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ABSTRACT
Cereblon (CRBN) is a substrate receptor of the cullin-RING E3 ubiquitin ligase (CRL) complex that mediates the
ubiquitination of several substrates. In this study, CRBN knockout (KO) mice exhibited decreased levels of
stratum corneum hydration (SCH) and collagen I expression with an elevated protein level of matrix
metalloprotease 1 (MMP1). The absence of cereblon in the skin of CRBN KO mice mimics the damage caused by
narrowband ultraviolet B (NB-UVB). The primary CRBN deficient mouse embryonic fibroblasts (MEFs) undergo
G2/M-arrested premature senescence via protein signaling of p38 MAPK and its dependent p53/p21pathway.
The absence of CRBN induced the markers of cellular senescence, such as the senescence-associated
heterochromatin foci (SAHF), SA-β-Gal staining, and p21 upregulation while the ectopic expression of CRBN
reversed the phenotypes of SA-β-Gal staining and p21 upregulation. Reversion of the decreased protein level of
collagen I was demonstrated after the reintroduction of the CRBN gene back into CRBN KO MEFs, validating the
promising role of CRBN as a potential regulator for the function of the skin barrier and its cellular homeostasis.

INTRODUCTION
Skin is the largest organ of the body [1] and functions
as a physical barrier that regulates the flow of water and
electrolytes while protecting against toxic substances
[2]. The collagen fibers secreted from the fibroblast,
which is the main cellular component of the dermis,
plays an important role in the homeostasis and function
of the skin [3]. The senescence of skin is closely related
to the decrease in the dermal collagen content and the
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proliferation of skin fibroblasts [4]. Moreover, previous
research revealed that senescent cells modulate their
environment by secreting inflammatory cytokines,
growth factors, and matrix metalloproteinases (MMPs),
which are collectively known as senescence-associated
secretory phenotypes (SASP) [5]. MMP1 is a family of
zinc-dependent enzymes, which can specifically
degrade the proteins in connective tissues such as
collagen I [6]. Cellular senescence is a permanent form
of cell cycle arrest [7] that occurs in primary cells after
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cell division while the cell remains metabolically and
synthetically active [8]. Cellular growth arrest can be
caused by various stresses, such as telomere uncapping,
DNA damage, or oxidative stress caused by reactive
oxygen species (ROS) [6]. Cellular senescence is
characterized by increased levels of senescenceassociated biomarkers, such as senescence-associated
heterochromatin foci (SAHF) using HP1-γ as a marker,
SA-β-Gal, reduced proliferative activity, and increased
expression levels of senescence-associated genes,
including cyclin-dependent kinase inhibitors, such
as p16, p21, and p53 [9]. Several factors, including
protein-signaling pathways, are involved in the
regulation of p21. One of the major pathways to control
the level of p21 is via p53, which is a transcription
factor [10].
Cereblon (CRBN) was initially identified as a gene
responsible for a mild form of autosomal recessive nonsyndromic mental retardation (ARNSMR) in the
human brain [11]. Since then, CRBN has been
characterized in several distinct cellular contexts. CRBN
has been reported as a primary target protein of
immunomodulatory drugs (IMiDs), such as thalidomide,
and also shown to be a substrate receptor, or DCAFs
(DDB1 and CUL4-associated factors), of the cullinRING E3 ubiquitin ligase (CRL) complex [12]. CRBN
plays role in multiple biological processes by mediating
the ubiquitination of target substrates [13]. Several target
proteins of CRBN such as AMPK [14–16], GS [17],
Casein Kinase1 [18], and BK channel [19] have been
elucidated in previous studies.
CRBN is closely associated with cell-cycle proliferation
and metabolism of both normal and tumor cells [13].
mRNA expression of CRBN varied in different cancer
cells [20], and many somatic mutations in the CRBN
gene were found in the database of cancer patients [21].
CRBN was also shown to determine brain size by
regulating the proliferation of neural stem cells (NSCs)
during development [22]. The silencing of CRBN
impaired the ability of lenalidomide to induce p21
expression, indicating that lenalidomide directly inhibits
CLL cell proliferation in a CRBN/p21-dependent
manner [23]. Recently, p53 was reported to be a direct
substrate of CRBN, yet subcellular distribution, protein
expression level, and ubiquitination were not
significantly affected [24]. In the interim, our research
group reported that the permanent cell line of mouse
embryonic fibroblast (MEF) that lacked CRBN was
strongly resistant to hydrogen peroxide (H2O2), which is
a typical ROS inducer for activating cellular
senescence, and the loss of CRBN exhibited the preactivation of p38 MAPK [25]. Despite the
circumstantial evidence, CRBN's functional roles in
cellular senescence and its mechanisms, along with any
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potential physiological manifestations, have not been
rigorously investigated. In this study, CRBN knockout
(KO) mice were found to exhibit decreased levels of
stratum corneum hydration (SCH) and collagen I
expression with an elevated protein level of matrix
metalloprotease 1 (MMP1). The absence of cereblon in
the dermis of CRBN KO mice mimics the damage
caused by narrowband ultraviolet B (NB-UVB). The
primary CRBN deficient mouse embryonic fibroblasts
(MEFs) were also found to undergo G2/M-arrested
premature senescence via protein signaling of
p38 MAPK and its dependent p53/p21pathway.

RESULTS
The mice ablated CRBN gene exhibits decreased
levels of skin hydration
When the CRBN KO mice were first examined, no
apparent epidermal phenotypes such as hair loss or skin
folding were observed from gross observations (Figure
1A). Haemotoxylin and Eosin (H&E) staining showed
no significant changes in the morphology of the skin
layers. However, Masson’s trichrome (MT) staining
showed a significant decrease of collagen I secreted into
the extracellular space (Figure 1B, 1C). Western blot
analysis confirmed that the decreased expression of
collagen I while matrix metalloproteinase 1 (MMP1)
protein expression was elevated drastically in the skin
of CRBN KO compared to that of WT mice (Figure 1D,
1E). To test the function of the skin barrier in CRBN
KO mice, the water content in the uppermost layer of
the skin was measured as shown in Figure 1F.
Measurement of stratum corneum hydration (SCH) is a
hallmark of skin abnormalities, and the SCH level in
CRBN KO mice decreased by more than 3 times
(Figure 1F). Taken together, impaired skin barrier
function due to stratum corneum (SC) abnormalities and
abnormal protein expression patterns were observed in
CRBN ablated mice skin.
The absence of CRBN in mice skin mimics the UVdamaged phenotype
To further explore the abnormalities of CRBN deficient
mouse skin, both WT and CRBN mice were exposed to
311 nm narrowband ultraviolet B (NB-UVB) according
to standard protocols with a mean dose of 10J/m2 for 3
min. Histopathological examination revealed that the
NB-UVB induced significant damage on the dermal
collagen layer of WT mice as shown in Figure 2A (left
panel) while the dermis of CRBN mice was not further
damaged by the NB-UVB (Figure 2B, right panel). The
abnormal collagen layer of dermis induced by the NBUVB in the WT mice was further confirmed by
immunoblot analysis as shown in Figure 2C, 2D. After
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a close comparison, CRBN deficient dermis resembled
that of NB-UVB treated skin.
The absence of CRBN induces the senescence
markers of cellular senescence in the primary mouse
embryonic fibroblasts
To assess the physiological relevance of our findings,
primary mouse embryonic fibroblasts (MEFs) from
WT and CRBN KO mice were used to analyze the
degree of cellular senescence by the senescenceassociated beta-galactosidase (SA-β-Gal) staining. As
shown in Figure 3A, 3B, the typical SA-β-Gal
positive signal started visualizing after passage
number 8 in WT MEFs. However, ~40% of CRBN
KO MEFs showed significant SA-β-Gal signaling as
early as passage number 3, indicating potential
premature cellular senescence in the CRBN KO MEFs
(Figure 3C, 3D). In determining whether the
senescence-associated heterochromatin foci (SAHF)
increased with CRBN KO, the primary MEFs were
assessed by using immunofluorescence (IF) staining
with HP1-γ, which is a molecular marker for SAHF.
These results confirmed that the average number of

foci per cell and deposition of HP1-γ increased
significantly in CRBN KO MEFs compared to that of
WT (Figure 3E, 3F). The elevated protein expression
of HP1-γ in CRBN KO MEFs was also confirmed by
Western blot (Supplementary Figure 1). Next, mRNA
and protein expression of p21, a cellular senescence
marker, were analyzed by qRT-PCR and Western blot.
Both mRNA and protein expressions of p21 were
elevated drastically in the CRBN deficient MEFs
(Figure 3G–3I), suggesting that CRBN has a role in
arresting cell cycle progression.
CRBN deficient fibroblast exhibits G2/M cell cycle
arrest
To further explore the role of CRBN in the cell cycle,
both primary WT and CRBN KO MEFs were treated
with propidium iodide (PI) staining and then subjected
to flow cytometry. While the distribution of the cell
cycle phase was shown to be typically normal in the
initial passage (P0) of each fibroblast (Figure 4A), the
portion of the G2/M phase was accumulated as
early as passage number 3 (P3) of CRBN deficient
fibroblasts (Figure 4B). The percentage distributions

Figure 1. The mice ablated CRBN gene exhibits decreased levels of skin hydration. (A) The appearance of the back skin to compare
the control WT and CRBN KO groups, respectively. (B) Relative initial Stratum Corneum Hydration (SCH) level in the skin of control WT and
CRBN KO mouse skin. (C) Representative image of H&E and Masson’s trichrome stained section showing the structure of the epidermis and
the dermis from the back skin of 12-weeks old female mice. (D) Analysis of the level of collagen fibers in the skin section in (C). (E) Western
blots analysis using the protein lysate from the mouse skin. Proteins were subjected to immunoblotting using the anti-CRBN, anti-MMP1,
anti-Collagen type1, and β-actin antibodies. The β-actin was used as a loading control. (F) Relative band intensities determined by
densitometric-analysis of each protein in blot (E). The results shown are representative images of independent experiments (n=5). Scale bar =
100μm. *P < 0.05; **P < 0.01; ***P < 0.005; n.s., not significant.
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of cell cycle phases of WT and CRBN deficient cells
in (P0) and (P3) are shown in each figure. Western
blot analysis of proteins involved in the cell cycle
revealed that protein expressions of cyclin A, cyclin
B, and the phosphorylation of CDK1 (cyclindependent kinase 1) were significantly decreased in
CRBN deficient fibroblasts compared to those of WT
cells (Figure 4C, 4D). Taken together, these results
suggest the role of CRBN during premature senescence
in CRBN deficient MEFs at the G2/M phase.

p38 induces transcriptional activity of p53 and p21. To
further explore whether p38 affects p53 and p21
functions, SB203580, which is a p38 specific inhibitor,
was used. As shown in Figure 5C, 5D, the treatment of
the MEFs with SB203580 prevented the activation of
p38 and p53 with decreased protein expression of p21
in the CRBN deficient MEFs. Overall, the results
confirmed that CRBN depletion activated the
p38 MAPK/p53 signaling axis, resulting in p21
upregulation.

The absence of CRBN activated the p38 MAPK/p53
signaling axis resulting in p21 upregulation

Ectopic expression of CRBN reversed the premature
senescence phenotype and downregulation of
collagen I protein expression in CRBN KO MEFs

Next, we investigate whether CRBN deficiency affects
p53/p21 and p38 MAPK signaling pathways. Figure
5A, 5B showed significant activation of p38 MAPK and
p53, which were confirmed in the skin of CRBN KO
mice by immunoblotting, suggesting that activation of

To confirm the role of CRBN in premature senescence
in MEFs stained by SA-β-Gal and upregulation of p21
via p38 MAPK/p53 pathways, ectopic expression of
CRBN was performed in CRBN KO MEFs. As shown

Figure 2. The absence of CRBN in mice skin mimics UV-damaged phenotype. (A) Representative image of Masson’s trichrome
stained section showing the skin structure affected by ultraviolet irradiation after 4 weeks. (B) Analysis of the level of collagen fibers in the
skin section in (A). (C) Western blots analysis using the protein lysate from the mouse skin. Proteins were subjected to immunoblotting using
the anti-CRBN, anti-MMP1, anti-Collagen type1, and β -actin antibodies. The β-actin was used as a loading control. (D) Relative band
intensities determined by densitometric-analysis of each protein in blot (C). The results shown are representative images of independent
experiments (n=5). Scale bar = 100μm. *P < 0.05; **P < 0.01; ***P < 0.005; n.s., not significant.
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Figure 3. The absence of CRBN induces the markers of cellular senescence in the primary mouse embryonic fibroblast.
(A, C) Representative staining images showing SA-β-Gal (blue-stained cells) in primary MEFs. E.P = early passage (P3), L.P = late
passage (P8-10) Scale bar = 100μm. (B, D) Quantification of SA-β-Gal-positive cells shown in (A, C) respectively. Results are expressed
as the percentage of stained cells (mean ± SEM). (E) Representative images for HP1-γ foci by immunofluorescence staining. (F)
Quantitative analysis of HP1-γ foci per cell. (G) Endogenous levels proteins as determined by western blot analysis using extracts from
the WT and CRBN KO MEFs. The passage numbers were indicated in the figure. Proteins were subjected to immunoblotting with the
anti–CRBN, anti-p21, and anti–Tubulin antibodies. Tubulin was used as a loading control. (H) The relative band ratio of CRBN and p21
to tubulin as determined by densitometric analysis of the blots in (G). (I) Total RNA was isolated from each type of MEFs and
subjected to qRT-PCR to measure the mRNA expression of p21. Expression was normalized against β-actin mRNA levels. Fold changes
in the mRNA levels relative to control WT MEF is shown. The results shown are representative of five independent experiments. *P <
0.05; **P < 0.01; ***P < 0.005; n.s., not significant.
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in Figure 6A, 6B, SA-β-Gal staining was significantly
reduced compared to mock-transfected CRBN MEFs. The
upregulation of p21 and p53 activation were reversed after
the reintroduction of CRBN back into CRBN MEFs,
SHSY-5Y and HEK293T cells (Figure 6C, 6D and
Supplementary Figure 2). The downregulation of collagen
I protein was also reversed via ectopic expression of
CRBN in CRBN KO MEFs, confirming the role of
CRBN in abnormal collagen layer formation in CRBN
KO dermis (Figure 6E).

DISCUSSION
Cereblon (CRBN) is a substrate receptor of the cullinRING E3 ubiquitin ligase (CRL) complex that mediates
the ubiquitination of several substrates. However,
previous studies have not revealed a potential link
between CRBN and stratum corneum (SC), which
maintains permeability protection from uncontrolled
water and electrolyte loss as well as being critical for
temperature regulation [26]. In this study, a new role of

Figure 4. CRBN deficient fibroblast exhibits G2/M cell cycle arrest. (A, B) PI staining and cell cycle distribution analysis of WT and
CRBN KO Primary MEFs in P0 and P3. Cells were stained with PI and analyzed for cell cycle distribution using flow cytometry. Representative
images of flow cytometry plots are shown. The graph indicates the distribution of each cell cycle phase with different colors, G0/G1(blue),
S(gray), and G2/M(green) phases. (C) Western blots analysis using extracts of MEF cells in the early passage were immunoblotted with the
anti-Cyclin A, anti-Cyclin B, anti-Cdk1, anti-p-cdc2, and anti–Tubulin antibodies. Tubulin was used to confirm equal protein loading. (D)
Relative band intensities as determined by densitometric analysis of the blots in (C). The results shown are representative of five independent
experiments. *P < 0.05; **P < 0.01; ***P < 0.005; n.s., not significant.
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CRBN as a potential regulator for the function of the
skin barrier and its cellular homeostasis was
demonstrated. A review of the literature suggests that
our study may be the first to implicate CRBN's
functional role in skin homeostasis by showing
decreased levels of stratum corneum hydration (SCH)
and collagen I expression with an elevated protein level
of matrix metalloprotease 1 (MMP1) in CRBN
knockout (KO) mice.
Because CRBN is a substrate receptor for CRL4 E3
ubiquitin ligase, it is conceivable that the loss of
CRBN failed to recruit its endogenous substrate(s)
that are important for cellular homeostasis in
maintaining the skin barrier function. We have found

that the SCH level in CRBN KO mice decreased by
more than 3 times as adequate SC hydration is
required for maintaining skin plasticity and barrier
integrity.
The skin is also continuously exposed to UV rays,
resulting in premature skin aging, and to pro-oxidative
environments such as oxidative stress, which is
an imbalance between the formation of cellular
oxidants and the anti-oxidant defense systems [27].
We have demonstrated that NB-UVB significantly
damaged the collagen layer of the dermis in WT mice
and, after a close comparison, found that CRBN
deficient dermis resembled that of NB-UVB treated
skin.

Figure 5. The absence of CRBN activated the p38 MAPK/p53 signaling axis, resulting in p21 upregulation. (A) Endogenous levels
proteins as determined by western blot analysis using extracts from mice skin. Proteins were subjected to immunoblotting using the antiCRBN, anti-p21, anti-p38, anti-p-p38, anti-p53, anti-p-p53(Ser18), and anti–Tubulin antibodies. (B) Relative band intensities determined by
densitometric analysis of each protein in blot (A). (C) Western blots analysis using protein lysate from the WT and CRBN KO MEFs. 10mM of
SB203580 was treated to each type of cell for 2hr. Proteins were subjected to immunoblotting with the anti-CRBN, anti-p38, anti-p-p38, antip53, anti-p-p53(Ser18), anti-p21, and anti–Tubulin antibodies. The tubulin was used as a loading control. (D) The relative band ratio as
determined by densitometric analysis of the blots in (C). The results shown are the means ± SEM of five independent experiments *P < 0.05;
**P < 0.01; ***P < 0.005; n.s., not significant.
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We have also found that more than 40% of CRBN KO
MEFs showed significant SA-β-Gal staining, as well as
increased expression of the HP1-γ which is a marker of
senescence-associated heterochromatin foci (SAHF) as
early as passage number 3 indicating potential
premature cellular senescence in the CRBN KO MEFs.
The CRBN deficient cells induced the upregulation of
p21; however, p21 is not a substrate of CRBN (data not
shown).

Cell cycle checkpoints at the G2/M is critical for
maintaining and regulating the cell division through the
cell cycle. The portion of the G2/M phase increased as
early as passage number 3 (P3) of CRBN deficient
fibroblasts when compared to that of WT cells (57%
from 40%). Levels of cyclin A and B as well as the
phosphorylation of CDK1 reduced significantly in CRBN
deficient fibroblasts when compared to those of WT cells,
suggesting premature senescence at the G2/M phase.

Figure 6. Ectopic overexpression of CRBN clears the SA-β-Gal signal and recovers the protein level of Collagen I in cultured
fibroblast. (A) Representative staining images showing SA-β-Gal (blue-stained cells) along with the overexpression of CRBN in primary MEFs.
Scale bar = 100μm. (B) Quantification of SA-β-Gal-positive cells shown in (A). Results are expressed as the percentage of stained cells
(mean+SEM). The results shown are representative of four independent experiments. (C) The WT and CRBN KO primary MEFs were transiently
transfected with HA: CRBN or empty vector. Cells were harvested after 24h and the protein lysates were subjected to immunoblotting with the
anti-CRBN, anti-p53, anti-p-p53(Ser18), anti-p21, and anti–Tubulin antibodies. (D) The relative band ratio as determined by densitometric analysis
of the blots in (C). (E) Cell lysates were prepared from WT and CRBN KO primary MEFs transfected with HA: CRBN or empty vector. Western blots
of the protein lysate were probed with the anti-CRBN, anti-HA, anti-collagen I, and anti–Tubulin antibodies. Tubulin was used for equal protein
loading. (F) The relative band intensity was measured by densitometric-analysis of the blots in (E). The results shown are representative of five
independent experiments. *P < 0.05; **P < 0.01; ***P < 0.005; n.s., not significant.
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We have also shown activation of p38 mitogenactivated protein kinase (p38 MAPK) and its dependent
downstream of p53 and the upregulation of p21 in the
CRBN deficient MEFs. Although there are still
unanswered questions for the underlying mechanisms to
explain the relationship between CRBN and p38 MAPK
activation, the reactive oxygen species (ROS) probably
is one of the key upstream activators of the p38 MAPK
signaling pathway [28]. CRBN-deficient primary
fibroblasts were resistant to oxidative stress evoked by
exogenous oxidants such as H2O2 or UV (data not
shown). Because oxidative stress is known to affect
cellular senescence, CRBN could be involved in cellular
senescence by intracellular ROS with key regulatory
enzymes contributing to the cellular redox homeostasis.
Nevertheless, the regulation of cellular oxidative status
by CRBN is a tempting proposition that requires further
investigation.
CRBN KO mice have been characterized in multiple
phenotypical contexts. A series of studies elucidating
the physiological function of CRBN has also been
reported in various disease models or under specific
challenges [15, 24, 29–31]. The deficiency of CRBN
has exhibited protective effects or positive influence
under various adverse challenges in vivo. For example,
the loss of the CRBN gene protected mice from obesity,
fatty liver, and insulin resistance induced by a high-fat
diet [15]. CRBN KO mice attenuated myocardial
ischemia-reperfusion injury [32] as well as ameliorated
alcoholic liver disease [33].
Finally, the ectopic expression of CRBN in CRBN KO
MEFs has reversed premature senescence phenotypes
such as SA-β-Gal staining and the upregulation of p21
via p53 activation. We have also analyzed the interaction
between p38, p53, and p21 by inhibiting p38 with a
specific pharmacological inhibitor and by evaluating p53
phosphorylation and consequent downregulation of p21
in the MEFs. SB203580 notably decreased p38 and p53
phosphorylation resulting in the downregulation of p21.
In summary, the loss of the CRBN gene exhibited
premature senescent phenotypes in both skin and the
primary fibroblast. CRBN KO mice showed a reduced
level of hydration and collagen expression in the skin. We
found that a higher percentage of the cells were arrested
at G2/M and the expression levels of cell cycle checkpoint
proteins were significantly altered. The ablation of
CRBN activated the signaling pathway involving p38
MAPK and p53, resulting in the upregulation of p21. The
data obtained from this study facilitate an understanding
that the role of CRBN as a potential regulator for the
function of the skin barrier, and its cellular homeostasis
may be valuable in providing novel clinical applications
for disorders associated with premature senescence.
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MATERIALS AND METHODS
Experimental animals
C57BL/6J WT mice and CRBN-KO mice [15] (4-9
weeks, female) were housed in a room with a standard
chow diet and water ad libitum in specific pathogen-free
conditions (IVC-system) with a 12-h light-dark cycle.
All materials for the maintenance of animals were
provided by the Gwangju Institute of Science and
Technology Animal Care and Use Committee. All
animal experiments were conducted according to the
institutional guidelines of the Gwangju Institute of
Science and Technology (GIST).
Histological analysis of the skin
Each type of mice was sacrificed, and the skin tissues
were fixed in 10% neutral buffered formaldehyde and
embedded in paraffin. Paraffin sections (5 mm) were
then subjected to hematoxylin-eosin (H&E) and
Masson’s Trichrome (MT) staining. The colored images
were processed using ImageJ (Wyne Rasband, National
Institutes of Health, Bethesda, USA).
UV irradiation
At the end of the 4 weeks, each type of mice was
exposed to UV-irradiation to cause skin damage at
a fixed time every day. The type of lamp used is
narrow-band UVB (Philips TL20W-01RS). Before
each irradiation, UV power was measured using a
radiometer. After measuring, the UV emission time is to
be calculated to radiate a constant amount of UV light.
Skin hydration evaluation
The measurement of the skin hydration content was
carried out using a probe (Corneometer and Cutometer
MPA580, Courage and Khazaka Kő in Germany) under
standard conditions of temperature and humidity (T° =
20-22° C, humidity 40-60%). The spring-loaded probe
in the head of the Corneometer was gently stuck to the
back skin of mice for measurements. The higher the
measured value, the higher the moisture content of the
skin’s surface.
Cell culture
The primary mouse embryonic fibroblasts (MEFs) were
cultured in Dulbecco's modified Eagle's medium
(DMEM, Hyclone) with 10% (v/v) fetal bovine serum
(FBS, Hyclone). The WT and Crbn (-/-) primary MEFs
were isolated from E13.5-14.5 embryos born to
heterozygous intercrosses and genotyping was followed
as previously described [15]. Torsos from each type of
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embryo were washed and minced in 2 ml PBS using a
syringe and 18-gauge needle. After removing large
fragments, the suspension was placed in a culture dish.
After stabilization, each type of primary MEFs was
assayed at passages within 3–10.
Senescence-associated β-galactosidase staining
MEF cells were plated at a density of 1 × 105 cells in 35
mm dishes. Cells were fixed and stained following the
manufacturer’s recommendations supplied by the
Senescence β-Galactosidase Staining Kit (9860; Cell
Signaling Technology, Danvers, MA, USA). The
population of SA-β -Gal positive cells was determined
by counting 400 cells in at least 5 fields per dish, and
images were taken using a phase-contrast microscope at
400× magnification (Olympus, Japan). The proportions
of cells positive for SA-β -Gal activity are shown as the
percentage of the total number of cells counted in each
dish.
Immunofluorescence (IF) staining
MEF cells were plated in 12-well plates with coverglass
for imaging. The MEF cells were fixed in 4% PFA and
permeabilized in 5% Triton X-100–PBS. The cells were
incubated with HP1-γ polyclonal antibody antibodies
(1 : 250, Abcam-ab213167) overnight at 4° C. After
washing twice, cells were incubated with the Alexaconjugated secondary antibodies for 1 hour. The cells
were also counterstained with Hoechst dye solution
before mounting for the nuclei. The slides were
observed in a laser confocal microscope at 600x
magnification. Olympus Fluoview Viewer was used to
image and quantify the fluorescence.
PI staining
For DNA content analysis, the cells were harvested
from 6-well plates by trypsinization, rinsed with PBS,
fixed in ice with 70% ethanol for 15min. The cells were
then centrifuged at 1,000 × g for 5 min at 4° C and
washed with PBS. After centrifugation at 500 × g for 10
min at 4° C, the cells were resuspended in a pre-mix
solution containing propidium iodide (Sigma-Aldrich,
p4864), RNase A, and Triton® X-100. After 30-min
incubation in the dark incubator, the stained cells were
analyzed on a FACSCanto II (BD Biosciences) or
FACSCalibur (BD Biosciences) flow cytometer. Data
were collected using a FACSCanto II (BD Biosciences)
and analyzed with FlowJo software.
Western blotting
For protein preparation, the mice's skin and cells were
lysed with a 1:10 ratio of Tris-Cl buffer (20 mM
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Tris-Cl [pH 7.4], 0.32 M sucrose, 1 mM EDTA, 1 mM
EGTA) using a homogenizer (Thomas Scientific).
Protein samples were boiled with 2X sample buffer
(24 mM Tris-Cl [pH 6.8], 10% Glycerol, 0.04%
Bromophenol blue, 0.8% SDS) to produce samples for
Western blot analysis. Proteins were separated in 610% SDS-PAGE gels at 80-90 V in the stacking gel
and 140-150 V in the running gel until the target
protein reached the medial part of the gel. The proteins
were subsequently transferred to a PVDF membrane
(GE Healthcare Life Sciences, #10600021).
Membranes were blocked with 3% BSA prepared in
1X TBS-T (10 mM Tris-HCl, 100 mM NaCl, and 0.2%
Tween 20, pH 7.5) for 50 min. The blots were then
incubated with the following primary antibodies:
CRBN (HPA 045910), MMP 1 (GTX100534),
Collagen type 1 (ABT123), p21 (ab188224), Cyclin A
(PA5-36048), Cyclin B (CST #4138), p-cdc2 (CST
#9111), Cdk1 (Invitrogen, # 33-1800), p38 (CST
#9212), p-p38 (CST #9211), p53 (CST #2524), p-p53
(CST #9284), HA (Invitrogen, # 26183), beta-actin
(CST #4967), Tubulin (CST #2144). After washing
twice in 1X TBS-T for 15 min, the membranes were
incubated with peroxidase-conjugated anti-rabbit IgG
(Jackson ImmunoResearch Laboratories, #111-035003) or anti-mouse IgG (Jackson Immuno Research
Laboratories, #115-035-003) for 50 min at room
temperature. After washing twice in 1X TBS-T for 15
min, proteins were developed using enhanced
chemiluminescence detection reagent (GE Healthcare
Life Sciences, #RPN2209).
Quantitative real-time PCR analysis
Total RNA was isolated from wild-type and CRBN−/−
MEFs by TRIzol reagent (Invitrogen), according to
the manufacturer's protocol. Complementary DNA
(cDNA) was synthesized using CycleScript RT
PreMix (Bioneer). mRNA levels were measured
using TB Green™ Premix Ex Taq™ (TaKaRa) and
Thermal Cycler Dice Real-Time System. The
following primers were used for amplification. p21,
forward: 5′ AAT CCT GGT GAT GTC CGA CC -3′,
and reverse: 5′-AAA GTT CCA CCG TTC TCG G-3′;
18s rRNA, forward: 5′-GTA ACC CGT TGA ACC
CCA TT-3′, and reverse: 5′-CCA TCC AAT CGG
TAG TAG CG-3′. Expression was normalized to 18 s
rRNA levels.
Plasmid construction and transfection
HA-tagged CRBN were generated as described
previously [14]. Cells were transfected using
either Lipofectamine2000 (Invitrogen) or FuGENE
HD (Promega) according to the manufacturer's
protocols.
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Statistical analysis
Data were quantified using ImageJ and graphs were
produced with Microsoft Office PowerPoint 2013 and
Origin 9.1. All displayed data are expressed as mean ±
SEM. The significant differences between groups were
determined by a two-tailed unpaired Student’s t-test for
most of the experiments except the analysis of SCH
(Mann-Whitney U-test was used to analyze the
difference of the average values obtained by the two
groups). Differences with p < 0.05 were considered
statistically significant.

3.

Helfrich YR, Sachs DL, Voorhees JJ. Overview of
skin aging and photoaging. Dermatol Nurs. 2008;
20:177–83.
PMID:18649702

4.

Coppé JP, Desprez PY, Krtolica A, Campisi J. The
senescence-associated secretory phenotype: the dark
side of tumor suppression. Annu Rev Pathol. 2010;
5:99–118.
https://doi.org/10.1146/annurev-pathol-121808102144 PMID:20078217

Data availability statement

5.

Jabłońska-Trypuć A, Matejczyk M, Rosochacki S. Matrix
metalloproteinases (MMPs), the main extracellular
matrix (ECM) enzymes in collagen degradation, as a
target for anticancer drugs. J Enzyme Inhib Med Chem.
2016; 31:177–83.
https://doi.org/10.3109/14756366.2016.1161620
PMID:27028474

6.

Cui N, Hu M, Khalil RA. Biochemical and biological
attributes of matrix metalloproteinases. Prog Mol Biol
Transl Sci. 2017; 147:1–73.
https://doi.org/10.1016/bs.pmbts.2017.02.005
PMID:28413025

7.

López-Otín C, Blasco MA, Partridge L, Serrano M,
Kroemer G. The hallmarks of aging. Cell. 2013;
153:1194–217.
https://doi.org/10.1016/j.cell.2013.05.039
PMID:23746838

8.

Matsumura T, Zerrudo Z, Hayflick L. Senescent human
diploid cells in culture: survival, DNA synthesis and
morphology. J Gerontol. 1979; 34:328–34.
https://doi.org/10.1093/geronj/34.3.328 PMID:429765

9.

Kuilman T, Michaloglou C, Mooi WJ, Peeper DS. The
essence of senescence. Genes Dev. 2010; 24:2463–79.
https://doi.org/10.1101/gad.1971610 PMID:21078816

No datasets were generated or analyzed during the
current study.

AUTHOR CONTRIBUTIONS
Conceptualization: S. J. Jeon; Funding Acquisition: C. S.
Park; Investigation: S. J. Jeon, Y. S. Yoon; Methodology:
H. K. Kim, K. M. Lee; Project Administration: C. S.
Park; Resources: S. K. Cho, J. E. Seol; Supervision: C. S.
Park, J. Han; Validation: S. J. Jeon; Writing - Original
Draft Preparation: S. J. Jeon; Writing - Review and
Editing: S. K. Cho, C. S. Park, J. E. Seol. * C. S. Park, S.
K. Cho, and J. E. Seol contributed equally to this work.

CONFLICTS OF INTEREST
The authors have no conflicts of interest to declare. All
co-authors have seen and agree with the contents of the
manuscript and there is no financial interest to report.
We certify that the submission is original work and is
not under review at any other publication.

FUNDING
This work was supported by the GIST Research
Institute (GRI) ARI grant funded by the GIST in 2020.
This work was also supported by the National Research
Foundation of Korea (NRF) grant funded by the Korean
government (MSIT) (NRF-2019R1A2C2087565).

REFERENCES
1.

Gallo RL. Human skin is the largest epithelial surface
for interaction with microbes. J Invest Dermatol. 2017;
137:1213–14.
https://doi.org/10.1016/j.jid.2016.11.045
PMID:28395897

2.

Makrantonaki E, Zouboulis CC. Molecular mechanisms
of skin aging: state of the art. Ann N Y Acad Sci. 2007;
1119:40–50.

www.aging-us.com

6416

10. Macleod KF, Sherry N, Hannon G, Beach D, Tokino T,
Kinzler K, Vogelstein B, Jacks T. P53-dependent and
independent expression of p21 during cell growth,
differentiation, and DNA damage. Genes Dev. 1995;
9:935–44.
https://doi.org/10.1101/gad.9.8.935
PMID:7774811
11. Higgins JJ, Pucilowska J, Lombardi RQ, Rooney JP. A
mutation in a novel ATP-dependent lon protease gene
in a kindred with mild mental retardation. Neurology.
2004; 63:1927–31.
https://doi.org/10.1212/01.wnl.0000146196.01316.a2
PMID:15557513
12. Ito T, Ando H, Suzuki T, Ogura T, Hotta K, Imamura Y,
Yamaguchi Y, Handa H. Identification of a primary

AGING

target of thalidomide teratogenicity. Science. 2010;
327:1345–50.
https://doi.org/10.1126/science.1177319
PMID:20223979
13. Shi Q, Chen L. Cereblon: a protein crucial to the
multiple functions of immunomodulatory drugs as well
as cell metabolism and disease generation. J Immunol
Res. 2017; 2017:9130608.
https://doi.org/10.1155/2017/9130608
PMID:28894755
14. Lee KM, Jo S, Kim H, Lee J, Park CS. Functional
modulation of AMP-activated protein kinase by
cereblon. Biochim Biophys Acta. 2011; 1813:448–55.
https://doi.org/10.1016/j.bbamcr.2011.01.005
PMID:21232561
15. Lee KM, Yang SJ, Kim YD, Choi YD, Nam JH, Choi CS,
Choi HS, Park CS. Disruption of the cereblon gene
enhances hepatic AMPK activity and prevents high-fat
diet-induced obesity and insulin resistance in mice.
Diabetes. 2013; 62:1855–64.
https://doi.org/10.2337/db12-1030
PMID:23349485
16. Yang SJ, Jeon SJ, Van Nguyen T, Deshaies RJ, Park CS,
Lee
KM.
Ubiquitin-dependent
proteasomal
degradation of AMPK gamma subunit by cereblon
inhibits AMPK activity. Biochim Biophys Acta Mol Cell
Res. 2020; 1867:118729.
https://doi.org/10.1016/j.bbamcr.2020.118729
PMID:32333926
17. Nguyen TV, Lee JE, Sweredoski MJ, Yang SJ, Jeon SJ,
Harrison JS, Yim JH, Lee SG, Handa H, Kuhlman B, Jeong
JS, Reitsma JM, Park CS, et al. Glutamine triggers
acetylation-dependent degradation of glutamine
synthetase via the thalidomide receptor cereblon. Mol
Cell. 2016; 61:809–20.
https://doi.org/10.1016/j.molcel.2016.02.032
PMID:26990986
18. Petzold G, Fischer ES, Thomä NH. Structural basis
of lenalidomide-induced CK1α degradation by
the CRL4(CRBN) ubiquitin ligase. Nature. 2016;
532:127–30.
https://doi.org/10.1038/nature16979 PMID:26909574
19. Liu J, Ye J, Zou X, Xu Z, Feng Y, Zou X, Chen Z, Li Y, Cang
Y. CRL4A(CRBN) E3 ubiquitin ligase restricts BK channel
activity and prevents epileptogenesis. Nat Commun.
2014; 5:3924.
https://doi.org/10.1038/ncomms4924 PMID:24845235
20. Uhlén M, Fagerberg L, Hallström BM, Lindskog C,
Oksvold P, Mardinoglu A, Sivertsson Å, Kampf C,
Sjöstedt E, Asplund A, Olsson I, Edlund K, Lundberg E,
et al. Proteomics. Tissue-based map of the human
proteome. Science. 2015; 347:1260419.

www.aging-us.com

6417

https://doi.org/10.1126/science.1260419
PMID:25613900
21. Tate JG, Bamford S, Jubb HC, Sondka Z, Beare DM,
Bindal N, Boutselakis H, Cole CG, Creatore C, Dawson E,
Fish P, Harsha B, Hathaway C, et al. COSMIC: the
catalogue of somatic mutations in cancer. Nucleic
Acids Res. 2019; 47:D941–47.
https://doi.org/10.1093/nar/gky1015 PMID:30371878
22. Ando H, Sato T, Ito T, Yamamoto J, Sakamoto S, Nitta
N, Asatsuma-Okumura T, Shimizu N, Mizushima R, Aoki
I, Imai T, Yamaguchi Y, Berk AJ, Handa H. Cereblon
control of zebrafish brain size by regulation of neural
stem cell proliferation. iScience. 2019; 15:95–108.
https://doi.org/10.1016/j.isci.2019.04.007
PMID:31055217
23. Fecteau JF, Corral LG, Ghia EM, Gaidarova S, Futalan D,
Bharati IS, Cathers B, Schwaederlé M, Cui B, LopezGirona A, Messmer D, Kipps TJ. Lenalidomide inhibits
the proliferation of CLL cells via a cereblon/
p21(WAF1/Cip1)-dependent mechanism independent
of functional p53. Blood. 2014; 124:1637–44.
https://doi.org/10.1182/blood-2014-03-559591
PMID:24990888
24. Zhou L, Xu G. Cereblon attenuates DNA damageinduced apoptosis by regulating the transcriptionindependent function of p53. Cell Death Dis. 2019;
10:69.
https://doi.org/10.1038/s41419-019-1317-7
PMID:30683842
25. Lee KM, Yang SJ, Park S, Choi YD, Shin HK, Pak JH, Park
CS, Kim I. Depletion of the cereblon gene activates the
unfolded protein response and protects cells from ER
stress-induced cell death. Biochem Biophys Res
Commun. 2015; 458:34–39.
https://doi.org/10.1016/j.bbrc.2015.01.054
PMID:25619137
26. Darlenski R, Hristakieva E, Aydin U, Gancheva D,
Gancheva T, Zheleva A, Gadjeva V, Fluhr JW. Epidermal
barrier and oxidative stress parameters improve during
in 311 nm narrow band UVB phototherapy of plaque
type psoriasis. J Dermatol Sci. 2018; 91:28–34.
https://doi.org/10.1016/j.jdermsci.2018.03.011
PMID:29610017
27. Park WH. Effects of antioxidants and MAPK inhibitors
on cell death and reactive oxygen species levels in
H2O2-treated human pulmonary fibroblasts. Oncol
Lett. 2013; 5:1633–1638.
https://doi.org/10.3892/ol.2013.1216
PMID:23760725
28. Jalmi SK, Sinha AK. ROS mediated MAPK signaling in
abiotic and biotic stress- striking similarities and
differences. Front Plant Sci. 2015; 6:769.

AGING

https://doi.org/10.3389/fpls.2015.00769
PMID:26442079
29. Rajadhyaksha AM, Ra S, Kishinevsky S, Lee AS,
Romanienko P, DuBoff M, Yang C, Zupan B, Byrne M,
Daruwalla ZR, Mark W, Kosofsky BE, Toth M, Higgins JJ.
Behavioral characterization of cereblon forebrainspecific conditional null mice: a model for human nonsyndromic intellectual disability. Behav Brain Res.
2012; 226:428–34.
https://doi.org/10.1016/j.bbr.2011.09.039
PMID:21995942
30. Kang JA, Park SH, Jeong SP, Han MH, Lee CR, Lee KM,
Kim N, Song MR, Choi M, Ye M, Jung G, Lee WW, Eom
SH, et al. Epigenetic regulation of Kcna3-encoding
Kv1.3 potassium channel by cereblon contributes to
regulation of CD4+ T-cell activation. Proc Natl Acad Sci
USA. 2016; 113:8771–76.
https://doi.org/10.1073/pnas.1502166113
PMID:27439875

www.aging-us.com

6418

31. Jeon SJ, Ham J, Park CS, Lee B. Susceptibility of
pentylenetetrazole-induced seizures in mice with
cereblon gene knockout. BMB Rep. 2020; 53:484–89.
https://doi.org/10.5483/BMBRep.2020.53.9.119
PMID:32843131
32. Kim J, Lee KM, Park CS, Park WJ. Ablation of cereblon
attenuates myocardial ischemia-reperfusion injury.
Biochem Biophys Res Commun. 2014; 447:649–54.
https://doi.org/10.1016/j.bbrc.2014.04.061
PMID:24755080
33. Kim YD, Lee KM, Hwang SL, Chang HW, Kim KJ, Harris
RA, Choi HS, Choi WS, Lee SE, Park CS. Inhibition of
cereblon by fenofibrate ameliorates alcoholic liver
disease by enhancing AMPK. Biochim Biophys Acta.
2015; 1852:2662–70.
https://doi.org/10.1016/j.bbadis.2015.09.014
PMID:26410577

AGING

SUPPLEMENTARY MATERIALS
Supplementary Figures

Supplementary Figure 1. The elevated protein level of HP1-γ in primary CRBN KO mouse embryonic fibroblasts. (A)
Endogenous levels of proteins as determined by Western blot analysis using extracts from WT and CRBN KO MEFs. (B) Relative band
intensities determined by densitometric analysis of HP1-γ in blot (A).

Supplementary Figure 2. Ectopic overexpression of CRBN in SHSY5Y and HEK293T. (A) The SHSY5Y and HEK293T cells were
transiently transfected with HA:CRBN or empty vector. Cells were harvested after 24h and the protein lysates were subjected to
immunoblotting with the anti-HA, anti-p53, anti-p-p53 (Ser18), anti-p21, and anti–Tubulin antibodies. (B) Relative band intensities
determined by densitometric analysis of each protein in blot (A).
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