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Significance

Many neurodegenerative, 
cardiovascular, and metabolic 
diseases associated with aging 
have been linked to the 
accumulation of senescent cells. 
Senescence can ultimately lead 
to tissue dysfunction and 
inflammation, thereby 
contributing to disease 
progression. Novel methods to 
prevent or attenuate 
accumulation of senescent cells 
may help slow progression of 
age-related pathologies. This 
study furthers our understanding 
of the role of miR-449a-5p in 
regulating key signaling pathways 
that contribute to senescence 
and disease progression.
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Cellular senescence, a hallmark of aging, has been implicated in the pathogenesis 
of many major age-related disorders, including neurodegeneration, atherosclerosis, 
and metabolic disease. Therefore, investigating novel methods to reduce or delay the 
accumulation of senescent cells during aging may attenuate age-related pathologies. 
microRNA-449a-5p (miR-449a) is a small, noncoding RNA down-regulated with 
age in normal mice but maintained in long-living growth hormone (GH)-deficient 
Ames Dwarf (df/df ) mice. We found increased fibroadipogenic precursor cells, 
adipose-derived stem cells, and miR-449a levels in visceral adipose tissue of long-living 
df/df mice. Gene target analysis and our functional study with miR-449a-5p have 
revealed its potential as a serotherapeutic. Here, we test the hypothesis that miR-449a 
reduces cellular senescence by targeting senescence-associated genes induced in 
response to strong mitogenic signals and other damaging stimuli. We demonstrated 
that GH downregulates miR-449a expression and accelerates senescence while 
miR-449a upregulation using mimetics reduces senescence, primarily through tar-
geted reduction of p16Ink4a, p21Cip1, and the PI3K-mTOR signaling pathway. Our 
results demonstrate that miR-449a is important in modulating key signaling path-
ways that control cellular senescence and the progression of age-related pathologies.

senescence | miR-449a | longevity | growth hormone | adipose

Genetic mutant Ames dwarf (df/df ) mice, characterized by growth hormone (GH) defi-
ciency, live 40 to 60% longer than their normal littermates (1, 2). These mice also have 
improved health span including protection from metabolic syndrome, diabetes, and cancer 
(2, 3). Although these metabolically heathy df/df mice tend to become obese with age, 
they maintain high insulin sensitivity (4). Prior studies demonstrated that surgical removal 
of visceral fat improved insulin sensitivity in normal controls and, however, had the 
opposite effect in obese df/df mice (4). These findings suggest the endocrine system has 
varied roles in insulin sensitivity in normal mice versus GH-deficient df/df mice, yet the 
mechanisms responsible for this altered metabolic function of visceral fat on health and 
longevity are not well-understood. Since adipose tissue is composed of heterogeneous cell 
types (5), its cellular composition likely plays a major role in regulating overall health, 
including insulin sensitivity, glucose metabolism, and inflammation (6).

Progenitor cells, including preadipocytes and adipose-derived stem cells (ADSCs), are 
important both for tissue health and overall health. Accumulation of changes that com-
promise tissue function within these cells with time can lead to age-related pathologies 
(e.g., metabolic diseases neurodegenerative, and cardiovascular pathologies) and give rise 
to various types of cancers (7). Cellular senescence has a causal role in the progression of 
these age-related pathologies. Senescence, or rather, the state of proliferative arrest, is 
triggered by multiple stressors, including DNA damage, oncogenic activation, and expo-
sure to chronic or unbalanced mitogenic signals such as GH, telomere shortening, and 
chromatin disruption (8).

Although the senescence response can yield beneficial temporal advantages such as 
tumor suppression or wound repair, the accretion of metabolically active senescent cells 
(SnCs) can contribute to tissue dysfunction, resulting in pathogenic progression (8). SnCs 
can alter the tissue microenvironment primarily through the pro-inflammatory 
senescence-associated secretory phenotype (SASP), which comprises cytokines, chemok-
ines, growth factor metalloproteases, membrane proteins, and extracellular vesicles (9). 
SASP factors can stimulate various cellular mechanisms in neighboring cells including, 
but not limited to, cell proliferation, senescence reinforcement, and angiogenesis (9). 
Despite the apparent transient benefits of the SASP, secretion of the same factors is also 
linked to the progression of age-related pathologies. The SASP contributes to age-dependent 
chronic inflammation, a key factor in the pathogenesis of many age-dependent diseases 
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(7). Hence, reducing SnC burden can decrease age-associated 
pro-inflammatory signals and pathologies. At the same time, 
maintaining high populations of healthy progenitor cells can 
counter the negative impact of senescent cells and, in some cases, 
even suppress senescence in various tissues.

Some drugs or drug combinations can induce apoptosis specif-
ically in senescent cells; however, these senolytic compounds likely 
have off-target toxicity (6). As such, identifying a novel method 
of reducing cellular senescence without severe adverse effects is 
clinically imperative. Recently, the roles of microRNAs (miRNAs) 
have been studied due to their ability to target and suppress the 
translation of messenger RNAs (mRNAs). As a result, miRNAs 
have been identified as key regulators of many signaling pathways 
(10, 11) including pathways fundamental for regulating cellular 
senescence (12). Furthermore, certain miRNAs are associated with 
increased lifespan and longevity. Studies from our laboratory with 
long-living GH-deficient df/df mice identified a variety of miR-
NAs differentially regulated with age (13). One of these miRNAs 
was microRNA-449a-5p (miR-449a). miR-449a expression 
decreased significantly with age, yet both long-living GH-deficient 
mice and older calorie-restricted mice maintained youthful levels 
of miR-449a in circulation, suggesting its potential role in lon-
gevity (13). Additionally, prior studies demonstrated increased 
senescence is associated with decreased expressions of miR-20a 
and miR-449a in vitro, with younger phenotypes associated with 
the latter (12). Thus, there is compelling evidence that miR-449a 
has therapeutic potential for reducing the progression of age-related 
pathologies, primarily through regulation of senescence.

Long-living df/df mice also experience reduced senescence onset 
related to age compared with normal littermates due to GH defi-
ciency (14). One study demonstrated a direct correlation between 
GH treatment in df/df mice and increased senescence burden, 
suggesting GH is involved with inducing accelerated senescence 
in preadipocytes, including adipose-derived stem cells (15). 
ADSCs typically make up a high proportion of adipose tissue and 
are essential for tissue repair and regeneration (16). Despite 
increased intra-abdominal fat accumulation in df/df mice, our 
previous studies suggest that they have improved metabolic health 
(4). However, the cellular composition and molecular mechanisms 
that contribute to the improved metabolic health in df/df mice 
remain unknown.

Single-cell and single-nuclei sequencing approaches allow 
in-depth acquisition of genomic and transcriptomic information 
for identifying differences in cell populations and relationships in 
a given sample. Such techniques make analyses of molecular mech-
anisms as well as smaller cell populations and their heterogeneity 
possible, allowing for characterization of cell populations and the 
production of cell maps. In this study, single-nuclei sequencing 
(snRNA-seq) was performed in visceral adipose tissue to compare 
changes in subpopulations and heterogeneity between df/df mice 
and phenotypically normal mice. In addition, we evaluated the 
roles of miR-449a, GH, and adipose-derived stem cells in mod-
ulating cellular senescence.

Results

2.1. Df/df Mice Have Elevated Stem Cells, Committed Preadi
pocytes, and miR-449a in Visceral  Adipose Tissue. To capture  
both mature adipocytes and progenitors, we applied snRNA-
sequencing in visceral white adipose tissue (vWAT) freshly isolated 
from df/df and N/df control male mice. For each condition, we 
pooled vWAT from two mice prior to snRNA-seq, and four 
datasets were integrated for further analyses. We identified seven 
major cell clusters comprising mesothelial cells, spermatozoa, 

fibroadipogenic precursor cells (FAPs), endothelial cells, mature 
adipocytes, immune cells, and some unknown cells (Fig.  1). 
These populations are consistent with published cell populations 
in mouse epididymal WAT (17), and cell clusters were named 
accordingly. Preliminary analysis identified that FAPs were 
increased in df/df mice (Fig. 1 B and C). Hence, to understand 
the molecular pathway maps of FAPs, five subpopulations were 
categorized in our dataset, labeled FAP1, FAP2, FAP3, FAP4, 
and FAP5 (SI Appendix, Fig. S1A). In comparison with previously 
published findings (18), FAP1 represents adipose-precursor cells 
mainly composed of stem cells, while FAP3 is representative of the 
committed preadipocytes cluster (SI Appendix, Figs. S1 and S2). 
Both FAP1 and FAP3 populations were elevated in df/df mice, 
consistent with increased adipose tissue remodeling (SI Appendix, 
Fig. S1 B and C). This is also consistent with previous findings 
that df/df mice have healthier adipose tissue and composition 
(4). Next, we performed differential gene expression analysis for 
FAPs in normal and df/df mice. Genes highly expressed in df/
df mice were enriched for genes encoding proteins involved in 
insulin signaling and epidermal growth factor receptor (EGFR) 
signaling, suggesting that these pathways might play an important 
role in insulin sensitivity and early differentiation of preadipocytes, 
respectively (SI Appendix, Fig. S1D).

To validate differences in cell populations within vWAT of df/
df mice versus normal littermates, vWAT was isolated, subject to 
lysis, and analyzed by fluorescence-activated cell sorting (FACS). 
Using an antibody cocktail containing adipose stem cell markers 
anti-CD34, anti-Sca-1, anti-lineage, anti-PDGFR-α, and a via-
bility stain (7-AAD), cells were sorted and analyzed based on 
antibody conjugation (SI Appendix, Fig. S4). Compared to phe-
notypically normal mice, there were considerably elevated num-
bers of PDGFR-α +, Sca-1 +, and CD-34 + cells (ADSC positive 
markers) in vWAT extracted from df/df mice (P = 0.0193, 
Fig. 2A). This suggests that df/df mice have a higher percentage 
of ADSCs. Furthermore, RT-qPCR analysis revealed a significant 
upregulation of miR-449a in df/df mice compared with N/df mice 
(P = 0.0191, Fig. 2B) and more specifically in ADSCs compared 
to adipocytes (N P value = 0.0069, df/df P –value = 0.0284, 
Fig. 2C). Similarly, adipose tissue from N/df and df/df mice cul-
tured in media for 72 h demonstrated increased expression of 
miR-449a in secreted exosomes of the df/df group, suggesting that 
df/df mice also package and secrete higher amounts of miR-449a 
than their phenotypically normal littermates (P = 0.01, 
SI Appendix, Fig. S6). Additionally, total RNA-sequencing results 
identified four miR-449a predicted target genes significantly 
down-regulated in df/df mice, suggesting that miR-449a is actively 
suppressing gene targets in vWAT (19) (SI Appendix, Table S6). 
Furthermore, predictive pathway analysis using the DIANA miR-
Path (v3) micro-T-CDS (v5.0) (20) tool identified Pi3K-AKT 
signaling as one potential pathway target of miR-449a (SI Appendix, 
Table S1).

2.2. Ames Dwarf Mice Have Reduced Inflammatory Burden 
and Pi3KmTORAssociated Signaling. snRNA-seq results showed 
that key pathways associated with immune and inflammatory 
signaling were repressed in the fibroadipogenic precursor cells 
(cluster comprising stem cells and progenitor cells). These 
pathways include TGF-β and interleukin-3 signaling pathways 
(SI  Appendix, Fig.  S1D). RNA-sequencing-derived pathway 
analyses from total vWAT also identified 14 down-regulated 
and 2 up-regulated immune and inflammatory-related pathways 
(SI  Appendix, Table  S2). Of the 14 down-regulated pathways, 
natural killer cell-mediated cytotoxicity, B-cell receptor signaling, 
chemokine signaling, T-cell receptor signaling, complement and 
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coagulation cascades, Toll-like receptor signaling, JAK-STAT 
signaling, proteasome, and regulation of actin cytoskeleton were 
significantly down-regulated in df/df mice. This is consistent 
with the reduced inflammatory burden in adipose tissue of df/df 
mice. Additionally, pathways influenced by PI3K-AKT signaling 
cascades, such as oxidative phosphorylation and JAK-STAT 
signaling pathways, were significantly down-regulated in total 
vWAT (SI Appendix, Table S3) (21). The VEGF, p53, ErbB, and 
MAPK signaling pathways were also down-regulated. In contrast, 
insulin signaling was increased in FAPs, suggesting its importance 
in vWAT remodeling (SI Appendix, Fig. S1D).

2.3. Senescence-Associated Genes Are Differentially Expressed 
in LongLiving Ames Dwarf Mice. To determine if long-living df/
df mice are less susceptible to senescent burden (14), RNA was 
extracted from vWAT of df/df mice and N/df mice and outsourced 
for RNA-sequencing. We identified 10 differentially expressed 
genes in df/df mice associated with the senescence phenotype 
(SI  Appendix, Table  S4). Of these genes, Ksr2, Hla-g, Cdkn2a 
(p16Irk4a), Fos, Galectin-3, and Pai-1 are linked with inducing 
or promoting senescence when up-regulated (22). These genes 
were significantly down-regulated in df/df mice compared to 
N/df littermates. Further, genes typically associated with anti-
senescence activity (including Pdzd2, Arg-Bp2, Vegf-a, Notch3, and 
Bcl6b) were significantly up-regulated in df/df mice. Analysis of 

senescence scores across cell types in snRNA-Seq of df/df vWAT 
compared to phenotypically normal mice also demonstrated 
reduced senescence onset specifically in adipocytes, endothelial, 
immune, spermatozoa, and unidentified cell types (SI Appendix, 
Fig. S3A), while FAP subtypes did not reveal significant deviations 
in senescence (SI Appendix, Fig. S3B). These results suggest that 
GH-deficient df/df mice are less susceptible to both SnC burden 
and inflammation.

2.4. miR-449a Regulates the Senescence Pathway under 
Senescence-Inducing Conditions. Human umbilical vein 
endothelial cells (HUVECs) were cultured under normal 
conditions with RNA isolated at different passages (3, 5, 7, 
and 13), and levels of miR-449a decreased as HUVECs were 
sequentially passaged. At passage 13, there was no detectable miR-
449a expression (SI Appendix, Fig. S8A). Furthermore, senescence-
associated β-galactosidase staining revealed an increase in SnCs 
with increasing passage number, suggesting that miR-449a and 
senescence are inversely associated (SI Appendix, Fig.  S8B). To 
determine whether miR-449a regulates cellular senescence, p21Cip1 
and p53 mRNA transcript levels were quantified in conjunction 
with senescence-associated β-galactosidase staining in HUVECs 
transfected with either a miR-449a mimic or miR-449a inhibitor. 
Post-transfection miR-449a levels were compared to endogenous 
miR-449a levels to validate transfections (P < 0.0001; SI Appendix, 

A

B C

Fig. 1. Single-nuclei sequencing reveals higher percentage of fibroadipogenic precursor cells in visceral adipose tissue of df/df mice. (A) Different cell populations 
within visceral adipose tissue distinguished by color. Embedding is based on the 1,000 most variable genes and the first 15 harmonized principle components. 
Clustering was performed on the UMAP embedding. (B) Fraction (relative to the total number of nuclei) of each cell type in within visceral adipose tissue of 
control and df/df mice. (C) Quantification of cell populations shown in A as percentages of total population.
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Fig. S7 A and B). Inhibition of miR-449a was associated with 
increased expression of p21Cip1 compared to controls, whereas 
p53 levels were significantly increased in the miR-449a inhibitor 
group compared with mimic transfected cells (SI Appendix, Fig. S8 
E  and F) (P = 0.0263). Percentages of β-galactosidase-positive 
cells in the miR-449a inhibitor group significantly increased, 
suggesting that inhibiting miR-449a promotes a marked increase 
in senescent cells (P = 0.0036; Fig. 3A). These results suggest that 
the inhibition of miR-449a contributes directly to the onset of 
senescence.

In GH-treated cells, miR-449a levels were significantly 
down-regulated, suggesting that GH has a regulatory role in mod-
ulating miR-449a levels (P = 0.0013; SI Appendix, Fig. S8C). To 
evaluate this further, HUVECs were subjected to GH and trans-
fected with miR-449a mimic and inhibitor during exposure. 
Inhibition of miR-449a activity increased both p16Irk4a and p21Cip1 
levels in vitro (P = 0.0048 and <0.0001, respectively) (Fig. 4 A and 
B). These findings are further validated by the increased percentage 
of SA-βgal+ cells in both the inhibitor and control groups  
(P = 0.0013 and 0.0002, respectively; Fig. 3B). Further, overexpres-
sion of miR-449a under GH exposure significantly reduced the senes-
cent profile of cells in the control and inhibitor groups (P = 0.0343 
and 0.0038, respectively; Fig. 3B). Hence, miR-449a suppressed 
the onset of senescence in response to GH stimulation.

This reduction in senescence onset may be modulated through 
the PI3K-AKT signaling pathway (SI Appendix, Table S1). Previous 
studies have linked increased Pi3K and mTOR activity to reduced 
longevity (23). Consistent with those results, we found that the 
PI3K-AKT signaling pathway is regulated by miR-449a 

overexpression (Fig. 4 D and E), suggesting that senescence may 
be hindered through the modulation of Pi3ka and mTOR. In addi-
tion to the observed reduction in Pi3ka and mTOR, Foxo1 expres-
sion was also reduced; Foxo1 is typically up-regulated when 
PI3K-AKT signaling is down-regulated (23). Increased FOXO1 
activity is associated with promoting apoptosis (24); hence, 
miR-449a could suppress senescence without promoting apoptosis. 
To confirm this, we carried out flow cytometry analysis of apoptosis 
and cell death in miR-449a mimic and inhibitor-transfected 
HUVECs. As surmised, miR-449a upregulation did not promote 
apoptosis (SI Appendix, Fig. S11).

2.5. miR-449a Transfected ADSCs Promote Senescence Rescue 
after Induction In  Vitro. To assess the therapeutic potential 
of miR-449a, HUVECs were cultured under GH treatment  
(5 nM) for 5 d and then cocultured with miR-449a transfected 
(20 nM) and nontransfected (control) ADSCs for an additional 5 
d. Posttransfection miR-449a levels were compared to endogenous 
miR-449a levels to validate transfections (P = 0.0004; SI Appendix, 
Fig. S7C). In HUVECs cultured with transfected ADSCs, miR-
449a levels were significantly increased, suggesting that miR-449a 
is being packaged and distributed by these cells (P = 0.0021; 
Fig. 5A). To verify this notion, exosomes isolated from the media 
of control and transfected ADSCs were subject to RNA extraction, 
cDNA prep, and quantitative RT-PCR. miR-449a levels were 
significantly increased in the exosomes collected from transfected 
ADSCs (P = 0.0392; SI Appendix, Fig. S10A). However, to ensure 
that HUVECs were taking in the miR-449a packaged and released 
by the stem cells, we fluorescently labeled and treated HUVECs 

A

C

B

Fig. 2. Fluorescence-activated cell sorting reveals higher number of adipose-derived stem cells and qRT-PCR demonstrates elevated miR-449a in total adipose 
tissue, adipose-derived stem cells, and preadipocytes isolated from df/df mice versus controls. (A) Total cells sorted per gram of visceral fat gated for live, lineage 
(−), PDGFRα (+), Sca-1 (+), and CD34 (+) populations. (B) Relative expression of miR-449a in visceral adipose tissue determined by quantitative RT-PCR. (C) Relative 
expression of miR-449a in sorted cells in visceral adipose tissue of N/df and df/df mice. Relative expression was calculated using the 2−ΔΔCT method. Statistical 
analyses used independent t test (two groups) or one-way analysis of variance with multiple comparisons (Tukey’s test). Values depicted as mean ±SEM. *P 
value < 0.05, **P value < 0.01, ***P value < 0.001.
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with isolated exosomes from transfected and control ADSCs. Our 
findings demonstrated localized uptake of the labeled exosomes 
(represented by green fluorescence) followed by increased miR-
449a in treated HUVECs (SI  Appendix, Fig.  S10 B–E) (P < 
0.0001). Further, a reduction in p21Cip1 (P = 0.0325), Ccnd1 
(P = 0.0443), and Foxo1 (P = 0.0451) levels was also observed, 
with an apparent reduction in PI3K/mTOR signaling, Tnf-α, 
and Interleukin-1a (Il-1a) (Fig. 5 B–I) in cocultured HUVECs. 
These findings indicate miR-449a has a robust regulatory role in 
the expression of senescence-associated genes.

Discussion

Visceral adipose tissue is essential for adaptations in response to 
metabolic changes throughout the body. Although snRNA-seq 
methods have greatly advanced current approaches to understand-
ing the cellular and molecular compositions of tissue, characteri-
zation of visceral adipose tissue has not been fully explored. 
Previously, white adipose tissue was sequenced for identification 
of cell subtypes in different mouse models. Seven distinct clusters 
based on gene expression and pathway analysis were identified in 
epididymal white adipose tissue (eWAT) of DLK1-RFP male 
mice; five were designated as adipocytes, FAPs, immune cells, 
endothelial cells, and mesothelial cells. FAPs constitute stem cells, 
preadipocytes, and fibroblasts. Within these, there are four sub-
populations (FAP1, FAP2, FAP3, and FAP4). According to dif-
ferential gene expression and pathway analysis, FAP3 primarily 
consists of preadipocytes. Based on these classifications, Sarvari 
et al. compared their clusters to previously identified FAP sub-
populations. FAP3 closely resembled ICAM1+ clusters (25), adi-
pose stem cell 1 (ASC1) clusters (26), adipocyte progenitor and 

committed preadipocyte clusters (18), and P2 progenitor clusters 
(27). Although previously identified subpopulations were clus-
tered differently, the FAPs identified were highly similar (17). In 
the current study, we clustered the results of single-cell sequencing 
analyses of vWAT of df/df and N/df (control) mice using a similar 
approach. We observed that df/df mice have more stem cells/
progenitor cells and committed preadipocytes than N/df mice.

Our findings also suggest that GH-deficient long-living df/df 
mice exhibit reduced senescence in adipose tissue, likely from the 
absence of GH. Prior studies have determined that df/df mice 
have healthier adipose tissue that contributes to their increased 
lifespan while others have determined that GH-deficient mouse 
models demonstrate reduced senescence burden in their adipose 
tissue (28, 29). These findings are consistent with our total RNA 
and snRNA-sequencing results, which revealed that GH-deficient 
df/df mice have altered adipose composition and fewer markers 
of senescence, senescence-associated secretory phenotype (SASP), 
and inflammation. Additionally, our findings support the hypoth-
esis that adipose remodeling is increased in df/df mice, exhibited 
by their greater transition between preadipocytes/progenitor cells 
to adipocytes. This increase in adipocyte production may contrib-
ute to their altered adipose composition and associated health 
benefits. These results are also consistent with a previous report 
demonstrating that the absence of GH action resulted in delayed 
age-related senescent cell (SnC) accumulation and down-regulated 
expression of prominent senescent markers (p16Irk4a and p21Cip1) 
in adipose tissue (15).

Various studies have attributed the reduced senescent burden 
in df/df mice to altered adipose tissue function (14). Our results 
suggest a potential link between reduced expression of 
pro-senescence genes and inflammatory and PI3K-AKT and 
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Fig. 3. Senescence-associated β-galactosidase activity is suppressed in miR-449a mimic-HUVECs. (A) Percentage of senescence-positive cells in control, miR-
449a mimic-transfected, and miR-449a inhibitor-transfected HUVECs (n = 4 per group). (B) Percentage of senescence-positive (blue stained) cells in control 
(C), mimic-transfected (M), and inhibitor-transfected (I) HUVECs treated with 5 nM growth hormone (GH) for 10 d versus untreated controls (n = 4 per group). 
Blue color is produced in the presence of X-gal and β-galactosidase, wherein the enzyme β-galactosidase (highly expressed in senescent cells) cleaves X-gal to 
produce the observed blue color. Statistical analyses used one-way analysis of variance with multiple comparisons (Tukey’s test). Values are mean ± SEM. *P 
value < 0.05, **P value < 0.01, ***P value < 0.001.

http://www.pnas.org/lookup/doi/10.1073/pnas.2213207120#supplementary-materials
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mTOR signaling pathways. Previous studies have associated 
increased mTOR activation with replicative cellular senescence. 
Rapamycin, an mTOR inhibitor, blocks mTORC1 activity and 
has been used to treat diseases related to aging such as cancer, 
diabetes, and obesity (30); it also promotes increased longevity in 
animal models of aging (31). GH signaling activates mTOR 
through PI3K-AKT signaling (32), which then activates MAPK 
signaling pathways. Reduced AKT activity is associated with 
reduced cellular senescence and improved longevity (33). Thus, 
the lower senescent burden we observed in GH-deficient df/df 
mice may be due to increased regulation of the PI3K-AKT sign-
aling pathway in vWAT. Our analysis of visceral adipose content 
in df/df mice revealed elevated levels of ADSCs, a cell type that 
confers resistance to oxidative stress-induced senescence and 
increases angiogenesis (34).

Long-living df/df mice express higher levels of miR-449a in 
both total vWAT and in ADSCs, while also displaying elevated 
miR-449a in exosomes released by vWAT. These findings are 
further validated by our previous analysis of circulating miRNAs 
in df/df and N/df mice, wherein miR-449a expression decreased 
with normal aging but was consistent in df/df mice with age (13). 
Predictive pathway analysis also demonstrates a potential for 
miR-449a to modulate the Pi3K-AKT-mTOR pathway. Based 
on the literature, miR-449a regulates the differentiation of mes-
enchymal stem cells (35) and has previously been implicated in 
promoting senescence in cancer or tumor cell lines (36). However, 
based on the presented findings, miR-449a is associated with the 
opposite phenotype in noncancer cell lines, reducing senescence 
in HUVECs. In addition, treatment with GH decreases miR-449a 
levels in HUVECs while increasing the percentage of SnCs.

When we quantified the expression of miR-449a in sequentially 
passaged HUVECs, miR-449a expression decreased with higher 
passage numbers. Conversely, the percentage of SnCs increased with 
higher passage numbers. Previously, in senescence-accelerated 

mouse prone 8 (SAMP8) mice, miR-449a levels were significantly 
reduced with age, but in senescence-accelerated mouse resistance 1 
(SAMR1) mice, miR-449a levels remained unchanged (37). These 
findings support the associations between age and miR-449a and 
senescence and miR-449a. In HUVECs treated with GH for an 
extended period, we found that senescence increased in the 
GH-treated group as well as in the miR-449a inhibitor-transfected 
group. However, HUVECs transfected with miR-449a mimic were 
rescued from the senescent burden with miR-449a upregulation 
reducing senescence comparable to untreated controls, once again 
reinforcing the hypothesis that miR-449a expression is necessary 
for regulating senescence. Expression of p16Irk4a and p21Cip1 was 
significantly increased in the miR-449a inhibitor-transfected group, 
further confirming the senescent profile.

As a control for the function of the miR-449a inhibitor, Cyclin 
D1, a target of miR-449a, was quantified through RT-qPCR and 
was found to be increased in the inhibitor group (19). Although 
the control group did not exhibit increased p16 Irk4a and p21Cip1 
expression at the mRNA level, β-galactosidase activity was signif-
icantly higher in both the control and inhibitor groups, suggesting 
that senescence is indeed induced by GH. In addition, miR-449a 
upregulation appears to regulate the expression of Pi3ka, suggest-
ing the PI3K-AKT pathway is modulated under GH treatment. 
This is complemented by a marked increase in mTOR expression 
in the inhibitor GH-treated group, suggesting miR-449a inhibi-
tion results in altered expression of mTOR. Similarly, predictive 
pathway analysis suggests that miR-449a interferes with the 
Pi3K-AKT signaling pathway, a notion supported by the presented 
data. Although Foxo1 expression was also modulated, this may be 
attributed to a negative regulation of apoptosis otherwise induced 
by increased FOXO1 expression (24). Hence, miR-449a may 
inhibit senescence by regulating p16/p21 and Pi3k-mTOR expres-
sion while also modulating apoptosis to ensure cell survival 
through suppression of Foxo1. This notion was validated by our 
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Fig. 4. miR-449a regulates pro-senescence genes and modulates the Pi3K-mTOR signaling pathway with growth hormone (GH) treatment. (A and B) Relative 
expression of senescence markers p21 and p16 quantified with RT-PCR in GH-treated and transfected HUVECs. (C) Relative expression of miR-449a target Ccnd1 
in control, mimic-transfected, and inhibitor-transfected cells. (D and E) Relative expression of Pi3ka and mTOR in control, mimic-transfected, and inhibitor-
transfected cells. (F) Relative expression of Foxo1 with GH treatment. Relative expression (n = 4 per group) was quantified through RT-PCR and calculated using 
the 2−ΔΔCT method. Statistical analyses used independent t test (two groups) or one-way analysis of covariance with multiple comparisons (Tukey’s test). Values 
are mean ± SEM. *P value < 0.05, **P value < 0.01, ***P value < 0.001, ****P value < 0.0001.
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flow cytometry analyses, wherein the percentage of live cell pop-
ulations was significantly higher in mimic-transfected HUVECs 
compared to controls. These findings may elucidate how the 
PI3K-AKT-mTOR signaling in df/df mice is regulated to favor 
increased lifespan through reduced senescence burden.

Since df/df mice express higher levels of miR-449a and have an 
increased proportion of adipose-derived MSCs, we aimed to iden-
tify the effect of transfecting human ADSCs with miR-449a in 
coculture with GH-treated HUVECs. Under senescence-inducing 
conditions promoted by GH exposure, miR-449a levels were 
increased in HUVECs cocultured with ADSCs transfected with 
miR-449a while p21Cip1 and SASP factors Tnf-α and interleukin-1a 
levels were down-regulated, suggesting that miR-449a is modu-
lating senescence. In addition, Pi3ka and mTOR expression levels 
were also down-regulated by miR-449a, confirming our previous 
experiments.

ADSCs have been beneficial in reducing age-related pathol-
ogies primarily due to their ability to differentiate into different 
lineages and have shown therapeutic promise when transfected 
with miR-449 (38). Further, ADSCs have improved healing and 
pain in clinical studies (39) and are linked to the release of 

paracrine factors associated with promoting regeneration (40). 
Consistent with these earlier reports, preliminary findings from 
our lab revealed high levels of miR-449a in exosomes isolated 
from transfected ADSCs. Thus, it appears that stem cells can 
also rescue senescence in GH-treated HUVECs through 
miR-449a secretion. We also found that levels of p21Cip1, Tnf-α, 
interleukin-1a, Foxo1, Pi3ka, and mTOR expression were 
down-regulated in these conditions, contributing to overall 
reduced senescence burden and cell survival. These findings sug-
gest a potential therapeutic role of miR-449a in reducing senes-
cence burden through adipose-derived MSCs. Our results also 
suggest that exosomes secreted by ADSCs effectively deliver 
packaged miR-449a to neighboring cells to potentially reduce 
senescence, a notion validated by our study involving fluores-
cently labeled exosomes isolated from transfected and control 
stem cells that were established to be taken up by recipient 
HUVECs through fluorescence microscopy.

Hence, our findings suggest that lipid-tagged miR-449a or 
exosomes isolated from ADSCs containing miR-449a could reduce 
senescence/SASP and improve metabolic health. Overall, our find-
ings support the notion that miR-449a could be therapeutically 
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Fig. 5. miR-449a uptake in cocultured HUVECs secreted by adipose-derived stem cells (ADSCs) regulates pro-senescence genes and modulates Pi3K-mTOR 
signaling with growth hormone (GH) treatment. (A) Relative expression of miR-449a in control HUVECs, HUVECs cocultured with control ADSCs, and HUVECs 
cocultured with transfected ADSCs. (B–I), Relative expression of p21, Cyclin D1 (Ccnd1), Pi3ka, mTOR, Foxo1, Tnf-α, and Interleukin-1a (Il-1a) in GH-treated HUVECs 
cocultured with nontransfected ADSCs (control) and transfected ADSCs. Relative expression (n = 4 per group) was quantified through RT-PCR and calculated 
using the 2−ΔΔCT method. Statistical analyses used independent t test (two groups) or one-way analysis of variance with multiple comparisons (Tukey’s test). 
Values are mean ± SEM. *P value < 0.05, **P value < 0.01.
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implemented to reduce senescence burden and delay the onset of 
age-related pathologies associated with cellular senescence.

Materials and Methods

4.1. Mice and Tissue Collection. Phenotypically normal heterozygous females 
(N/df) were mated with homozygous Ames dwarf (df/df) males to produce off-
spring with both normal (N/df) and df/df phenotypes. Mice were bred under 
controlled temperatures and light cycles and placed on a nutritionally balanced 
diet (Rodent Laboratory Chow 5001) provided ad libitum. For RNA sequencing, 
male offspring (8 to 12 mo of age) were divided into normal (N/df, n = 4) and 
dwarf (df/df, n = 5) groups. Mice were anesthetized with 2.5% isoflurane and 
sacrificed following overnight fasting for serum and tissue collection. Harvested 
tissue was immediately snap-frozen on dry ice and stored at −80°C.

To perform fluorescence-associated cell sorting (FACS), both male N/df (n = 7)  
and df/df (n = 7) mice were used. Mice were anesthetized with isoflurane and 
sacrificed as described previously prior to tissue collection. Skin was disinfected 
with 70% ethanol prior to adipose depot removal. vWAT obtained from N/df and 
df/df mice was transferred to 50 mL conical tubes containing 10 mL of ice-cold 
buffer containing HBSS, 2% FBS, and HEPES (GibcoTM, Waltham, MA). All collected 
vWAT was weighed to ensure that at least 1 g of fat was included and kept on ice. 
Collected adipose tissue was separated for culturing and for tissue lysis and diges-
tion. Minced tissue (1 to 2 mm in size) was digested using 0.8 mg/mL GibcoTM col-
lagenase (Type II) diluted in 5 mL of wash buffer and then incubated in a shaking 
water bath (120 to 140 rpm) for 60 min at 37 °C. Following incubation, samples 
were centrifuged at 300 × g for 10 min at 4 °C to separate adipocytes (white layer 
on top) from stromal vascular cells (preadipocyte precursors; red/white pellet at 
the bottom). Separated cells were then prepared for FACS (refer to supplemental 
methods section  1.1). Separately, cultured adipose tissue was lightly minced 
and grown in six-well culture plates (Corning, Glendale, AZ) with MEM Alpha 
(1X) manufactured by GibcoTM supplemented with 10% exosome-depleted FBS 
(System Biosciences). Media from cultured adipose tissue was collected following 
72 h for exosome isolation using the Total Exosome RNA and Protein Isolation Kit 
For isolation of RNA and protein from exosomes (ThermoFisher Scientific). cDNA 
prep and RT-qPCR were performed as described in SI Appendix, Supplemental 
Methods Section 1.2.

4.2. 10x Genomics and RNA Sequencing (Single-Nuclei Sequencing). 
Isolation of nuclei from adipose tissue was performed as described in supplemen-
tal methods section 1.3. The GemCode Single-Cell Instrument (10x Genomics) 
and Single Cell 3 Library & Gel Bead Kit v3.1 Kit (10× Genomics) were utilized for 
single-cell analyses and library preparation. About ~17,400 nuclei were added to 
each channel with a targeted cell recovery estimate of 10,000 cells. After generat-
ing nanoliter-scale Gel bead-in-EMulsions (GEMs), GEMs were reverse-transcribed 
in a T100 Thermal cycler (Bio-Rad) programmed at 53 °C for 45 min, 85 °C for  
5 min, and held at 4 °C. All subsequent steps to generate single-cell libraries were 
performed according to the manufacturer’s protocols. Libraries were sequenced 
with an Illumina NovaSeq 6000 System (North Texas Genome Center, University 
of Texas at Arlington), with approximately 80,000 raw reads per nucleus. The 
libraries were sequenced with the following sequencing parameters: 26 bp read 
1 to 8 bp index 1 (i7)—88 bp read 2.

4.3. RNA Sequencing of Total vWAT. Visceral fat obtained from N/df (n = 4) 
and df/df (n = 5) male mice were cut and weighed to obtain approximately 30 
mg of tissue for RNA extraction. Samples were homogenized in a bullet blender 
using 500 µL of QIAzol Lysis Reagent and 0.5 mm zirconium oxide beads for 
3 min. An additional 400 µL of QIAzol Lysis Reagent was added to each sam-
ple following tissue lysis. After complete tissue homogenization was achieved, 
the manufacturer’s protocol was used in accordance with the RNeasy mini kit 
(QIAGEN; Hilden, Germany). The purified total RNA was then eluted using 30 
µL of RNase-free water, and nucleic acid quantification was performed using the 
Epoch Gen5 Plate Reader. One μg of total RNA isolated from each tissue sample 
was used to construct sequencing libraries with the NEBNext Ultra Directional 
RNA Library Prep Kit for Illumina (San Diego, CA), following the manufacturer's 
protocol. Libraries were submitted for 100-bp paired-end sequencing by Illumina 
HiSEQ 2000 at the Genomics Core in the University of California Riverside (UCR) 
Institute of Integrated Genome Biology.

4.4. Cell Culture. Human umbilical vein endothelial cells (HUVECs) were 
included in this study for their ease of transfecting and lack of differentiative 
capacity when treated with GH. HUVECs were cultured using Endothelial Cell 
Growth Media plus supplement [without vascular endothelial growth factor 
(VEGF)] (R&D Systems). Adipose-derived stem cells (ADSCs) were cultured using 
MEM Alpha (1X) manufactured by GibcoTM supplemented with 16% FBS and 1% 
L-glutamine. Coculture media was prepared by combining Basal Cell Culture 
Liquid Media DMEM/F12 (Corning, Corning, NY) (50:50 mix) with endothelial 
cell growth supplement and 10% FBS. All combined media and supplement were 
vacuum-filtered using a Corning Disposable Vacuum Filter (0.2-µm pore size)/
Storage systems prior to usage. Cells were grown at 37 °C in a 5% CO2 incubator. 
Media was changed every 48 h and when confluent, cells were passaged using 
0.05% Trypsin-EDTA (1X), phenol red (GibcoTM). To quantify cell density, a 1:1 
dilution of cell mixture to Trypan Blue Solution, 0.4% (GibcoTM) was prepared 
and transferred to a hemocytometer/counting chamber for automated counting 
using the Corning® Cell Counter. Based on cell density, cells were seeded in 
12- or 6-well plates at 0.8 × 105 cells per well or 1.5 × 105 cells per well for 
downstream transfections or treatments as needed. HUVECs were experimentally 
treated or transfected at passages 3 to 5, since after seven passages, cells are 
more susceptible to senescence. ADSCs were also used at a similar passage 
number range.

4.5. In Vitro miRNA Transfections and Growth Hormone (GH) 
Administration. To increase miR-449a expression in vitro, miR-449a-5p miRID-
IAN microRNA Mimic (DharmaconTM) was diluted to a concentration of 20 nM 
per well in serum-free media, combined with Qiagen’s HiPerFect transfection 
reagent, and incubated for 10 min for enhanced transfection efficiency. Cells 
were then incubated with the prepared transfection mixture for 3 h at 37 °C in a 
5% CO2 incubator prior to adding sufficient supplemented media for continued 
growth. To inhibit miR-449a expression in vitro, miR-449a 50 nmol miRIDIAN 
hairpin inhibitor (DharmaconTM) was diluted to a concentration of 25 nM per 
well in serum-free media and HiPerFect transfection reagent as described above. 
Transfections were maintained for a total of 72 h prior to change of media or 
whole-cell lysate collection using Invitrogen™ TRIzol™ Reagent (ThermoFisher 
Scientific). RNA was isolated through chloroform and ethanol precipitation fol-
lowed by nucleic acid quantification using the Epoch Gen5 plate reader (BioTek). 
Inhibitor and mimic dosages were determined based on titrated transfection 
concentrations conducted in our lab. GH was prepared by diluting somatotropin 
(Reporcin, Alpharma, Inc.) in RNAse-free water. Ideal GH concentration for in vitro 
treatments in HUVECs was determined as described in SI Appendix, Supplemental 
Methods Section 1.4.

4.6. In Vitro Cocultures and Exosome Isolation. HUVECs were treated with 
GH for 5 d and then cocultured with transfected (20 nM) and nontransfected 
ADSCs for another 5 d with GH supplementation. CELL TREAT Scientific Products 
(Pepperell) Permeable Cell Culture Inserts (3.0 µm) were used for cocultures. 
Transfected and nontransfected ADSCs were seeded on permeable inserts follow-
ing 72 h of transfection time and then transferred to six-well plates containing 
GH-treated HUVECs. Following treatment, whole-cell lysates were collected from 
HUVECs, and RNA was isolated followed by RT-qPCR. To isolate exosomes sus-
pended in concentrated conditioned media, media was collected from transfected 
and nontransfected ADSCs and filtered using Vivaspin centrifugal concentrators 
optimized for ultrafiltration (Sartorius). Collected exosomes from ADSCs were 
then subject to lysis and RNA isolation, as described in 4.7., followed by cDNA 
preparation and RT-qPCR as described in SI Appendix, Supplemental Methods 
Section 1.2 (SI Appendix, Fig. S10A). To evaluate the uptake of exosomes in recip-
ient HUVECs, isolated exosomes were incubated with SYTO™ RNASelect™ Green 
Fluorescent cell Stain (Invitrogen), washed to remove excess stain, and added to 
GH-treated HUVECs. Following incubation time (3 h), HUVECs were fixed with 
4% paraformaldehyde (ThermoFisher Scientific) and then permeabilized with 
0.1% Triton X-100 (Invitrogen). Fixed HUVECs were then blocked with 1% Bovine 
Serum Albumin (Sigma-Aldrich) and stained with Alexa Fluor™ 594 Phalloidin 
(Invitrogen). Cells were mounted in ProLong™ Gold Antifade Mountant with DAPI 
(Life Technologies) prior to imaging and analysis using the All-in-One Keyence 
Fluorescence Microscope BZ-X800 (Keyence). HUVECs treated with unlabeled 
exosomes in parallel were subject to WCL lysis, RNA extraction, cDNA prep, and 
RT-qPCR as described previously.

http://www.pnas.org/lookup/doi/10.1073/pnas.2213207120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2213207120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2213207120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2213207120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2213207120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2213207120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2213207120#supplementary-materials
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4.7. Statistical Analysis. All results are presented as mean ± standard error 
of the mean (SEM). Statistical analysis was conducted using the GraphPad Prism 
9.1.0 (221) software via one-way ANOVA with multiple comparisons (Tukey’s test) 
or independent t test (if comparing two groups). A P value < 0.05 was consid-
ered statistically different. Single-nucleus RNA-sequencing and total vWAT RNA 
sequencing analyses methods are described in supplemental methods sections 
1.5 and 1.6, respectively.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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