www.impactaging.com AGING, June 2013, Vol. 5 No 6

Research Paper

Identification of microRNAs dysregulated in cellular senescence
driven by endogenous genotoxic stress

Lolita S. Nidadavolu®, Laura J. Niedernhofer™?, and Saleem A. Khan®

. Department of Microbiology and Molecular Genetics, University of Pittsburgh School of Medicine, Pittsburgh, PA
15219, USA
2 current Address: Department of Metabolism and Aging, Scripps Florida, Jupiter, FL 33458, USA

Key words: MicroRNA, aging, cellular senescence, DNA repair, mouse embryonic fibroblasts
Received: 5/24/13; Accepted: 6/25/13; Published: 6/28/13
Correspondence to: Saleem A. Khan, PhD; E-mail: _khan@pitt.edu

Copyright: © Nidadavolu et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited

Abstract: XFE progeroid syndrome, a disease of accelerated aging caused by deficiency in the DNA repair endonuclease
XPF-ERCC1, is modeled by Erccl knockout and hypomorphic mice. Tissues and primary cells from these mice senesce
prematurely, offering a unique opportunity to identify factors that regulate senescence and aging. We compared
microRNA (miRNA) expression in Ercc1” primary mouse embryonic fibroblasts (MEFs) and wild-type (WT) MEFs in
different growth conditions to identify miRNAs that drive cellular senescence. Microarray analysis showed three
differentially expressed miRNAs in passage 7 (P7) Ercc1”” MEFs grown at 20% O, compared to Ercc1”” MEFs grown at 3% O,.
Thirty-six differentially expressed miRNAs were identified in Ercc1’” MEFs at P7 compared to early passage (P3) in 3% O,.
Eight of these miRNAs (miR-449a, miR-455*%, miR-128, miR-497, miR-543, miR-450b-3p, miR-872 and miR-10b) were
similarly downregulated in the liver of progeroid Ercc1” and old WT mice compared to adult WT mice, a tissue that
senesces with aging. Three miRNAs (miR-449a, miR-455* and miR-128) were also downregulated in Ercc1”® and WT old
mice kidneys compared to young WT mice. We also discovered that the miRNA expression regulator Dicer is significantly
downregulated in tissues of old mice and late passage cells compared to young controls. Collectively these results support
the conclusion that the miRNAs identified may play an important role in staving off cellular senescence and their altered
expression could be indicative of aging.

INTRODUCTION permanent cell cycle arrest, is hypothesized to be a

double-edged sword by suppressing cancer progression
MicroRNAs (miRNAs) are ~22 nucleotide long, single- while promoting growth inhibition and aging-related
stranded, non-coding RNAs that regulate gene tissue degeneration [5]. Cellular senescence can result
expression. They generally bind the 3’ untranslated from events such as telomere shortening, activation of
regions (UTRs) of target mRNAs with varying affinity, DNA damage response (DDR), epigenetic stresses, or
resulting in mRNA degradation or inhibition of protein expression of oncogenes such as Ras [6-9]. DDR
translation [1]. The biogenesis of miRNAs is well- signaling can also occur in senescent cells with minimal
characterized, although the mechanisms by which they DNA damage, termed the “pseudo-DNA damage
participate in post-transcriptional silencing are still response” [10]. This phenomenon occurs in cells
being elucidated [2, 3]. A wide range of disease ectopically expressing pl6 and p21 as well as in cells
processes including cancer are regulated by miRNAs treated with epigenetic modifiers, such as the histone
[4]. deacetylase inhibitor sodium butyrate [10, 11].

Senescent cells exhibit a unique gene expression profile,
MicroRNAs are implicated in the regulation of cellular termed senescence-associated secretory phenotype
senescence and aging. Cellular senescence, a state of (SASP), and promote the release of pro-inflammatory
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markers, including IL-6 [12]. The P16INK4A (pl6)
tumor suppressor is significantly upregulated in
senescent cells [13]. A recent paper describing the
selective apoptosis of pl6-expressing cells in a
progeroid mouse (BubR1) directly connects
accumulation of senescent cells and age-associated
phenotypes in mice [14].

Senescent fibroblasts displaying high SASP express
miR-146a/b, which attenuates SASP activity in a
negative-feedback loop [15]. MiR-22, miR-519, miR-
152 and miR-181a, among others, were recently
identified as inducers of cellular senescence [16-18].
Knocking down Dicer, a key component in the miRNA
processing pathway, causes inhibition of miRNA
biogenesis and results in cellular senescence via
activation of p53 signaling [19]. Also, MEF
immortalization results in the downregulation of certain
tumor suppressor miRNAs such as miR-21, miR-28 and
miR-34a [20]. These data suggest that miRNAs are
critical for regulating senescence.

The insulin-like growth factor (IGF) signaling pathway
is involved in regulating lifespan and mouse mutants
with reduced IGF signaling have lifespans 40-70%
greater than those of wild-type (WT) mice [21-23].
Several studies examining miRNA dysregulation in
aging have utilized naturally aged or long-lived animals.
MicroRNA profiling studies examined liver, brain,
plasma and peripheral blood mononuclear cells from
normally aged mice as well as liver from long-lived
Ames Dwarf mouse [24-27]. Additional studies have
shown that the neuroprotective effects observed in
calorie restricted mice is partly due to downregulation
of miRNAs that target the pro-survival gene Bcl-2 [28].
Human centenarian studies have also demonstrated
miRNA expression differences between blood samples
from long-lived humans and young controls [29, 30].
MicroRNAs are also useful biomarkers in early and
non-invasive detection of mild cognitive impairment
[31]. However, there are few studies that link both
senescence and aging with changes in miRNA
expression.

To address this gap in knowledge, we measured miRNA
expression in a murine model of a progeroid syndrome
in tissues where senescence is established, as well as
tissues of naturally aged mice and senescent primary
mouse embryonic fibroblasts. The XFE progeroid
syndrome is a disease of accelerated aging caused by a
deficiency in the XPF-ERCC1 DNA repair
endonuclease. Murine models of XFE progeroid
syndrome (Erccl " knock-out and Erccl”™ hypomorphic
mice) are well-characterized models that mimic the
histopathology of normal aging [32-36]. XPF-ERCCI is

essential for nucleotide excision repair (NER) of helix-
distorting monoadducts, repair of DNA interstrand
crosslinks, as well as repair of some double-strand
breaks [37-39]. Erccl’™ mice accumulate oxidative
DNA damage more rapidly than WT mice, and this is
presumed to drive their accelerated aging [40]. Liver
transcriptome analysis of Ercel™ and Ercel™ mice
revealed gene expression profiles similar to those of
livers from aged WT mice, including a decrease in the
IGF-1/somatotrophic axis and carbohydrate metabolism
[32]. Additionally, Erccl "2 mice also demonstrate
increased pl6 expression, cellular senescence, and
nuclear abnormalities that are similar to those observed
in WT old mice [35].

Primary mouse embryonic fibroblasts (MEFs) undergo
stress-related senescence due to growth conditions, in
particular the supra-physiological concentrations of
oxygen in standard tissue culture conditions [41]. When
MEFs are grown in 3% O, conditions, they show no
signs of cellular senescence and behave similarly to
human fibroblasts expressing telomerase [41]. MEFs
grown in 20% O, have three-fold more DNA damage
than human fibroblasts grown at 20% O,, and have
more chromosomal breaks than MEFs grown in 3% O,
further underscoring the exquisite sensitivity of MEFs
to oxidative damage [41]. Erccl”™ MEFs, which are
deficient in DNA repair, quickly accumulate global
DNA damage and demonstrate cellular senescence
phenotypes at earlier passages compared to WT MEFs
[32,42].

An additional benefit of using progeroid mouse models
to identify dysregulated miRNAs in tissues is that
studies can be performed in a relatively short period of
time compared to studies using normal or long-lived
animal models. A previously published study
demonstrated the usefulness of progeroid models, in
particular the Zmpste24-null mouse modeling
Hutchinson-Guilford Progeria Syndrome, in identifying
miRNAs regulating organismal aging. This study
showed that the miR-29 family is linked to the cellular
DNA damage response and when upregulated in a p53-
dependent manner, miR-29b reduces cell proliferation
and increases cellular senescence [43]. Mir-29 acts as a
tumor-suppressive, pro-aging molecule via chronic
activation of p53 signaling [43].

We wished to identify miRNAs associated with
senescence driven by DNA damage and oxidative stress
by analyzing changes in miRNA expression in Erccl "
MEFs compared to the WT MEFs cultured to late
passage in both high and low oxygen conditions. A
subset of differentially expressed miRNAs (was found
to be dysregulated in Ercel”™ MEFs driven to

www.impactaging.com

461

AGING, June 2013, Vol. 5 No.6



senescence compared to non-senescent Erccl ”~ MEFs.
Additionally, we demonstrate that several miRNAs
differentially expressed in the Ercel”™ MEFs (miR-
449a, miR-455*, miR-128, miR-497, miR-543, miR-
450b-3p, miR-872 and miR-10b) were also
dysregulated in liver tissues of both progeroid Erccl A
and old WT mice compared to young WT mice. We
show that three of the above miRNAs (miR-449a, miR-
455*% and miR-128) were downregulated in kidney
tissues from Erccl™ progeroid and WT old mice
compared to the young mice. Finally, the regulator of
miRNA  biogenesis, Dicer, was significantly
downregulated in late passage MEFs compared to early
passage and in livers of old WT mice compared to
young mice. The identified miRNAs in this study may
play a critical role in staving off cellular senescence and

aging.
RESULTS

Identification of senescence-associated miRNAs in
Ercel” MEFs

We performed miRNA microarray analysis using RNA
isolated from early and late passage WT and Erccl™”
MEFs to identify miRNAs that may contribute to
cellular senescence. Erccl”™ MEFs grow slower than
WT MEFs at 20% O, and senesce prematurely by
passage 7 (P7) [32, 44]. Growing MEFs at 3% O,
delays the onset of senescence due to decreased
oxidative stress [41]. We compared the miRNA
expression profiles of ErccI” and WT MEFs grown in
low (3%) and high (20%) oxygen to passage 3 (early-
passage, P3) and passage 7 (late-passage, P7) using
mouse microRNA microarrays to discover miRNAs that
correlate with senescence. We utilized Agilent mouse
miRNA microarrays (V2), which probed for 627 total
murine miRNAs. We focused on miRNAs that were
significantly dysregulated, which was defined as >2-
fold change in expression and p <.05. A comparison of
the miRNA profiles of P3 (early passage) Erccl”™ and
congenic WT MEFs grown along with further qRT-
PCR validation showed minimal differences between
the two samples regardless of oxygen tension (data not
shown). This was not unexpected since the growth
properties of Erccl  MEFs are not appreciably
different from the WT MEFs at this early passage. We
next compared the miRNA expression profiles of P7
Erccl” and WT MEFs of cells grown in either 20% O,
or 3% O, to examine inherent changes in miRNA
expression due to genotype. Comparison of P7 Erccl™”
and WT MEFs grown in 20% O, identified one
significantly upregulated miRNA, miR-467a, which
was over-expressed 2.19 fold in P7 Erccl”™ MEFs
compared to WT cells. MiR-467a may be upregulated

as a result of a defect in DNA repair capacity.
Additionally, we identified six downregulated miRNAs
(miR-301a, miR-326, miR-455*, miR-497, miR-543
and miR-872) in late-passage P7 Erccl” MEFs
compared to the WT MEFs grown in 3% O, (Table 1).
QRT-PCR analysis confirmed downregulation of these
six miRNAs in Erccl™ compared to WT MEFs,
although there were differences in the fold-change
downregulation based on the two approaches
(Supplemental Figure 1).

Table 1. MiRNAs differentially expressed in Erccl
- MEFs compared to WT MEFs grown at 3% O,

MicroRNA cll:gll?g-e p-value
mmu-miR-301a -2.24 0.007
mmu-miR-543 -2.60 0.023
mmu-miR-326 -3.05 0.029
mmu-miR-455* -3.23 0.020
mmu-miR-872 -6.72 0.044
mmu-miR-497 -6.87 0.002

DNA repair-deficient Ercc1” primary MEFs were grown
at 3% 0O, to prevent cellular senescence. Congenic WT
cells isolated from a littermate embryo were handled in
parallel as a control. At passage 7, total RNA was isolated
and miRNA expression measured by microarray.
Significant changes were defined as >2-fold and p <.05 as
determined by Welch’s unpaired t test.

Table 2. MiRNAs differentially expressed in Erccl-
/- MEFs grown at 20% vs. 3% O,

MiroRNA | Gunge | vae
mmu-miR-323-3p 2.14 0.003
mmu-miR-33 2.10 0.001
mmu-miR-450b-3p 2.06 0.015

DNA repair-deficient Erccl-/- primary MEFs were grown at
20% 02 to induce cellular senescence. A parallel culture of
the same cells was grown at 3% 02 to prevent sense-
cence. At passage 7, total RNA was isolated and miRNA
expression measured by hybridization-based microarray.
Shown is the fold difference in expression for 20% versus
3% 02. Significant changes were defined as >2-fold and p
<.05 as calculated via Welch’s unpaired t test.
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Table 3. MiRNAs differentially expressed in late vs. early passage Ercc1 MEFs.

MicroRNA cflglr:ig-e p-value MicroRNA cflglr:ig-e p-value
mmu-miR-671-5p 14.3 0.025 mmu-miR-29b* -2.15 0.003
mmu-miR-1892 12.7 0.041 mmu-miR-449a -2.24 0.043
mmu-miR-483 12.6 0.020 mmu-miR-455* -2.77 0.004
mmu-miR-1894-3p 8.46 0.050 mmu-miR-340-3p -2.96 0.036
mmu-miR-1895 7.28 0.039 mmu-miR-362-5p -3.56 0.038
mmu-miR-680 6.54 0.023 mmu-miR-675-3p -3.94 0.041
mmu-miR-721 6.43 0.029 mmu-miR-466a-3p -3.95 0.037
mmu-miR-129-5p 5.06 0.046 mmu-miR-128 -4.41 0.047
mmu-miR-1906 3.82 0.006 mmu-miR-497 -5.16 0.048
mmu-miR-222 3.73 0.034 mmu-miR-362-3p -5.23 0.012
mmu-miR-320 3.62 0.010 mmu-miR-192 -5.61 0.004
mmu-miR-290-5p 3.41 0.002 mmu-miR-496 -5.79 0.044
mmu-miR-22 3.27 0.023 mmu-miR-543 -6.81 0.023
mmu-miR-877 2.86 0.039 mmu-miR-30e* -8.15 0.016

mmu-miR-382* -10.1 0.029
mmu-miR-337-3p -11.3 0.049
mmu-miR-450b-3p -12.4 0.014
mmu-miR-872 -14.7 0.021
mmu-miR-369-5p -15.1 0.024
mmu-miR-380-3p -15.7 0.048
mmu-miR-154* -31.6 0.019
mmu-miR-10b -32.5 0.041

DNA repair-deficient Erccl-/- primary MEFs were grown at 3% O2. At passage 3 and 7, total RNA was isolated and miRNA
expression measured by hybridization-based microarray. Shown is the fold difference in expression in P7 versus P3 cells.
Significant changes were defined as >2-fold and p <.05 as determined by Welch’s unpaired t test.
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Three miRNAs (miR-450B-3p, miR-33 and miR-323-
3p) were significantly upregulated in P7 Erccl”” MEFs
grown at 20% O, compared to P7 Erccl " MEFs grown
at 3% O, (Table 2), which examined isogenic senescent
vs. non-senescent cells. We next compared miRNA
expression in P7 vs. P3 Erccl”” MEFs grown in 3%
(Table 3) or 20% O, (Table 4), which identified miRNA
dysregulated with sequential passaging of cells under
different conditions of oxidative stress. Fourteen
miRNAs were signiﬁcantl?/ upregulated and 22
downregulated in P7 Erccl” MEFs compared to P3
Ercel”™ MEFs grown at 3% O, (Table 3). One miRNA,
miR-24-2*, was upregulated and three miRNAs, miR-
204, miR-218, miR-455* were downregulated in P7
Ercel”” MEFs grown in 20% O, compared to P3 Erccl”
" MEFs (Table 4). MiR-455* was downregulated in late
passage cells compared to early passage in both analyses.
Finally, we compared miRNA expression profiles of the
most senescent cells in our analysis, P7 Erccl” MEFs
grown at 20% O,, to the least senescent cells in our
analysis, P3 WT MEFs grown at 3% O,. This revealed
significant upregulation of one miRNA, miR-129-5p,
which was increased 603-fold in Erccl” MEFs.
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Table 4. MiRNAs differentially expressed in late
vs. early passage Ercc1”” MEFs

MicroRNA Fold-change p-value
miR-24-2* 3.14 0.028
miR-455% -3.98 0.036
miR-218 -10.3 0.032
miR-204 -13.1 0.022

DNA repair-deficient Ercc1” primary MEFs were grown
at 20% O,. At passage 3 and 7, total RNA was isolated
and miRNA expression measured by hybridization-based
microarray. Shown is the fold difference in expression in
P7 versus P3 cells. Significant changes were defined as
>2-fold and p <.05 as calculated via Welch’s unpaired t
test.
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Figure 1. QRT-PCR quantification of miRNA identified as down-regulated in the liver of old WT mice and
progeroid Ercc1”® mice compared to adult WT mice. QRT-PCR analysis was performed on livers of WT young (20
weeks), Ercc1”™ (20 weeks), and WT old mice (30 months). (A) miR-449a. (B) miR-455%*. (C) miR-128. (D) miR-497. (E)
miR-543. (F) miR-450b-3p. (G) miR-872. (H) miR-10b. All eight miRNAs were downregulated, most significantly, in Ercc1
”n progeroid mice and WT old mice compared to WT young mice. No RT, no reverse transcriptase added. Three mouse
livers are in each condition. The mean of three experimental replicates for each sample is graphed as relative to WT
young samples, which were normalized to a value of -1. The standard deviation is plotted as error bars. P-values were
calculated using Welch’s t-tests and are indicated by * (p < .05), ** (p< .01), *** (p< .001) and # (p< .0001).
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Figure 2. QRT-PCR quantification of miRNA identified as down-regulated in the kidney of old
WT and progeroid Ercc1”® mice compared to adult WT kidney. QRT-PCR analysis was performed
on kidneys of WT young (20 weeks), Ercc1”® (20 weeks), and WT old mice (30 months). (A) miR-449a. (B)
miR-455*. (C) miR-128. All three miRNAs identified in the microarray were significantly downregulated in
kidney tissue of Ercc1”® progeroid mice and old mice compared to WT young mice. No RT, no reverse
transcriptase added. Three mouse kidneys are in each condition. The mean of three experimental
replicates for each sample is graphed as relative to WT young samples, which were normalized to a value
of -1. The standard deviation is plotted as error bars. P-values were calculated comparing samples to WT
Young using Welch’s t-tests and are indicated by * (p <.05), ** (p<.01), *** (p<.001) and # (p< .0001).

For further studies, we selected seven upregulated and
ten downregulated miRNAs that were altered in P7
Erccl” MEFs compared to P3 MEFs grown at 3% O,
(Table 3) for validation by qRT-PCR analysis. This
subset of 17 miRNAs was selected because they are
known to have human homologs based on the miRBase
database [45-48]. Of the seven upregulated miRNAs,
three (miR-680, miR-320 and miR-22) were confirmed
to be upregulated by qRT-PCR analysis (Supplemental
Figure 2A). The other miRNAs showed either no
significant change or were found to be downregulated
as determined by qRT-PCR analysis. Ten down-
regulated miRNAs were confirmed to be downregulated
by qRT-PCR analysis (Supplemental Figure 2B). MiR-
455%, miR-497 and miR-543 were significantly
downregulated in P7 Erccl”” MEFs compared to P7 WT
MEFs (Table 1) and P7 versus P3 Erccl” MEFs (Table
3) grown at 3% O,, suggesting that these miRNAs may
be dysregulated as a result of deficient DNA repair
and/or sequential passaging.

We also confirmed that miR-467a was overexpressed in
P7 Erccl” versus WT MEFs grown in 20% O,
usinggRT-PCR (Supplemental Figure 3A) and observed
that it was also overexpressed in P7 versus P3 Erccl”
MEFs grown in 20% O,, despite not appearing in our
microarray  data  (Supplemental  Figure  3B).
Additionally, because miR-129-5p was the only miRNA
dysregulated in the comparison of our most senescent to

least senescent cells, we examined expression of this
miRNA via qRT-PCR and confirmed that it is over-
expressed in P7 Ercel”™ MEFs in 20% O, compared to
P3 WT MEFs in 3% O, (Supplemental Figure 4).

Because the majority of miRNAs identified as
dysregulated in ERCC1-depleted cells and tissue or old
WT mice were downregulated rather than upregulated,
we also measured expression of Dicer, which is
required for miRNA biogenesis (Supplemental Figure
5A). Notably, levels of Dicer mRNA were significantly
reduced in old WT mouse liver compared to tissue from
young mice and in late passage MEFs compared to
early passage (Supplemental Figure 5B). Therefore
downregulation of numerous miRNAs with senescence
and aging may arise as a consequence of reduced
miRNA biosynthesis due to reduced Dicer expression.

Senescence-associated miRNAs identified in Erccl”
MEFs are downregulated in the livers of progeroid
mice

The liver of 20 week-old progeroid Erccl A mice and 26
month-old WT mice show signs of profound cellular
senescence [35]. This offers a unique opportunity to
determine if the miRNA identified to correlate with
senescence in vitro might play a role in senescence and
aging in vivo. We analyzed the levels of 13 miRNAs
confirmed to be dysregulated in P7 Erccl”™ MEFs
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compared to P3 Erccl”™ MEFs (miR-680, miR-320,
miR-22, miR-449a, miR-455*, miR-675-3p, miR-128,
miR-497, miR-543, miR-450b-3p, miR-872, miR-369-
5p and miR-10b) in RNA samples prepared from the
livers of WT young (20 weeks), the progeroid Erccl™
mice, and WT old mice (30 months). Of the ten
miRNAs downregulated in Erccl” MEFs, eight (miR-
449a, miR-455*, miR-128, miR-497, miR-543, miR-
450b-3p, miR-872 and miR-10b) were also down-
regulated in both the progeroid and old WT mouse
livers compared to the WT young (20 week) control
mouse livers (Figure 1). The two remaining miRNAs
downregulated in ErccI”” MEFs, miR-369-5p and miR-
675-3p, showed no expression changes in Erccl™
mouse livers (data not shown). Three miRNAs (miR-
680, miR-320, and miR-22) which were upregulated in
P7 compared to P3 Erccl” MEFs (Table 4) as
measured by microarray did not show upregulation in
livers from progeroid and WT old mice compared to
young WT controls as measured by qRT-PCR (data not
shown).

Three senescence-associated miRNAs identified in
ErcelI’”™ MEFs are also downregulated in progeroid
mice kidneys

In addition to severe liver abnormalities, ERCCI-
deficient mice also develop significant renal
dysfunction, as demonstrated by increased proteinuria
and creatinine levels [32]. Renal histopathology is
evident, including dilated renal tubules, nuclear
abnormalities and fibrosis [33]. We examined RNA
prepared from kidneys of young (20 weeks) Ercel™
and WT mice, and old (30 months) WT mice to
determine whether any of the aging-associated miRNAs
we identified in this study were similarly dysregulated
in the kidney tissue. Of the 8 downregulated miRNAs in
Ercel™ and WT old mouse liver compared to WT
young mouse liver (Figure 1), three miRNAs (miR-
449a, miR-455*, miR-128) were also downregulated in
the kidneys of progeroid mice compared to WT young
mice (Figure 2). Interestingly, these three miRNAs were
also downregulated in the kidneys of old WT mice
compared to the young WT mice (Figure 2), further
strengthening the conclusion that these miRNAs may be
aging-associated.

DISCUSSION

This study is the first characterization of miRNA
profiles in the mouse model of the XFE progeroid
syndrome, enabling identification of miRNAs that are
dysregulated as a consequence of cellular senescence
and aging driven by endogenous DNA damage. We also
compared the expression of differentially expressed

miRNAs in liver and kidney tissues of Erccl /A and WT
old mice to those of young WT controls and found
similarities between the progeroid and old mice. Erccl
A mice have been established as a useful model for
studying diseases of aging such as peripheral
neuropathy, osteoporosis, intervertebral disk
degeneration, and sarcopenia [49-51]. These studies
showed that the rapid aging of Erccl”™ mice is very
similar to that of normally aged mice. Herein we show
that several downregulated miRNAs in the ERCCI-
deficient mouse model of progeria are also down-
regulated during normal murine aging. We focused on
the liver and kidney since these organs are significantly
affected in normal and accelerated aging and
demonstrate accumulation of senescent cells [35]. Eight
miRNAs (miR-449a, miR-455*%, miR-128, miR-497,
miR-543, miR-450b-3p, miR-872 and miR-10b) are
significantly downregulated in the livers of progeroid
Ercel™ and naturally aged mice compared to young
adult mice (Figure 1). The mice are genetically identical
with the exception of the Erccl mutation and in an fl
background (50:50 mix of C57Bl/6 and FVB). These
data strongly support the conclusion that these miRNAs
are dysregulated due to accelerated and natural aging.
Three of these miRNAs (miR-128, miR-449a and miR-
455%) were also downregulated in the kidneys of
progeroid and WT old mouse compared to the young
WT mouse kidneys (Figure 2). Both the liver and
kidney of progeroid ERCCI1-deficient mice and old WT
mice show aging-related functional and degenerative
changes as well as profound cellular senescence [35,
52]. Consistently, the same miRNAs were detected as
downregulated in late passage Ercel”™ MEFs (Table 3).
The combination of in vitro and in vivo data strongly
point to the conclusion that these miRNAs play a role in
driving cellular senescence and aging, or are powerful
biomarkers of these physiological changes.

Previously confirmed gene targets of the miRNAs
identified in this study that are linked to cellular
senescence and aging (miR-449a, miR-455*, miR-128,
miR-497, miR-543, miR-450b-3p, miR-872 and miR-
10b) are listed in Supplemental Table S1. Several of the
43 gene targets such as Sirtl, Bcl2, Sodl, and Myc are
involved in cell cycle control and cellular stress
responses. Genes associated with cellular senescence as
well as p53 downstream targets (Cendl, Cdko6) are also
target genes. This list of potential miRNA targets is
consistent with a possible role of these miRNAs in
cellular senescence and aging.

Three miRNAs (miR-128, miR-449a and miR-455%) are
downregulated in late passage MEFs as well as liver
and kidney tissues of both progeroid Erccl™ and WT
old mice. MiR-128 is known to promote cell survival
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[53]. MiR-449a targets critical cell cycle regulatory
proteins such as Cyclin D1 [54, 55]. Interestingly, it was
shown that high Cyclin D1 expression is observed in
senescent cells exhibiting a “pseudo-DNA damage
response” and that Cyclin D1 is overexpressed in
fibroblasts undergoing replicative senescence [56, 57].
These observations are in line with our results that miR-
449a is downregulated in senescent cells. The
transcription factor, Hnf4a, is a target of miR-449a in
liver cells [58]. Hnf4a is essential to liver development
and maintenance, and when suppressed, it can cause
epigenetic changes that lead to increased incidence of
hepatocellular cancer [59]. Reduced expression of miR-
449 in aging liver would increase Hnf4a expression,
possibly preventing hepatocyte transformation.

MiR-10b, which we detected as significantly
downregulated in senescent MEFs and aged liver, is
upregulated in breast cancer and gliomas and its
expression closely correlates with tumor cell metastatic
potential [60]. It is possible that dysregulation of one or
more of the above miRNAs may result in reduced cell
growth and increased cellular senescence through their
regulation of target genes. Less is known about the
cellular targets and function of miR-450b-3p, miR-
455*, miR-543 and miR-872 (all downregulated in our
studies).

Since the majority of differentially expressed miRNA
identified in this study were downregulated in
senescence and aging, we examined Dicer expression
and found it to be downregulated in senescent MEFs
(Supplemental Figure 5A). Dicer protein and mRNA
transcript were significantly downregulated in normally
aged mice white adipose tissues and elderly human
preadipocytes [61]. A recent study showed an
approximately two-fold downregulation of Dicer
expression in senescent human umbilical vein
endothelial cells compared to ecarly passage cells,
further implicating a role for Dicer downregulation in
senescence and aging [62].

The Zmpste24'/' mouse model of Hutchinson-Gilford
progeria demonstrates miR-29b is upregulated in liver
and muscle of both progeroid and normally aged mice
[43]. MiR-29b is a positive regulator of the p53-
mediated DNA damage response. The paper by Ugalde
et al. was the first to use a progeroid mouse models in
identifying miRNAs that regulate DNA repair processes
and senescence. Another study using murine and
Caenorhabditis elegans models of the progeroid disease
Werner Syndrome identified miR-124 as modulator of
reactive oxygen species and ATP production [63]. Our
study further underscores the utility of rapid aging
mouse models to study miRNA dysregulation in aging

and cellular senescence. We have used a progeroid
model of endogenous DNA damage accumulation to
identify miRNA dysregulation common to both the
Erccl-deficient mouse model of progeria and normal
mouse aging in liver and kidney tissues.

In summary, we identified several miRNAs that are
similarly dysregulated in senescent primary MEFs and
senescent tissues of progeroid and naturally aged mice
(miR-449a, miR-455*, miR-128, miR-497, miR-543,
miR-450b-3p, miR-872 and miR-10b). We have shown
that Dicer expression is downregulated in senescence
induced by genotoxic stress, and that the miRNA
downregulation that we observe in this study could be a
consequence of global miRNA downregulation. These
miRNA are promising as biomarkers of aging and
factors that may be critical for preventing cell
senescence and aging-related degenerative changes in
response to genotoxic stress.

EXPERIMENTAL PROCEDURES

Animal Care and Experimentation: All experiments
involving mouse tissues and cells were approved by the

University of Pittsburgh Institutional Animal Care and
Use Committee and were in accordance with NIH
guidelines for humane care of animals. Ercel” and
Ercel™ mice were bred and genotyped as previously
described [39]. All mice used for tissue miRNA qRT-
PCR analysis were in a fl mixed genetic background
(FVB/n:C57Bl/6). Twenty-week old progeroid Ercel™
mice along with age-matched WT littermates with aged
(30 month) WT mice were euthanized by CO,
inhalation and tissues were excised and flash-frozen in
liquid nitrogen. Three mice of each genotype were used
for subsequent gRT-PCR analysis. The livers and
kidneys were homogenized with a hand-held
homogenizer (Omni International, Kennesaw, GA,
USA) and RNA was extracted using the Ultraspec RNA
Isolation System (Biotecx, Houston, TX, USA).
Following isolation, RNA quantity was measured using
a Nanodrop (Thermo Fisher Scientific Inc., Waltham,
MA, USA). RNA quality was assessed by
formaldehyde-agarose gel electrophoresis.

Primary Mouse Embryonic Fibroblasts: The following
primary cells were used: wild-type (WT) isogenic
mouse embryonic fibroblasts (MEFs) and Ercel” (KO)
MEFs derived from 13.5-day embryos with a 50:50
C57Bl/6:FVB/n  background. Cells were serially
passaged at either 3% or 20% O, to passage 3 or
passage 7, pelleted and total RNA extracted using the
Ultraspec RNA Isolation System. Two independent cell
lines were used for microarray and qRT-PCR analysis.
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MicroRNA Microarray. MicroRNA microarray studies
were performed using 100 nanograms of total RNA
obtained from WT and ErccI” MEFs grown to P3 and
P7 in 3% or 20% O,. Two independent cell lines were
used for each sample and both cell lines were analyzed
via microarray. We used the Agilent mouse miRNA
microarrays (V2) (Agilent Technologies, Santa Clara,
CA, USA) according to the manufacturer’s instructions.
Each microarray contains sixteen to twenty
oligonucleotide probes for each of the 627 mouse
miRNAs and 39 mouse viral miRNAs based on the
Sanger database version 12. The array contains 281
positive controls consisting of high-signal endogenous
mouse-specific probes, and 434 negative controls
consisting of random sequences that have low signal
and poor hybridization to mouse RNA. RNA was
isolated from MEFs using the Ultraspec RNA Isolation
System, dephosphorylated with calf intestinal alkaline
phosphatase, and then denatured with dimethyl
sulfoxide. The 3’ ends were then ligated to a Cyanine3-
pCp molecule using T4 RNA ligase. Labeled RNA was
purified using a MicroBio-spin 6 column containing
Bio-Gel P-6 in Tris buffer (Bio-Rad Laboratories, Inc.
Hercules, CA, USA). The labeled RNA samples were
hybridized to Agilent microarray slides at 55°C for 20
hours. Following hybridization, the slides were washed
with Agilent-supplied Gene Expression Wash Buffers 1
and 2. Slides were immediately scanned with an Agilent
Microarray Scanner.

Microarray Statistical Analysis. After scanning, images
were processed using Agilent’s Feature Extraction
Software, version 9.5.3. Extracted data were exported
into Agilent's GeneSpring GX version 10 software and
microarray data was log, transformed and normalized to
the mean of each array. An unpaired t-test with unequal
variance was used to identify differentially expressed
miRNAs (P< 0.05). We selected microRNAs with 2-
fold or greater changes for further study. Microarray
experiments conform to Minimum Information About a
Microarray Experiment (MAIME) guidelines and a full
data set has been submitted to the National Center for
Biotechnology Information (NCBI) Gene Expression
Omnibus database (GEO).

Real-Time Quantitative Reverse-Transcriptase Poly-
merase Chain Reaction (QRT-PCR) analysis. QRT-PCR
analysis was performed on total RNA prepared by
Ultraspec RNA isolation by using a two-step individual
Mature Tagman® MicroRNA Assays kit (Applied
Biosystems, Foster City, CA, USA) and the Real-Time
Thermocycler 1Q5 (Bio-Rad, Hercules, CA, USA). All
gqRT-PCR assays were performed according to
manufacturer’s instructions and miRNA expression
levels were normalized to snoRNA135. For all

experiments, two independent cell lines were used and
all assays were performed in triplicate. Relative
expression was calculated using the 22T method [64].
Welch’s unpaired ¢ test with 95% confidence intervals
was performed for statistical analysis of all qRT-PCR
experiments using Prism software (GraphPad Software,
Inc., La Jolla, CA, USA).

Dicer expression in primary MEFs and mouse livers
was quantified via qRT-PCR using the iScript One-Step
RT-PCR Kit with SYBR Green (BioRad) in accordance
with the manufacturer’s instructions. Dicer mRNA was
amplified using the forward primer sequence 5’-GGAA
GCAGCCAACAAAAGAG- 3’ and the reverse primer
5’-TGAGGGTTTTCTCTGCGTCT-3’, amplifying a
145-bp region. Dicer mRNA levels were normalized to
the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene, using the forward primer 5’-
AACTTTGGCATT GTGGAAGG-3’ and the reverse
primer5’-GGATGCAGGGATGATGTTCT-3’, amplify-
ing a 132-bp region. DNase I-treated total RNA (1 pg)
was used for each reaction, and all the reactions were
performed in ftriplicate. Relative Dicer mRNA
expression was calculated using 22T values [64].
Welch’s unpaired ¢ test with 95% confidence intervals
was performed for statistical analysis of all gqRT-PCR
experiments using Prism software (GraphPad Software,
Inc., La Jolla, CA, USA).
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SUPPLEMENTAL DATA

Relative fold change

miR-301a
miR-543

miR-326
miR-455*
miR-872
miR-497

Supplemental Figure 1. QRT-PCR confirmation of downregulation of six miRNAs
identified from the microarray experiments in Ercc1” MEFs, compared to WT MEFs.

MiRNA microarray data (Table 1) was validated by gRT-PCR analysis of Ercci-/- MEFs at P7

* compared to WT MEFs at P7, grown to 3% O,. WT MEFs at P7 were assigned a value of -1. Six

miRNAs identified in the microarray were confirmed to be downregulated by qRT-PCR. MiR-455*

* refers to the less abundant miRNA product derived from the miR-455 stem-loop precursor. P-
values were calculated using Welch’s t-tests and are indicated by * (p<.001) and ** (p< .0001).
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Relative fold change

Supplemental Figure 2. QRT-PCR validation of miRNAs
identified from the microarray analysis of late passage
Ercc1” MEFs normalized to early passage Ercc1’ MEFs. (A)
Three miRNAs identified identified as being upregulated in late
Ercc1”” MEFs compared to early passage via microarray (Table 3)
were confirmed to be upregulated by gRT-PCR. QRT-PCR
expression values are relative to Ercc1” passage 3 samples,
which were normalized to a value of either 1 or -1. (B) Ten
downregulated miRNAs in P7 Ercc1”™ MEFs from the microarray
analysis (Table 3) were confirmed to be downregulated by qRT-
PCR. MiR-455* refers to the less abundant miRNA product
derived from the miR-455 stem-loop precursor. Expression values
are relative to Ercc1”” passage 3 samples, which were normalized
to a value of -1. P-values for qRT-PCR data were calculated using
Welch'’s t-tests and are indicated by * (p < .05), ** (p< .01) and #
(p< .0001).
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Supplemental Figure 3. QRT-PCR expression of miR-
467a in Passage 3 Ercc1” MEFs, Passage 7 WT MEFs
and Passage 7 Ercc1’” MEFs grown in 20% 02. (A)
MiR-467a is upregulated in Ercc1” MEFs (KO) grown to
Passage 7 (P7) in 20% 02 compared to WT P7 MEFs grown
to 20% O,. QRT-PCR expression values are relative to WT
P7 samples, which were normalized to a value of 1. (B)
MiR-467a is upregulated in Ercc1” MEFs (KO) grown to
Passage 7 (P7) in 20% 02 compared to Ercc1”” MEFs (KO)
grown to Passage 3 in 20% 0O2. Expression values are
relative to Erccl” passage 3 samples, which were
normalized to a value of 1. All experiments were
performed in triplicate and the standard deviation is
plotted as error bars.
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Supplemental Figure 4. QRT-PCR expression of miR-
129-5p in Passage 3 WT MEFs grown in 3% O, and
Passage 7 Ercc1”” MEFs grown in 20% O,. (A) MiR-
129-5p is upregulated in late passage senescent Erccl'/-
MEFs (KO P7) grown in 20% O, compared to WT Passage 3
(P3) MEFs grown in 3% O2,which are the least senescent
cells that we examined in our microarray experiments.
QRT-PCR expression values are relative to WT passage 3
MEFs, which were normalized to a value of 1. All
experiments were performed in triplicate and the standard
deviation is plotted as error bars. P-values for qRT-PCR
data were calculated using Welch’s t-tests and are
indicated by * (p < .05).

Supplemental Table S1. Experimentally validated target
genes for miRNAs identified in this study. 3’-UTR homology
between human and mouse gene orthologs was etermined
using Targetscan 6.2 [76].

miRNA Target gene(s) References
miR-10b Bcl2111, Hoxd10, Tfap2c [60]
Abcc5, Bax, Bmi1, E2F3a, E2f5,
miR-128 Hoxa10, Ntrk3, Reln, Ret, [65-69]
Rps6kb1

Bcl2, Cend1, Ccne2, Cdc25a,
Cdks, DIlI1, E2f2, E2f3, E2f5,
miR-449a [70]
Gmnn, Hdac1, Hnf4a, Lef1, Met,

Myc, Mycn, Notch1, Sirt1

miR-450b-3p | No confirmed mRNA targets

miR-455* No confirmed mRNA targets
Bcl2, Bcl212, Cend1, Cend2, Igfir,
miR-497 [71-73]
Map2k1, Raf1
miR-543 Twist1 [74]
miR-872 Sod1 [75]

P3 WT 20%
P3 WT 3%
P3 KO 20%
P3 KO 3%
P7 WT 20%
P7 WT 3%
P7 KO 20%
P7 KO 3%
No RT

Relative fold-change

WT Young

Ercc1”®
WT Old
No RT

Relative fold change

Supplemental Figure 5. QRT-PCR of Dicer mRNA in primary
MEFs and in liver tissues shows reduced expression in
senescence and aging. (A) Dicer mRNA is downregulated in Passage 7
Ercc1” (P7 KO) MEFs. QRTPCR expression values are relative to WT
Passage 3 (P3 WT) samples, which were normalized to a value of 1. (B)
QRT-PCR analysis was performed on livers of WT young (20 weeks),
progeroid Ercc1”™ mice (20 weeks), and WT old mice (30 months) to
examine Dicer mRNA expression. Dicer mRNA is downregulated
significantly in WT Old mouse livers compared to WT Young and Ercc1?™
livers. The mean of three independent mouse livers for each condition
is graphed as fold-change expression relative to WT young livers, which
were normalized to a value of -1. All experiments were performed in
triplicate and the standard deviation is plotted as error bars. P-values
were calculated using Welch’s t-tests and are indicated by * (p < .05)
and # (p< .0001).

www.impactaging.com

473 AGING, June 2013, Vol. 5 No.6



