 genomic DNA using the oligos 5'-
ATCTAGAATGCTTCCGGCCTGTTCC-3" and 5’-
AGGATCCATCTGCTCAAACCGTCCT-3" and similarly cloned into pPD95.75.pges-1
vector. Full length /in-4 gene, including its own promoter, was also amplified from N2
genomic DNA using the oligos 5" -ACAATAAAAGTCGACGAGACGC-3" and 5'-
ACTTCTGAAAATAATCGTTTGACCC-3" and cloned into pPD95.75. All germline
transformations were performed using pUN24 (pY66H1B.3::Y66H1B.3::GFP) (Kovacevic
and Cram, 2010) and pJK590 (plag-2::GFP) as co-injection markers. All plasmids were
injected at 10 ng/ul as described (Mello et al., 1991). Multiple lines were generated for each
genotype and screened for dcr-1 and miRNA overexpression. At least three lines of each
genotype were analyzed in subsequent experiments. Experiments with transgenic lines were
always performed in parallel with a co-injection marker control line, in which worms were
germline transformed with the plasmids pUN24 and pJK590 only. Lifespan analysis was
conducted essentially as described (Robida-Stubbs et al., 2012). Experiments were
performed in the absence of fluorodeoxyduridine, and worms were separated from their
progeny every two days during the reproductive phase. Oxidative stress resistance was
assessed by survival at 20°C on NGM/OP50-1 plates containing 50 mM paraquat (Sigma)
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and percentage of survival at 20°C on liquid medium containing arsenite (Sigma). Optimal
arsenite concentrations were predefined based on the overall sensitivity of the control strain
measured by prior dose-response experiments. Heat shock assays were performed by
transferring young adult worms from 20°C to 28-33°C and scoring survival periodically.
Liquid dietary restriction was performed by a modification of a published protocol (Mair et
al., 2009), which consistently increased N2 lifespan and stress resistance (Blackwell lab,
unpublished). All assays were initiated on Day 1 of adulthood unless otherwise indicated.
Survival plots and p values (Log-Rank) were determined using JMP 8.0.2 software.
Microscopy images were obtained using Zeiss Axioskop 2 and analyzed using Axiovision
software release 4.6.3.

Adipocyte precursor cells were isolated from the subcutaneous adipose tissue of new born
Dicer®*/1oX mice upon collagenase digestion (1.5 mg/ml; Worthington Biochemical). After
two days in culture, cells were immortalized using retrovirus harboring the pBabe SV40
Large T antigen puromycin vector. The pool of puromycin-resistant clones was amplified
and transduced with 750 MOI adenoviruses harboring GFP (Ad5CMVeGFP) or Cre
recombinase (Ad5CMVCre-eGFP) (Gene Transfer Vector Core, University of lowa). Four
days after adenovirus infection, Dicer knockout cells (KO) and controls (Lox) were
analyzed. Abdominal subcutaneous fat tissue from 3 young (age 26 + 4.1 yrs), 3 middle-
aged (age 46 + 2.2 yrs), and 3 old (age 74 = 3.7 yrs) lean female subjects was obtained
during laparoscopic intra-abdominal procedures, and human preadipocytes were isolated as
previously described (Tchkonia et al., 2007).

Additional methods can be found in the Online Supplement.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Regulation of miRNA Expression in Adipose Tissue in Responseto Age and Calorie

Restriction (CR)
See also Figure S1 and Tables S1 and S6.

(A) Heat map representing the quantitation of 265 miRNAs expressed in the subcutaneous
adipose tissue of mice at 1, 3, 6 and 24 months of age and at 6 months of age after 3 months

of a 40% CR.

(B) and (C) Quantitation of selected miRNAs by SYBR-Green stem-loop PCR in
subcutaneous fat of aged and calorie restricted mice. n=4-5 per group.
(D) RT-gPCR of the pri-, pre- and mature miR-145and /et-7¢ was performed as described in

Experimental Procedures. n=5 per group.
* P<0.05. Error bars, SEM. Ad Lib, Ad libitum. mo, months.
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Figure 2. Regulation of miRNA Processing Pathway in Adipose Tissue in Responseto Age and
CR

See also Figure S2.

(A) and (B) Extracts of white adipose tissue (subcutaneous) from mice at different ages and
after CR were analyzed by Western blotting with Dicer antibody. p-tubulin was used as the
loading control.

(C) DicermRNA was quantitated by RT-qPCR in perigonadal (PG) and subcutaneous (SQ)
white adipose tissue, interscapular BAT and liver of mice at different ages. (n=5 per group).
(D) and (E) RT-gPCR quantitation of the message of components of the miRNA processing
pathway in subcutaneous fat of aged or CR mice. (n=5 per group).

(F) and (G) Dicerexpression was assessed in isolated adipocytes from SQ fat of mice at 1
month and 6 months of age by RT-gPCR (n=16 per group) and Western blotting (n=3-4 per
group).

(H) Preadipocytes were sorted from the stromovascular fraction of subcutaneous fat of mice
at 1 month and 6 months of age using CD34 and Scal markers, and Dicer mRNA levels and
the expression of selected miRNAs was measured by RT-qPCR. (n=3 per group).

* P<0.05. Error bars, SEM. Xpo-5, exportin 5. Ago-2, argonaute 2. Ad Lib, Ad libitum.
mo, months.
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Figure 3. Regulation of Dicer Expression in 3T3-F442A Preadipocytesin Responseto Stress
(A) 3T3-F442A preadipocytes were treated with sub-lethal doses of different stress agents (1
mM H,05, 50 mU/mL glucose oxidase). Dicer mRNA expression was assessed by RT-
gPCR at the indicated time-points. After 90 min, medium containing H,O, was replaced by
H,0,-free medium. Glucose oxidase was maintained in the medium throughout the entire
experiment. Experiments were repeated twice in duplicate.

(B) Dicer expression was analyzed by Western blotting in 3T3-F442A preadipocytes in
response to 1 mM H,0, for 3h.

(C) Dose-response of Dicer mRNA expression to different stress agents in 3T3-F442A
preadipocytes as measured by RT-gPCR. Time-points were 1.5h for H,O5, 3h for glucose
oxidase and UV, and 24h for paraquat. (n=4 per group).

(D) 3T3-F442A preadipocytes were treated with sub-lethal doses of different stress agents (2
pg/mL tunicamycin, 25 ng/mL TNFa, 100 ng/mL Fas ligand) and Dicer mRNA expression
was assessed by RT-qPCR at the indicated time-points. Experiments were repeated twice in
duplicate.

(E) 3T3-F442A preadipocytes were pre-treated with 150 nM Insulin for 1h, followed by
treatment with 1 mM H,0O, for 90 min. Dicer mRNA expression was determined by RT-
gPCR. (n=4 per group).

(F) 3T3-F442A preadipocytes were serum starved (6h) or treated with agents to mimic
nutrient deprivation (1 mM AICAR for 6h and 1 .M rapamycin for 3h), and Dicer mMRNA
expression was assessed by RT-qPCR. Experiments were repeated twice in duplicate.

* P<0.05. Error bars, SEM.
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Figure 4. Prematur e Senescence and Increased Susceptibility to Stressupon Dicer Knockout in
Fat Cells

See also Figures S3, S4 and Table S2.

DiceroX1ox preadipocytes were transduced with adenoviruses harboring GFP (Lox) or CRE
(KO). After 4 days, cells were analyzed.

(A) Doubling time was estimated by counting cell number over 4-6 days with cells under
normal growth conditions. (n=4 per group).

(B) Percentage of early apoptotic cells as determined by Arnnexin V*IP1~ staining using flow
cytometry. Cells were treated with 2 mM paraquat or vehicle for 16h prior to the analysis.
Experiments were repeated three times in duplicate.

(C) Degree of apoptosis as determined by caspase 3 cleavage. Cells were treated with 2 mM
paraquat or vehicle for 16h prior to the analysis. Representative blot of at least two
independent experiments.

(D) Percentage of cells with senescence-associated p-galactosidase (SA-B-Gal) activity.
Quantitation of two fields of three independent samples per group. Experiments were
repeated twice.

(E) Senescence markers, stress markers, and heat shock proteins were analyzed by Western
blotting. Representative blots of at least two independent experiments.

(F) Quantitation of p21 mRNA by RT-gPCR. Cells were treated with 2 mM paraquat or
vehicle for 16h prior to the analysis. (n=4 per group).

(G) TUNEL assay of Dicerknockout cells or controls where miR-125b expression was
rescued by transfection. For transfection control, a non-silencing miRNA (NS) was used.
Cells were treated with 2 mM paraquat or vehicle for 24h prior to the analysis. Quantitation
of two fields of three independent samples per group.

(H) Survival of mice in response to intraperitoneal injection with of paraquat. /0, months of
age. Lox, controls. KO, fat-specific Dicerknockout mice. (n = 15-17 per age group).
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(1) Phosphorylation of p53 (Ser15) in subcutaneous white adipose tissue (SQ), interscapular
brown adipose tissue (BAT) and liver of 4-month old fat-specific Dicer knockout mice (KO)
and Lox controls.

* P<0.05vs. Lox; # P< 0.05 vs. 6 months. Error bars, SEM.
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Figure 5. Evolutionary Conservation of miRNA Processing Pathway Regulation with Agein
Human Preadipocytes and Worms

See also Figure S5 and S6.

(A) and (B) Preadipocytes from humans [young (26+4.1 years), middle-aged (46+2.2 years)
and old (74+3.7 years)] (n=3) were isolated. The mRNA levels of (A) the components of the
miRNA processing pathway and (B) selected miRNAs were assessed by RT-qPCR. * P<
0.05 vs. young group. Values represent mean of 3 independent samples per age group,
where each sample represents cells of a single individual. Variance among individuals for
Dicer mRNA expression was 0.0032 (young), 0.0349 (middle-aged) and 0.0018 (old).

(C) RT-qPCR of Dicer mRNA in whole N2 (WT) and eat-2 (a genetic model of calorie
restriction) worms at different ages.

(D) RT-gPCR of Dicer mRNA in whole N2 (WT) and /sf-1 overexpressing worms (/sf-1 o/
e).

In worms, each point represent mean of at least 2 independent pools containing 30 worms
each.

Error bars, SEM. * P< 0.05.
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Figure 6. miRNA Processing in the Worm Intestine Affects Organism Survival and Stress
Resistancein a Cell Non-Autonomous M anner

See also Figure S7 and Table S4.
(A) Survival of Dicerloss-of-function mutants dcr-1(ok247) and dcr-1(mg375), and wild

type (WT) N2 worms at 20°C (n=41-52 per group).

(B,C) Survival of Dicerloss-of-function mutants [dcr-1(ok247), der-1(bp132), and
dcr-1(mg375)], /in-4 gain-of-function mutants [//n-4(bp238)] and wild type (WT) N2worms
at 28°C (n=57-81 per group). In these cases, lifespan was counted from hatching, not from
adulthood as in all the other cases.
(D) Survival at 33°C of worms with selective overexpression of Dicerin the intestine
(pges-1::dcr-1) (n=19-28 per group).
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(E) Survival of worms after 8h in different concentrations of arsenite (n=24-50 per group).
Experiments were performed twice using multiple lines. The graph shows a representative
result obtained with pges-1..dcr-1 # 6. * P< 0.05. Error bars, SEM.

(F) Survival of worms on 5 mM arsenite (n=40-50 per group). Lines assessed were
pges-1::1in-4 # 2and plin-4.:1in-4 # 4. This experiment was repeated twice with identical
results. £< 0.05 comparing /in-4 transgenics and control.

(G) mRNA levels were assessed in day 3 worms by RT-gPCR. Pools of at least 30 worms
were used for the RT-qPCR analyses. * £< 0.05. Error bars, SEM.

Experiments with transgenic lines were performed in parallel with a co-injection control, in
which worms were germline transformed with the plasmids pUN24 and pJK590 only. For
statistics refer to Table S4.
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Aging and calorie restriction modulate miRNA processing in adipose tissue to confer
resistance to stress and promote healthy lifespan in organisms across the evolutionary

spectrum.
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