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Caloric restriction impacts plasma microRNAs in rhesus monkeys
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Summary

Caloric restriction (CR) is one of the most robust interventions
shown to delay aging in diverse species, including rhesus
monkeys (Macaca mulatta). Identification of factors involved in
CR brings a promise of translatability to human health and aging.
Here, we show that CR induced a profound change in abundance
of circulating microRNAs (miRNAs) linked to growth and insulin
signaling pathway, suggesting that miRNAs are involved in CR’s
mechanisms of action in primates. Deep sequencing of plasma
RNA extracts enriched for short species revealed a total of 243
unique species of miRNAs including 47 novel species. Approxi-
mately 70% of the plasma miRNAs detected were conserved
between rhesus monkeys and humans. CR induced or repressed
24 known and 10 novel miRNA species. Regression analysis
revealed correlations between bodyweight, adiposity, and
insulin sensitivity for 10 of the CR-regulated known miRNAs.
Sequence alignment and target identification for these 10
miRNAs identify a role in signaling downstream of the insulin
receptor. The highly abundant miR-125a-5p correlated positively
with adiposity and negatively with insulin sensitivity and was
negatively regulated by CR. Putative target pathways of CR-
associated miRNAs were highly enriched for growth and insulin
signaling that have previously been implicated in delayed aging.
Clustering analysis further pointed to CR-induced miRNA regula-
tion of ribosomal, mitochondrial, and splicecosomal pathways.
These data are consistent with a model where CR recruits miRNA-
based homeostatic mechanisms to coordinate a program of
delayed aging.
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Rhesus monkeys share marked similarities with humans including many
age-related phenotypes and clinical conditions. Adult onset CR delays
morbidity and mortality in rhesus monkeys, with a 2.9-fold increased risk
of disease (Colman et al., 2009) and a 2.9-fold increased risk death from
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age-related causes in controls compared to CR (Colman et al., 2014). A
newly identified potential mechanism of CR involves a change in tissue
abundance of microRNAs (miRNAs) (Mori et al., 2012; Mercken et al.,
2013). miRNAs are short small noncoding RNAs of about 22 nucleotides
in length that regulate mRNA translation and stability (Bartel, 2004).
Age-related changes in circulating miRNAs have been described in
rodents and in humans (Dhahbi, 2014). Increasing evidence supports a
role for miRNAs in intercellular communication (Cortez et al., 2011;
Chen et al.,, 2012), and a recent study reported that adipose-derived
circulating miRNAs influence gene expression in distal tissues (Thomou
et al., 2017). Here, we investigated the impact of long-term CR on
plasma miRNAs in rhesus monkeys.

Results and discussion

This study was conducted using fasted plasma from 10 male rhesus
monkeys of ~25 years of age on control or CR diets for 17 years.
Bodyweight and adiposity were lower in CR monkeys compared to
controls, and insulin sensitivity was increased (P < 0.05; Table ST,
Supporting information). Bodyweight and percent body fat were
positively correlated with each other (r= 0.92, P = 0.0001), and both
tended to be negatively correlated to insulin sensitivity (P = 0.06;
P =0.07, respectively). Total RNA was extracted from plasma, enriched
for RNAs of <200 nucleotides, and sequenced at 1x50 base pair reads.
On average, 11 676,740 4+ 658 741 reads per sample were obtained.
miRNAs represented ~15% of the aligned reads. Known and novel
miRNAs were identified using miRDeep2. Genomic coordinates were
assigned, and novel miRNAs were assigned by direct alignment to
MacaM/rhemac8 (Zimin et al., 2014).

In total, 243 unique plasma miRNA sequences were detected, of
which 196 had been previously described (Tables S2 and S3, Supporting
information). Twenty-four distinct known miRNAs from 18 different
miRNA gene families were significantly differentially expressed between
control and CR monkeys (Table 1). Among these are miRNAs linked to
obesity including miR-21, miR-143, miR-125a, and miR-125b (Hilton
etal, 2013); and miR-21, miR-20a, miR-125b, miR-16, miR-224
previously linked to cancer (Calin & Croce, 2006). Applying principal
component analysis, sample dispersion was clustered by group and
separated by diet (Fig. 1A). Unsupervised hierarchical clustering of all
detected miRNA species for each plasma sample indicated a remarkably
low level of sample variability (Fig. 1B). Nine novel species of miRNA
were significantly differentially expressed between control and CR
monkeys (Table S3, Supporting information). Approximately 70% of the
plasma miRNAs were conserved between rhesus and human (Williams
et al., 2013). Of the novel miRNAs, 31 (66%) were previously identified
in human wmRease v.20 (GRCh37.p5) by seed sequence. Regression
analysis showed that 10 of the differentially expressed known miRNAs
significantly correlated with bodyweight, body fat content, or insulin
sensitivity (Table S4, Supporting information) and one, miR-125a-5p,
was significantly correlated to all three parameters (Fig. 1C). The main
target genes from this group of 10 miRNAs fall within the insulin
signaling pathway (Fig. 1D). A further 30 known miRNAs that were not
differentially expressed between groups were correlated with at least
one of the above three parameters (Table S5, Supporting information).

© 2017 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited.


http://creativecommons.org/licenses/by/4.0/

Table 1 Circulating microRNAs (miRNAs) differentially expressed between calorie-restricted and control rhesus monkeys
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Macaca mulatta miRNAT  miRNA gene family ~ miRDeep2 score}  Estimated probability§ ~— Controly Calorie restrictiontt FCii  Pvalueit

Downregulated
mml-miR-486-5p miR-486 2 700 000 0.94 +£ 0.03 362 234.9 + 75903.4 159 672.7 £ 24491.3 —2.3 0.0094
mml-miR-92a-3p miR-25 650 000 0.94 + 0.03 67 079.2 + 8223.8 40 718.2 + 2180.5 -1.6 0.0161
mml-miR-16-5p miR-15 180 000 0.94 + 0.03 17 829.1 + 2373.4 10 801.1 + 685.6 —-1.7 0.0199
mml-miR-125a-5p miR-10 5.5 0.93 £+ 0.02 1712.5 + 276.4 632.7 + 75.5 —2.7 0.0003
mml-miR-125b-5p miR-10 53 0.93 + 0.02 1459 + 254 74.1 £ 154 —2.0 0.0306
mml-miR-143-5p miR-143 5.5 0.93 + 0.02 109.6 + 37.1 31.7 £ 64 —3.5 0.0046
mml-miR-106b-5p miR-17 2500 0.94 + 0.03 77.5 £ 14.8 404 + 3.7 -1.9 0.0133
mml-miR-20a-5p miR-17 680 0.94 + 0.03 66.0 + 4.2 40.5 + 4.1 —-1.6 0.0227
mml-miR-133c-5p miR-133 320 0.94 + 0.03 53.2 £ 13.2 17.6 £ 5.7 —3.0 0.0057
mml-miR-133b-5p miR-133 5 0.93 + 0.02 358 +9 11.9 + 3.9 —3.0 0.0065
mml-miR-182 miR-182 5.4 0.93 + 0.02 77 £1.6 30£1 -2.6 0.0283
mml-miR-224-5p miR-224 5.4 0.93 + 0.02 56+ 2.7 1.3+04 -4.3  0.0228

Upregulated
mml-miR-6529-5p miR-6529 71 000 0.94 + 0.03 2533.6 + 793.4 5095.8 + 694.2 2.0 0.0295
mml-miR-21-5p miR-21 46 000 0.94 + 0.03 1987.4 + 253.9 3108.8 + 312.9 1.6 0.0420
mml-miR-340-5p miR-340 3700 0.94 + 0.03 145.8 + 25.1 2515 + 41 1.7  0.0456
mml-miR-130a-5p miR-130 5.4 0.93 + 0.02 99.0 £+ 12.5 191.5 + 13.7 1.9 0.0023
mml-miR-1260b miR-1260b 5.6 0.93 £ 0.02 624 £ 224 142.6 £+ 30.1 2.3  0.0337
mml-miR-130b-5p miR-130 2300 0.94 + 0.03 405 + 6.2 753 £ 94 1.8 0.0160
mml-miR-411-5p miR-379 1900 0.94 + 0.03 41.0 + 4.6 720 £ 124 1.8 0.0287
mml-miR-598-5p miR-598 5.2 0.93 + 0.02 77 £2 221 £82 2.8 0.0316
mml-miR-500a-5p miR-500 170 0.94 + 0.03 3.4+ 0.8 17.8 £ 3.9 5.2 0.0001
mml-miR-501-5p miR-500 170 0.94 + 0.03 34 +038 17.8 £ 3.9 5.2 0.0001
mml-miR-122a-5p miR-122 150 0.94 +£ 0.03 55+07 15.6 + 5.5 2.7 0.0132
mml-miR-337-5p miR-337 230 0.94 + 0.03 3.4 +£09 76 +£13 2.1 0.0372

+tNames of mature miRNAs of Macaca mulatta in miRbase v.20 (MMUL1.0) that match precursor sequences predicted by miRDeep2 and have an randfold P-value < 0.05.

1The miRDeep2 score represents the log-odds probability of a sequence being genuine miRNA precursor vs. the probability that it is a background hairpin.

§The estimated probability that the miRNA candidate is a true positive.

Y/Average miRNA read counts-per-million computed for each group and taking into account the estimated dispersions and the libraries sizes.

11t represents a measure of the expression level of the miRNA in the indicated sample.

11Fold change and P value for differential abundance were computed by EdgeR from pairwise comparisons for each miRNA between the control and CR groups.

As decreases in bodyweight and adiposity are an expected outcome of
CR, we performed a one-way analysis of covariance and found that
miR-125a-5p, miR-130a-5p and miR-143-5p were affected by the diet
(P <0.05) even after adjusting for bodyweight or adiposity. The
expression of miR-130b-5p, miR-16-5p, and miR-20a-5p tended to be
affected by the diet (P-value between 0.05 and 0.07), while changes
in expression of miR-337-5p, miR-411-5p, miR-6529-5p, and miR-92a-
S5p were dependent on bodyweight or adiposity. These data indicate
that while levels of some circulating species of miRNA are directly
related to adiposity, others appear to be influenced by additional
mechanisms.

A search of miRecords, miRTarBase, and Tarbase identified 2,935
target genes of the known miRNAs that were differentially expressed
with CR. Pathway analysis was conducted using both KEGG and GO
platforms, cut-off criteria of >10 target genes, and calculated Ben-
jamini—-Hochberg-corrected P < 0.01 applied (Tables S6 and S7, Sup-
porting information). The KEGG-enriched pathways included several
pathways known for their role on aging, such as PI3k-Akt (Fig. S1,
Supporting information), FoxO, p53, insulin signaling pathways, and
multiple cancer pathways (Fig. 1E). The enriched GO terms included
translation, cell cycle, spliccosome, DNA damage, and cancer. Using
clustering analysis of the outcomes of all pathway analyses, clusters
related to cell cycle and cellular signaling by phosphorylation were highly
enriched in the differentially expressed miRNA gene target pool

(Table S8, Supporting information). Other pathways included ribo-
some-, mitochondria-, and spliceosome-related pathways. Interestingly,
the former two pathways were identified as major components of a
conserved tissue type-independent transcriptional signature of CR (Barger
et al., 2015). We next used a cell culture model to functionally validate
target genes contained within the enriched pathways (Fig. 1E), focusing
on genes that are predicted to be conserved from mouse to humans. 3T3-
L1 pre-adipocytes were treated with synthetic miRNAs designed to mimic
or inhibit miR-125a-5p (Fig. 1F). Moreover, pre-adipocytes transfected
with the miR-125a-5p mimic acquired a significant growth advantage over
inhibitor and negative control-transfected cells (Fig. 1G), confirminga role
for miR-125a-5p in growth promotion in vivo.

Our data are consistent with the concept that miRNAs are evolution-
ary conserved in specific lineages such as the primates (Kamanu et al.,
2013). Plasma miRNA expression levels are similar for humans and rhesus
(Noren Hooten et al., 2013), and homology between species is 90—
100% (Yue et al., 2008). Long-term CR changed the abundance of
plasma miRNAs that are predicted to target multiple pathways, including
insulin and growth signaling pathways linked to cancer and to aging
(Bartke, 2011), and miR-125a-5p, previously linked to obesity and insulin
resistance (Herrera et al., 2009; Diawara et al., 2014), was decreased
significantly by CR. Taken together, our study suggests that RNA-based
homeostatic mechanisms are recruited by CR to coordinate delayed

aging.
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Fig. 1 Impact of CR on circulating miRNAs. (A) Principal component analysis of bootstrap smoothed cross-validation estimates, and (B) unsupervised hierarchical clustering
of total detected plasma miRNAs. (C) Regression analysis for miRNA125a-5p against biometric and insulin sensitivity data, (D) CR-regulated miRNAs correlating with
physiological outcomes of CR, (E) putative target pathways responsive to CR-induced changes in miRNAs. (F) Expression of indicated genes contained within pathways from
E in mouse NIH-3T3-L1 pre-adipocytes transfected with miR-125a-5p mimic, inhibitor, or corresponding negative control miRNAs (*P < 0.05 between normalized mimic-
and inhibitor-treated cells, n = 3 experiments). (G) Growth curves for cells transfected with miR-125a-5p mimic, inhibitor, or negative control miRNA (n = 5). Data are
shown as average + SD (*P < 0.05).

© 2017 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.



Funding

This work was supported by NIH/NIA AG040178, AG047358, and the
Glenn Foundation for Medical Research. JPC is a T32 Fellow NIH/NIA
AG000213. The study was conducted with the use of resources and
facilities at the William S. Middleton Memorial Veterans Hospital,
Madison, WI.

Conflict of interest

The authors report no conflict of interest financial or otherwise.

References

Barger JL, Anderson RM, Newton MA, da Silva C, Vann JA, Pugh TD, Someya S,
Prolla TA, Weindruch R (2015) A Conserved Transcriptional Signature of Delayed
Aging and Reduced Disease Vulnerability Is Partially Mediated by SIRT3. PLoS
ONE 10, e0120738.

Bartel DP (2004) MicroRNAs: genomics, biogenesis, mechanism, and function. Cell
116, 281-297.

Bartke A (2011) Pleiotropic effects of growth hormone signaling in aging. Trends
Endocrinol. Metab. 22, 437-442.

Calin GA, Croce CM (2006) MicroRNA signatures in human cancers. Nat. Rev.
Cancer 6, 857-866.

Chen X, Liang H, Zhang J, Zen K, Zhang CY (2012) Secreted microRNAs: a new
form of intercellular communication. Trends Cell Biol. 22, 125-132.

Colman RJ, Anderson RM, Johnson SC, Kastman EK, Kosmatka KJ, Beasley TM,
Allison DB, Cruzen C, Simmons HA, Kemnitz JW, Weindruch R (2009) Caloric
restriction delays disease onset and mortality in rhesus monkeys. Science 325,
201-204.

Colman RJ, Beasley TM, Kemnitz JW, Johnson SC, Weindruch R, Anderson RM
(2014) Caloric restriction reduces age-related and all-cause mortality in rhesus
monkeys. Nat. Commun. 5, 3557.

Cortez MA, Bueso-Ramos C, Ferdin J, Lopez-Berestein G, Sood AK, Calin GA
(2011) MicroRNAs in body fluids—the mix of hormones and biomarkers. Nat Rev
Clin Oncol. 8, 467-477.

Dhahbi JM (2014) Circulating small noncoding RNAs as biomarkers of aging.
Ageing Res. Rev. 17, 86-98.

Diawara MR, Hue C, Wilder SP, Venteclef N, Aron-Wisnewsky J, Scott J,
Clement K, Gauguier D, Calderari S (2014) Adaptive expression of microRNA-
125a in adipose tissue in response to obesity in mice and men. PLoS ONE 9,
€91375.

Herrera BM, Lockstone HE, Taylor JM, Wills QF, Kaisaki PJ, Barrett A, Camps C,
Fernandez C, Ragoussis J, Gauguier D, McCarthy MI, Lindgren CM (2009)
MicroRNA-125a is over-expressed in insulin target tissues in a spontaneous rat
model of Type 2 Diabetes. BMC Med. Genomics 2, 54.

Hilton C, Neville MJ, Karpe F (2013) MicroRNAs in adipose tissue: their role in
adipogenesis and obesity. Int J Obes. 37, 325-332.

Kamanu TK, Radovanovic A, Archer JA, Bajic VB (2013) Exploration of miRNA
families for hypotheses generation. Sci. Rep. 3, 2940.

Mercken EM, Majounie E, Ding J, Guo R, Kim J, Bernier M, Mattison J, Cookson
MR, Gorospe M, de Cabo R, Abdelmohsen K (2013) Age-associated miRNA
alterations in skeletal muscle from rhesus monkeys reversed by caloric restriction.
Aging 5, 692-703.

Mori MA, Raghavan P, Thomou T, Boucher J, Robida-Stubbs S, Macotela Y,
Russell SJ, Kirkland JL, Blackwell TK, Kahn CR (2012) Role of microRNA

CR impacts plasma microRNAs in rhesus monkeys, A. Schneider et al.

processing in adipose tissue in stress defense and longevity. Cell Metab. 16,
336-347.

Noren Hooten N, Fitzpatrick M, Wood WH I, De S, Ejiogu N, Zhang Y, Mattison
JA, Becker KG, Zonderman AB, Evans MK (2013) Age-related changes in
microRNA levels in serum. Aging 5, 725-740.

Thomou T, Mori MA, Dreyfuss JM, Konishi M, Sakaguchi M, Wolfrum C, Rao TN,
Winnay JN, Garcia-Martin R, Grinspoon SK, Gorden P, Kahn CR (2017) Adipose-
derived circulating miRNAs regulate gene expression in other tissues. Nature
542, 450-455.

Williams Z, Ben-Dov 1Z, Elias R, Mihailovic A, Brown M, Rosenwaks Z, Tuschl T
(2013) Comprehensive profiling of circulating microRNA via small RNA
sequencing of cDNA libraries reveals biomarker potential and limitations. Proc
Natl Acad Sci U S A. 110, 4255-4260.

Yue J, Sheng Y, Orwig KE (2008) Identification of novel homologous microRNA
genes in the rhesus macaque genome. BMC Genom. 9, 8.

Zimin AV, Cornish AS, Maudhoo MD, Gibbs RM, Zhang X, Pandey S, Meehan DT,
Wipfler K, Bosinger SE, Johnson ZP, Tharp GK, Marcais G, Roberts M, Ferguson
B, Fox HS, Treangen T, Salzberg SL, Yorke JA, Norgren RB Jr (2014) A new rhesus
macaque assembly and annotation for next-generation sequencing analyses. Biol
Direct. 9, 20.

Supporting Information

Additional Supporting Information may be found online in the supporting
information tab for this article.

Fig. S1 PI3K-AKT signaling pathway.

Table S1 Age, total, lean and fat body weight of calorie restricted and
control rhesus monkeys.

Table S2 Abundance (in reads per million) of all circulating microRNAs
(miRNAs) detected in calorie restricted and control rhesus.

Table S3 Abundance (in reads per million) of all circulating novel microRNAs
(miRNAs) between CR and control rhesus monkeys.

Table S4 microRNAs differentially expressed between control and CR rhesus
monkeys and with significant correlation with body weight, fat percentage or
insulin sensitivity.

Table S5 Known and novel microRNAs non-responsive to CR, but with
significant correlation with body weight, fat percentage or insulin.

Table S6 Enriched KEGG pathways for the genes targeted by miRNA
differentially expressed between CR and control rhesus monkeys.

Table S7 Enriched gene ontology (GO) terms for molecular function and
biological process for the genes targeted by miRNA differentially expressed
between calorie restricted and control rhesus monkeys.

Table S8 Functional Annotation Cluster reporting terms for which con-
tributing terms were independently significant for the genes targeted by
miRNA differentially expressed between CR and control rhesus monkeys.

Appendix S1 Methods.
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