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Abstract

Mesenchymal stem cells (MSCs) constitute an important repair system, but may be impaired by exposure to cardiovascular
risk factors. Consequently, adipose tissue-derived MSCs from pigs with the metabolic syndrome (MetS) show decreased
vitality. A growing number of microRNAs (miRNAs) are recognized as key modulators of senescence, but their role in
regulating senescence in MSC in MetS is unclear. We tested the hypothesis that MetS upregulates in MSC expression of
miRNAs that can serve as post-transcriptional regulators of senescence-associated (SA) genes. MSCs were collected from
swine abdominal adipose tissue after 16 weeks of Lean or Obese diet (n = 6 each). Next-generation miRNA sequencing
(miRNA-seq) was performed to identify miRNAs up-or down-regulated in MetS-MSCs compared with Lean-MSCs. Functional
pathways of SA genes targeted by miRNAs were analyzed using gene ontology. MSC senescence was evaluated by p16 and p21
immunoreactivity, H2AX protein expression, and SA-B-Galactosidase activity. In addition, gene expression of pl6, p2l,
MAPK3 (ERK1) and MAPK 14, and MSC migration were studied after inhibition of SA-miR-27b. Senescence biomarkers were
significantly elevated in MetS-MSCs. We found seven upregulated miRNAs, including miR-27b, and three downregulated
miRNAs in MetS-MSCs, which regulate 35 SA genes, particularly MAPK signaling. Inhibition of miR-27b in cultured MSCs
downregulated pl6 and MARP3 genes, and increased MSC migration. MetS modulates MSC expression of SA-miRNAs that
may regulate their senescence, and the p16 pathway seems to play an important role in MetS-induced MSC senescence.
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Introduction resistance is negatively correlated with the number and via-
bility of stem cells, and positively correlate with cell apop-
tosis and senescence’. However, the mechanisms by which
MetS promotes MSC senescence remain unclear.
Senescent cells secrete a variety of proteins, collectively
known as senescence-associated secretory phenotype

Mesenchymal stem cells (MSCs) constitute an important
endogenous repair system'~, which may be impaired by
exposure to conditions constituting cardiovascular risk fac-
tors. In addition, exogenous delivery of MSCs has become
an important regenerative tool, but the ability to administer
autologous cell-based therapies has been impeded by a fall in
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(SASP), and protein patterns controlling senescence'®.
MicroRNAs (miRNAs) are small non-coding RNA frag-
ments that act as central post-transcriptional regulators by
repressing the expression of their messenger RNA (mRNA).
A growing number of miRNAs are recognized as key mod-
ulators of senescence through the p53/p21 or pRB/p16 path-
ways. However, whether miRNAs are involved in MSC
senescence secondary to MetS remains unknown.

The mitogen-activated protein kinase (MAPK) pathway,
originally known as the extracellular signal-regulated
kinases (ERK) pathway, encompasses a series of proteins
involved in intracellular signaling that regulate cellular tran-
scription and translation. The conventional MAPK includes
the ERK1/2, c-Jun amino-terminal kinases (JNK), p38, and
ERKS5 families''. Each group is composed of a set of
kinases, among which are MAPK3, a major component of
the classic ERK1/2 pathway, and MAPK 14, which encodes
p38a, the prototypic member of the p38 MAPK family.
MAPK is an important regulator of cell cycle progres-
sion'>!3, but its role in MetS-induced MSC senescence
remains unknown.

The current study tested the hypothesis that MetS mod-
ulates in MetS-MSCs the content of miRNA related to senes-
cence. For this purpose, senescence biomarkers were
evaluated and MSC miRNA expression characterized using
high-throughput RNA sequencing analysis, as well as selec-
tive inhibition of miR-27b, a MAPK regulator'?, which was
found to be elevated in MetS-MSCs. Importantly, we char-
acterize the miRNA spectrum that may be involved in reg-
ulation of MSC senescence in MetS. We found that p16™<42
expression, and the most two common markers of cellular
senescence'”, senescence-associated p-galactosidase (SA-B-
GAL) activity and H2A Histone Family Member X (H2AX),
were all elevated. Inhibition of miR-27b downregulated
expression of p16 and MAPK3, but not of MAPK14. These
observations provide a better understanding of miRNAs’
action as post-transcriptional regulators of MetS-MSCs
senescence.

Materials and Methods
Animals

Twelve female domestic pigs were randomized into two
groups at three months of age. Control pigs (Lean, n = 6)
were fed a standard chow, and MetS pigs (n = 6) a high-
cholesterol/carbohydrate diet (5B4 L, protein 16.1%, ether
extract fat 43.0%, and carbohydrates 40.8%; Purina Test
Diet (Purina, Richmond, IN, USA) for 16 weeks'®. Animal
studies were approved by the Institutional Animal Care and
Use Committee.

Systemic parameters including body weight, heart rate,
arterial blood pressure, total cholesterol, low-density lipo-
protein (LDL), triglycerides, and fasting glucose and insulin
levels were measured by standard procedures'’ (Hoffmann-
La Roche, Basel, Switzerland, http://www.roche.com) after

16 weeks of feeding. Insulin resistance was assessed by the
homeostasis model assessment of insulin resistance
(HOMA-IR) index*>. Animals were then euthanized with
a lethal intravenous dose of 100 mg/kg of sodium pentobar-
bital (Fatal Plus, Vortech Pharmaceuticals, Dearborn, MI,
USA) and subcutaneous abdominal adipose tissue (5—10 g)
collected.

MSCs Isolation, Characterization, and Culture

MSCs were isolated and cultured as described previously'®.
In brief, MSCs were harvested from abdominal subcuta-
neous fat tissue of pigs (10 g), which was then digested in
collagenase-H, filtered (0.2-um syringe filter), and cultured
in advanced minimal essential medium (GIBCO/Invitrogen,
Grand Island, NY, USA) supplemented with 5% platelet
lysate for three weeks'®. The third passage was collected
and kept in GIBCO Cell Culture Freezing Medium at —
80°C (GIBCO, Grand Island, NY, USA). MSCs phenotype
was later examined with immunofluorescent staining as
described previously?’.

MiRNA Library Construction, Sequencing, and
Data Analyses

MiRNA sequencing was performed as previously
described’. Sequencing RNA libraries were prepared
according to the manufacturer’s protocol (TruSeq RNA
Sample Prep Kit v2, [llumina, San Diego, CA, USA). The
concentration and size distribution of the libraries were
determined on an Agilent Bioanalyzer DNA 1000 chip. A
final sample concentration was performed using Qubit
fluorometry (Invitrogen, Grand Island, NY, USA). Data was
analyzed using the CAP-miRSeq-v1.1 workflow?', starting
with unaligned FASTQs, aligning BAMs, and subsequently
yielding Excel files containing raw and normalized known
miRNA expression counts. EdgeR2.6.2%* was employed to
perform differential expression analysis between miRNAs
from Lean- and MetS-MSCs.

miRNA Expression Analysis

We considered miRNAs with fold-change (MetS-MSCs/
Lean-MSCs) >1.4 (p < 0.05) to be upregulated, and those
with fold-change <0.7 (p <0.05) as downregulated. TargetScan
(Release 7.1, http://www.targetscan.org/vert_71) was used to
predict the target genes of the MiRNA. Functional annotation
clustering and pathway analysis was performed using
DAVID 6.7 database (https://david-d.ncifcrf.gov/).

Validation of miRNASeq Analysis

For validation, representative miRNAs expression of miR-
196a, miR-27b, miR-212-5p, and miR-let-7¢ in Lean-MSCs
and MetS-MSCs was measured by quantitative polymerase
chain reaction (QPCR) with GAPDH as reference gene. Total
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RNA was isolated from 5 x 10°~1 x 10° MSC samples, as
previously described’. All primers were from ThermoFisher
Scientific, Minneapolis, MN, USA.

MSCs Senescence

MSCs senescence was evaluated by the expression of the
DNA damage marker H2AX (1:200; Abcam, Cambridge,
UK) using Western blot, while SA-B-GAL activity of MSCs
was measured using a Cellular Senescence Activity Assay
kit (Enzo Life Sciences, Farmingdale, NY, USA) following
the vendor’s protocol. p21 and pl6 immunofluorescent
staining was performed following standard protocols,
using primary antibodies: p16 (ab118459), mouse monoclo-
nal (cell line JC8), Santa Cruz (SC-56330, Santa Cruz, CA,
USA); p21, rabbit polyclonal (c19), Santa Cruz (SC-397).
The percentage of the positively stained area was quantified
using ZEN® 2012 blue edition (ZEISS, Munich, Germany).

Reagents and Transfections

The miR-27 inhibitor (anti-miR-27) and the control anti-
miR-negative control (NC) were synthesized by Ambion
(Life Technologies, Grand Island, NY, USA). MetS-MSCs
were incubated with miR-27b inhibitor or anti-miR-NC, and
a transfection agent (Lipofectamine RNAIMAX; Invitrogen;
Life Technologies, Grand Island, NY, USA) for 48 h, fol-
lowing the manufacturer’s instructions. Gene expression of
pl6 (CDKN2A) and p21 was detected by gqPCR in Lean-
MSCs, MetS-MSCs+ anti-miR-NC, and MetS-MSCs +
anti-miR-27. Because functional annotation clustering anal-
ysis attributed an important role for ERK2/MAPK3 in cel-
lular senescence, we also measured the expression of
MAPK3 and MAPK14. To establish the contribution of
MetS-induced miRNA modulation to MSC function, we
assessed cell migration in Lean- and MetS-MSCs untreated
or incubated with anti-miR-27 using a chamber cell migra-
tion assay (QCM 24-well colorimetric cell migration assay
ECMS508, Millipore, Billerica, MA, USA)23. In brief,
300,000 pretreated cells with and without inhibitor were
seeded into migration chambers utilizing an 8 uM polycar-
bonate membrane, and incubated for 16 h at 37°C and 5%
CO2. Cells that migrated through the polycarbonate mem-
brane were incubated with cell stain solution, and subse-
quently extracted and detected on a standard microplate
reader (560 nm).

Statistical Analysis

Statistical analysis was performed using JMP 10.0 (SAS
Institute, Cary, NC, USA). Data were expressed as mean
+ standard deviation. Unpaired Student’s ¢-test was used
to evaluate statistically significant differences between the
Lean and MetS groups. Statistical significance was accepted
if p <0.05.

Table I. Systemic Characteristics of Lean and Metabolic Syndrome
(MetS) Pigs (n = 6 each).

Parameter Lean MetS
Body weight (kg) 68.0+9.8 92.1+2.3*
Mean blood pressure (mmHg) 95.6+123  1282+9.7*
Heart rate (beats/min) 75.14+2.6 749+24
Fasting glucose (mg/dl) 1194+185 1055+105
Fasting insulin (nU/ml) 0.4+0.1 0.8+0.1*
HOMA-IR score 0.6+0.1 1.9+0.1*
Total cholesterol (mg/dl) 8l4+74 483.1 +30.9*%
LDL cholesterol (mg/dl) 31.5+6.8 308.0 + 123.6*
Triglycerides (mg/dl) 69+1.8 18.3+6.8*

*p < 0.05 vs. Lean.
HOMA-IR: homeostasis model assessment of insulin resistance; LDL: low-
density lipoprotein.

Results
Systemic Characteristics

After 16 weeks of diet, MetS pigs had greater body weight,
hypertension, and elevated cholesterol levels (systemic total
cholesterol, triglycerides, and LDL) compared with Lean
pigs (Table 1). Fasting glucose levels were unchanged, yet
fasting insulin levels and HOMA-IR score were higher in
MetS compared with Lean pigs, indicating the development
of insulin resistance.

MetS-MSCs miRNAs and Targeted Senescence-
associated Gene Regulation

We identified with RNA-seq a total of 413 miRNAs in pig
MSCs, of which seven miRNAs were upregulated and three
downregulated in MetS-MSCs compared with Lean-MSCs
(Fig. 1A). In order of fold-change (MetS- vs. Lean-MSCs),
miR-196a(7.14), miR-27b(6.97), let-7¢(2.59), miR-
301(2.17), let-7a(2.03), let-7¢(2.03), and miR-425-3p(1.98)
were found to be upregulated in MetS-MSC, whereas
miR708-3p(0.45), miR-148a-3p(0.37), and miR-99a(0.18)
were downregulated (Fig. 1B). Expression patterns of miR-
196a, miR-27b, and let-7¢c were subsequently also confirmed
by qPCR (Fig. 1C).

Altogether, these differentially expressed miRNAs in
MetS-MSCs target 4687 genes, of which 35 are related to
aging and/or senescence (Fig. 2A). Functional annotation
clustering and pathway analysis of these 35 genes disclosed
their association with cellular senescence, regulation of the
ERK1/MAPK-3 cascade, as well as the P13K-Akt, AKT,
tumor necrosis factor (TNF), and MAPK signaling pathways
(Fig. 2B), which are clustered with SA genes. Table S1 in the
Supplementary Material online details the 35 SA targeted
genes. Interestingly, CDKN1A (encoding p21) and
CDKN2B (encoding pl15) were included among genes tar-
geted by miRNAs.
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Figure 1. MicroRNAs (miRNAs) profile in Lean-MSCs and MetS-MSCs. (A) Heat map of miRNAs; seven were upregulated and three
downregulated in MetS-MSCs compared with Lean-MSCs. (B) Fold-change (MetS- vs. Lean-MSCs) of the significantly different miRNA. (C)
Quantitative polymerase chain reaction of candidate miRNAs followed the same patterns as miRNA-seq. miR-196a, miR-301, and miR-27ba

were higher in MetS-MSCs compared with Lean-MSCs.
*p < 0.05 vs. Lean-MSCs.

Lean-MSC: Lean diet mesenchymal stem cell; MetS-MSC: metabolic syndrome mesenchymal stem cell.

Cellular Senescence in Lean- and MetS-MSCs

Compared with Lean-MSCs, MetS-MSCs showed signif-
icantly increased H2AX expression and SA-B-GAL
activity (Fig. 3), suggesting increased senescence. Immu-
nofluorescent pl6 staining was significantly elevated in
MetS-MSCs (Fig. 3), whereas p21 was not, possibly
because the upregulated let-7a in MetS-MSCs targets
CDKNIA (encoding p21).

MIR-27b Inhibition in MetS-MSCs

In order to validate the effect of miRNAs on cellular senes-
cence, we used a miR-27b inhibitor to knock down its
expression in MetS-MSCs. Compared with Lean-MSCs,
MetS-MSCs+anti-miR-NC showed significantly higher
pl6 expression, which markedly decreased after inhibition
of miR-27b; CDKNI1A (p21) expression in the three groups
remained unchanged. Notably, expression of MAPK3, but
not MAPK14, was upregulated in MetS-MSCs+-anti miR-
NC vs. Lean-MSCs, and significantly decreased after miR-
27b inhibition, suggesting that miR-27b may modulate

cellular senescence through the ERK2/MAPK3 cascade
(Fig. 4). Lastly, cell migration did not differ between
Lean- and MetS-MSCs, but significantly increased in both
groups after miR-27b inhibition (Fig. 5).

Discussion

This study shows porcine distinct differences between miR-
NAs in adipose tissue-derived MSCs in MetS compared with
Lean pigs. These differences include seven upregulated and
three downregulated miRNAs in MetS which regulate 35
senescence-associated genes. Indeed, MetS MSCs showed
increased plo6-related senescence, which was attenuated
after inhibition of miR-27Db, in association with downregula-
tion of MARP3 gene expression. These observations suggest
that MetS dysregulates expression of miRNAs that target
prominent senescence-associated signaling pathways, which
might in turn impair MSC functionality and their impact on
other cells.

The two major senescence-regulatory pathways, p53/p21
and pRB/p16, establish and maintain replicative and prema-
ture senescence. A hallmark feature of senescence is SASP,
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diagram showing distribution of miRNA target genes. Of 4687 target genes, 35 genes were related to senescence. (B) Enrichment of
functional pathway of the 35 miRNA-targeted senescence genes using DAVID6.7.

MetS-MSC: metabolic syndrome mesenchymal stem cell.

whereby senescent cells secrete cytokines and inflammatory
mediators'®. Accelerated senescence has been previously
observed in kidneys of subjects with MetS or obesity. Kid-
ney tubular p1 6INK4A is directly associated with body mass
index, and its expression increases under high glucose con-
dition**. Similarly, premature cardiac senescence in MetS
rats is linked to p53 and p21 genes”. However, less is known
about senescence in adipose tissue-derived MSCs in MetS.

The current study extends our previous observation of
increased senescence in MetS-MSCs, and demonstrates a
miRNA spectrum that may be involved in regulation of this
process. Senescence biomarkers, especially pl16, were ele-
vated in MetS-MSCs, as were SA-B-GAL activity and H2AX
protein expression. Targeted genes identified by miRNAs
pathway analysis highlight regulation of the ERK2/MAPK3
cascade, and signaling pathways of P13K-Akt, AKT, TNF,
and MAPK as the major senescence pathways targeted by
miRNAs in MetS-MSCs. To confirm their role in regulation
of senescence, we inhibited one of these miRNAs, miR-27b.
This maneuver elicited a fall in the expression of pl6 and
downregulation of MAPK3, which is involved in cellular
processes including proliferation, differentiation, and cell
cycle progression, implicating miRNAs in regulation of cel-
lular senescence in MetS-MSCs.

Several miRNAs are implicated in promoting or suppres-
sing senescence via specific pathways'®, and by targeting
various transcription factors. For example, miR-29 can
reduce production of the transcription factor B-MYB,

thereby enhancing senescence, and miR-24 prompts p16/
INK4A mRNA translation, leading to a rise in p16 levels®.
The miR-183 is related to oxidative stress-induced senes-
cence by increasing production of the SASP factor and
senescence regulator integrin-B127. Importantly, miR-27b
regulates white and brown adipose tissue differentiation and
function®®?°, inhibits vascular formation in tumors®, and
upregulates transforming growth factor-8*!, but its role in
MSC senescence was unknown. This study shows that
miR-27 is involved in MSCs senescence in MetS.

We observed in MetS-MSC a markedly elevated expres-
sion of p16, but not p21, suggesting diverse regulation of the
SA pathway in MSC. Similar observations were reported in
non-tumorigenic immortalized cell lines that lack functional
p16 or p21 protein®*>. This might be partly due to differ-
ences in methylation levels of pl6 and p21 encoding
genes>*. Furthermore, besides the association of upregulated
pl6 with evident MetS-MSC senescence, inhibition of the
enriched miR-27b induced a threefold decrease in p16™4
expression. These observations support the postulated invol-
vement of the Rb/p16 pathway in MetS-MSCs senescence.

ERKI1 and ERK2 (also known as MAPK3 and MAPKI,
respectively) are active in the MAPK cascade downstream to
Ras-induced senescence>> , and its activation is essential for
both the initial phase of cellular proliferation as well as
subsequent premature senescence’’. Ras is the upstream fac-
tor to convey cell-surface signals to the nucleus via nuclear
translocation of ERK1 and ERK2. In our pathway analysis,
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Lean-MSC: Lean diet mesenchymal stem cell; MetS-MSC: metabolic syndrome mesenchymal stem cell; SA-B-GAL: senescence-associated
B-galactosidase; H2AX: H2A Histone Family Member X; RFU: relative fluorescence unit; GAPDH: glyceraldehyde 3-phosphate dehydro-
genase.
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Figure 4. MiR-27b inhibition and senescence. After inhibition of miR-27b in MetS-MSCs, the expression of pl6 was significantly down-
regulated, whereas CDKNIA (p21) was not. MAPK3 was also downregulated after miR-27b inhibition.

#p < 0.05 vs. Lean-MSCs.

*p < 0.05 vs. MetS-MSCs+anti miR-NC.

Lean-MSC: Lean diet mesenchymal stem cell; MetS-MSC: metabolic syndrome mesenchymal stem cell; MAPK: mitogen-activated protein
kinase.

the SA genes HRAS (GTP Binding Protein H-Ras), Inter- and DNA Damage Inducible-Alpha), were targeted by miR-
leukin-18, MAP2K1 (MAPK/ERK Kinase-1), MAP2K6 NAs involved in regulation of the ERK2/ERK 1cascade. The
(MAPK/ERK Kinase-6), and GADD45A (Growth Arrest significant downregulation of MARP3 after miR-27b
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Lean-MSC: Lean diet mesenchymal stem cell; MetS-MSC: metabolic
syndrome mesenchymal stem cell.

inhibition underscores its potential role in MSC senescence.
Contrarily, other MAPK subgroups, such as p38 (MAPK14),
were not modulated by miRNAs upregulated in MetS-MSCs,
suggesting that MetS preferentially targets the classic ERK2/
ERK1 pathway in porcine adipose tissue-derived MSCs. Cell
migration did not differ between Lean- and MetS-MSCs,
possibly due to the relatively early phase of MetS, but sig-
nificantly increased in both groups after miR-27b inhibition.
These observations suggest that miR-27b modulation of cel-
lular senescence may interfere with MSC function, and
potentially limit their therapeutic efficacy. Whether MSC
preconditioning with miRNA modulation may improve the
in vivo reparative capacity of these cells warrants further
investigation.

Finally, we also observed activation of other pathways
including: P13K-Akt, AKT, TNF, and MAPK signaling
pathways. Both PI3K/Akt and AKT signaling serve an
important role in cell aging, and their continuous activation
induces growth arrest and senescence®®. TNF signaling is
related to reactive oxygen species production inducing aging
cascades’’. MAPK signaling is a common important element
associated with all the other putative signaling pathways to
induce cellular senescence. Taken together, our findings
indicate that dysregulated miRNAs play a key role in mod-
ulating cellular senescence.

Our sample size was relatively small and the duration of
MetS short, yet we observed clinical parameters consistent
with MetS in our pig model. We used the third passage of
MSCs for RNA-Seq, because at late passages MSC may
become senescent’®, whereas early-passage MSCs are gen-
omically more stable in vitro®®. We selected to inhibit a
representative miRNA upregulated in MetS-MSCs, miR-
27b, to highlight the potential role of miRNA in MetS-
MSCs senescence. Similarly, we assessed the relationship
between the ERK2/MAPK3 cascade and miR-27b by

studying the representative MAPK3 and MAPK14. It would
be worthwhile to explore in future studies the interaction of
miR-27b with ERK2/MAPK3 to provoke MetS-MSCs
senescence. Furthermore, the distinct roles of the pl6 and
p21 pathways in MetS-MSCs senescence also warrant future
studies.

Using next-generation sequencing analysis, we identified
differential miRNA expression signatures in adipose tissue-
derived MSCs in porcine MetS- compared with Lean-MSC,
and subsequently demonstrated their role in cell senescence.
Elevated p16-dependent senescence in MetS-MSCs is asso-
ciated with dysregulated expression of miRNAs that target
prominent SA signaling pathways, particularly ERK2/
MAPK3. Further studies are needed to explore in detail
genes and molecules that regulate these pathways and con-
tribute to the senescence burden in MetS-MSCs.
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