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Our recent studies suggest a role for the proteasome activator REG
(11S regulatory particles, 28-kDa proteasome activator)γ in the reg-
ulation of tumor protein 53 (p53). However, the molecular details
and in vivo biological significance of REGγ-p53 interplay remain elu-
sive. Here, we demonstrate that REGγ-deficient mice develop pre-
mature aging phenotypes that are associated with abnormal
accumulation of casein kinase (CK) 1δ and p53. Antibody array anal-
ysis led us to identify CK1δ as a direct target of REGγ. Silencing CK1δ
or inhibition of CK1δ activity prevented decay of murine double
minute (Mdm)2. Interestingly, a massive increase of p53 in REGγ−/−

tissues is associated with reduced Mdm2 protein levels despite that
Mdm2 transcription is enhanced. Allelic p53 haplodeficiency in REGγ-
deficient mice attenuated premature aging features. Furthermore,
introducing exogenous Mdm2 to REGγ−/− MEFs significantly rescues
the phenotype of cellular senescence, thereby establishing a REGγ-
CK1-Mdm2-p53 regulatory pathway. Given the conflicting evi-
dence regarding the “antiaging” and “proaging” effects of p53,
our results indicate a key role for CK1δ-Mdm2-p53 regulation in
the cellular aging process. These findings reveal a unique model
that mimics acquired aging in mammals and indicates that modu-
lating the activity of the REGγ-proteasome may be an approach for
intervention in aging-associated disorders.

casein kinase 1 | PA28γ

Premature aging refers to unusual acceleration of the natural
aging process and is induced by multiple factors such as

genetics, environment, and stress conditions. Many biological
markers of premature aging have been described over the past
century, including blindness, gray/yellow hair, ear atrophy, osteo-
porosis, lordokyphosis of the spine, reduced hair regrowth, delayed
wound healing, and a shortened lifespan (1, 2). Recently, progress
has been made in understanding some of the mechanisms of pre-
mature aging (3, 4). DNA damage, oxidative stress, and mito-
chondrial DNA (mtDNA) mutations are associated with premature
aging and may be contributing agents. Furthermore, abnormalities
in several cancer-related proteins such as cyclin-dependent kinase
inhibitor 1 (p21), tumor protein 53 (p53), and E2F family of
transcription factors (retinoblastoma-associated protein; E2F1) also
are known to cause premature aging phenotypes (5–8). Given that
longer lifespan is mostly associated with an increased cancer in-
cidence, maintaining the balance between longevity and reduced
risk of cancer remains a formidable task.
Discrepancies between proaging and antiaging effects of p53

were observed in different experimental systems. A p53 hyper-
morphic mouse model that harbored a mutant p53 allele (m-p53)
displayed resistance to spontaneous cancers, a shortened life-
span, and premature aging phenotypes (2). The role of p53 in
promoting aging is supported by a different mouse model, in
which a 44-kDa truncated naturally occurring isoform of p53
(p44+/+) is expressed (7). The p44+/+ mice displayed enhanced
p53 activity and phenotypes similar to those in the p53+/m mice.

In contrast to the p53+/m and p44+/+ mouse models, a “super
p53” mouse model, with one or two extra copies of genomic p53
along with flanking regulatory sequences, showed enhanced p53
response to DNA damage, resistance to both spontaneous and
carcinogen-induced tumors, but a normal lifespan compared
with wild-type mice (9). A murine double minute (Mdm)2
hypomorphic mouse model (10), that had increased p53, showed
a normal lifespan but did not age prematurely compared with wild-
type mice. It seems likely that aberrantly regulated and constitu-
tively enhanced p53 activity may promote aging through Mdm2
because both p53+/m and p44+/+ mice lack domains required for
interaction with Mdm2. The complexity of p53 regulation is
demonstrated by the identification of numerous regulators of
Mdm2–p53 interaction, including the recently discovered REGγ
proteasome activator (11, 12).
REGγ [also known as 28-kDa proteasome activator (PA28γ),

proteasome (prosome, macropain) activator subunit 3 (PSME3),
and a 32KD antigen identified by an anti-Ki antibody (Ki)] belongs
to the REGγ or 11S family of proteasome activator ‘‘caps’’ that
have been shown to bind to and activate the proteasome core (20S)
proteasome. It regulates a group of growth-related proteins in
a ubiquitin- and ATP-independent manner (13, 14). Previous
reports showed that cells in REGγ knockout mice displayed re-
duced growth, decreased proliferation, and increased apoptosis
(15, 16). REGγ also was shown to promote the degradation of
several important regulatory proteins, including steroid receptor
coactivator 3 (SRC-3), cyclin-dependent kinase inhibitors p21, p16,
and p19, in a ubiquitin- and ATP-independent manner (14, 17).
More recently, REGγ was known to regulate p53 stability/activity
in an Mdm2-dependent manner in vitro (11, 12). Overexpression
of REGγ has been linked to progression of some cancers (18, 19).
REGγ-dependent regulation of p53 prompted us to investigate
whether REGγ−/− mice may display premature aging.
In this study, we demonstrate that depletion of REGγ in mice

results in amassive increase of p53 inmultiple tissues/cell types and
ultimately induces premature aging in a p53-dependent manner.
Mechanistically,REGγwas found to directly degrade casein kinase
1 (CK1), which negatively regulates Mdm2. Our findings are in
agreement with a recent study (20) revealing a mechanism in the
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control of Mdm2 stability through joint action of casein kinase 1
(CK1,CK1α, andCK1δ) and Skp,Cullin, F-box containing complex
(SCF)beta-TRCP followingDNAdamage.Our results provide evidence
that theREGγ-proteasome system plays a role in the regulation of
acquired aging mainly via the CK1-Mdm2-p53 pathway.

Results
Early Aging Phenotypes in REGγ-Deficient Mice. To study the asso-
ciation of REGγ deficiency with aging, we monitored aging-
related physical parameters and phenotypes of REGγ+/+ and
REGγ−/− mice from birth to death. Up to 12 mo of age, REGγ−/−
mice appeared morphologically identical to their REGγ+/+ litter-
mates except for slightly reduced body size and body weight. After
12 mo of age, REGγ−/− mice gradually displayed signs of pre-
mature aging (2, 21, 22). The body size and body weight of REGγ−/−
male mice were markedly reduced after 56 wk (Fig. 1 A and B),
and more than 75% of the aged REGγ−/− mice developed blind-
ness compared with 0% in age-matched REGγ+/+ counterparts
(Fig. S1A). Similar to the m-p53 mice, REGγ−/− mice had
a shortened lifespan compared with REGγ+/+ controls. Compari-
son of the REGγ+/+ and REGγ−/− survival curves indicated that
the average life expectancy of REGγ+/+ mice was approximately
1.5-fold longer than that of the REGγ−/− mice (Fig. 1C). By 18 mo,
signs of lordokyphosis (hunchback spine) were obvious in REGγ−/−
mice as shown by X-ray analysis (Fig. 1D). Histological examina-
tion of cross-sections from 20-mo-old REGγ+/+ and REGγ−/−
mice showed clear reduction in cortical and trabecular bone
mineral density in the REGγ−/− tibia (Fig. 1E and Fig. S1B).
It has been reported that the development of T and B cells

declines with age (23). The spleen is the largest secondary im-
mune organ and plays important roles in the immune system
(24). In this study, the T-cell and B-cell containing white pulp
regions in the spleen of 20-mo-old REGγ−/− mice were obviously
reduced compared with age-matched REGγ+/+ male mice (Fig.
1F). Statistical analysis showed significant reduction in the white
pulp regions in the 20-mo-old REGγ−/− mice (Fig. 1G). Histone
phosphorylation of histone H2A (H2AX) phosphorylation, a
marker for DNA damage, has been shown to accumulate in

senescent human cells and aged mice (21, 25). Thus, we character-
ized γ-H2AX in 20-mo-old REGγ−/− and REGγ+/+ mice. Testes
from REGγ−/− mice displayed age-dependent accumulation of
γ-H2AX–positive cells (Fig. 1H). Western blot analysis revealed
a large increase of γ-H2AX expression in multiple tissues from
20-mo-old REGγ−/− mice, including kidney, testis, and skin
(Fig. S1C). Furthermore, numerous REGγ−/− mice began to de-
velop ear atrophy and gray/yellow hair at the age of 12–15 mo. The
aging-associated phenotypes in REGγ+/+ and REGγ−/− mice are
summarized in Table S1. These data clearly demonstrate that
REGγ deficiency can promote premature aging in mice.

Aging-Related Anomalies in REGγ−/− Skin. Skin changes are among
the most visible signs of aging. Reduced dermal thickness and s.c.
adipose tissues are two markers for aged skin in humans (2). Al-
though there were no significant abnormal skin phenotypes in
REGγ knockout mice at the age of 2 mo (Fig. 2A), analysis of
hematoxylin/eosin (H&E)-stained sections of skin from older (22-
mo-old)mice revealed an obvious reduction in the dermal thickness
and s.c. adipose of the REGγ−/− skin in comparison with REGγ+/+
controls (Fig. 2B).Differences in the skin anatomy between the age-
matched groups were statistically validated (Fig. 2 C and D).
Hair regrowth declines linearly as a function of age in mice

(2). A hair regrowth assay was performed to understand the full
impact of REGγ deficiency during aging. Almost no hair regrowth
was observed in 22-mo-old REGγ−/− mice, whereas REGγ+/+
mice exhibited normal hair regrowth 20 d after shaving a dorsal
segment of skin (Fig. 2E and Fig. S1D). It is obvious that hair
regrowth is delayed upon loss of REGγ function, indicating that
REGγ deficiency exacerbates this aging-related disorder.

REGγ Interacts with CK1δ and Promotes Its Degradation. To un-
derstand the molecular basis of REGγ-mediated regulation of
target proteins such as Mdm2/p53, we carried out a large-scale
proteomic screen by using antibody arrays (Full Moon BioSystems)
to identify proteins differentially regulated in REGγ-positive and
REGγ-null MEF cells. The Full Moon arrays contain antibodies
against phospho and total proteins (26), including nearly 1,300

Fig. 1. Early aging phenotypes in REGγ-deficient mice. (A) Photograph of a pair 24-mo-old REGγ+/+ and REGγ−/− male mice. (B) Body weights of age-matched
male REGγ+/+ (n = 7) and REGγ−/− (n = 11) mice after 56 wk. *P < 0.05; **P < 0.01; ***P < 0.001. (C) Longevity in REGγ+/+ (n = 25) and REGγ−/− (n = 33) mice. (D)
Whole-body radiograph of 20-mo-old REGγ+/+ (n = 20) and REGγ−/− (n = 28) mice. (E) Images representing cortical (Upper) and trabecular (Lower) microstructures
of the femurs from 20-mo-old REGγ+/+ and age-matched REGγ−/− mice. (F) Hematoxylin-eosin (HE)-stained cross-section of 20-mo-old REGγ+/+ and REGγ−/− mouse
spleen showing the T- and B-cell containing white pulp regions. (G) The mean fraction of white pulp in the spleen of 20-mo-old REGγ+/+ and REGγ−/− mice (n = 5,
P < 0.001). (H) Determination of γ-H2AX–positive cells in testis crytosections of 20-mo-old mice. (Magnification: 20×.) (Scale bars: 100 μm.)
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proteins in more than 30 different regulatory pathways. In these
antibody arrays, we discovered an increased expression of CK1α
in REGγ−/− MEFs. Coincidentally, a recent study has revealed
a new mechanism in the control of Mdm2 stability by joint action
of CK1 (CK1α and CK1δ) and SCFβ-TRCP (20). To test whether
REGγ is involved in this pathway to regulate Mdm2/p53 stability,
CK1 protein and mRNA levels were examined by using cell
extracts from different cell types or mouse tissues. The results
showed that CK1 protein levels were higher in REGγ-deficient
cells (Fig. 3A), whereas CK1 mRNA expression was not changed
in REGγ+/+ and REGγ−/− MEFs (Fig. S2A). CK1δ is more im-
portant than other CK1 isoforms in the regulation of Mdm2 (20),
so our subsequent studies have focused mainly on CK1δ.
Because REGγ is mostly localized in nucleus and some CK1δ

are sequestered in cytoplasm, we carried out cell fractionation to
show that depletion of REGγ mainly blocked degradation of
CK1δ in the nuclear fractions comparing the REGγ+/+ and
REGγ−/− MEFs (Fig. 3B). Consistently, there were increases in
CK1δ in multiple tissues from 20-mo-old REGγ+/+ and REGγ−/−
mice (Fig. S2B). We previously generated stable HeLa cell lines
constitutively expressing either a control nonspecific shRNA (shN)
or a REGγ-specific shRNA (shR). The HeLa-shR cells displayed
a higher expression of CK1δ compared with HeLa-shN cells (Fig.
S2C). We also observed an augmented CK1δ expression when
REGγ was transiently silenced in an human colon carcinoma
(HCT116) cell line (Fig. S2D). Furthermore, we detected physical
interactions between REGγ and CK1δ by transiently expressing
combinations of FLAG(a small peptide tag recognized by anti-Flag)-
CK1δ/REGγ or CK1δ/FLAG-REGγ along with a FLAG-vector
control followed by reciprocal immunoprecipitation in 293T cells. As
a result, the FLAG-tagged CK1δ or REGγ successfully coimmuno-
precipitated untagged REGγ or CK1δ, whereas the FLAG vector
failed to pull down proteins (Fig. 3 C and D). These results further
indicate that CK1δ could be a direct target of REGγ.
To gain additional insight into the mechanism of REGγ-mediated

CK1δ degradation, we examined the capacity of REGγ to direct
cell-free proteolysis (13, 14). Incubation of purified CK1δ with
latent 20S proteasome or REGγ alone exhibited no significant
degradation of CK1δ beyond nonspecific decay. However, a com-
bination of REGγ and 20S proteasome promoted marked degra-
dation of CK1δ in the absence of additional ATP (Fig. 3E). CK1δ
also was degraded faster in REGγ+/+ MEF cells than in REGγ−/−
MEFs (Fig. 3F and Fig. S2E). To further demonstrate that CK1δ
is degraded by functional REGγ, degradation dynamics were an-
alyzed in 293 cells inducibly expressing a wild-type REGγ or an

enzymatically inactive mutant (N151Y) REGγ. In the presence of
cycloheximide (CHX), CK1δ decayed faster in the 293 cells ex-
pressing wild-type REGγ than in the 293 cells with mutant
(N151Y) REGγ (Fig. S2F). Therefore, we conclude that CK1δ is
a direct target of REGγ.

REGγ Regulates Mdm2 in a CK1δ-Dependent Manner. It is known that
REGγ can regulate p53 stability/activity in an Mdm2-dependent
manner, but the molecular mechanism is unclear. We validated
REGγ-mediated dysregulation of p53 levels in vivo by observing
large increases in p53 in multiple tissues/cell types in REGγ−/−
mice (Fig. S3 A and B). To our surprise, there was a concomitant
reduction of Mdm2 in MEF cells depleted of REGγ (Fig. S3C),
suggesting that REGγ may regulate Mdm2 stability before its
impact on p53. Because Mdm2 is abundant in testis, kidney, and
colon tissues (27), we compared Mdm2 expressions in these
tissues from REGγ−/− and REGγ+/+ mice. More than 50% re-
duction of Mdm2 protein level was observed in multiple tissues
in young and aged REGγ−/− mice (Fig. 4 A and B). To ensure
that REGγ also regulates Mdm2 in a similar fashion in human
cell lines, we silenced REGγ in A549 and liver hepatocellular
cells (HepG2) cells and also observed a significant reduction
in Mdm2 protein levels (Fig. S3 D and E). Interestingly, Mdm2
mRNA levels in REGγ−/− testis and REGγ−/− MEF cells were
generally higher compared with those in wild type (Fig. 4C),
reflecting a feedback regulation of gene expression by the aug-
mented p53. The seemingly contradictory phenomenon of lower
Mdm2 protein and concomitant higher Mdm2 mRNA level in
REGγ−/− cells indicates that a faster degradation in Mdm2 protein
overrides the mRNA accumulation in the absence of REGγ.
To verify that REGγ stabilizes Mdm2, we tested Mdm2 sta-

bility following overexpression of REGγ in a 293-inducible cell

Fig. 2. Aging related anomaly in REGγ−/− skin. (A) Cross-sections of dorsal skin
from 2-mo-old REGγ+/+ and REGγ−/− mice. (Magnification: 10×.) Epidermis (E),
dermis (D), adipose under the dermis (A), and muscle (M) are indicated. (B)
Cross-sections of dorsal skin from a 22-mo-old REGγ+/+ and an age-matched
REGγ−/− mouse. (Magnification: 10×.) Arrows denote the epidermis (E). Dermis
(D), adipose under the dermis (A), and muscle (M) are indicated. (C and D)
Average dermal thickness (C) in REGγ+/+ and REGγ−/− mice and average
thickness of s.c. adipose (D) in REGγ+/+ (n = 4) and REGγ−/− (n = 4) mice (P <
0.001). (E) Representative photos of 20-mo-old REGγ+/+ and REGγ−/− male
mice at 20 d after hair removal on a dorsal area. (Scale bars: 50 μm.)

Fig. 3. REGγ can interactwithCK1δ anddirectlydegradeCK1δ. (A) Expressionof
REGγ, p21, and CK1α, CK1δ in REGγ+/+, and REGγ−/− MEF cells. (B) Depletion of
REGγblocksnucleardecayofCK1δ. Equal amountof cell extractswassubjected to
cytoplasmic and nuclear fractionation, followed by Western blot analysis using
indicated antibodies. Lamin A/C and Hsp90was used as amarker for nuclear and
cytoplasm fractions. (C) Interaction between REGγ and CK1δ in 293T cells was
determined by coimmunoprecipitation and Western blot analysis following
transient transfection of 1μg of FLAG-CK1δ, 10 μg of REGγ, or 10 μg of FLAG-
vector control into 293T cells. (D) Reciprocal interaction between REGγ and CK1δ
was performed by coimmunoprecipitation as indicated following transient
transfection of 2 μg of FLAG-REGγ, 2 μg of CK1δ, or 2 μg of FLAG-vector control
into 293T cells. *, nonspecific bands. (E) In vitro proteolytic analysis of REGγ-me-
diated degradation of CK1δ. Purified REGγ, 20S proteasome, and in vitro-trans-
lated CK1δwere incubated as indicated and described inMaterials andMethods.
(F) Stability of endogenous CK1δ inREGγ+/+andREGγ−/−MEFs.MEFswere treated
with CHX (100 μg/mL) for indicated times followed by Western blotting.
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line (14). Exogenously expressed Mdm2 proteins were much
more stable in the presence of CHX when REGγ was induced
(Fig. 4D). Likewise, endogenous Mdm2 degradation was mark-
edly accelerated in REGγ-diminished HepG2 (shR) cells, which
contain a stably integrated shRNA against REGγ, compared
with the HepG2 (shN) cells containing a control shRNA (Fig.
4E). These results indicate that REGγ stabilizes Mdm2 and
promotes p53 degradation. Given the inability of REGγ to reg-
ulate p53 in cells lacking Mdm2 (11), we believe that REGγ
modulates Mdm2-p53 expression in a linear order.
To determine the causal relationships among REGγ, CK1δ, and

Mdm2, REGγ-mediated regulation of Mdm2 expression was an-
alyzed before and after treatment with a cell-permeable inhibitor
of CK1 (D4476), a chemical inhibitor of CK1. D4476 has been
demonstrated to have pronounced specificity for CK1 at lower
concentrations (28, 29). With increasing concentrations of D4476,
endogenous Mdm2 accumulated in HeLa cells (Fig. 5A), sub-
stantiating negative regulation of Mdm2 by CK1. Blocking CK1
activity by D4476 treatment significantly alleviated REGγ de-
ficiency-induced destabilization of Mdm2 in HCT116 (shR) cells
(Fig. 5B), indicating that REGγ regulates Mdm2 in a CK1-de-
pendent manner. To exclude the possibility that the CK1 inhibitor
could influence Mdm2 stability by targeting other kinases, CK1δ
was knocked down by using siRNA in HepG2 cells (Fig. 5C).
Silencing CK1δ elevated Mdm2 expression, further suggesting
that CK1δ is the major CK1 subtype specifically regulating the
Mdm2-p53 pathway.
Because Mdm2 protein is quickly degraded in response to DNA

damage (20, 30, 31) leading to stabilization and activation of
p53, we examined whether REGγ deficiency could expedite
DNA damage-induced Mdm2 decay. DNA damage was induced
by treating cells with etoposide, a topoisomerase inhibitor pro-
ducing DNA strand breaks (32), to enhance degradation of Mdm2
(Fig. S4A). We then evaluated dynamic changes of Mdm2 before
and after etoposide treatment in HepG2 (shR) and HepG2 (shN)
cells. The results revealed an accelerated Mdm2 turnover upon
DNA damage in cells with REGγ silencing (Fig. 5D). Given that
DNA damage usually accumulates over time, REGγ deficiency in
aged mice should have a more profound effect on Mdm2

destruction. In fact, immunohistochemistry (IHC) analysis of
REGγ regulated proteins revealed augmented CK1δ, reduced
Mdm2, and enhanced p53 expression in testis (Fig. 5E), skin (Fig.
S4B) and colon (Fig. S4C) from 20-mo-old REGγ−/− mice, sub-
stantiating a linear REGγ-CK1-Mdm2-p53 regulatory pathway.

REGγ Deficiency-Induced Senescence Depends on Dysregulation of
Mdm2 and p53 Elevation. Next, we asked whether REGγ may reg-
ulate additional targets other than the Mdm2-p53 pathway to
modulate cellular senescence. If regulation of Mdm2-p53 levels by
REGγ contributes the major impact on cellular senescence, we
expect that manipulation of Mdm2 expression or p53 levels may
“rescue” the senescent phenotypes in REGγ−/− cells or tissues.
REGγ−/− primary MEFs display a marker of senescence (33, 34)
(positive SA-β-galactosidase staining; Fig. S5A) at passage three
showing significantly higher numbers of SA-β-gal–positive cells
compared with littermateREGγ+/+MEFs (Fig. S5B). Transducing
virally expressed Mdm2 into the REGγ−/− MEF cells significantly
reversed the phenotype by reducing the SA-β-galactosidase–posi-
tive cells, indicating a key role ofMdm2 in the regulation of cellular
aging.Western blot analysis confirmed overexpression ofMdm2 in
Mdm2-lentivirus transduced REGγ−/− MEF cells (Fig. S6A).
Because p53−/−mice die early from various tumors, we generated

p53+/− REGγ−/− mice to compare with p53+/+REGγ−/− mice for
correlations between p53 levels and premature aging phenotypes.
Western blot analysis of 20-mo-old testis and skins from littermate
p53+/−REGγ−/− and p53+/+REGγ−/− mice always indicated higher
p53 levels in p53+/+REGγ−/− tissues than those in p53+/−REGγ−/−
tissues (Fig. S5C). IHC analysis of p53 and Mdm2 proteins in
the same samples revealed results consistent with that in Fig. S5C

Fig. 4. REGγ regulates Mdm2 stability. (A) Protein expression of REGγ, p53,
and Mdm2 in 22-mo-old REGγ+/+ and REGγ−/− mouse kidney and colon tissues.
(B) Expression of REGγ, p53, and Mdm2 in 24-mo-old REGγ+/+ and REGγ−/−

testis tissues by Western blotting. (C) Mdm2 mRNA levels in mouse testis and
MEF cells were higher in REGγ−/− mice compared with those in REGγ+/+ mice
(n = 3) (P < 0.01). (D) Exogenous Mdm2 proteins were measured in 293 cells
inducibly expressing REGγ following transiently transfected 0.5 μg of Mdm2
and doxycycline treatment for 48 h, along with CHX (100 μg/mL) for the in-
dicated times. (E) Endogenous Mdm2 proteins were measured in HepG2 cells
depleted of REGγ. HepG2 cells stably expressed a control shRNA (HepG2 shN)
or an shREGγ (HepG2 shR) were treated with CHX (100 μg/mL) for indicated
times before Western blot analysis (*, nonspecific bands).

Fig. 5. REGγregulate Mdm2 in a CK1δ-dependent manner. (A) Inhibition of
CK1 activity enhances Mdm2 levels. HeLa cells were treated with vehicle
(DMSO) or the CK1 inhibitor D4476 at different concentrations as indicated
for 24 h. Whole-cell lysates were prepared for Western blot analysis
(*, nonspecific bands). (B) Blockage of CK1 activity alleviates REGγ-deficiency
induced destabilization of Mdm2. HCT116 (ShN) and HCT116 (ShR) cells were
treated with vehicle or 15 μM D4476 for 24 h. Mdm2 levels were examined by
Western blot analysis. (C) Gene silence of CK1δ elevates Mdm2 level. HepG2 cells
were transfected with small interfering casein kinase 1 (siCK)1δ followed by
immunoblot analysis of Mdm2 protein expression as indicated. (D) Depletion of
REGγ further accelerates DNA damage-induced Mdm2 degradation. HepG2
(ShN) and HepG2 (ShR) cells were treated with 25 μM etoposide or DMSO for 6 h
to induce DNA damage. Then the cells were treated with CHX (100 μg/mL) for
indicated times followed by Western blot analysis. (E) REGγ-dependent regula-
tion of CK1δ, Mdm2, and p53. IHC staining was performed by using adjacent
sections of the same sample to detect the relation between REGγ, CK1δ, Mdm2,
and p53 in 20-mo-old REGγ+/+ and REGγ−/− testis. (Scale bars: 50 μm.)

11008 | www.pnas.org/cgi/doi/10.1073/pnas.1308497110 Li et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308497110/-/DCSupplemental/pnas.201308497SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308497110/-/DCSupplemental/pnas.201308497SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308497110/-/DCSupplemental/pnas.201308497SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308497110/-/DCSupplemental/pnas.201308497SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308497110/-/DCSupplemental/pnas.201308497SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308497110/-/DCSupplemental/pnas.201308497SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308497110/-/DCSupplemental/pnas.201308497SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308497110/-/DCSupplemental/pnas.201308497SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308497110/-/DCSupplemental/pnas.201308497SI.pdf?targetid=nameddest=SF5
www.pnas.org/cgi/doi/10.1073/pnas.1308497110


(Fig. S6B). To understand the contribution of p53 levels in aging, we
analyzed age-associated phenotypes in p53+/−REGγ−/− and p53+/+

REGγ−/− mice. The physical parameters and the incidence of pre-
mature aging-associated phenotypes, including blindness, gray/yel-
low hair, ear atrophy, damaged white pulp in spleen, and dermal
thickness, were reduced in p53 haplodeficient REGγ−/− mice com-
pared with those in p53+/+REGγ−/−mice up to 16 mo (Fig. S5D and
E). These results demonstrate that p53 dosage-dependent premature
phenotypes occur when Mdm2 is deregulated. Taken together with
the finding ofMdm2-dependent regulation of p53 byREGγ, we have
validated a pathway in which CK1-Mdm2-p53 is sequentially regu-
lated by REGγ. It is a pathway that impacts aging significantly.

Discussion
This study describes a mechanism responsible for REGγ-medi-
ated regulation of aging. We demonstrate that REGγ deficiency
causes premature aging phenotypes including blindness, re-
duced body mass, shortened lifespan, lordokyphosis, and aging-
related skin anomalies. We provide evidence that REGγ binds
to and directs the degradation of CK1, which promotes degra-
dation of Mdm2 and subsequent dysregulation of p53 (Fig. 6).
We established functional roles for components of the REGγ-
CK1-Mdm2-p53 pathway in the regulation of aging. Our results
emphasize CK1-Mdm2 as the critical players in this pathway and
provide an explanation for the dispute over the antiaging and
proaging effects of p53.
Recent studies indicate that blindness, lordokyphosis, reduced

body weight, shortened longevity, and increased DNA damage are
some of the best-known phenotypes of premature aging (2, 21). In
addition to these prominent age-related phenotypes such as lordo-
kyphosis (35), agedREGγ−/−mice display reductionof thewhite pulp
regions in the spleen, indicative of deregulated immune response (23,
36); skin anomalies including reduced dermal thickness, impaired
hair regrowth, and wound healing were noted. We found that all
REGγ knockout mice developed at least some of these phenotypes
characteristic of premature aging, implicating REGγ as a potential
target in the control of aging related disorders. Interestingly, none of
the aging phenotypes has 100% penetrance in all REGγ−/− mice,
which is consistent with cell and tissue specific expression of REGγ
in mice (37). It is likely that REGγ deficiency prevents the pro-
liferation of stem cells important to maintain organ homeostasis

although further studies are needed to test the effects of REGγ on
stemcells. Interestingly,REGγdeficiencybarelypromotespremature
aging in young mice. The same phenomenon also was found in p53
hyperactive mutant mice, in which aging-associated phenotypes are
mostly striking in 24-mo-old mice but not in 3-mo-old mice (2).
It already is known that the level of p53 is largely controlled by

Mdm2 while Mdm2 expression can be regulated by p53 in an
autoregulatory negative feedback loop (38, 39). The distinct lon-
gevity between the p53+/m/p44+/+ mice and the super p53 models
raise obvious questions about the molecular mechanisms of p53 in
aging (2, 7, 10, 21). One possibility is that aberrantly regulated and
constitutively enhanced p53 activity may promote aging in cells
lacking sufficient or accessible Mdm2. Our results support this
hypothesis. The REGγ−/− mouse serves as a true hypomorphic
Mdm2model, whereMdm2 steady-state levels are less than 50%of
those in wild-type cells. Therefore, REGγ−/− mice are reminiscent
of p53+/m and p44+/+ mice where p53 is elevated because of lack of
control fromMdm2 signaling. Interestingly, a recent mouse model
lacking Mdm2 in the epidermis showed aging phenotypes in the
skin of mice (6). Given the report that Mdm2+/− mice with higher
p53 expression do not have aging (10), REGγ−/− mice provide an
independent demonstration of the concept that p53-induced pre-
mature aging only occurs when Mdm2 is lower than 50% of its
normal level during homeostasis. The importance of Mdm2-p53
signaling in aging also is illustrated with the differential aging
phenotypes in p53+/−REGγ−/− and p53+/+REGγ−/− mice, high-
lighting a p53-dependent effect in aging when deregulated.
CK1 is a family of serine-threonine protein kinases that function

as regulators of signal transduction pathways in most eukaryotic
cells. CK1 was reported to control the phosphorylation of p53 at
Ser-20 and has been implicated in aging (40). In addition, CK1δ
was shown to phosphorylate p53 at the threonine 18 site of its
N terminus upon DNA damage or DNA virus infection (41),
inhibitingMdm2-p53 binding and, therefore, stabilizing p53. CK1 is
a major enzyme that mediates TGF-β–dependent activation of p53
with phosphorylation at Ser6/9 in the transactivation domain (42).
Furthermore, destructive phosphorylation signals target different
sites in Mdm2 via CK1 to promote its turnover (20). CK1 has been
implicated in an aging-associated disease, namely Alzheimer’s
disease. Indeed, the expression of CK1 has been shown to be up-
regulated in the brain of Alzheimer patients (43, 44), and CK1 has
been implicated in the phosphorylation of the proteins tau and
β-secretase that have been linked to Alzheimer’s disease (45, 46).
However, there were reports that several serine residues of Mdm2
in the acidic domain, including Ser-240, Ser-242, and Ser-246, as
well as Ser-383 in the C-terminal region, can be phosphorylated by
CK1 (47). The phosphorylation of Mdm2 at these sites appears to
maintain it in the active form and permit its binding with p53, and
causing p53 degradation (38), suggesting complicated regulatory
mechanisms for the regulation ofMdm2 function and stability. Our
discovery that REGγ regulates the CK1δ-Mdm2-p53 signaling
pathway provides insight into the molecular mechanism by which
REGγ deficiency and CK1 activation induce premature aging.
Identification of CK1δ as a unique target of the REGγ-proteasome
system not only expands our knowledge on REGγ substrate spec-
trum and function, but also substantiates CK1 as a main player in
the regulation of aging, further explaining the accelerated degra-
dation of Mdm2 in REGγ−/− cells. Interestingly, we found that
blocking CK1δ activity could enhance expression of Mdm2 in
steady state or upon DNA damage, indicating that this REGγ-
CK1δ signalingmay be in play over the entire lifespan. Importantly,
we demonstrated that REGγ-mediated regulation of Mdm2 is
CK1δ dependent. This result further validated the specificity for
the REGγ-CK1δ-Mdm2-p53 pathway in the regulation of aging.
However, our study by no means excludes the possibility that other
REGγ target proteins could be involved in the regulation of aging.
In summary, this study identifies the REGγ-proteasome as

a unique, important pathway for regulation of aging (Fig. 6),
demonstrates that REGγ directly promotes degradation of CK1δ,
reveals that REGγ stabilizes Mdm2 and further regulates p53 in
a CK1δ-dependent manner, and defines the underlying molecular

Fig. 6. Proposed model for the involvement of REGγ in the regulation of
premature aging. REGγ deficiency promotes premature aging via acceler-
ated destruction of Mdm2 protein and abnormal accumulation of p53 in
a CK1δ-dependent manner. Steady-state levels of REGγ can direct the deg-
radation of CK1δ, which leads to Mdm2 accumulation and p53 degradation,
thus results in normal aging. The REGγ-CK1-Mdm2-p53 pathway provides
a unique mechanism in the regulation of aging.

Li et al. PNAS | July 2, 2013 | vol. 110 | no. 27 | 11009

CE
LL

BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308497110/-/DCSupplemental/pnas.201308497SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308497110/-/DCSupplemental/pnas.201308497SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308497110/-/DCSupplemental/pnas.201308497SI.pdf?targetid=nameddest=SF5


mechanisms by which REGγ deficiency induces early senescence
through the CK1δ/Mdm2/p53 pathway.

Materials and Methods
Mice. REGγ−/− mice with C57BL/6 genetic background were acquired from
John J. Monaco (University of Cincinnati College of Medicine, Cincinnati)
(15), and p53+/− wt C57BL/6 mice were purchased from Jackson Laboratory.
Mice were bred in the Animal Core Facility by following procedures ap-
proved by the Baylor College of Medicine Institutional Animal Care and Use
Committee. To generate the animals required in this study, we maintained
REGγ+/− mice and kept intercrosses between males and females for more
than generations. Genotyping of REGγ+/+ and REGγ−/− mice was carried out
by PCR analysis of genomic DNA as described (15).

Protein Profiling by the Antibody Microarray. The Phospho Explorer antibody
microarray, which was designed and manufactured by Full Moon BioSystems,
contains 1,318 antibodies in duplicate.

Immunoprecipitation, Western Blot Analysis, in Vitro Proteolytic Analysis, and
Cell Fractionation. Immunoprecipitation andWestern blot analysis for cells were
performed as described (14). The in vitro proteolytic analysis was performed as
described (14), and cell fractionation assay were performed as described (11).

SA-β-Galactosidase Staining and Immunostaining. SA-β-galactosidase stain-
ing was performed by using a SA-β-gal staining kit (Genmed Scientifics)

as described (48). The staining of γ-H2AX–positive cells were analyzed as
described (9).

Hair Regrowth. The hair regrowth assay was carried out as described (21)
except that plucking dorsal skin from a square of ∼3 cm × 3 cm rather than
1.5 cm × 1.5 cm.

Plasmids, Reagents, Cell Culture, RNA Interference and RNA Analyses,
Immunohistochemistry Analysis, Bone Density Measurement, and Data Analysis.
Details are in SI Materials and Methods.
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