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miR-29 is an important driver of aging-

related phenotypes
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Aging is a consequence of complex molecular changes, but whether a single microRNA (miRNA) can
drive aging remains unclear. A miRNA known to be upregulated during both normal and premature
aging is miR-29. We find miR-29 to also be among the top miRNAs predicted to drive aging-related
gene expression changes. We show that partial loss of miR-29 extends the lifespan of Zmpste24™”
mice, an established model of progeria, indicating that miR-29 is functionally important in this
accelerated aging model. To examine whether miR-29 alone is sufficient to promote aging-related
phenotypes, we generated mice in which miR-29 can be conditionally overexpressed (miR-29TG).
miR-29 overexpression is sufficient to drive many aging-related phenotypes and led to early lethality.
Transcriptomic analysis of both young miR-29TG and old WT mice reveals shared downregulation of
genes associated with extracellular matrix organization and fatty acid metabolism, and shared
upregulation of genes in pathways linked to inflammation. These results highlight the functional
importance of miR-29 in controlling a gene expression program that drives aging-related phenotypes.

MicroRNAs (miRNAs) are important regulators of a wide range of phy-
siological functions' and have emerged as candidate therapeutic targets for a
number of diseases™’. Many miRNAs, such as miR-29 family members, are
widely expressed across different tissues and developmental stages. The
miR-29 family has been closely studied for years by our team and others, and
has been implicated in the regulation of many biological processes including
but not limited to apoptosis’, metabolism’, lipogenesis*’, energy balance®,
brain maturation'*", immunity'>", tumor suppression and metastasis',
and fibrosis".

As many of these processes are linked to aging, it is perhaps not
surprising that the miR-29 family is also known to be induced during
normal aging'®""’. The miR-29 family is comprised of miR-29a, miR-29b,
and miR-29¢ miRNAs that are expressed from two genomic loci: miR-
29a/b-1 (located on chromosome 7 for H. sapiens, chromosome 3 for M.
mulatta and chromosome 6 for M. musculus) and miR-29b-2/c (located

on chromosome 1 for H. sapiens, M. mulatta and M. musculus)™. The
miR-29 sequence is broadly evolutionarily conserved (though known by
a different name in some non-mammalian species such as miR-83 in C.
elegans™) and the seed sequence, which plays an essential role in the
targeting of mRNAs, is identical across mammals including primates
and rodents™. A recent study found that the expression of the miR-29
family positively correlates with aging in solid organs, extracellular
vesicles, and plasma in mice”. This study also found that in mice reju-
venated by heterochronic parabiosis, one member of the miR-29 family
(miR-29¢-3p) was the most prominent miRNA restored to similar levels
found in young liver””. miR-29 was also reported to be elevated in two
mouse models of premature aging” > and, interestingly, is also one of
only two miRNAs that are reduced in the Ames Dwarf mouse model in
which the onset of aging is delayed™. Despite this strong correlation of
miR-29 levels with normal, premature, and delayed aging, whether
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upregulation of miR-29 is sufficient to drive the aging phenotype in vivo
has not been investigated.

Here, we confirmed the induction of miR-29 in multiple aging con-
texts. As a complementary approach, we also found that the genes down-
regulated during aging in mice are enriched for predicted targets of miR-29.
To examine the functional importance of miR-29 in aging, we generated
mouse models in which miR-29 levels could be reduced or elevated.
Reduction of miR-29 increased lifespan in a progeria model whereas
inducing miR-29 alone was sufficient to accelerate aging in mice. Lastly, we
conducted transcriptomic analysis to highlight miR-29-regulated gene
expression changes that may drive aging.

Results

miR-29 levels are increased in multiple tissues and animal
models of aging

We first sought to characterize the elevation of miR-29 in different models of
aging. We examined the levels of the miR-29 family in Rhesus macaque liver
and found miR-29 levels to increase with age (Fig. 1a and Supplementary
Fig. 1a). We next measured miR-29 family members in the Lmna®”° mouse
model of progeria® and found that while all three miRNAs are trending
upward, only miR-29b-3p is significantly elevated in this model of accel-
erated aging (Supplementary Fig. 1b). Based on these results, and because
miR-29b is expressed from both genomic loci, we focused on miR-29b-3p
for our subsequent studies in mice. We showed that miR-29b levels are
significantly increased with age in multiple tissues in mice (Fig. 1b).

miR-29 target genes are enriched within genes downregulated
in aging

To determine the functional capacity of miR-29 to drive molecular changes
during aging, we conducted an unbiased query of the genes that are dif-
ferentially expressed in the liver during normal aging in mice (Fig. 1c). We
found that the genes significantly downregulated (1 = 352, FDR < 0.1) in 2-
year-old mice relative to 2-month-old mice are significantly enriched for
predicted targets of miR-29 (Fig. 1d). Expectedly, the significantly upregu-
lated genes (1 = 448, FDR < 0.1) do not harbor any enrichment for miR-29
targets (Supplementary Fig. 2a). We repeated this analysis after stratification
by sex and found that miR-29 is the only miRNA with significant enrich-
ment of predicted targets among downregulated genes in both aged males
and females (Supplementary Fig. 2c—j). An unbiased pathway analysis of the
downregulated genes in aged mice revealed enrichment in collagen and
extracellular matrix components, which are well known targets of miR-29”
(Fig. le), while the upregulated genes are enriched in pathways associated
with sphingolipid metabolism and neutrophil-mediated immune response
(Supplementary Fig. 2b). These results strongly suggest that the gene
expression changes during aging could be a consequence of elevated levels
and activity of miR-29.

miR-29 reduction extends lifespan in a progeria model

We next examined whether reducing miR-29 levels could extend the sur-
vival of the Zmpste24” mice, an established model of progeria®*”. The
Zmpste24” mouse model is particularly relevant because all three miR-29
family members have previously been shown to be aberrantly elevated in
Zmpste24” mice”™. Unfortunately, the complete deletion of miR-29 (dele-
tion of both miR-29a/b-1 and miR-29b-2/c loci) results in early lethality'*"’,
precluding us from examining the consequences of a total loss of miR-29 in
the context of aging. We, therefore, crossed the Zmpste24” mice with mice
deficient for only the miR-29a/b-1 locus to examine the consequence of
partial reduction of miR-29 on the survival of the Zmpste24” mice. We used
mice deleted for the miR-29a/b-1 locus because it has been reported as the
dominant source of miR-29b"". Strikingly, we found that the miR-29a/b-1""
Zmpste24” mice exhibit a significant lifespan extension compared with
miR-29a/b-1""" Zmpste24 mice (median survival 141 versus 118 days,
p =0.005), indicating that miR-29 is important for driving premature aging
in this progeria model (Fig. 1f). Also, consistent with the observed extension
of lifespan, the elevation of miR-29 levels seen in the Zmpste24” mice was

markedly reduced, even with a partial deletion of the miR-29a/b-1 locus, at
three months when the lifespan differences emerge (Fig. 1g).

Increasing miR-29 alone is sufficient to induce an aging
phenotype

Next, we sought to determine whether increased expression of miR-29 is
sufficient to drive aging-related phenotypes in vivo. To examine this, we
generated transgenic mice that overexpress miR-29b (henceforth referred to
as miR-29) ubiquitously under a tetracycline-inducible promoter (miR-
29TG) (Fig. 2a). Strikingly, by 2 months, overexpression of miR-29 led to an
overt aging-like phenotype (Fig. 2b). The levels of miR-29b-3p over-
expression (2-4 fold) obtained with doxycycline administration in these
miR-29TG mice (Fig. 2¢) are comparable to the fold increase in miR-29b-3p
seen with age in WT mice (Fig. 1b). The miR-29TG mice exhibited growth
retardation and premature death, with all mice dying by 80 days (Fig. 2d, e).

Starting at approximately one month of age, miR-29TG mice began to
display premature graying of hair as well as extensive kyphosis that was
confirmed using Computed Tomography (CT) imaging analysis (Fig. 3a, b).
The miR-29TG mice also exhibited severe lipodystrophy characterized by
little or absent inguinal fat pads at 2 months (Fig. 3c). Further, these mice
showed reduced skin thickness and increased collagen deposits in all layers
of the dermis and epidermis (Fig. 3d, e). A prominent feature of both normal
aging and progeria is the development of osteoporosis. We conducted bone
densitometry studies using micro-CT analysis and found that miR-29TG
mice indeed have signs of severe osteoporosis as characterized by reduced
cortical and trabecular bone volume, reduced cortical bone mineral and total
density, and reduced trabecular bone thickness (Fig. 3f-i and Supplemen-
tary Fig. 3a—c). Similar reductions in bone volume have been observed in the
Lmna® mouse model of progeria®. In addition, thymus weight and
cellularity were reduced in miR-29TG mice, and the normal sequence of
thymocyte maturation was disrupted (Supplementary Fig. 4a—d). Interest-
ingly, the frequency of phenotypic hematopoietic stem cells (HSCs) in the
bone marrow and spleen was significantly reduced in the miR-29TG mice
(Supplementary Fig. 4e, f). Thus, miR-29 overexpression results in many
phenotypes that are known to be associated with aging™.

Increased cellular senescence is often associated with aging, and one of
the most well-recognized senescence marker is positive staining with
senescence-associated beta-galactosidase (SA-B-gal)”. To determine whe-
ther miR-29TG mice exhibit increased senescence, we conducted the SA-f-
gal assay on kidneys isolated from young (2 months) miR-29TG, their WT
littermates, as well as old (2 years) WT mice. In contrast to young WT
controls, the miR-29TG kidneys showed strongly positive SA-f-gal staining
similar to what was observed in old WT kidneys (Fig. 3j). Taken together,
these findings show that overexpression of miR-29 is sufficient to induce
multiple features of an aging-like phenotype in mice.

miR-29-driven transcriptome changes associated with aging

To define the pathways that are altered in the miR-29TG mice, we con-
ducted RNA-seq analysis of liver tissue from young (2 months) WT and
miR-29TG mice. Principal component analysis showed that the mice
stratify clearly by genotype status, irrespective of sex (Supplementary
Fig. 5a). We found a large number of genes to be differentially expressed
between miR-29TG mice and WT mice (1928 genes downregulated and
2076 genes upregulated, FDR < 0.1) (Supplementary Fig. 5b). The down-
regulated genes are highly enriched in fatty acid metabolism (Fig. 4a), while
the upregulated genes are highly enriched in pathways related to inflam-
mation, including neutrophil activation (Fig. 4b).

We next sought to identify the shared genes that are significantly
altered in both young miR-29TG and old WT mice relative to young WT
mice, as these genes may directly contribute to the aging phenotype. We
detected 163 significantly downregulated (FDR<0.1) and 234 sig-
nificantly upregulated (FDR <0.1) genes shared by young miR-29TG
and old WT when compared to young WT mice (Fig. 4c, d). Notably, we
found that the shared set of up- and downregulated genes are sig-
nificantly over-represented in many of the same pathways as the old WT
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mice (Fig. 4e, f and Supplementary Data 1, 2). As anticipated, several of
the shared downregulated genes are predicted targets of miR-29 (Sup-
plementary Data 3). Among the shared downregulated genes are col-
lagen type 1 alpha 1 chain (Collal) and collagen type 3 alpha 1 chain
(Col3al) (Fig. 4g, h), both of which are targets of miR-29°* and have been
previously associated with aging®. Another shared downregulated gene
is cCAMP signaling calcium/calmodulin-dependent protein kinase IV
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(Camk4) (Fig. 4i and Supplementary Data 1), a highly conserved pre-
dicted target of miR-29, which was previously found to be the most
robustly downregulated gene in brains of aged mice, monkeys, and
humans™. Other predicted miR-29 target genes in this shared down-
regulated data set also include Cd276 (B7-H3) which is known to sup-
press senescence”’ and Jazfl a transcription factor that regulates glucose
and lipid metabolism™.
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Fig. 1 | miR-29 is a candidate driver of gene expression changes in aged mice.

a Correlation analysis of the change in levels of miR-29 family members with age in
the liver of male Rhesus macaque. Pearson correlation r is represented.

b Quantitative PCR analysis for mature miR-29b-3p in multiple tissues from
2-month and 24-month-old mice (1 = 3). p values were calculated using an unpaired
t-test. Data shown are mean + s.e.m. ¢ Volcano plot showing significantly upregu-
lated (red) and downregulated (blue) genes in liver from old (2 years) mice (n =5; 3
males, 2 females) compared to liver from young (2 months) mice (n = 5; 3 males, 2
females). Filtering criteria: p < 0.05, adjusted p < 0.2 (Wald test; DESeq2). d miRHub
analysis of the downregulated genes in 2-year-old mouse liver compared to 2-
month-old mouse liver. Predicted target sites of the miR-29 family (blue) are sig-
nificantly enriched in the set of downregulated genes. Dashed line corresponds to

p =0.05. e Pathway enrichment analysis of the genes that are significantly down-
regulated in old compared to young mouse liver. The analysis was performed based
on Gene Ontology (GO) Biological Process 2021. The top 5 processes are repre-
sented. f Kaplan-Meier survival curve of miR-29a/b-1""* Zmpste24” and miR-29a/
b-1"" Zmpste24” mice (p = 0.005, Log-rank/Mantel-Cox test). The median survival
is 118.0 days for miR-29a/b-1""" Zmpste24”" and 141.0 days for miR-29a/b-1""
Zmpste24”. g Quantitative PCR analysis of miR-29 family members in the heart of
miR-29a/b-1""* Zmpste24™ (n = 3), miR-29a/b-1""" Zmpste24” (n = 3) and miR-
29a/b-1"" Zmpste24” (n = 5) mice (males, 3 months old). p values were calculated
using two-way ANOVA, against miR-29a/b-1""" Zmpste24”". Data shown are
mean * s.e.m.

Pre-miR-29b-1
TRE GFP
Col1a1
Promoter TA
Rosa26 | .

(3]

miR-29TG
2 months

=

Wildtype
2 months

Liver Kidney Spleen Muscle Heart
o T p=0.0s6 47 p=oi61 257 p-o00m 67 p-o002s T p=0.015
2 © 2.0
>
D
_D_: % 1.5 1 5
e >
g K] o 1.0
< 0.5
[h'4
0.0-
WT miR-29TG WT miR-29TG WT miR-29TG WT miR-29TG WT miR-29TG
d e
%7 - wr 100
30 { =ll— miR-29TG
m —_
% 25 X 75
S 204 T
= >
= Z 50 —wr
5 7 = — miR-29TG
k) ] n
2 10 -
5 4
0 : : , . : : 0 ; . ; : . .
0 2 4 6 8 10 12 0 2 4 6 8 10 12

Age (weeks)

Fig. 2 | Overexpression of miR-29 results in growth retardation and premature
death in mice. a Constructs used to generate the miR-29 transgenic (miR-29TG)
mice. miR-29b-1 and GFP are expressed under the control of tetracycline response
element (TRE). In the presence of doxycycline, the tetracycline response transacti-
vator (rtTA) enables TRE-driven expression of miR-29b-1 and GFP. b Wildtype
(left) and miR-29TG (right) mice at 2 months; miR-29 was induced with doxycycline

Age (weeks)

starting at postnatal day 1. ¢ Quantitative PCR analysis of mature miR-29b-3p levels
in the indicated tissues of miR-29TG mice as compared to WT mice (2 months)
(n=3). p values were calculated using an unpaired ¢-test. d Weights (n = 3) and

e Kaplan-Meier survival curve of WT and miR-29TG mice (n = 12 for each geno-
type). The median survival of miR-29TG mice is 91 days. Data shown are mean +
s.em. in c and d.
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miR-29TG mice. Scale bar: 150 pm. f MicroCT scan images of the femur of wildtype
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young old

and miR-29TG mice (2 months). Scale bar: 1 mm. g-i Femoral bone volume and
bone mineral density were quantified (wildtype, n = 3; miR-29TG, n = 3). g Cortical
and i, trabecular bone volume (BV) is shown as a fraction relative to total bone
volume (TV). Data shown are mean + s.e.m., p values were calculated using an
unpaired f-test. j Senescence-associated B-gal staining of the kidneys of young

(2 months) wildtype, young (2-month-old) miR-29TG, and old (2-year-old) wild-
type animals.
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ANOVA followed by pairwise comparisons with Dunnett correction, comparing all
samples to 2-month-old wildtype.
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A shared upregulated gene is Cd36, a membrane glycoprotein involved
in fatty acid transport (Fig. 4j, Supplementary Data 2). Previous studies have
found Cd36 to not only be upregulated in the hearts of aged mice but also to
contribute to age-induced cardiomyopathy”. Interestingly, Cd36 is also
upregulated in response to senescence stimuli and is required for the
senescence-associated secretory phenotype (SASP)*. Further, ectopic
expression of Cd36 alone is sufficient to induce many components of SASP*’
as well as induce senescence in young proliferating cells*. Interestingly,
miR-29 has also been reported to induce cellular senescence via other
pathways*. Thus, our study not only identifies genes that were previously
known to be functionally associated with aging, but also reveals other genes
(Supplementary Data 1, 2) that could be important to drive aging-related
phenotypes mediated by miR-29.

Discussion

Taken together, our results highlight miR-29 as a tissue marker of aging in
primates and mice, and an important molecular regulator of aging-related
phenotypes in mice. The concept that a single miRNA could regulate as
complex a process as aging seems provocative, but individual miRNAs are
well-recognized to have the ability to regulate very diverse cellular
pathways*. While elevated levels of miR-29 have been previously reported
to be associated with aging'®™******, our study demonstrates that miR-29 is
sufficient to accelerate aging and drive aging-related phenotypes in vivo.
Importantly, we also found the reduction of miR-29 to extend lifespan in a
progeria model.

Our knowledge about the pathways that are functionally important for
regulating aging has come mostly from genetic studies in invertebrates and
from mouse models of progeria. In mouse models of progeria, the mutations
that cause aging are associated with either maintenance of nuclear archi-
tecture (e.g., Hutchinson-Gilford Progeria Syndrome) or genomic integrity
(e.g, Werner's syndrome, Cockayne syndrome)®”. While many of the
phenotypes seen in these progeroid models are also observed during normal
aging, it is unclear whether the same genes drive the aging phenotype in both
models. Our results suggest that miR-29 could be a candidate that regulates
both pathological and physiological aging.

We propose that the pathways that are shared in multiple models of
aging are likely to be more important for driving the aging phenotype. Our
analysis of the genes shared between the miR-29TG mice and old mice
highlights the downregulation of collagen synthesis (e.g. Collal, Col3al),
kinase signaling (Camk4), and the upregulation of Cd36 as potential drives
of the aging phenotypes. One mechanism by which Camk4 could regulate
aging is via its modulation of autophagy®, the reduction of which is a
hallmark of aging™. This is consistent with the finding that the ortholog of
miR-29 in Caenorhabditis elegans, miR-83, is elevated during aging and has
been shown to reduce lifespan via inhibition of autophagy *"¥. Pathway
analysis also identified an upregulation of immune response in these
models, a finding consistent with the well-recognized increase in inflam-
mation in age-related disease and aging’>***. Interestingly, we found three
components (C6, C84, and C8B) of the complement system’s Membrane
Attack Complex (MAC) among the shared downregulated genes. Few
studies have examined how the complement system changes with aging™.
Our finding that multiple components of MAC are downregulated with
aging suggests that this could be functionally linked with aging.

The upstream mechanisms by which miR-29 is elevated with age in
mammals are not well defined. Recent work shows that Foxa2, a known
transcriptional activator of miR-29"", exhibits increased chromatin occu-
pancy in liver tissue of aged mice as well as of Zmpste24” mice”. It remains
unknown whether Foxa2 is the main driver of miR-29 during aging or
whether other factors are involved.

It is also unclear which tissues or cell types within a particular tissue are
most relevant for the miR-29-mediated aging phenotype. For example, an
intriguing aspect about miR-29 is that its biological activity appears to be
context-dependent. While increases in miR-29 levels with age are observed
in multiple tissues, the pattern of its induction appears tissue-specific. In
the brain, miR-29 levels increase sharply during postnatal maturation

(0-2 months) such that miR-29 levels are high even in the brains of young
mice'*'". Further, miR-29 has an essential function in brain maturation'®",
and brain-specific deletion of miR-29 results in early lethality'’. Marked
increases in miR-29 levels during the postnatal maturation period are also
observed in the heart and skeletal muscle, where miR-29 is also functionally
important™*****. Thus, the upregulation of miR-29 in the brain, heart and
skeletal muscle is beneficial, and not detrimental, for homeostasis. Indeed,
miR-29 is recognized to have therapeutic potential in the context of neu-
rodegenerative and cardiovascular diseases™ . The expression of indi-
vidual miRNAs can have distinct functional outcomes in mitotic versus
postmitotic cells or even different cell types within these groups, depending
on the repertoire of expression of its target genes. Higher-resolution single-
cell studies during aging as well as future experiments focusing on elevating
miR-29 expression in specific tissues or cell types will help identify the
specific context in which elevated miR-29 drives the aging-related

phenotypes.

Methods

Animals used in this study

Rhesus macaque (M. mulatta) liver samples were provided by the Havel lab
at University of California-Davis. Tissues were collected from adult male
monkeys (age range 4 — 20.3 years), which were maintained at the California
National Primate Research Center and provided a standard commercial
nonhuman primate diet (5047; LabDiet, St. Louis, MO). All animal proce-
dures were performed with the approval and authorization of the Institu-
tional Animal Care and Use Committee (IACUC).

The Lmna®”° knock-in and Zmpste24” mice were generated by the
Lépez-Otin lab. The Lmna®”® knock-in mice carry a point mutation in the
Lmna gene (1827C > T) that does not change the coding sequence (G609G)
but activates a cryptic splicing donor site resulting in the generation of a
truncated form of prelamin A (progerin). This point mutation in mice is
equivalent to the mutation carried in Hutchibson-Gilford progeria syn-
drome patients™. The presence of the Lmna®* knock-in mutation was
verified by PCR using 5-AGCATGCAATAGGGTGGAAGGA-3' (for-
ward) and 5'-AAGGGGCTGGGAGGACAGAG-3’ (reverse) primers. The
Zmpste24” mice are deleted for the Zmpste24 gene, as described
previously ”. 5-GCTGGCCTTGTTGCTGGAAT-3" (forward, wildtype
specific), 5-CTTCCGGAGCGGATCTCAAA-3 (forward, mutant spe-
cific), and 5-GCTTCCTCCCTGAGCCAACC-3’ (reverse) primers were
used to determine the Zmpste24 genotype of the mice. The Lmna®”° and
Zmpste24” mice are both well-established models of progeria™.

The miR-29a/b-1"" mice were also generated by the Lépez-Otin lab as
described”, from two embryonic stem (ES) cell lines carrying targeted
deletions in the miR-29a/b-1 and miR-29b-2/c clusters obtained from Dr.
Haydn M. Prosser®. To generate the miR-29a/b-1"* Zmpste24” mice, we
bred the miR-29a/b-1"" with Zmpste24™" mice to obtain miR-29a/b-1""
Zmpste24"" parental mice. By intercrossing miR-29a/b-1"" Zmpste24*", we
obtained miR-29a/b-1""" Zmpste24” and miR-29a/b-1"" Zmpste24” at
frequencies consistent with the expected Mendelian ratio. The miR-29a/b-1
genotype was determined by PCR using 5-CGTTATTGCTGACGTTG-
GAG-3’ (forward, wildtype specific), 5-TGTAAAACGACGGCCAGTG-3’
(forward, mutant specific), 5-ATTGGTTTGGCCCTTTATCC-3’ (reverse)
primers. For the survival studies, mice were checked weekly. All animal
experiments were approved by the Committee on Animal Experimentation
of Universidad de Oviedo.

We have complied with all relevant ethical regulations for animal use.

Generation of miR-29TG mice

Mouse embryonic stem cells overexpressing miR-29b used to generate the
miR-29TG mice were obtained from Dr. Gregory Hannon (Cold Spring
Harbor Laboratory). The parental ES cell line used to produce the miR-29-
expressing clones was KH2 (C57BL/6 x129/Sv). These cells are now com-
mercially available at the NCI Mouse Repository (ES Cell Lines Catalog:
M000108). The presence of the miR-29b transgene was confirmed by PCR
with the following primers: 5-CACCCTGAAAACTTTGCCCC-3’
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(forward) and 5-GCACCATTTGAAATCAGTGTTC-3 (reverse). The
presence of the rtTA promoter was confirmed by PCR with the following
primers: 5-GGAGCGGGAGAAATGGATATG-3, 5-GCGAA-
GAGTTTGTCCTCAACC-3, and 5-AAAGTCGCTCTGAGTTGTTAT-
3. To induce the expression of miR-29, a mixture of doxycycline (2 mg/ml)
and sucrose (50 mg/ml) was added to the drinking water of both wildtype
and miR-29TG mice starting on postnatal day 1. Mice were maintained in a
12 h light, 12 h dark cycle. The miR-29TG mice have been backcrossed to
C57BL/6 mice and are maintained in the C57BL/6 background. All animal
handling and protocols were carried out as approved by the Animal Care
and Use Committee of the University of North Carolina (UNC).

Histology

For immunohistochemistry experiments, mice were anesthetized using
isoflurane and transcardially perfused with 4% paraformaldehyde. The mice
were then decapitated, and the various tissues were post-fixed in 4% par-
aformaldehyde overnight. Paraffin-embedded sections were used for
hematoxylin-eosin (H/E), elastin, and Trichrome stains. Hematoxylin-eosin
(H&E) stains were done using an Autostainer XL (Leica Biosystems).
Representative images are obtained from independent experiments, done in
triplicate.

cDNA synthesis and RT-gPCR analysis

Mature microRNA expression was assayed using TaqgMan MicroRNA
Assays (Applied Biosystems, catalog #4427975). Briefly, RNA was extracted
from various tissues using the Qiagen miRNeasy kit (catalog #217004) or
Invitrogen Trizol protocol (catalog #15596026). RNA was reverse tran-
scribed using TagMan miRNA reverse transcription kit (Applied Biosys-
tems, catalog #4366596) and specific RT primers or TagMan Advanced
cDNA synthesis kit (Applied Biosystems, catalog #A28007) with 2.5 mM of
random primers added to the RT stage of the cDNA synthesis kit. cDNA
was then amplified using a TagMan Universal PCR Master Mix (Applied
Biosystems, catalog #4304437). Relative quantification was carried out using
the delta-delta Ct method. Sample variability was corrected by normalizing
to levels of U6 RNA (for WT and miR-29TG samples), snoRNA202 (for
WT and LmnaG609G samples) or rRNA 18S (for WT, miR-29a/b-1""";
Zmpste24” and miR-29a/b-1""; Zmpste24™” samples).

Computed tomography imaging

Computed tomography (CT) images were acquired using a custom-built
Charybdis II scanner with a carbon nanotube field emission x-ray
source. The source was operated at 50 kVp, with a 1.5 mA anode current
and 50 msec exposure. 220 projections were acquired and reconstructed
in COBRA (Exxim Computing Corporation, Pleasanton, CA). The
image voxel size was 75.7 um isotropic. For analysis of osteoporosis,
samples were secured in a vertical orientation and scanned with a Scanco
pCT40° (Scanco Medical AG, Switzerland). Samples were scanned
using the following parameters: 70 KvP, 114 uA, 8 W, 250 projections/
slice, integration time 250 msec, and 12 um voxel size. Standard midshaft
and trabecular bone analyses were conducted using the Scanco Medical
software. First, a region of interest was selected using the contouring
tool. The cortical midshaft analysis consisted of 50 slices (600 um)
measured to be midway between the ends of the bone. For the trabecular
analysis, 50 slices (600 pm) were taken approximately 200 um from the
end of the bone to avoid the growth plate. Regions of interest were drawn
to include only trabecular bone in the analysis.

Senescence-associated (3-gal staining

Senescence-associated P-gal staining was performed with the Cellular
Senescence Assay Kit according to the manufacturer’s instructions
(Millipore).

Flow cytometry analysis
Two-month-old WT and miR-29TG mice were euthanized and bone
marrow, spleen, and thymus cells were harvested following the standard

procedure as previously described”. Specifically, single-cell suspension of
bone marrow cells was prepared by flushing the femurs and tibias using 3 ml
ice-cold staining medium (Ca’*- and Mg’ *-free Hank’s balanced salt
solution, HBSS (Gibco) supplemented with 10 mM EDTA (Corning) and
2% heat-inactivated bovine serum (Gibco)) and filtered through 40 pum
nylon mesh (Sefar). Thymocytes and splenocytes were isolated by crushing
the whole thymus or spleen between two microscope slides followed by
pipetting and filtering through nylon mesh. The number of viable cells was
determined by diluting the cell with Turk Blood Diluting Fluid (Ricca
Chemical) and manually counting using haemocytometer under micro-
scope. To identify different T cell fractions in the thymus, total thymocytes
were stained with CD4 (GK1.5, PE), CD8a (53-6.7, APC), and DAPI (2 pg/
ml). To identify hematopoietic stem and progenitor cells by flow cytometry,
bone marrow and spleen cells were stained with antibodies against c-kit
(2B8, APC-¢eFluor780), Sca-1 (E13-161.7, PE-Cy7), CD48 (HM48-1, APC),
CD150 (TC15-12F12.2, PE), as well as biotin-conjugated antibodies against
the following lineage markers: CD2 (RM2-5), CD3e (145-2c11), CD4
(GK1.5), CD5 (53-7.3), CD8a (53-6.7), B220 (RA3-6B2); Mac-1 (M1/70),
Gr-1 (RB6-8C5), and Ter119 (TER-119), followed by staining with PE-
CF594 conjugated streptavidin (BD Biosciences) and DAPI (2 pug/ml). All
antibodies were used 1:200 with all stainings carried out on ice for
30 minutes. All primary and secondary antibodies were purchased from
eBiosciences and Biolegend unless otherwise indicated. Flow cytometry
analysis of stained cells was performed on a customized LSR II 7-laser, 17-
color flow cytometer (Becton-Dickinson), and recorded data was analyzed
in BD FACSDiva 8.0.1 and FlowJo 10.0.8 software. For analysis, single cells
were gated using FSC-A x FSC-H parameters. Debris were excluded on a
FSC-A x SSC-A plot. Live cells (DAPI-) were selected for further analysis.
Live total thymocytes were fractionated according to the following cell
surface phenotypes: CD4 + T cells: CD4 + CD8-, CD8 + T cells: CD4-
CD8 +, double-positive T cells: CD4 + CD8 +, double negative T cells:
CD4-CD8-. Hematopoietic stem cells were identified from total live bone
marrow cells or splenocytes by first gating out cells positive for the lineage
markers (CD2+, CD3+, CD4+, CD5+, CD8+, B220+, Ter119+, Mac-
1+, Gr-1+), followed by gating on the Sca-1+4-c-kit+ cell population.
Lineage-Sca-14-c-kit+- cells were then fractionated according to CD150 and
CD48 expression to identify HSCs with the following cell surface phenotype:
Lineage-Sca-1-+c-kit+CD150 + CD48-.

RNA library preparation and sequencing analysis

Liver was excised from P60 WT, P60 miR-29TG, and 2-year-old mice, and
total RN A was isolated using the miRNeasy kit (Qiagen). RNA libraries were
prepared using Illumina TruSeq (polyA + ) and sequencing was performed
on the Illumina HiSeq 2500 platform at the UNC High Through Sequencing
Core Facility, yielding an average of ~71 reads across samples. Sequencing
reads were mapped to the GENCODE mouse transcriptome (vM10) using
STAR (v2.4.2a) and transcripts were quantified using SALMON (v0.6.0).
Across the samples, ~80% of the reads were mappable. Transcript counts
were normalized and differentially expressed genes (using FDR < 0.1) were
identified using DESeq2 (v1.16.1). Raw sequencing data are available
through GEO accession ID GSE107763.

miRHub analysis

First, we used the seed-based target prediction algorithm TargetScan$
5.2 to determine for each miRNA the number of predicted conserved
targets among the genes in our gene sets. Each predicted miRNA-gene
interaction was assigned a score based on the strength of the seed match,
the level of conservation of the target site, the number of predicted target
sites, and the clustering of target sites within that gene’s 3’ UTR. Finally,
for each miRNA, the final targeting score was calculated by summing the
scores across all genes and dividing by the number of genes. We repeated
this procedure 10,000 times, with a new set of randomly selected mouse
genes each time, in order to generate a background distribution of the
predicted targeting scores for each miRNA (genes and corresponding 3’
UTR sequences were downloaded from http://www.targetscan.org).
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These score distributions were then used to calculate an empirical
p-value of the targeting score for each miRNA in our gene set. To
account for differences in the average 3’ UTR length between the genes of
interest and the randomly selected genes in each simulation, the tar-
geting score was normalized by 3’ UTR length.

Pathway enriched analysis

Significantly differentially expressed genes (DEG) were defined as those
with FDR <0.1. Up- and downregulated DEG lists were analyzed for
enrichment in biological pathways using the online tool Enrichr®, which
shows results from all available pathway databases. All pathway
enrichment results shown in this manuscript are from the use of the
Enrichr tool.

Statistics and reproducibility

Statistical analyses were performed using GraphPad Prism 9 software. Data
are expressed as mean + s.e.m. in bar plots or median, minimum, and
maximum in box and whiskers plots. Measurements were taken from dis-
tinct samples. The Student’s ¢-test (unpaired, two-tailed) for parametric data
was used for the analysis of two groups unless stated otherwise. No statistical
methods were used to predetermine sample sizes, but our sample sizes are
consistent with those reported in previous publications.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The data underlying the results in Fig. 4 are provided in Supplementary
Data 1 and 2. The source data used to generate the graphs in this manuscript
are compiled in Supplementary Data 4. The miR-29-expressing ES clones
used to generate the miR-29TG mice are available at the NCI Mouse
Repository (ES Cell Lines Catalog: M000108). The sequencing data reported
in this paper have been deposited in Gene Expression Omnibus (GEO):
GSE107763. Further information and requests for resources and reagents
should be directed to corresponding author, Mohanish Deshmukh
(mohanish@med.unc.edu).
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