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Introduction

Hutchinson–Gilford progeria syndrome (HGPS), an 
autosomal dominant human disorder with disastrous premature 
aging features, is predominantly caused by a de novo G608G 
point mutation in LMNA gene. LMNA gene encodes for A-type 
lamin proteins, which are components of the nuclear lamina, a 

scaffolding network lying beneath the inner nuclear membrane 
and further extending into the nucleoplasm. The G608G 
mutation activates a cryptic splice donor in exon 11 of LMNA 
gene, resulting in a 50-aa internal deletion (Δ50) in prelamin 
A that contains a proteolytic cleavage site required for lamin A 
maturation. The Δ50 prelamin A left behind is permanently 
modified by a farnesyl group, also called progerin.1,2 A more 
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Heterochromatin protein 1 (HP1) interacts with various proteins, including lamins, to play versatile functions 
within nuclei, such as chromatin remodeling and DNA repair. Accumulation of prelamin A leads to misshapen nuclei, 
heterochromatin disorganization, genomic instability, and premature aging in Zmpste24-null mice. Here, we investigated 
the effects of prelamin A on HP1α homeostasis, subcellular distribution, phosphorylation, and their contribution to 
accelerated senescence in mouse embryonic fibroblasts (MEFs) derived from Zmpste24−/− mice. The results showed that 
the level of HP1α was significantly increased in Zmpste24−/− cells. Although prelamin A interacted with HP1α in a manner 
similar to lamin A, HP1α associated with the nuclease-resistant nuclear matrix fraction was remarkably increased in 
Zmpste24−/− MEFs compared with that in wild-type littermate controls. In wild-type cells, HP1α was phosphorylated at 
Thr50, and the phosphorylation was maximized around 30 min, gradually dispersed 2 h after DNA damage induced 
by camptothecin. However, the peak of HP1α phosphorylation was significantly compromised and appeared until 2 
h, which is correlated with the delayed maximal formation of γ-H2AX foci in Zmpste24−/− MEFs. Furthermore, knocking 
down HP1α by siRNA alleviated the delayed DNA damage response and accelerated senescence in Zmpste24−/− MEFs, 
evidenced by the rescue of the delayed γ-H2AX foci formation, downregulation of p16, and reduction of senescence-
associated β-galactosidase activity. Taken together, these findings establish a functional link between prelamin A, HP1α, 
chromatin remodeling, DNA repair, and early senescence in Zmpste24-deficient mice, suggesting a potential therapeutic 
strategy for laminopathy-based premature aging via the intervention of HP1α.
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severe progeria disorder, restrictive dermopathy (RD), has 
homozygous deficiency in Zmpste24, a zinc metalloproteinase 
responsible for the final cleavage step of prelamin A, resulting in 
a partially processed farnesyl full-length prelamin A instead of 
mature lamin A.3 Recapitulating HGPS, Zmpste24-deficient mice 
exhibit severe growth retardation, hair loss, osteoporosis, dilated 
cardiomyopathy, muscular dystrophy, lipodystrophy, and their 
lifespan is shortened to 4–6 mo.4 Thus one common characteristic 
of HGPS and RD is incomplete processing of prelamin A into 
mature lamin A. Lamin A as a type-V intermediate filament 
protein has head, tail, and connected rod domain structure and 
usually forms a head–tail dimer, which plays essential roles in 
nuclear membrane strength and shape, positioning of the nuclear 
pore complexes, lamina assembly, anchoring chromatin, and 
dynamic chromatin organization.5 Progerin interferes with the 
integrity of the nuclear envelope, thus leading to misshapen nuclei 
with lobulation, thickening, and blebbing. Such irregular nuclei 
are also observed in cells derived from old healthy individuals.6-8 
Reducing farnesyl prelamin A accumulation on the nuclear lamina 
by farnesyltransferase inhibitor (FTI) or accelerating autophagic 
degradation of progerin through rapamycin ameliorates cellular 
senescence in HGPS cells and premature aging in Zmpste24-
deficient mice.9-13 Further studies revealed interphase aneuploidy 
chromatin, loss or aggregation of peripheral heterochromatin, 
abnormally clustered centromeres, and mislocalized telomeres 
in fibroblasts isolated from HGPS patients and Zmpste24-
deficient mice.14 These abnormalities in chromatin organization 
are related to epigenetic changes, including the trimethylation 
of histone H3 at Lys9 (H3K9me3) and Lys27 (H3K27me3), 
histone H4 at Lys20 (H4K20me3), and the acetylation of 
histone H4 at Lys16 (H4K16ac).15,16 These histone modifications 
are key factors for heterochromatin organization or chromatin 
remodeling. Changes in H3K9me3 patterns have also been 
observed in fibroblasts isolated from another progeriod syndrome 
mandibuloacral dysplasia (MAD) and in cells derived from old 
healthy individuals.7,17 These findings clearly demonstrate that 
prelamin A accumulation leads to abnormal organization and 
function of heterochromatin, which may contribute to the 
phenotypes in progeria.

Mammalian heterochromatin protein 1 (HP1), including 
HP1α, HP1β, and HP1γ, are non-histone chromatin-associated 
proteins, which bind to histone H3 that is tri-methylated at lysine 9 
(H3K9me3) via their N-terminal chromo domain (CD) to control 
heterochromatin high-order organization.18,19 HP1 requires 
dimerization via their C-terminal chromo shadow domain (CSD) 
and interacts with many nuclear proteins that possess a conserved 
PxVxL penta-peptide motif to trigger a variety of functions, 
ranging from replication, transcription, chromatin organization, 
and nuclear architecture, to chromosomal maintenance.20,21 Via 
the CD region, HP1 directly or indirectly associates with lamins, 
such as lamin B receptor (LBR), LAP2β and lamina-associated 
polypeptides (LAP2α).22-24 It not only anchors the peripheral 
heterochromatin to the inner nuclear membrane, but also  
mediates nuclear envelope reassembly in a dynamic manner.25

Progeriod cells are characterized by accumulation of 
irreparable DNA damages and defective DNA repair.26 

Recently, heterochromatin-mediated DNA damage response 
(DDR) has been found important for genome integrity; the 
superstructure of heterochromatin impedes DNA repair as 
a barrier, and most of heterochromatin components, such as 
KRAB-associated protein 1 (KAP-1), HP1, play important roles 
in the heterochromatin DDR.27-29 ATM phosphorylates KAP-1 
at Ser824 (pS824-KAP-1), alters KAP-1 affinity for chromatin, 
and facilitates heterochromatin remodeling in DDR.27,30 Recent 
findings also link HP1 proteins to the DNA damage response. 
All 3 HP1 isoforms are mobilized and recruited to various 
types of DNA damage sites.31,32 In response to DNA damage, 
HP1β is rapidly mobilized by casein kinase 2 (CK2)-mediated 
phosphorylation of its CD region at Thr 51 (pT51-HP1β). The 
phosphorylation disrupts hydrogen bonds that fold the CD 
around H3K9me3, releasing HP1β from heterochromatin and 
possibly leading to heterochromatin relaxation.29 Inhibition 
of CK2 or a constitutively Thr51 mutant HP1β diminishes 
γ-H2AX signals.29 Moreover, KAP-1 directly binds to HP1α 
CSD region.27 Cells lacking HP1 fail to form discreet pS824-
KAP-1 foci after DNA damage.33 Previously we have shown that 
KAP-1 phosphorylation is compromised and leads to delayed 
DNA damage-induced chromatin remodeling and accelerated 
senescence in Zmpste24-deficient mice.34 However, it is still 
unclear whether the defective KAP-1 phosphorylation is the 
unique regulatory mechanism underlying the genomic instability 
and accelerated senescence in progeria mice. Therefore it would 
be interesting to explore the roles of HP1 in mechanisms linking 
abnormal lamin A, delayed chromatin remodeling, defective 
DNA repair, and premature aging. In this study, we investigated 
the effects of prelamin A accumulation on HP1 expression, 
subcellular distribution, phosphorylation, and their impacts 
on premature senescence. We found that the level of HP1α 
associated with the nuclear matrix was significantly increased in 
Zmpste24−/− cells. Upon DNA damage, HP1α phosphorylation 
was significantly compromised, leading to delayed formation 
of γ-H2AX foci in Zmpste24−/− MEFs. Knocking down HP1α 
alleviated the delayed DNA damage response and accelerated 
senescence in Zmpste24−/− MEFs. Our findings establish a 
functional link between prelamin A, HP1α, heterochromatin 
repair, and early senescence in Zmpste24-deficient mice and 
suggest a potential therapeutic strategy for laminopathy-based 
premature aging via the intervention of HP1α.

Results

The level of HP1α is increased in Zmpste24−/− MEFs
HP1 proteins serve as linkers, connecting peripheral 

heterochromatin to inner nuclear membranes.24,25 To investigate 
whether HP1s are involved in defective DNA repair and 
premature aging, we first examined levels of HP1 isoforms and 
H3K9me3 by western blotting in Zmpste24−/− MEFs and wild-
type littermate controls. To eliminate epigenetic alterations 
induced by cellular senescence, early-passage Zmpste24−/− MEFs 
(passage 3), which have similar proliferative potential as wild-
type littermate controls (data not shown and ref. 15), were used 
throughout this study. Compared with wild-type littermate 
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controls, a more than 40% increase in HP1α level was observed 
in Zmpste24−/− MEFs, whereas HP1β and HP1γ were much 
less affected (Fig.  1A and B). Consistent with our previous 
report,35 the level of H3K9me3, a HP1-binding heterochromatin 
marker, was significantly elevated, whereas levels of H3K9me1 
and H3K9me2 were hardly affected (Fig.  S1 A and B). To 
evaluate whether the elevated HP1α protein is attributable to the 
transcriptional regulation of HP1α by prelamin A, the mRNA 
level of HP1α was examined by real-time reverse-transcription 
PCR. As shown, the level of HP1α mRNA was not affected 
in Zmpste24−/− MEFs (Fig.  1C), indicating that prelamin A 
modulates HP1α in a post-translational manner. Collectively, 
these data suggest that the presence of prelamin A stabilizes 
HP1α protein in Zmpste24−/− MEFs.

HP1α interacts with prelamin A in Zmpste24−/− MEFs
Given that lamin A and prelamin A bind to HP1α and LAP2α 

in HEK293 cells,36 we reasoned that prelamin A might increase 
the binding capacity to HP1α, thus stabling it. To this end, 
co-immunoprecipitation (Co-IP) was performed in identical early 
passage of Zmpste24−/− MEFs and wild-type littermate controls to 
investigate the interaction of endogenous prelamin A and HP1. 
Since lamin-containing nuclear matrix (NM) is insoluble in 
RIPA buffer containing 150 mM NaCl, and raising the salt 
concentration to 500 mM completely abolishes the interaction 
between A-type lamins and HP1, RIPA buffer containing 350 
mM NaCl was used for the Co-IP. As shown in Figure 2A, 
HP1α, HP1β, and HP1γ were detected in the anti-lamin 
A/C immunoprecipitates by western blotting. However, the 
pull-down levels are comparable between Zmpste24−/− MEFs 
and wild-type littermate controls, suggesting that prelamin A 
might bind to HP1 isoforms in a similar capacity as lamin A. 
Reciprocally, endogenous lamin A/prelamin A was detected 
in the anti-HP1α immunoprecipitates. Interestingly, the anti-
HP1α immunoprecipitates also pull down lamin C (Fig. 2B), 
which is encoded by an alternate splicing variant of LMNA 
gene and shares the N-terminal 566 aa with lamin  A,37 
suggesting that HP1 interacts with lamin A/prelamin A 
through domains beyond C-terminal lamin A-specific region. 
Nonetheless, these data have rolled out the possibility that 
prelamin A directly regulates HP1 protein stability.

HP1α is mainly distributed in nuclease-resistant nuclear 
matrix and fraction in Zmpste24−/− MEFs

Accumulation of prelamin A jeopardizes the nuclear lamina 
and matrix structure, resulting in disturbed heterochromatin 
organization.14,15,38 Although prelamin A has similar binding 
capacity to HP1 as lamin A, it may jeopardize the overall 
nuclear matrix structure and consequently mis-localize HP1 
proteins and, thus, modulate their stability. Therefore, we 
further investigate whether HP1α is mislocalized in the nuclear 
matrix fraction of Zmpste24−/− MEFs. A well-established 
subcellular fractionation strategy was applied to separate cell 
extracts into fractions including cytoplasm (S1), nucleoplasm 
(S2), chromatin and nuclear matrix (P2), nucleoplasm and 
nuclease susceptible chromatin (S2'), and micrococcal nuclease 
(MNase)-resistant nuclear matrix (P2').16 α-tubulin, β-actin, 
high-mobility group protein B1 (HMGB1), lamin A/C served 

as controls for the cytoplasmic, nucleoplasmic, euchromatin-
bound, and nuclear matrix fractions, respectively. As expected, 
in wild-type MEFs, α-tubulin was detected only in cytoplasm 
fraction, whereas β-actin was present in all cytoplasmic and 
nuclear fractions (Fig. 3A). For nuclear proteins, lamin A/C was 
resistant to MNase digestion and remained exclusively in nuclear 
matrix fraction (P2’). In contrast, the euchromatin-bound protein 
HMGB1 was absent from the nuclear matrix fraction (P2’) and 
was completely released into nucleoplasmic fraction (S2’) after 
MNase treatment. Although sensitive to MNase, after digestion, 
HP1 and H3K9me3 were still partially retained in the nuclear 
matrix fraction (P2’) (Fig. 3A). Similarly, HP1 distribution was 
examined in Zmpste24−/− cells; as shown in Figure 3B, the level 
of HP1α protein retained in the nuclear matrix fraction (P2’) 
of Zmpste24−/− MEFs was much higher than that of wild-type 
controls. Concomitantly, the level of HP1α released into the 
nucleoplasm and suspensible chromatin fraction (S2') was much 
lower in progeriod cells than that in wild-type cells. Likewise, 
H3K9me3 distribution was shown in a similar manner as HP1α 
(Fig. 3B). Notably, subcellular distributions of HP1β and HP1γ 
were not much affected in Zmpste24−/− MEFs. Altogether, these 
findings suggest that the increased HP1α in progeriod cells 

Figure  1. Increased level of HP1α in Zmpste24−/− MEFs. (A) Representative 
immunoblots showing protein levels of HP1α, HP1β, HP1γ, H3K9me3 in 
Zmpste24−/− MEFs and wild-type littermate controls at passage 3. (B) Relative 
levels of HP1α, HP1β, HP1γ, H3K9me3 in Zmpste24−/− MEFs comparing with 
wild-type littermate controls. Data (mean ± s.e.m.) represent 3 indepen-
dently derived lines of MEFs in separate experiments. *P < 0.05, **P < 0.01, 
2-tailed Student t test. (C) Real-time RT-PCR analysis of HP1α mRNA expres-
sion in Zmpste24−/− MEFs and wild-type littermate controls. HP1α mRNA 
abundance was calculated by 2-ΔΔCt normalized to β-actin. Data represent 
3 independently derived lines of MEFs in separate experiments.
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is mainly distributed in prelamin A-enriched nuclear matrix 
fraction (P2'), which might mislead the heterochromatin to the 
dis-organized nuclear matrix, thus disturbing the formation and 
function of heterochromatin.

HP1α phosphorylation is compromised following DNA 
damage in Zmpste24−/− MEFs

In addition to heterochromatin mis-organization, sustained 
DNA damage checkpoint response is another hallmark of 
progeriod cells, which is a driving factor of cellular senescence.26 
We and others recently found that the irreparable DNA damages 
accumulated in Zmpste24-dificient mice are indeed associated 
with heterochromatin, indicating a defective heterochromatin 
repair.34,35 Recent reports showed that HP1 is mobilized via 
phosphorylation, which alters heterochromatin organization, and 
then is recruited to DNA damage sites.29,32 Therefore we asked 
whether HP1α phosphorylation is affected in progeriod cells. 
It has been reported that residues Thr 51 in human HP1β and 
Thr50 in HP1α are both crucial in regulating the binding of HP1 
to H3K9me3 and the remodeling of heterochromatin in response 
DNA damage.29 Given the high similarity of chromodomain 
regions surrounding Thr 51 in HP1β and Thr50 in HP1α in 
both humans and mice (Fig.  S2A), a polyclonal antibody that 
recognizes mouse HP1α phosphorylated at residue Thr50 (pT50-
HP1α) was raised as described in “Materials and Methods”. The 
specificity of the anti-pT50-HP1α antibody was tested by SAP 
(shrimp alkaline phosphatase) treatment (Fig. S2B). By western 
blotting, pT50-HP1α dynamics were examined in Zmpste24−/− 
MEFs with Camptothecin (CPT) treatment, a radiomimetic 
reagent, which induces DSBs into progeriod cells as described 
before.39 γ-H2AX was examined as a sensitive marker for the 
presence of DSBs. CPT treatment induced rapid increase of 
γ-H2AX level in both Zmpste24−/− MEFs and wild-type controls 
(Fig. 4A). Thereafter, the level of γ-H2AX decreased at 4 h and 
returned to almost background level at 8 h in wild-type controls, 
but it remained significantly higher in Zmpste24−/− MEFs at 4 

and 8 h (Fig. 4A). Although total level of HP1α did not show 
obvious changes within 8 h, CPT treatment induced a dynamic 
change of pT50-HP1α in wild-type MEFs, which peaked at 
30 min and gradually decreased thereafter (Fig.  4A and B). 
However, the level of pT50-HP1α was significantly reduced and 
the kinetics delayed in Zmpste24−/− MEFs, whereby it maximized 
around 2–4 h after CPT treatment (Fig. 4A and B). Of note, the 
delayed pT50-HP1α kinetics in Zmpste24−/− MEFs is consistent 
with the delayed γ-H2AX level upon CPT treatment. To confirm 
the delayed pT50-HP1α kinetics after DNA damage in progeriod 
cells, we further employed immunofluorescence confocal 
microscopy. Within 30 min post-CPT treatment, pT50-HP1α 
and γH2AX foci were stochastically distributed throughout the 
nucleus in both Zmpste24−/− and wild-type control cells, and most 
of them co-localized with each other (Fig. 4C). The number of 
pT50-HP1α foci maximized around 30 min after DNA damage 
in wild-type cells; however, this was significantly delayed, until 
2 h, in progeriod cells (Fig.  4D). Collectively, these findings 
confirm defective DNA repair evidenced by defective H2AX 
phosphorylation in progeriod cells and further imply that delayed 
pT50-HP1α might lead to defective mobilization of HP1α and 

Figure 2. HP1 interacts with endogenous prelamin A in a similar manner 
as lamin A. (A) Immunoblots showing endogenous HP1α, HP1β, HP1γ in 
the anti-lamin A/C immunoprecipitates from Zmpste24−/− MEFs and wild-
type littermate controls. Data represent 1 of 3 independent experiments. 
(B) Immunoblots showing endogenous lamin A/prelamin A/lamin C in 
the anti-HP1α immunoprecipitates in Zmpste24−/− MEFs and wild-type 
littermate controls. Data represent 1 of 3 independent experiments.

Figure 3. Increased HP1α was mainly localized in nuclease-resistant chro-
matin and nuclear matrix fraction in Zmpste24−/− MEFs. (A) Subcellular 
fractions of MEFs: S1 (cytoplasmic), S2 (nucleoplasmic), P2 (chromatin + 
nuclear matrix), S2’ (nucleoplasmic + nuclease susceptible chromatin), 
P2’ (nuclear matrix + nuclease resistant chromatin), and TCE (total cell 
extraction) as described in the “Materials and Methods”. Representative 
immunoblots showing the subcellular distribution of HP1α, HP1β, HP1γ, 
HMGB1 (euchromatin marker), H3K9me3 (heterochromatin marker), and 
LaminA/C (nuclear matrix marker). (B) Immunoblots showing increased 
levels of HP1α in nuclease-resistant chromatin and nuclear matrix 
fraction, whereas no significant changes of HP1β and HP1γ in various 
nuclear fractions. Data represent 1 of 3 independently derived lines of 
MEFs in separate experiments.
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Figure 4. DNA damage-induced pT50-HP1α phosphorylation is compromised in Zmpste24−/− MEFs. (A) Representative immunoblots showing levels of 
γH2AX, HP1α, and pT50-HP1α at indicated time points in Zmpste24−/− MEFs and wild-type littermate controls treated with 4 µM camptothecin (CPT). 
(B) Relative levels of HP1α and pT50-HP1α after CPT treatment in Zmpste24−/− MEFs and wild-type littermate controls. Data represent 3 independently 
derived lines of MEFs in separate experiments. (C) Representative photos of immunofluorescence confocal microscopy showing pT50-HP1α and γH2AX 
foci after CPT treatment at indicated time points. Scale bar, 5 μm. (D) The number of pT50-HP1α foci per cell after CPT treatment in Zmpste24−/− MEFs and 
wild-type controls. At least 100 cells were counted. Data represent mean ± s.e.m., *P < 0.05, **P < 0.01, 2-tailed Student t test.
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Figure 5. Knocking down HP1α promotes DNA damage response and attenuates cellular senescence in Zmpste24−/− MEFs. (A) Representative photos 
showing γH2AX foci at indicated time points in Zmpste24−/− MEFs and wild-type littermate controls treated with HP1α siRNA or mock siRNA. Scale bar, 5 
μm. (B) The number of γH2AX foci per cell at indicated time points in Zmpste24−/− MEFs treated with HP1α siRNA. At least 100 cells were counted. Data 
represent mean ± s.e.m., *P < 0.05, **P < 0.01, 2-tailed Student t test. (C) Representative immunoblots showing levels of HP1α and P16 in Zmpste24−/− 
MEFs and wild-type littermate controls treated with HP1α siRNA or mock siRNA. (D) Quantification of P16 level in (C). Data represent mean ± s.e.m., n = 3, 
*P < 0.05, 2-tailed Student t test. (E) Representative photos of SA-β-gal activity showing the blue-stained senescent cells in Zmpste24−/− MEFs and wild-
type littermate controls at passage 5. (F) Quantification of (E) showing the percentage of senescent cells. Data represent mean ± s.e.m., n = 3, **P < 0.01, 
***P < 0.001, 2-tailed Student t test.
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cause delayed chromatin remodeling and, therefore, delayed 
recruitment of DNA damage response factors.

HP1α knockdown attenuates defective DNA damage 
response and cellular senescence

DNA breaks in heterochromatin can be abrogated by 
knocking down HP1 or other heterochromatin components.28 
To gain further insight into whether increased HP1α is the 
critical link between prelamin A and delayed DNA damage 
response and accelerated aging phenotypes in Zmpste24−/− 
MEFs, we explored if endogenous HP1α knockdown might 
alleviate the delayed DNA damage response and early onset of 
cellular senescence in Zmpste24−/− MEFs. In cells treated with 
short interfering RNAs (siRNAs) specifically targeting HP1α, 
although level of β-actin was quite stable for as long as 48 h, 
diminished HP1α expression was confirmed (Fig. S3). We next 
evaluated the effects of HP1α knockdown on γ-H2AX foci after 
CPT treatment. As shown in Figure 5A and B, a large number of 
γ-H2AX foci still persisted at 8 h in Zmpste24−/− MEFs, and this 
was significantly reduced in HP1α siRNA-treated Zmpste24−/− 
MEFs. Additionally, HP1α knockdown considerably reduced the 
expression of cellular senescence marker p16 expression (Fig. 5C 
and D). When cells were monitored for senescence-associated 
β-galactosidase (SA-β-gal) activity, the number of positively 
blue-stained cells dropped from more than 50% in scramble-
treated to less than 25% in HP1α siRNA-treated Zmpste24−/− 
MEFs (Fig. 5E and F). Collectively, HP1α knockdown rescues 
defective DNA repair and attenuates the accelerated cellular 
senescence in Zmpste24−/− MEFs.

Discussion

In this report, we have shown that nuclear matrix-associated 
HP1α level was remarkably elevated in Zmpste24−/− MEFs. 
Upon DNA damage, a significantly compromised HP1α 
phosphorylation on Thr50 was observed in Zmpste24−/− MEFs, 
which correlates with the delayed γ-H2AX foci formation. 
Knocking down HP1α improved γ-H2AX foci formation and 
rescued cellular senescence in Zmpste24−/− MEFs. Our data 
suggest a critical role of HP1α in prelamin A-regulated genomic 
instability and premature aging.

Heterochromatin perturbation and epigenetic mis-regulation 
are hallmarks of progeria.6,15,17 However, how various components 
functionally affect heterochromatin dynamics in the presence of 
prelamin A or progerin remains largely unknown. Here we found 
that prelamin A accumulation resulted in an increase of HP1α 
protein level, while the mRNA was hardly affected, suggesting 
a potential role for prelamin A in stabilizing HP1α protein. It 
has been shown that lamin A and prelamin A binds to HP1α 
in vitro, and farnesylated prelamin A showed reduced binding 
capacity to HP1α compared with the non-farnesylated form and 
wild-type lamin A.36 However, a comparable binding affinity 
of HP1α to prelaminA and lamin A was found in our study, 
although prelamin A is farnesylated in Zmpste24−/− MEFs. One 
possible interpretation of this seeming discordance is that ectopic 
farnesylated prelamin A might be functionally different from the 
endogenous one caused by Zmpste24 deficiency. Consistent with 

this notion is the finding that different strategies in generating 
unfarnesylatable progerin may result in opposite phenotypes in 
knock-in mouse models.40-42 It has also been widely accepted that 
there is reduced of heterochromatin in HGPS cells, supported 
by decreased H3K9me3, H3K27me3, and HP1α.15 However, we 
have previously shown that prelamin A might elicit functional 
difference with progerin in addition to the structural differences, 
i.e., loss of 50 amino acids, which may cause loss of function 
of lamin A.35 Interestingly, several reports found that lamin A 
regulates HP1 stability through inhibition of specific ubiquitin 
ligase activities, and loss of lamin A accelerates HP1α degradation 
in Lmna−/− MEFs.43,44 In this regard, the seemingly contradictory 
observation might be explained by the structural and functional 
difference between prelamin A in Zmpste24-null cells and 
progerin in human HGPS cells. The level of HP1α in the presence 
of progerin could be attributable to a combined gain of function 
of the partially processed C tail, which elevates the HP1α level, 
and loss of function of lamin A, which is due to 50-aa-truncation 
and accelerates the degradation of HP1α. Nevertheless, the lack 
of difference between prelamin A and lamin A in their binding 
capacity to HP1α suggests that it is unlikely that prelamin  A 
regulates HP1α stability in a similar manner as it does on 
Suv39h1. On the other front, HP1, H3K9me3, and its principal 
methyltransferase Suv39h1 are all enriched in the pericentric 
heterochromatin region, and it is considered that N-terminal 
upstream of Suv39h1 CD region possess interaction site with 
HP1 CSD region, recruiting HP1α to bind H3K9me3 within its 
CD region.45 Consistent with our previous report, we observed 
a remarkably increased level of H3K9me3 in Zmpste24-null 
cells and a significant increase of association of HP1α with the 
nuclear matrix fraction, wherein H3K9me3 is highly enriched. 
Therefore, it is also plausible to speculate that prelamin A might 
interfere with the correct positioning and stability of HP1α/
Suv39h1/H3K9me3 heterochromatic complex, thus impairing 
the localization of pericentric heterochromatin domains at the 
nuclear periphery and finally resulting in disorganization of 
heterochromatin.

Although initial studies revealed that HP1 plays a key role 
in heterochromatin formation and gene silencing, recent studies 
have highlighted the importance of HP1-mediated chromatin 
remodeling and DNA damage response. In this study, we found 
that the level of pT50-HP1α, which co-localizes with γ-H2AX, 
is compromised in Zmpste24−/− MEFs after DNA damage, 
suggesting defective mobilization of HP1α and, thereafter, 
compromised chromatin remodeling. Another heterochromatin 
protein KAP-1, which promotes heterochromatic DSB repair 
by ATM-mediated phosphorylation and therefore facilitates the 
release of KAP-1 and CHD3 from heterochromatin and global 
chromatin relaxation, directly binds to HP1α CSD.27,28 We 
have previously shown that pS824-KAP-1 level is significantly 
reduced, preventing the release of CHD3 from heterochromatin 
and global chromatin relaxation in Zmpste24−/− MEFs.34 We 
therefore speculate that nuclear matrix fraction enrichment 
of HP1α in Zmpste24−/− MEFs might be also involved in the 
retention of KAP-1 on heterochromatin. Notably, the decreased 
level of pS824-KAP-1 in our previous study is not totally in 
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accordance with the dynamic changes of chromatin relaxation 
in Zmpste24−/− MEFs. Although the level of pS824-KAP-1 was 
decreased, it peaked 30 min after DNA damage, which is similar 
to wild-type cells. Interestingly, although delayed, the chromatin 
still underwent global relaxation at 2 h and, concomitantly, the 
recruitment of 53BP1 after irradiation in Zmpste24–/– MEFs, 
indicating a backup mechanism regulating the late-stage global 
chromatin relaxation. In this study, we found that the peak level 
of pT50-HP1α was postponed to 2 h, which correlates well with 
the delayed relaxation of chromatin in progeriod cells after DNA 
damage, implicating that pT50-HP1α could be the backup 
mechanism mediating chromatin remodeling in progeroid cells.

The rescue of cellular senescence by HP1α knockdown suggests 
potential links between chromatin remodeling, DNA repair, 
and premature aging. Interestingly, a recent report by Lattanzi 
and colleagues showed de-condensation of heterochromatin 
and enhanced DNA repair efficacy in centenarian fibroblasts 
and in normal cells treated with rapamycin, highlighting the 
pivotal roles of chromatin remodeling and DNA repair in aging/
longevity.46 Rapamycin targets mTOR pathways, inhibits DNA 
damage response (or pseudo-DNA damage response), and 
therefore slows down cellular senescence.47-49 In this scenario, it 
would be interesting to examine whether rapamycin could rescue 
the defective chromatin remodeling and defective DNA repair in 
Zmpste24-null cells in future study. Nevertheless, our data shed 
new light into molecular basis of HP1α in heterochromatin mis-
organization, delayed DNA damage response, and early senescence 
in Zmpste24-deficient progeria mouse model, providing an 
additional intervention target for progeria and normal aging.

Materials and Methods

Cell culture and drug treatments
Zmpste24−/− mice were generated by Zhou et  al. previously.4 

Genotyping of mice for the mutant Zmpste24 allele was 
performed by PCR as described previously.15 Mouse embryonic 
fibroblasts (MEFs) were obtained from 13.5-d Zmpste24+/+ and 
Zmpste24−/− embryos. Littermate-matched Zmpste24+/+ and 
Zmpste24−/− MEFs were cultured in complete Dulbecco modified 
Eagle medium (DMEM) (pH 7.4) supplemented with 10% fetal 
bovine serum. Early passage (passage 3) of Zmpste24−/− MEFs 
without showing senescence phenotypes were employed in all 
experiments.15 To induce DNA damage, MEFs were treated with 
either 4 μM Camptothecin (CPT, Sigma C9911) or DMSO for 
1 h. Afterward, CPT was removed by washing 3 times with PBS 
and replacing with fresh medium.

Antibodies
Commercial available antibodies used in this experiments are 

as follow: lamin A/C (Santa Cruz Biotechnology, sc-20681, http://
www.scbt.com/datasheet-20681-lamin-a-c-h-110-antibody.html), 
HP1α (Millipore, 05–689, http://www.millipore.com/catalogue/
item/05-689; Abcam, ab77256, http://www.abcam.com/hp1-
alpha-antibody-chip-grade-ab77256.html), HP1β (Abcam, 
ab10811, http://www.abcam.com/CBX1–HP1-beta-MAC353-
antibody-ChIP-Grade-ab10811.html), HP1γ (Millipore, 05–690, 
http://www.millipore.com/catalogue/item/05-690), γ-H2AX 

(Upstate, 05–636, http://www.millipore.com/catalogue/
item/05-636), H3K9me3 (Abcam, ab8898, http://www.abcam.
com/histone-h3-tri-methyl-k9-antibody-chip-grade-ab8898.
html), H3 (Abcam, ab1791, http://www.abcam.com/histone-
h3-antibody-chip-grade-ab1791.html), HMGB1 (Cell Signaling, 
3935, https://www.cellsignal.com/products/3935.html), P16 
(Santa Cruz Biotechnology, sc-81156, http://www.scbt.com/
datasheet-81156-p16-1e12e10-antibody.html), α-tubulin (Cell 
Signaling, 2144, http://www.cellsignal.com/products/2144.
html), β-actin (cwbiotech, CW0096A, http://www.cwbiotech.
com/en/scart/cproduct.aspx?id=4283). pT50-HP1α polyclonal 
antibody was made by Abmart (Shanghai, http://www.ab-mart.
com/index.php) against the phospho-peptide, C-SEEHN(pT)
WEPEK. It was diluted 1:300 for immunoblotting and 1:100 
for immunofluorescence staining. Secondary antibodies used 
are as follows: Horseradish peroxidase (HRP) labeled Goat anti-
rabbit (Pierce, 31460, http://www.pierce-antibodies.com/Goat-
anti-Rabbit-IgG-H-L-Secondary-Antibody-Polyclonal–31460.
html), HRP labeled Goat anti-Mouse IgG (Pierce, 32430 http://
www.pierce-antibodies.com/Glutamic-Acid-Decarboxylase-
65-antibody-Polyclonal–PA532430.html), HRP labeled Goat 
anti-Rat IgG (Pierce, 31470, http://www.pierce-antibodies.com/
Goat-anti-Rat-IgG-H-L-Secondary-Antibody-Polyclonal–31470.
html), HRP labeled Rabbit anti-Goat IgG (Pierce, 31402, 
http://www.pierce-antibodies.com/Rabbit-anti-Goat-IgG-H-L-
Secondary-Antibody-Polyclonal–31402.html), Alexa Fluor 488 
donkey anti-goat IgG (H+L) (Invitrogen, A11055s, http://www.
lifetechnologies.com/order/catalog/product/A11055), Alexa Fluor 
488 donkey anti-rat IgG (H+L) (Invitrogen, A21208, http://
www.lifetechnologies.com/order/catalog/product/A21208), 
Alexa Fluor 488 donkey anti-mouse IgG (H+L) (Invitrogen, 
A21202, http://www.lifetechnologies.com/order/catalog/
product/A21202), Alexa Fluor 555 donkey anti-mouse IgG 
(H+L) (Invitrogen, A31570, http://www.lifetechnologies.com/
order/catalog/product/A31570), Alexa Fluor 594 goat anti-rabbit 
IgG (H+L) (Invitrogen, A11012, http://www.lifetechnologies.
com/order/catalog/product/A11012). All reagents were used at 
the dilutions recommended by the manufacturers or mentioned 
above.

Co-immunoprecipitation
Cell extracts were prepared in modified RIPA buffer (20 mM 

Tris, pH 7.5, 300 mM NaCl, 0.5% Nonidet P-40, 1% Triton 
X-100, 1 mM EGTA, 1 mM DTT). Protein A conjugated 
Sepharose beads (Roche 11719394001) were washed twice with 
ice-cold PBS and pelleted by centrifugation at 2000 × g for 1 
min at 4 °C. Two micrograms of the antibody of interest and 
lysates from 1 × 107 MEFs were incubated for 2 h at 4 °C with 
rotation. The antibody conjugate was then incubated with 50 
μL of the pre-washed Sepharose beads overnight at 4 °C with 
rotation. The excess unbound protein was removed by washing 
3 times with 500 μL modified RIPA buffer; Sepharose beads 
were pelleted by centrifugation at 2000 × g for 2 min at 4 °C. 
Co-immunoprecipitated proteins were eluted off the Sepharose 
beads by adding 50 μL of 1 × loading buffer (1% SDS, 100 mM 
DTT, 50 mM Tris, pH 6.8) and boiling for 3 min. The elute 
was centrifuged at 2000 × g for 4 min, and the supernatant 
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containing co-immunoprecipitated proteins was collected and 
analyzed by western blotting.

Western blotting
Whole-cell lysate was prepared by suspending the MEFs in 1 

volume of suspension buffer (10 mM Tris-HCl, pH 7.5, 0.1 M 
NaCl, 1mM EDTA, 1 mM DTT, pH 8.0, protease inhibitors), 
followed by adding 1 volume of Laemmli buffer (0.1M Tris-HCl, 
pH 7.0, 4% SDS, 20% glycerol,1 mM DTT, protease inhibitors) 
and boiling for 5 min. Twenty micrograms of total proteins were 
electrophoresed through 10% SDS polyacrylamide gels and 
transferred to PVDF membrane (Millipore). The membrane was 
incubated with primary antibodies overnight at 4 °C, and then 
probed with appropriate secondary antibodies linked to HRP 
for 1 h at room temperature. Antibody binding was visualized 
by enhanced chemiluminiscence kit (Pierce 34095). Relative 
blot band intensity was measured by ImageJ and normalized to 
corresponding controls as indicated. For statistical analysis, at 
least 3 independent immunoblots were quantified and 2-tailed t 
test was used for P values.

Real-time PCR
Total RNA was extracted with the Trizol® reagent (Invitrogen, 

15596-026) according to the manufacturer’s protocol. RNA 
quantity was monitored by UV spectrophotometry and agarose 
gel electrophoresis. One microgram of total RNA was transcribed 
to cDNA using the iScript™ cDNA Synthesis Kit (Bio-rad, 
70-8891). Quantitative RT-PCR (Q-PCR) was run on the 7500 
Fast Real-Time PCR System (Applied Biosystems), with the use 
of the SsoFast™ EvaGreen Supermix kit (Bio-rad, 172-5200). 
Mouse HP1α and β-actin primers are as follows: HP1α (232 bp) 
forward, 5′-GAAAGAAGAC CAAGAGGACA G C-3′; reverse, 
5′-TTGTTTCACC CTCCTTCATC T-3′. β-actin (517  bp) 
forward, 5′-ATATCGCTGC GCTGGTCGTC-3′; reverse, 
5′-AGGATGGCGT GAGGGAGAGC-3′. All Q-PCR reactions 
were performed in triplicate in the final volume 10 μl for 
40 cycles according to the following protocol: each cycle at 95 °C 
for the initial 30 s, then at 95 °C for 5 s, and 60 °C for 5 s. The 
obtained results were averaged, and gene expression levels were 
normalized to β-actin.

Subcellular fractionation
MEFs were suspended (4 × 107 cells/ml) in buffer A [10 

mM HEPES (pH 7.9), 10 mM KCl, 1.5 mM MgCl
2
, 0.34 M 

sucrose, 10% glycerol, 1 mM DTT, complete protease inhibitors 
(Roche), and 1 mM PMSF (Sigma)]. After the addition of 0.1% 
Triton X-100, cells were incubated on ice for 5 min. Nuclei were 
obtained by centrifugation at 1300 × g for 4 min at 4 °C. The 
supernatant containing the cytosolic extract (S1) was collected 
by centrifugation at 20 000 × g for 15 min at 4 °C. Nuclei were 
then washed twice with ice-cold buffer A and lysed in buffer B 
(3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, complete protease 
inhibitors [Roche], and 1 mM PMSF [Sigma]) for 5 min on ice. 
The pellet (P2) containing the chromatin and nuclear matrix 
protein was obtained by centrifugation at 1700 × g for 4 min at 
4 °C. The supernatant consisting of nucleoplasmic protein (S2) 
was also collected. To obtain nuclear matrix-associated proteins, 
cell nuclei (P1) were resuspended in buffer A plus 1 mM CaCl

2
 

and digested with 5 units of micrococcal nuclease (MNase, 

Sigma, N3755) at 37 °C for 5 min; the reaction was stopped by 
the addition of 1 mM EGTA. By low-speed centrifugation as 
described above, the pellet obtained after digestion consisted of 
the nuclease-resistant chromatin and nuclear matrix-associated 
proteins (P2’); the supernatant contained the nucleoplasmic 
and nuclease susceptible chromatin-associated proteins (S2’). 
The fractions were dissolved in 1× loading buffer (1% SDS, 
100 mM DTT, 50 mM Tris, pH 6.8) and sonicated for 15 s. 
Equal amounts were resolved using SDS-PAGE, and the levels of 
protein were further detected by western blotting.

Immunofluorescence microscopy
MEFs were seeded in 8-chamber slides to 70% confluence, 

treated with CPT for 1 h and allowed to recover for indicated 
time. The slides were washed twice with PBS and fixed with 4% 
paraformaldehyde in PBS for 10 min at 4 °C, followed by 10 
min permeation with 0.2% Triton X-100/PBS. The slides were 
blocked in 1% BSA/PBS with 5% normal serum overnight at 
4 °C, and then incubated with primary antibody diluted in 
1% BSA/PBS overnight at 4 °C in a humid box. After washing 
3 times with PBS, the slides were incubated with FITC- or 
TRITC-coupled secondary antibodies diluted in 1% BSA/PBS 
for 40 min at R.T. and then washed 3 times with 1%Tween20/
PBS to remove unbound antibodies. The slides were mounted 
with ProLong Gold antifade reagent with DAPI (Invitrogen, 
P36935), sealed with nail polish, and analyzed by Olympus 
Fluoview FV1000 immunofluorescence microscopy. Photos were 
processed with Photoshop CS®. Focus counting was performed 
by 100 cells randomly chosen for each experiment. Two-tailed 
Student t test was used for P values where applied.

RNA interference
HP1α sense and antisense RNA are 5′-GGAUACAGUC 

UGAGAGUUATT-3′ and 5′-UAACUCUCAG 
ACUGUAUCCT T-3′, respectively. Transfection was performed 
in triplicate in 6-well plates with lipofectamine RNAiMAX 
Reagent (Invitrogen, 13778-100) according to the manufacturer’s 
instructions. Forty-eight hours post-transfection, the cells were 
treated with 4 μM CPT for 1 h, and harvested at indicated 
times for western blotting and immunofluorescence microscopy 
analysis as described above.

Senescence-associated β-gal assay
Senescence-associated β-Galactosidase activity was accessed 

with cellular senescence assay kit (Mirus, MiR2600). Briefly, 
cells were seeded in 6-well plates, fixed at room temperature for 5 
min with 2 mL of 1× fixing solution, washed twice with 1× PBS, 
and stained with 2 mL of freshly prepared 1× β-Galactosidase 
detection solution at 37 °C for 16 h in dark room. The cells were 
washed twice with 1× PBS, overlaid with 70% glycerol/PBS, and 
photographed. Blue-stained MEFs were counted in more than 
200 randomly chosen cells. Two-tailed t test was applied for 
P values.
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