
OPEN

miR-17 extends mouse lifespan by inhibiting
senescence signaling mediated by MKP7

WW Du1,2, W Yang1, L Fang1,2, J Xuan1, H Li1,2, A Khorshidi1,2, S Gupta1,2, X Li1,2,3 and BB Yang*,1,2

Here we show that transgenic expression of miR-17 extends lifespan and inhibits cellular senescence. We propose that miR-17
acts as a critical regulator of cellular senescence and tumorigenesis. We demonstrate that miR-17 targets both ADCY5 and IRS1,
upregulating the downstream signals MKP7, FoxO3, LC3B, and HIF1a, and downregulating mTOR, c-myc, cyclin D1, and JNK.
Silencing either ADCY5 or IRS1 promoted autophagy and repressed cellular senescence and apoptosis. Repression of ADCY5 by
miR-17 translocated membrane-bound RGS2 into the nucleus, promoting interactions of RGS2 with HIF1a and the MKP7
promoter, enhancing MKP7 transcription. ADCY5 repression by miR-17 also facilitated the translocation of EGFR and MKP7 from
membrane into cytoplasmic and mitochondrial fractions. Importantly, we found that MKP7 inhibited senescence by
dephosphorylating PRAS40 at Thr246 and mTOR at Ser2248, facilitating the interaction and loss of function of both molecules.
Thus, the oncogenic miR-17 also acts pleiotropically to inhibit cellular senescence and extend longevity.
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MicroRNAs (miRNAs) are short strands of RNAs of 18–24
nucleotides in length. Several miRNAs in 17B92 cluster have
been reported to play important roles in cancer development
through the repression of tumor-associated genes.1–4 Over-
expression of the miR-17B92 cluster has been shown to
enhance tumor cell proliferation and reduce apoptosis by
regulating cell-cycle progression.5,6 Expression of miR-17, a
miRNA that has been shown to downregulate the tumor
suppressor PTEN,7,8 is widely believed to be oncogenic.
Interestingly, miR-17 has also been found to be down-
regulated in human aging cells.9 Lifespan is mainly affected
by tissue aging and cellular senescence. Studies have
revealed conservation of lifespan-regulating genes and their
signaling networks. Decreased target of rapamycin (TOR)
signaling and insulin/IGF-like signaling are two central events
to extend lifespan.

TOR, or mTOR (mechanistic target of rapamycin) in
mammals, is a cytoplasmic protein kinase that exists in all
cells of all species.10,11 The mTOR pathway is a sensor of
nutrients, growth factors, hormones, mitogens, and cytokines.12,13

In response to signals from these molecules, mTOR promotes
cellular mass growth. Hyperstimulation and hyperactivation of
mTOR lead to cellular senescence and tissue aging resulting
in decreased lifespan. Importantly, inhibition of TOR or raptor,
an essential component of TOR complex, extends lifespan
dramatically.14,15

The insulin/IGF-like signaling is widely accepted as a
signaling pathway that plays a central role in the regulation
of organism growth and lifespan.16 Lifespan is prolonged in
yeast, flies, and rodents when the activity of the insulin/IGF-
like signaling is reduced although these organisms are
different in their shape and size.17 Worms with a mutation in
daf-2, a Caenorhabditis elegans homolog of insulin/IGF
receptor lead to active and healthy lives twice as long as
those of wild-type worms.18,19 Decreased function of insulin/
IGF-like signaling by the Forkhead transcription factor can
extend lifespan.20 Adenylate cyclase 5, a membrane-bound
enzyme, can catalyze production of cyclic adenosine mono-
phosphate (cAMP) and modulate glucose-stimulated insulin
secretion and proinsulin-to-insulin conversion.21 Knocking out
the ADCY5 gene (adenylate cyclase type 5) in mice may
protect cardiac muscle from apoptosis and extend lifespan.22

In this study, we found that transgenic expression of miR-17
increased mouse lifespan by repressing expression of insulin
receptor substrate 1 (IRS1) and ADCY5. IRS1 has been
shown to play a key role in transmitting signals from the insulin
and insulin-like growth factor 1 (IGF-1) receptors to intracel-
lular pathways.23,24 We also found that decreased ADCY5
promoted expression of the dual specificity phosphatase 16
(DUSP16/MKP7), an enzyme that inactivates their target
kinases by dephosphorylating both the phosphoserine/
threonine and phosphotyrosine residues including JNK
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(c-Jun N-terminal kinases) and ERK (extracellular signal-
regulated kinase).25 Increased MKP7 appeared to play a
similar role as insulin-inhibitory signaling. In addition,
increased MKP7 inhibited mTOR and JNK activation,
but increased HIF1a (hypoxia-inducible factor 1-alpha)
expression. Increased HIF1a in turn promoted MKP7
transcription, resulting in the inhibition of cellular senescence
and tissue aging. Through a number of signaling pathways,
we propose that the oncogenic miR-17 can also act to
downregulate cellular senescence and extend lifespan. This is
an important step in understanding the implications of
therapeutically targeting oncogenic miRNAs.

Results

Expression of miR-17 decreases senescence. We have
reported that transgenic mice expressing miR-17 grew
slower in the early stages of development.26 As these mice
aged, however, we found that they developed liver tumors,
which were pathologically similar to human hepatocellular
carcinoma.8 When examining the lifespans of the miR-17
transgenic mice, we unexpectedly found that the miR-17
transgenic mice had significantly longer lifespans as
compared with wild-type mice (Figure 1a).

We examined the femur bone mass and found that the aged
miR-17 transgenic mice displayed increased bone mass as
compared with the wild-type mice (Figure 1b). A number of
organs, including intestine, lung, heart, and skin, were then
subject to b-galactosidase (b-gal) staining, a molecular
marker of senescence. It was found that the miR-17
transgenic mice displayed lower intensities of b-gal staining
than the wild-type mice (Figure 1c).

To corroborate the role of miR-17 in senescence, we
developed a mouse embryonic fibroblast (MEF) cell line stably
transfected with either an miR-17 expression construct or a
control vector. Expression of two mature miRNAs, miR-17-5p
and miR-17-3p, was confirmed (Supplementary Figure S1a).
Analysis of senescence by b-gal staining revealed that ectopic
expression of miR-17 decreased senescence when the cells
were cultured in a serum-free medium (Figure 1d) or treated
with H2O2 for 2 h, followed by culturing in basal medium for
48 h (Figure 1e). We also found that the MEF cells transfected
with miR-17 had a lower rate of apoptosis (Supplementary
Figure S1b) and the cells survived longer (Supplementary
Figure S1c) when cultured in serum-free medium or treated
with H2O2.

miR-17 represses ADCY5 and IRS1 but promotes MKP7.
Protein expression was examined to uncover proteins that
might be mediating miR-17 function in senescence. MiR-17-
and control vector-transfected MEFs were cultured in normal
medium, serum-free medium, or medium treated with H2O2.
We found that ADCY5, IRS1, PTEN, pmTOR, c-myc, cyclin
D1, and pJNK were downregulated, while MKP7, FoxO3a
(Forkhead box O3), LC3B, pAkt, GSK-3b (S9P; glycogen
synthase kinase-3b serine-9), and HIF1a were upregulated
(Figure 2a). Among the downregulated proteins, ADCY5 was
a potential target of miR-17-5p and IRS1 was a potential
target of miR-17-3p (Supplementary Figure S1d). To confirm
direct targeting of ADCY5 by miR-17-5p and IRS1 by

miR-17-3p, we generated luciferase constructs harboring a
fragment of ADCY5 or IRS1 (Supplementary Figure S1e).
The potential target sites were mutated. Luciferase assay
confirmed that miR-17-5p could target ADCY5, while miR-17-
3p could target IRS1 (Figure 2b). The target repression
appeared to occur post-transcriptionally, since the levels of
ADCY5 and IRS1 mRNAs were not affected by miR-17
transfection (Supplementary Figure S1f).

To confirm miRNA targeting, we transfected MEFs with
miR-17-5p and/or miR-17-3p mimics and found that ADCY5
was repressed in the presence of miR-17-5p, while IRS1 was
repressed in the presence of miR-17-3p (Figure 2c, upper).
When miR-17 and control vector-transfected MEF cells were
transfected with miR-17-5p and/or miR-17-3p inhibitor com-
pared with a control oligo, expression of ADCY5 and IRS1 was
increased (Figure 2c, lower). Typical full-gel photos of
ADCY5, IRS1, PTEN, pmTOR, c-myc, cyclin D1, pJNK,
MKP7, FoxO3a, LC3B, pAKT, GSK-3b (S9P), HIF1a, and IR
are provided in (Supplementary Figure S2).

It has been reported that ADCY5 knockout decreased
cAMP levels.22 We analyzed cAMP levels in cells transfected
with miR-17 or the control vector and found little difference
between the cell lines (Supplementary Figure S3a). ADCY5
silencing was confirmed by western blotting (Supplementary
Figure S3b). MEFs transfected with miR-17-5p mimic or
siRNA (small interfering RNA) targeting ADCY5 produced
lower levels of cAMP transiently, mainly in the fractions
associated with the integral membrane protein, caveolin
(Supplementary Figure S3c). MiR-17 expressing MEF cells
produced ADCY5 at the highest levels among the nine
isoforms analyzed, although both vector- and miR-17-
transfected cells produced comparable levels of the adenylate
cyclases (Supplementary Figure S3d).

To test the roles of ADCY5 and IRS1 in mediating miR-17
function, we transfected MEFs with siRNAs targeting ADCY5,
IRS1, and PTEN, as PTEN has been reported to be a target of
miR-17-5p.7 It was confirmed that MEFs transfected with
siRNAs targeting ADCY5, IRS1, and PTEN expressed
lower levels of these proteins compared with control
(Supplementary Figure S4a). Silencing ADCY5 or IRS1, but
not PTEN, was found to repress senescence (decreased
b-gal staining), when the cells were cultured in the serum-free
medium or treated with H2O2 (Figure 3a; Supplementary
Figure S4b). Western blot analysis revealed that when
ADCY5 was silenced, levels of MKP7, FoxO3a, and LC3B,
and HIF1a were upregulated, while c-myc, cyclin D1, and
pmTOR were downregulated (Figure 3b). Silencing IRS1
increased FoxO3a and LC3B expression, while silencing
PTEN upregulated pAKT and GSK3b (S9P) levels. Our
results, combined with previously reported signaling path-
ways, allowed us to illustrate a signaling network, by which
miR-17 functions (Figure 3c).

To confirm the downstream signaling of miR-17-5p, we
silenced MKP7, FoxO3a, and HIF1a (Supplementary Figure
S4c). Silencing MKP7 increased levels of pJNK, pmTOR,
c-myc, and cyclin D1, but downregulated HIF1a, FoxO3a, and
LC3B (Figure 3d). Silencing FoxO3a downregulated LC3B
level, while silencing HIF1a had little effect on expression of all
proteins analyzed. By functional analysis, we found that
silencing MKP7 and FoxO3a, but not silencing HIF1a,
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Figure 1 Expression of miR-17 repressed organismal and cellular senescence. (a) Lifespans (survival days) of miR-17 transgenic and wild-type mice, showing longer
lifespan of the miR-17 transgenic mice. (b) The femur of transgenic and wild-type mice was embedded in the same paraffin wax block. One section of 5 mm was obtained from
every 100mm coronally or sagittally. The miR-17 transgenic sections showed increased bone mass. (c) Left, sections of intestine, lung, and heart of transgenic and wild-type
mice were subject to b-gal staining. Transgenic mice displayed less b-gal staining for all organs. Right, sections of skin were subject to b-gal staining. Transgenic mice showed
less b-gal staining. (d) Left, the number of b-gal stained cells were counted and quantified. miR-17 expression decreased b-gal staining compared to the control. Asterisks
indicate significant differences. *Po0.05; **Po0.01. Error bars, S.D. (n¼ 6). Right, fewer miR-17-transfected MEF cells showed b-gal staining than the control after cultured
in serum-free medium. (e) After being treated with H2O2 for 2 h, and then cultured in basal medium for 48 h, the miR-17-transfected MEFs showed less b-gal staining than the
control. *Po0.05; **Po0.01. Error bars, S.D. (n¼ 6)
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Figure 2 Targeting ADCY5 and IRS1 by miR-17. (a) The vector- or miR-17-transfected MEFs were cultured in 10% FBS or serum-free medium for 48 h, or treated with
75mM for 2 h, and then cultured in 10% FBS/medium for 48 h, followed by western blot analysis, which showed downregulation of ADCY5, IRS1, PTEN, pmTOR, c-myc, cyclin
D1, and pJNK, and upregulation of MKP7, FoxO3a, LC3B, pAkt, GSK-3b (S9P), and HIF1a. All membranes were reprobed with anti-b-actin antibody to confirm equal loading,
which is shown beneath of each blot. (b) Left, decreased luciferase activities were observed in 293T cells co-transfected with miR-17-5p and luciferase reporter construct
Luc-ADCY5 (luc-AC5), which was reversed when the miR-17-5p binding site was mutated (luc-AC5-mut). Right, decreased luciferase activities were observed in cells
co-transfected with miR-17-3p and luc-IRS1, which was reversed when the miR-17-3p binding site was mutated (luc-IRS1-mut). **Po0.01. Error bars, S.D. (n¼ 4).
(c) Upper, decreased expression of ADCY5 and IRS1 was detected in MEFs transfected with miR-17-5p or/and -3p mimic (Mi) compared with control (N.C.). Lower, increased
expression of ADCY5 and IRS1 was detected in both miR-17- and control vector-transfected MEF cells when the cells were transfected with miR-17-5p or/and -3p inhibitor (In)
compared with control
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Figure 3 miR-17 repressed cellular senescence via promoting expression of MKP7. (a) The number of b-gal-stained MEFs decreased in cells transfected with siRNAs targeting
ADCY5 and IRS1 compared with cells transfected with a control oligo or siRNA targeting PTEN, when the cells were cultured in serum-free medium for 4 days (left) or treated with
150mM H2O2 (right). *Po0.05; **Po0.01. Error bars, S.D. (n¼ 6). (b) Silencing ADCY5 upregulated levels of MKP7, FoxO3a, and LC3B, HIF1a, and pJNK, but downregulated
c-myc, cyclin D1, and pmTOR. Silencing IRS1 promoted FoxO3a and LC3B expression. Silencing PTEN upregulated pAKT and GSK3b (S9P) levels. All membranes were reprobed
with anti-b-actin antibody to confirm equal loading, which is shown beneath of each blot. (c) miR-17 repressed MEFs senescence by targeting ADCY5 and IRS, and enhancing
expression of MKP7. (d) Silencing FoxO3a downregulated LC3B level. Silencing MKP7 increased levels of pJNK, pmTOR, c-myc, and cyclin D1, but downregulated HIF1a, FoxO3a,
and LC3B. Silencing HIF1a had little effect on the expression of all proteins analyzed. (e) The number of b-gal-stained miR-17-transfected MEFs increased in cells treated with siRNAs
targeting MKP7 and FoxO3a compared with cells treated the control oligo or siRNA targeting HIF1a, when the cells were treated with 150mM H2O2 (n¼ 6)
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increased cellular senescence, when the cells were treated
with 150 mM H2O2 (Figure 3d, Supplementary Figure S4d) or
cultured in the serum-free medium (Supplementary Figure
S4e). In these conditions, silencing MKP7 and HIF1a, but not
FoxO3a, decreased cell survival (Supplementary Figure S4f)
but increased apoptosis (Supplementary Figure S4g), sug-
gesting different effects of these molecules in senescence
and cell death.

miR-17 regulates MKP7 subcellular translocation. To
examine the distribution of MKP7, we isolated caveolin-
associated membrane fractions from lysates of mock- and
miR-17-transfected MEFs. While upregulation of MKP7 in the
lysate of miR-17-transfected cells was confirmed, a signifi-
cant translocation of MKP7 and epidermal growth factor
receptor (EGFR) to non-caveolin fraction was observed
(Figure 4a; Supplementary Figure S5a). Although the total
levels of EGFR was not affected by miR-17 transfection
(Figure 4a), we detected a clear translocation of EGFR to
the mitochondria in the cells transfected with miR-17 with or
without stress (Figure 4b). Expression of miR-17 also
enhanced MKP7 expression in the mitochondrial fractions.
In the nuclear fraction, EGFR localization was increased
but MKP7 expression decreased when the cells were
stressed in serum-free conditions or treated with H2O2,
which was not found in mitochondrial fractions (Figure 4b).
Such protein translocation by cell stress was not found
for RGS2 (regulator of G-protein signaling 2). The increase
in EGFR and decrease in MKP7 were validated by confocal
microscopy (Figure 4c). Representative images are
provided in (Supplementary Figure S5b; Supplementary
Figure S6a).

Confirmation of ADCY5 and IRS1 effects. We then
validated the effects of ADCY5 on mediating the function of
miR-17 in senescence. We first confirmed that ectopic
expression of ADCY5 decreased levels of MKP7, HIF1a,
LC3B, and FoxO3a, but increased levels of pJNK, pmTOR,
c-myc, and cyclin D1 (Figure 5a). ADCY5 expression
facilitated translocation of EGFR, MKP7 and RGS2 to
caveolin-associated fraction from the non-caveolin fraction
(Figure 5a; Supplementary Figure S6b), but had little effect on
IRS1 expression and translocation (Supplementary Figure
S6c). Functionally, ectopic expression of ADCY5 increased
b-gal-positive cells in the miR-17-transfected MEFs, when the
cells were stressed (Figure 5b; Supplementary Figure S7a).
Consistent with this was the decreased cell survival
(Supplementary Figure S7b) and increased apoptosis
(Supplementary Figure S7c) in the stressed cells.

To validate the effects of ADCY5 on protein translocation,
we knocked down ADCY5 as above and analyzed protein
distribution in membrane, nuclei, and mitochondria. After
confirming protein fractionation (Supplementary Figure S7d),
we found that silencing ADCY5 promoted enrichment of
MKP7, EGFR, pEGFR, and RGS2 in the non-caveolin fraction
(Supplementary Figure S7e), an effect similar to miR-17
overexpression (Figure 4a). In addition, silencing ADCY5
also played a similar role as miR-17 overexpression for
protein distribution in nuclei and mitochondria (Supplementary
Figure S7f).

We then validated the effects of IRS1 using a similar
approach. Cells transfected with IRS1 were subject to western
blot analysis. The downstream signal molecules LC3B and
FoxO3a were confirmed downregulated in the total cell
lysates (Figure 5c). The lysates were then subject to
fractionation (Supplementary Figure S8a). Unlike ADCY5,
expression of IRS1 neither show any effect on translocation of
MKP7, EGFR, and RGS2 to the non-caveolin fraction
(Supplementary Figure S8b) nor played additional effect on
cell stress (Supplementary Figure S8c). Nevertheless,
expression of IRS1 increased cell senescence (Figure 5d),
although it did not affect cell survival (Supplementary Figure
S8d) and apoptosis (Supplementary Figure S8e).

It has been reported that ADCY5 knockdown increased
lifespan in vivo and in vitro.22 The major mechanism is
increased phosphorylation of MEK1 (MAPK/ERK kinase-1)
and ERK. It also involved decreased accumulation of cAMP.
Since ADCY5 was found to be repressed by miR-17
expression, we examined total cell lysate and membrane
fraction of the miR-17- and vector-transfected cells for pERK
and pMEK1, using PTPN9 (cytoplasmic protein) and PTPRF
(membrane protein) as controls ensuring successful fractio-
nation of proteins. We did not detect change of pERK and
pMEK1 (Figure 5e). Nevertheless, when ADCY5 was sup-
pressed by siRNA targeting ADCY5, significant upregulation
of pERK and pMEK1 was detected, which was mainly due to
the increase in non-caveolin fraction (Figure 5f, upper). We
then overexpressed IRS1 in the miR-17-transfected cells and
detected increased levels of pERK and pMEK1, again, mainly
in the cytoplasm (Figure 5f, lower). These results suggested
that while ADCY5 can repress phosphorylation of ERK and
MEK1 as reported,22 IRS1 could promote this process
(Figure 5g). As a consequence, expression of miR-17, which
repressed both ADCY5 and IRS1, displayed no potent effect
on ERK and MEK1 phosphorylation.

MKP7 represses mTOR function. It has been reported that
mTOR plays important roles in cell differentiation, autophagy,
and senescence27,28 and phosphorylation at the Ser2248 is
essential.29 However, dephosphorylated PRAS40 at Thr246
can bind to the dephosphorylated mTOR2248 and inhibit
mTOR activity.30 We found that expression of miR-17
decreased levels of pmTOR and pPRAS40, while MKP7
level was promoted (Figure 6a). In co-immunoprecipitation
assays, antibody against mTOR pulled down PRAS40 and
MKP7, while antibody against PRAS40 pulled down MKP7,
suggesting the interaction of mTOR and PRAS40 with MKP7.

MKP7 has been known to function in dephosphorylation of
other proteins.31,32 We overexpressed MKP7 in MEFs and
found that the levels of pmTOR and pPRAS40 were greatly
decreased (Figure 6b). In co-immunoprecipitation assays,
anti-mTOR antibody pulled down PRAS40 and MKP7, while
anti-PRAS40 antibody pulled down MKP7. To validate the
dephosphorylating activity of MKP7, MEFs were transfected
with siRNA targeting MKP7. This resulted in upregulation of
pmTOR and pPRAS40 (Figure 6c).

We then tested whether MKP7 could directly depho-
sphorylate pmTOR by mixing the purified MKP7 from
different preparation of cell lysate with the purified total
mTOR. Incubation of both purified proteins resulted in
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Figure 4 Expression of miR-17 promoted MKP7 subcellular translocation. (a) Left, cell lysates from mock- and miR-17-transfected MEFs were probed with antibodies as
indicated. Right, membranes isolated from the lysates were probed with antibodies as indicated. miR-17 transfection promoted translocation of MKP7 and EGFR to non-
caveolin fraction. (b) Upper, mitochondria fraction was probed with antibodies against EGFR, MKP7, and VDAC1/Porin. Lower, nuclear extract of mock- and miR-17-
transfected MEFs were probed with antibodies as indicated. Cells were cultured in serum-free medium for 48 h, or treated with 75 mM H2O2 for 2 h, then cultured for 48 h
showed increased levels of EGFR but decreased levels of MKP7 in the nucleus compared with cells cultured in basal medium. (c) Upper, the MEFs were also stained with
phalloidins (green) for cell structure, DAPI (blue) for nucleus, and red fluorescence showing expression of MKP7, RGS2, or EGFR. miR-17-transfected MEFs showed
enhanced expression of MKP7, and distinguished translocation of RGS2 to the nucleus. However, both control and miR-17 MEFs showed depleted MKP7 and condensed
EGFR in the nucleus, when cultured in serum-free medium or treated with H2O2. Lower, in addition, the cells were also stained with VADC1 (yellow) for mitochondria, and red
staining showing expression of MKP7 or EGFR. miR-17 transfection enhanced expression of MKP7 and EGFR in the mitochondria
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Figure 5 Overexpression of ADCY5 or IRS1 abolished miR-17 repressed MEFs senescence and MKP7 subcellular translocation. (a) It was confirmed that ectopic
expression of ADCY5 decreased levels of MKP7, HIF1a, LC3B, and FoxO3a, but increased levels of pJNK, pmTOR, c-myc, and cyclin D1 (left). In the membrane fraction,
pEGFR disappeared in the non-caveolin preparation (middle). In the nucleus, EGFR levels were promoted, while MKP7 levels were suppressed in the stress conditions (right,
cell treated with H2O2 or cultured in serum-free medium). (b) Ectopic expression of ADCY5 increased b-gal-positive cells in the miR-17-transfected MEFs, when the cells were
cultured in serum-free medium for 4 days (left) or treated with 150mM H2O2 (right). **Po0.01. Error bars, S.D. (n¼ 6). (c) Ectopic expression of IRS1 decreased levels of
LC3B and FoxO3a. (d) Ectopic expression of IRS1 increased b-gal-positive cells in the miR-17-transfected MEFs, when the cells were cultured in serum-free medium for 4
days (left) or treated with 200mM H2O2 (right). **Po0.01. Error bars, S.D. (n¼ 6). (e) Cell lysates (left) and membrane (right) from mock- and miR-17-transfected MEFs were
probed with antibodies to pERK, ERK2, pMEK1, and MEK1. (f) Upper, total cell lysates and membrane fraction from si-ADCY5-transfected MEFs were subject to
immunoblotting for expression of pERK, ERK2, pMEK1, MEK1, PTPN9, and PTPRF. Lower, miR-17-transfected cells were transiently transfected with IRS1 and a control
vector. Expression of ERK and MEK was analyzed. (g) Diagram showing the relationship of miR-17, ADCY5, and IRS1
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dephosphorylation of pmTOR by MKP7, greater amount of
MKP7 resulting in dephosphorylation of pmTOR (Figure 6d).
Similarly, purified MKP7 resulted in decreased pPRAS40
level. These results suggest that MKP7 could directly depho-
sphorylate pmTOR and pPRAS40 and forming complexes
with these two proteins (Figure 6e).

To confirm upregulation of MKP7 in the miR-17 transgenic
mice, we analyzed expression of MKP7, ADCY5, and IRS1 in
the organs of the miR-17 transgenic mice. In the heart,
intestine, kidney, lung, skin, and spleen, we found that MKP7
was upregulated but ADCY5 and IRS1 were downregulated
as compared with wild-type mouse organs (Figure 7a).

mTOR

MKP7

Deptor mLST8

Raptor

Thr246

WNT pathway Autophagy
antisenescence

Cell growth

mTOR

Deptor mLST8

Raptor

PARS40

Cell growth Autophagy

P

P
Ser2448

P

P

PARS40

Figure 6 Expression of MKP7 repressed mTORC1 function. (a) Lysates prepared from cells transfected with miR-17 or a control vector as indicated were subject to
immunoprecipitation with anti-mTOR or anti-PRAS40 antibodies, followed by western blotting probed with antibodies as indicated. mTOR precipitation pulled down MKP7 and
PRAS40. PRAS40 precipitation pulled down MKP7. (b) Lysates prepared from cells transfected with MKP7 or a vector as indicated were subject to immunoprecipitation with
anti-mTOR or anti-PRAS40 antibodies, followed by western blot analysis. mTOR precipitation pulled down MKP7 and PRAS40. PRAS40 precipitation pulled down MKP7.
(c) Lysates prepared from cells transfected with siRNA targeting MKP7 or a control oligo were subject to immunoprecipitation with anti-mTOR or anti-PRAS40 antibodies,
followed by western blot analysis. mTOR precipitation pulled down trace amount of PRAS40 but not MKP7. PRAS40 precipitation pulled down decreased levels of MKP7
compared with the control. (d) Left, immunoprecipitated MKP7 and non-precipitated total lysate of vector- or MKP7-transfected MEFs were incubated with immunoprecipitated
mTOR for 24 h. The reaction was terminated by adding � 2 Laemmli buffer, and the mix was subject to western blot analysis for pmTOR (Ser2248) expression. In the
presence of MKP7, mTOR was dephosphorylated at Ser2248. Right, immunoprecipitated and non-precipitated MKP7 were incubated with immunoprecipitated PRAS40 for
24 h, followed by western blot analysis. MKP7 dephosphorylated pPRAS40 at Thr246. (e) Mechanism of MKP7 repressing mTOR function
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To examine how MKP7 expression was upregulated, we
isolated chromatins of mock- and miR-17-transfected
MEFs and incubated digested chromatins with anti-RGS2,

or anti-HIF1a antibodies. The precipitated DNA was subject to
polymerase chain reaction (PCR) with specific primers
flanking a piece of DNA sequence at the MKP7 promoter.

miRmiR--1717ctrlctrl miRmiR--1717ctrlctrl miRmiR--1717ctrlctrl miRmiR--1717ctrlctrl miRmiR--1717ctrlctrl

αα

α α

α

α

miR-17 in senescence
WW Du et al

10

Cell Death and Disease



It was found that miR-17 expression enhanced RGS2 and
HIF1a binding to MKP7 promoter (Figure 7b). It appeared that
expression of miR-17 repressed ADCY5, allowing RGS2 to
translocate to nucleus, where it interacted with HIF1a,
enhancing HIF1a binding to MKP7 promoter, and promoting
MKP7 transcription. Increased levels of MKP7 in the
cytoplasm and mitochondria dephosphorylated senescence-
related proteins (e.g., pmTOR and pPRAS40), particularly
during stress. Repressing ADCY5 also facilitated EGFR
translocation into the cytoplasm and mitochondria. Increased
mitochondrial EGFR and MKP7 in turn enhanced autophagy,
but decreased senescence and apoptosis (Figure 7c). To
validate the interaction of RGS2 and HIF1a, nuclear proteins
were subject to co-immunoprecipitation. The assay showed
that anti-RGS2 antibody could pull down HIF1a, anti-HIF1a
antibody could pull down RGS2 (Figure 7d).

Discussion

In this study, we found that transgenic expression of miR-17
suppressed cellular and organismal senescence and pro-
longed lifespan in mice. In specific contexts, multiple miRNAs
have been shown to both positively and negatively regulate
senescence and lifespan.33–37 Previously, most studies
focused on the effect of miRNAs on senescence at the
cellular level, or investigated the longevity role of miRNAs in
lower organisms.38,39 Uniquely, our study systematically
describes the functions of one specific miRNA in controlling
senescence and aging at both the organismal and cellular
levels. The precursor microRNA miR-17 can be processed to
produce two mature miRNAs, miR-17-5p and miR-17-3p. In
the transgenic mice and transfected cells, the levels of both
mature miRNAs were comparable and were shown to target
ADCY5 and IRS1, respectively.

ADCY5 has been shown to interact with the N-terminal
domain of RGS2.40 We found that silencing ADCY5 released
the membrane-bound RGS2, allowing it to be translocated to
the nuclei where it interacted with HIF1a. The RGS2-HIF1a
complex bound to the MKP7 promoter, increasing MKP7
transcription. It has been reported that ADCY5 knockout
extended lifespan by upregulating MEK/ERK signaling
pathway.22,41 We found that enhanced expression of MKP7
is a major mechanism regulating lifespan and senescence.
Our study demonstrates that enhancing MKP7 expression is
an additional function of ADCY5, a functional target of miR-17-
5p. MKP7, or Dusp16 is a member of the dual specificity
protein phosphatase family. It can activate mitogen-activated
protein kinase (MAPK) cascades and negatively regulates
MAPK activity.42 We found that increased expression of

MKP7 inhibited mTOR signaling by dephosphorylating mTOR
at Ser2248 and PRAS40 at Thr246. The dephosphorylated
mTOR and PRAS40 formed a complex resulting in quiescent
mTOR activity. It has been shown previously that decreased
mTOR activity inhibits cellular senescence.43,44 Our results
showed that increased MKP7 expression represents a
different layer of function in the ability of the miR-17-ADCY5
axis in suppressing mTOR activity and inhibiting cellular
senescence.

We also found that increased MKP7 expression played a
similar role as repressing IRS1 expression, which enhanced
expression of FoxO3a and LC3B. IRS1 signaling has been
reported to be an evolutionarily conserved pathway regulating
mammalian lifespan.45,46 We found that enhanced expression
of FoxO3 and LC3B could induce autophagy and inhibit
senescence. Thus, there appeared to be a cross-talk between
mTOR signaling and insulin signaling in reducing cellular
senescence mediated by MKP7. Associated with this effect,
MKP7 could also inhibit c-myc and cyclin D1 expression
resulting in inhibited senescence.

In addition, we found that MKP7 could inhibit JNK activity
and enhance HIF1a expression resulting in inhibiting cell
apoptosis. This effect was similar to miR-17 repression of
PTEN expression. PTEN has been shown to regulate variety
of cell activities in the suppression of tumor growth.47 We have
previously shown that miR-17 enhanced tumor growth by
repressing PTEN expression.8 Here we confirmed that PTEN
was targeted by miR-17 resulting in inhibitory apoptosis.
Thus, MKP7 could function similarly to PTEN in modulating
cellular apoptosis. Interestingly however, repression of PTEN
by miR-17 was not found to be sufficient to modulate cellular
senescence. We thus hypothesized that miR-17 was eliciting
a tumorigenic and anti-senescence phenotype by pleiotropi-
cally targeting different signaling pathways.

Another molecule that mediated miR-17-ADCY5 signaling
appeared to be EGFR. Silencing ADCY5 stimulated EGFR
translocation to mitochondria, resulting in upregulation of ERK
and MEK. This was shown to promote autophagy and inhibit
senescence. Silencing ADCY5 also increased MKP7 levels in
the mitochondria. Increased MKP7 would promote FoxO3a
and LC3B activities, resulting in enhanced autophagy and
decreased senescence. Under stressed conditions, EGFR
showed significant nuclear translocation and MKP7 showed
cytoplasm translocation, which might be related to EGFR-
regulated stress transcription. This could act to enhance
MKP7 function in dephosphorylating cytoplasmic proteins.
The specific functions of mitochondrial, cytoplasmic and
nuclear EGFR and MKP7 in autophagy, senescence, and
apoptosis await further investigation.

Figure 7 The role of MKP7 subcellular translocation in anti-senescence. (a) Sections of heart, intestine, kidney, lung, skin, and spleen of transgenic and wild-type mice
were immunostained for expression of ADCY5, IRS1, and MKP7. Transgenic mice expressed high levels of MKP7 and low levels of ADCY5 and IRS1. (b) Chromatins of mock-
and miR-17-transfected MEFs were isolated, digested and immunoprecipitated with rabbit IgG (negative control) and antibodies against histone H3 (positive control), RGS2, or
HIF1a, followed by PCR or RT-PCR with specific primers flanking a piece of DNA sequence at the MKP7 promoter. miR-17 expression enhanced RGS2 and HIF1a binding to
MKP7 promoter. (c) Expression of miR-17 represses ADCY5, which releases RGS2, and allowed it to translocate to nucleus and to bind to MKP7 promoter. Nuclear RGS2 can
also bind to HIF1a and enhances HIF1a binding to MKP7 promoter, promoting MKP7 transcription. Increased levels of MKP7 in the cytoplasm and mitochondria
dephosphorylate senescence-related proteins (e.g., pmTOR and pPRAS40), in particular during stress. Repressing ADCY5 also facilitates EGFR moving to the cytoplasm and
mitochondria. Increased mitochondria levels of EGFR and MKP7 can enhance autophagy, but decrease senescence and apoptosis. (d) Nuclear preparation prepared from
cells transfected with miR-17 or a control vector was subject to immunoprecipitation with anti-RGS2 or anti-HIF1a antibodies, followed by western blotting probed with
antibodies as indicated. Anti-RGS2 antibody pulled down HIF1a, anti-HIF1a antibody pulled down RGS2
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ADCY5 knockout mice showed increased longevity as a result
of activating Raf/MEK/ERK signaling and cAMP levels.22 In this
study, we found that silencing ADCY5 only temporarily repressed
cAMP levels in MEFs, and that stable knockouts of ADCY5 did
not have any effects on cAMP levels. This may be due to the fact
that there are nine isoforms of ADCY. Although we were able to
detect a decrease in cAMP after transient ADCY5 transfection,
stable transfection of ADCY5 did not detect clear reduction of
cAMP. This might be the result of supplementary effect from
other isoforms. We were also able to detect increased levels of
pERK and pMEK in the cells transfected with siRNA targeting
ADCY5. This is in agreement with previously reported results.
However, in the cells transfected with miR-17, we did not detect
change in pERK and pMEK levels. This appeared to be the
opposite effect of silencing IRS1. Silencing IRS1 decreased
pERK and pMEK levels, an opposite effect of silencing ADCY5.
As a consequence, overexpression of miR-17, which silenced
both IRS1 and ADCY5, produced little effects on pERK and
pMEK levels. These results suggest that miR-17 inhibited
senescence through mechanisms other than increasing pERK
and pMEK levels.

In summary, we found that transgenic expression of miR-17
increased mouse lifespan by repressing expression of IRS1 and
ADCY5. Decreased ADCY5 promoted MKP7 expression,
resulting in inhibited mTOR and JNK activation, but increased
HIF1a expression. Increased HIF1a in turn promoted MKP7
transcription that inhibited cellular senescence and tissue aging.
Silencing ADCY5 produced a similar effect as miR-17 transfec-
tion, inducing nuclear localization of RGS2 that formed a
complex with HIF1a and the MKP7 promoter, enhancing MKP7
transcription, which is a key mediator of inhibitory senescence.

Thus we identified miR-17 as a pleiotropic miRNA that
regulates both tumorigenesis and senescence. We found that
the processed mature miR-17-3p and miR-17-5p, targeted
IRS1 and ADCY5, respectively. Downregulation of both these
molecules acted to inhibit cellular senescence, through
separate pathways. In particular, ADCY5 repression was
found to translocate the membrane-bound RGS2 into the
nucleus, which increased MKP7 transcription. This resulted in
dephosphorylation of mTOR at Ser2248 and PRAS40 at
Thr246, leading to quiescent mTOR activity and reduced
cellular senescence.

In addition to describing the oncogenic role of miR-17 in two
cellular senescence pathways, we identified MKP7 as a key
mediator of mTOR signaling. Identifying and understanding
the multiple pathways that miRNAs can target will be
important in predicting the effects of therapeutically targeting
or introducing single miRNAs.

Material and Methods
Materials. The monoclonal antibodies against ADCY5, pmTOR(S2448),
mTOR, pPRAS40 (Thr246), PRAS40, FoxO3a, LC3B, GSK-3b (S9P), IR, PCDNA
and pJNK, senescence b-gal staining kit, and SimpleChIP chromatin IP kit were
obtained from Cell Signaling (Beverly, MA, USA). Polyclonal antibodies against
MKP7, RGS2, pEGFR, EGFR, pERK, ERK2, pMEK1, MEK1, IRS1, Cav2, cyclin
D1, and c-myc were obtained from Santa Cruz Biotechnology (Dallas, TX, USA).
The monoclonal antibodies against HIF1a, pAKT, and b-actin were obtained from
Abcam (San Francisco, CA, USA). Horseradish peroxidase-conjugated goat anti-
mouse IgG and horseradish peroxidase-conjugated goat anti-rabbit IgG were
obtained from Bio-Rad (Hercules, CA, USA). Immunoblotting was performed using
the ECL western blot detection kit (enhanced chemiluminescence; Amersham

Biosciences, Amersham, UK). miRNA RT and PCR kits were obtained from
Qiagen (Valencia, CA, USA). cAMP assay kit was obtained from R&D
(Minneapolis, MN, USA).

Constructs and primers. Plasmid miR-17 and control plasmid were
generated previously. Both plasmids contain a pBluescript backbone, a CMV
promoter driving green fluorescent protein (GFP) expression and a human H1
promoter driving pre-miR-17 or a non-related sequence serving as a control. The
control plasmid was inserted a non-related sequence (50-ATACAGTACTGTGA
TAACTGAAGTTTTTGGAAAAGCTTTAGTTATTAA-30) instead of the pre-miR-17
sequence. To investigate the function of miR-17, the above two constructs were
transfected into MEFs. After cell sorting through monitoring GFP signal by FACS,
transfected stable cells were obtained.

The pMir-Report (Ambion, Austin, TX, USA), luciferase reporter vector was
applied to generate the luciferase constructs. A fragment of the 30-untranslated
region (30UTR) of mouse ADCY5 and IRS1 was cloned by RT-PCR. Two primers,
musADCY5-SacI (50-CCCGAGCTCTAGCAGATACCAGCCAGCGGTGCC-30) and
musADCY5-MluI (50-CCACGCGTCAGAAGTTGCTTCTGAGTCAA-30), were synthe-
sized to clone the 30UTR fragment of ADCY5, while the 30UTR fragment of IRS1
was cloned with the primers musIRS1-SacI (50-CCCGAGCTCACCTACCT
TGTGTGTTCTGGGAAC-30) and musIRS1-MluI (50-CCACGCGTGTTGATCAGGGC
AACTGGGCA-30). The PCR products were digested with SacI and MluI and the
fragments were inserted into the luciferase vector to obtain Luc-ADCY5 and
Luc-IRS1. The mutant construct Luc-ADCY5-mut, mutation of the miR-17-5p
binding site, was generated by PCR approach with primers musADCY5-SacI and
musADCY5-MluI-mut (50-CCACGCGTCAGAAGTTGCTTCTGAGTGTTAGTG-30).
The PCR products, using primers musIRS1-ScaI and musIRS1-MluI-mut (50-C
CACGCGTGTTGATCAGGGCAACTGGGCATGACCAGTG-30), were applied to
create the Luc-IRS1-mut construct. A non-related sequence, amplified from the
coding sequence of the chicken versican G3 domain was used as a negative control
as previously described.1

The plasmid vector pCMV6 containing mouse cDNA of Dusp16/MKP7 was
obtained from Origene (Rockville, MD, USA), and pBABE containing mouse cDNA
fragment of IRS1 was from Addgene (Cambridge, MA, USA). The plasmid vector
PCDNA3.1(þ )/myc-His B with mouse cDNA of ADCY5 was kindly provided by Dr.
Yijuang Chern. Primer sequences used are shown in Supplementary Figure S8f.

Cell survival assay. Cells (2� 105) were cultured in 10% FBS/DMEM (fetal
bovine serum/Dulbecco’s modified Eagle’s medium) medium in culture dishes and
maintained at 371C for 12 h. After cell attachment, the medium was replaced with
serum-free DMEM medium or 10% FBS/DMEM medium containing H2O2. Cells
were harvested daily or at specific time points and cell number was counted by
Coulter Counter (Beckman Coulter, Brea, CA, USA).

Hydrogen peroxide inducing senescence. Cells in basal medium
were treated with indicated concentrations of hydrogen peroxide (H2O2) for 2 h.
Washing with phosphate-buffered saline (PBS), the treated cultures were
incubated in fresh growth medium without H2O2 for 48 h, and processed to
b-gal staining.

Annexin V assay. An Annexin V-FITC apoptosis detection kit (Biovision,
Milpitas, CA, USA) was used to detect cell apoptosis. Cells were collected and
resuspended in binding buffer, and Annexin V-FITC and propidium iodide were
added to each sample and incubated in the dark for 15 min. Annexin V-FITC
binding was determined by flow cytometry using FITC signal detector (FL1) and
propidium staining by the phycoerythrin emission signal detector (FL2).

Intracellular cAMP measurement. Cells were lysed and added to 96-well
microtiter plates coated with antiserum of cAMP Enzyme Immunoassay kit (R&D).
cAMP levels were measured according to the kit instructions. The optical densities
in the plates were determined in a plate reader at 450 nm within 30 min.

Luciferase activity assay. A dual-luciferase reporter system developed by
Promega (E1960, Madison, WI, USA) was used to perform luciferase activity
assay. Briefly, U343 cells (ATCC, Manassas, VA, USA) were cultured on 12-well
tissue culture plates at a density of 2� 105 cells per well. Cells were co-
transfected with the luciferase reporter constructs (Madison, WI, USA),
corresponding miRNA mimics, and Renilla luciferase construct (Promega) for
5 h. After 24 h culture, the transfected cells were lysed by 150ml of passive lysis
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buffer; 30ml of lysates were mixed with 50ml of LAR II, and then firefly luciferase
activity was measured by a luminometer. For the internal control, 50 ml of Stop &
Glo reagent (Madison, WI, USA) was added to the sample.

Immunofluorescence microscopy. Cells growing on BD culture slides
(Franklin Lakes, NJ, USA) were fixed for 10 min in 3.7% formaldehyde, blocked
with 10% goat serum, and then incubated with primary antibody in TBS containing
10% goat serum albumin overnight. The slides were washed and stained with goat
anti-mouse Alexa 594 or goat anti-rabbit Alexa 647 (Life Technologies, Carlsbad,
CA, USA) at room temperature for 1 h. Fluorescent phalloidins, Acti-stain 488
(Cytoskeleton, Denver, CO, USA) was used to stain F-actin to show cell structure.
DNA staining was performed with DAPI. Confocal laser scanning microscopy was
performed using an LSM 510 Meta microscope (Carl Zeiss, Oberkochen,
Germany).

Western blot analysis. Cells were lysed, and the protein samples were
subject to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
containing 5–12% acrylamide. Transblotting was processed onto a nitrocellulose
membrane in � 1 Tris/glycine buffer containing 20% methanol at 66-V at 41C for
2 h. The membrane was blocked in TBST (10 mM Tris-Cl, pH 8.0; 150 mM NaCl,
0.05% Tween-20, Sigma-Aldrich, St. Louis, MO, USA) containing 5% non-fat dry
milk powder (TBSTM) for 0.5 h, and then incubated with primary antibodies at 41C
overnight. The membranes were washed with TBST (3� 30 min) and then
incubated with secondary antibodies for 1 h. After washing, the bound antibodies
were visualized with an ECL detection kit (Amersham Biosciences).

Real-time PCR. For mature miRNA analysis, total RNAs were extracted from
cells with mirVana miRNA Isolation Kit (Ambion, San Francisco, CA, USA)
according to the manufacturer’s instructions. cDNA synthesis was performed with
miScript Reverse Transcription Kit (Qiagen), using 1mg RNA as template. PCRs
were performed with miScriptSYBR GreenPCR Kit (Qiagen) using 1ml cDNA as
template. The primers used as real-time PCR controls were mouse-U6RNAf and
mouse-U6RNAr.

Preparation of membrane fractions. Cells were lysed in 2 ml of
2-(N-morpholino) ethanesulfonic acid (MES)-buffered saline (MBS: 25 mM MES;
150 mM NaCl, pH 6.0) with protease inhibitors (PI, Roche Applied Science,
Penzberg, Germany), and homogenized with a prechilled Dounce homogenizer
(Thomas Scientific, Swedesboro, NJ, USA) with 20 strokes. Samples were
centrifuged at 1000� g for 5 min. The supernatant (2 ml) was adjusted to 45%
sucrose by adding 2 ml of 90% sucrose in MBS. Following this, 4 ml 35% sucrose
in MBS/Na2CO3 (250 mM) and 4 ml 5% sucrose MBS/Na2CO3 were in turn layered
on top of the supernatant. After centrifuged at 39 000 r.p.m. for 16–10 h in a SW41
rotor (Beckman Instruments, Brea, CA, USA), a light-scattering band at the 5–35%
sucrose interface was collected. Twelve (1 ml) fractions were collected, starting
from the top of the gradient. For immunoblotting, an equal amount of total protein
from each fraction (25 mg) was analyzed.

Nuclear extract preparation. Cells were lysed in 1 ml lysis buffer (20 mM
Hepes, pH 7.2; 10 mM KCl; 2 mM MgCl2 and PI), and homogenized with a
prechilled Dounce homogenizer with 20 strokes. Cell lysis was centrifuged at
4200 r.p.m. for 5 min. The pellet was washed with PBS three times, and
resuspended in 100ml lysis containing 0.5 M NaCl. After centrifugation at
13 200 r.p.m. for 10 min, supernatants containing nuclear extract were used for
analysis.

Mitochondria purification preparation. Cells were lysed in 1 ml lysis
buffer containing 1 mM DTT and 250 mM sucrose, and homogenized with a
prechilled Dounce homogenizer with 20 strokes. Cell lysis was centrifuged at
1000� g for 10 min. The supernatant was then centrifuged at 10 000� g for
25 min. The pellet was resuspended in 10 mM Tris-HCl, pH 7.5, 250 mM sucrose
and PI, and carefully layered onto a discontinuous sucrose gradient (6 ml 1.0 M
sucrose over 6 ml 1.5 M sucrose, dissolved in 20 mM Tris-HCl, pH 7.5; 150 mM
NaCl and 1 mM DTT). After ultracentrifugation at 60 000� g for 30 min, the white
band between the 1.0 and 1.5 M sucrose interface was collected and resuspended
in a buffer containing 20 mM Tris-HCl, pH 7.5; 150 mM NaCl and PI.

Immunoprecipitation assays. Cells were washed in ice-cold PBS, and
lysed in 1 ml lysis buffer. Equal amounts of protein were incubated with 5mg

primary antibody and 40ml of 50% slurry of protein A-Sepharose (Sigma-Aldrich)
at 41C for 4 h. The pellet was washed three times with PBS and were
resuspended in � 2 Laemmli buffer (Sigma-Aldrich, 0.125 M Tris-HCl, 4% SDS,
20% glycerol, 10% 2-mercaptoethanol, and 0.004% bromophenol blue, pH 6.8),
followed by western blot analysis.

Chromotin immunoprecipitation assay. Chromotin immunoprecipitation
(ChIP) was performed using SimpleChIP chromatin IP kit (Cell Signaling) according
to the manufacturer’s instructions. Briefly, cells were treated with formaldehyde
solution, and the chromatin was isolated, digested, and immunoprecipitated with
antibody against RGS2 or HIF1a. The captured chromatin was eluted,
uncrosslinked, and the DNA was recovered. ChIP DNA was subject to PCR using
specific primers flanking a piece of DNA sequence of MKP7 promoter region, which
has binding sites for RGS2 or HIF1a.

MKP7 dephosphorylation assay. Cells were lysed in 1 ml lysis buffer,
and homogenized with a prechilled Dounce homogenizer with 20 strokes. Equal
amounts of protein were incubated with 5mg of anti-mTOR, PRAS40, or MKP7
antibody, and 40ml of 50% slurry of protein A-Sepharose at 41C for 4 h. The pellet
was washed three times with PBS and were resuspended in 50 ml phosphatase
buffer (50 mM Tris-HCl, pH 7.5; 1 mM MgCl2; 0.1 mM EDTA; and 100mg/ml bovine
serum albumin, 25mg/ml leupeptin) in non-reducing conditions without
b-mercaptoethanol. Approximately, 25 ml immunoprecipitated products of mTOR
or PRAS40 were incubated with 50ml immunoprecipitated products of MKP7 at
371C for 24 h. The reaction was terminated by adding � 2 Laemmli buffer.

Senescence b-galactosidase staining. Staining with b-gal was
performed using senescence-galactosidase staining kit (Cell Signaling)
according to the manufacturer’s instructions. In brief, cells were fixed for
5 min in 3.7% formaldehyde, washed in PBS and stained in b-gal solution
(1 mg/ml 5-bromo-4-chloro-3-indolyl-b-gal) at 371C until staining become visible
in either experiment or control plates. The number of positive cells was counted
under a light microscope.

Tissues of wide-type and transgenic mice were freshly excised, rapidly frozen in
liquid nitrogen, and mounted in OCT. Sections (5mm) were placed on glass slides,
fixed in 1% formalin in PBS at room temperature for 1 min, and immersed in b-gal
staining solution at 371C for 24 h. The samples were counterstained with eosin, and
viewed under a bright field at 10–40� magnification.

Tissue slide H&E staining, immunohistochemistry. Tissues
were freshly excised and fixed in 10% formalin overnight, immersed in 70%
ethanol, embedded in wax, and sectioned. The sections were de-paraffinized
with xylene and ethanol and then boiled in a pressure cooker. After blocked
with 10% goat serum for 1 h, all samples were incubated with primary antibody
at 41C overnight. The sections were incubated with biotinylated secondary
antibody for 1 h, followed by avidin-conjugated horseradish peroxidase
provided by the Vectastain ABC kit (Vector, PK-4000, Vector Laboratories,
Burlingame, CA, USA). The slides were then stained with DAB followed by
Mayer’s Hematoxylin (Sigma-Aldrich) counter staining and slide mounting.

Statistical analysis. All experiments were performed in triplicate and
numerical data were subject to independent sample t-test. The levels of
significance were set at *Po0.05 and **Po0.01.
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