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Abstract 

Progerin, a truncated unprocessed lamin A protein, causes tissue aging and degeneration. In this 
study we explored the role of progerin in the pathogenesis of intervertebral disc degeneration 
(IDD). We also examined the effect of sulforaphane (SFN) on progerin accumulation and 
mitochondrial dysfunction in IDD. 
Methods: The role of progerin in IDD was explored using human nucleus pulposus (NP) tissues, rat 
NP cells, and Lmna G609G knock-in mice. Immunostaining, X-ray imaging, and Western blotting 
were performed to assess the phenotypes of intervertebral discs. Alterations in senescence and 
apoptosis were evaluated by SA-β-galactosidase, immunofluorescence, flow cytometry, and TUNEL 
assays. Mitochondrial function was investigated by JC-1 staining, transmission electron microscopy, 
and determination of the level of ATP and the activities of mitochondrial enzymes. 
Results: The progerin level was elevated in degenerated human NP tissues. Lmna G609G/G609G 
mice displayed IDD, as evidenced by increased matrix metalloproteinase-13 expression and 
decreased collagen II and aggrecan expression and disc height. Furthermore, progerin 
overexpression in rat NP cells induced mitochondrial dysfunction (decreased ATP synthesis, 
mitochondrial membrane potential, and activities of mitochondrial complex enzymes), morphologic 
abnormalities, and disrupted mitochondrial dynamic (abnormal expression of proteins involved in 
fission and fusion), resulting in apoptosis and senescence. SFN ameliorated the progerin-induced 
aging defects and mitochondrial dysfunction in NP cells and IDD in Lmna G609G/G609G mice. 
Conclusions: Progerin is involved in the pathogenesis of IDD. Also, SFN alleviates 
progerin-induced IDD, which is associated with amelioration of aging defects and mitochondrial 
dysfunction. Thus, SFN shows promise for the treatment of IDD. 
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Introduction 
Low-back pain is a ubiquitous musculoskeletal 

disorder that affects up to 80% of individuals during 
their lifetime, imposing a considerable socioeconomic 

and healthcare burden on society [1-3]. Intervertebral 
disc degeneration (IDD) contributes to lower-back 
pain. Intervertebral discs (IVDs) are composed of the 
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inner nucleus pulposus (NP) surrounded by the 
annulus fibrosus. NP cells, critical components of the 
IVD, maintain homeostasis of the extracellular matrix, 
thus regulating disc functions and deformation. The 
pathogenesis of IDD is complex, being influenced by 
several risk factors, including genetics, immune 
system status, excessive loading and aging [4-7]. 
These factors ultimately trigger NP cell senescence 
and apoptosis, causing IDD. Elucidation of the 
mechanisms underlying NP dysfunction would 
enhance our understanding of IDD pathogenesis. 

Progerin, a truncated, permanently farnesylated 
prelamin A, causes the premature aging disorder 
termed Hutchinson–Gilford Progeria Syndrome 
(HGPS) [8-10]. The accumulation of progerin causes a 
variety of defects in HGPS cells, such as compromised 
nuclear architecture integrity [11, 12], increased DNA 
damage [13], impaired redox homeostasis [14], and 
mitochondrial dysfunction [15]. Remarkably, there are 
striking commonalities between several premature 
aging diseases and aging-associated diseases, and 
progerin expression in the general population [16] is 
related to physiological aging [14]. Moreover, 
progerin is involved in the pathogenesis of a range of 
diseases, such as osteoarthritis and dilated 
cardiomyopathy, as well as skin aging, all of which 
may be linked to apoptosis and oxidative stress 
[17-20]. However, the role of progerin in human IDD 
is unclear. Investigation of the link between increased 
progerin expression and IDD progression would aid 
in the identification of novel therapeutic targets and 
pharmacological regimens preventing or alleviating 
IDD.  

Sulforaphane (SFN) is a natural isothiocyanate 
compound present in cruciferous vegetables, 
especially broccoli. The therapeutic efficacy of SFN is 
being evaluated in preclinical and clinical trials for a 
wide range of disorders, including dysregulated type 
2 diabetes [21], memory impairment [22], autism 
spectrum disorder [23] and Huntington’s disease [24]. 
The protective effects of SFN are associated with 
activation of the NF-E2-related factor2 (Nrf2) 
antioxidant network and induction of autophagy [13]. 
In addition, SFN exerts a protective effect on the 
mitochondria of pancreatic β-cells [25]. However, the 
effects of SFN on IDD, as well as the underlying 
mechanisms, are unknown. In this study, using 
human NP tissues, rat NP cells, and Lmna G609G 
knock-in mice, we characterized the role of progerin 
in IDD and provide the first evidence of a link 
between progerin accumulation in animal and human 
NP tissue/cells to IVD degeneration. We also 
examined the protective effect of SFN against 
progerin-induced aging defects, with a focus on 
mitochondrial function. 

Methods 
Patient samples 

NP specimens were obtained from 20 patients 
(10 males and 10 females; mean age = 36.4 ± 17.4 
years) with degenerative disc disease or scoliosis. The 
degree of IDD was assessed according to modified 
Pfirrmann grading system [26] by magnetic resonance 
imaging (MRI). Grade II (n = 5) and III (n = 5) samples 
were combined into a Grade II/III group, and Grade 
IV (n = 4) and V (n = 6) samples into a Grade IV/V 
group (Table S1). Ethics approval was obtained from 
the Institutional Review Board of Xijing Hospital of 
the Fourth Military Medical University, and informed 
consent was obtained from each donor. 

Animals 
Lmna G609G/G609G mice, generated as 

described previously [10], were kindly provided by 
Prof. Baohua Liu (Shenzhen University, China). All 
animals were maintained under pathogen-free 
conditions at the Experimental Animal Centre of the 
Fourth Military Medical University. The 
G609G/G609G mice were genotyped using the 
following primers: forward 5′-CTATTGCATGCTT 
CTCCTCAG-3′, and reverse 5′-TGAGCGCAGGTTGT 
ACTCAG-3′ (Figure S1B). All experimental 
procedures were approved by the Fourth Military 
Medical University Animal Use and Care Committee. 
Starting at 4 weeks of age, G609G/G609G mice were 
administered SFN at 10 mg/kg in phosphate-buffered 
saline (PBS) intraperitoneally (ip) three times per 
week or vehicle, for 12 weeks [21]. Treatment with 
vehicle alone did not induce apparent damage or 
stress in wild-type (WT) mice. The body weight of the 
mice was monitored weekly. The survival rate was 
analyzed by the Kaplan–Meier method, and statistical 
analysis was performed by log-rank (Mantel–Cox) 
test. 

Reagents and antibodies  
SFN was purchased from ApexBio Technology 

(Houston, TX, USA). The following antibodies were 
used for Western blotting: Lamin A/C mouse 
monoclonal (Cell Signaling Technology, CST, Beverly, 
MA, USA, #4777), progerin mouse monoclonal (Santa 
Cruz Biotechnology, Santa Cruz, CA, USA, 
#sc-81611), OPA1 mouse monoclonal (Santa Cruz 
Biotechnology, #sc-393296), Drp1 mouse monoclonal 
(Santa Cruz Biotechnology, #sc-101270), Mfn1 mouse 
monoclonal (Santa Cruz Biotechnology, #sc-166644), 
Mfn2 mouse monoclonal (Santa Cruz Biotechnology, 
#sc-100560), PGC1α rabbit polyclonal (Abnova, 
Taiwan, #PAB12601), AMPKα (CST, #5832), 
Phospho-AMPK (Thr172)α (CST, #2535), collagen II 
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rabbit polyclonal (Proteintech, China, 15943-1-AP), 
aggrecan rabbit polyclonal (Proteintech, 
#13880-1-AP), MMP-13 rabbit polyclonal (Abcam, 
Cambridge, MA, USA, ab39012), GAPDH 
(Proteintech, #60004-1-lg), and β-actin mouse 
monoclonal (Sangon Biotech, China, #D190606). For 
immunofluorescence and immunohistochemical 
analyses, the following antibodies were used: 
Anti-aggrecan (rabbit polyclonal; Proteintech, 
#13880-1-AP), P16INK4a mouse monoclonal (Abcam, 
#ab54210), LAP2 rabbit polyclonal (Proteintech, 
#14651-1-AP), γH2AX (Proteintech, #10856-1-AP), 
H3K27me3 rabbit monoclonal (CST, #9733), lamin B1 
rabbit polyclonal (Proteintech, #12987-1-AP), progerin 
mouse monoclonal (Santa Cruz, #sc-81611), and 
collagen II rabbit polyclonal (Abcam, #ab34712). 

Cell culture and treatment 
Rat NP cells were kindly generated and donated 

by Prof. Di Chen (Rush University) [27], and were 
maintained in Dulbecco’s modified Eagle’s medium 
(DMEM)/F-12 (1:1) (Gibco, Grand Island, NY, USA) 
containing 10% fetal bovine serum (FBS) (Invitrogen, 
Carlsbad, CA, USA) and 1% penicillin/streptomycin 
(Gibco) at 37°C under 5% CO2 and 20% O2. The 
culture medium was replaced every 3 days. The cells 
were used at passages 5–8. The pLVX-mCherry- 
progerin-puro and pLVX-mCherry-puro vectors were 
provided by Prof. Baohua Liu (Shenzhen University, 
China). Briefly, rat NP cells were seeded in 35 mm 
dishes (2 × 105 cells/dish) at 24 h before infection. The 
cells were incubated overnight with the transfection 
mixture, washed with PBS, and incubated with fresh 
medium for 48 h. Next, antibiotic-resistant (5 μg/mL 
puromycin) cells were selected and expanded as mass 
populations. The medium was replaced twice weekly, 
and the cultures were passaged at 90% confluency. 
The following experimental groups were analyzed: (1) 
Vector con, vector-transfected NP cells; (2) progerin, 
progerin-expressing NP cells. To assess the effects of 
SFN, the following experimental groups were used: 
(1) Vector con+vehicle, only vector-transfected NP 
cells treated with vehicle; (2) progerin+vehicle, 
progerin-expressing cells treated with vehicle; and (3) 
progerin+SFN, progerin-expressing cells treated with 
SFN (dissolved in dimethyl sulphoxide and added to 
growth medium at a final concentration of 5 μM [14]). 

RNA extraction and quantitative real-time 
reverse transcription-PCR 

Human NP tissues were immediately 
snap-frozen in liquid nitrogen and stored at -80 °C 
until mRNA extraction. Total RNA was isolated from 
human NP tissue or NP cells using the Total RNA Kit 
(Omega Biotek, Norcross, GA, USA) according to the 

manufacturer’s instructions. RNA concentrations 
were estimated spectrophotometrically using the ratio 
of the absorbance at 260 nm to that at 280 nm, and 
equal amounts of RNA were converted to cDNA 
using PrimeScript™ RT Master Mix (TaKaRa, Tokyo, 
Japan). cDNA was subjected to amplification by 
quantitative real-time reverse transcription- 
polymerase chain reaction (qRT-PCR) on a 7500 
Real-Time PCR System (Applied Biosystems, Foster 
City, CA, USA) with SYBR Premix Ex Taq (TaKaRa). 
The expression levels of target genes were normalized 
to that of GAPDH, and fold changes in expression 
were calculated by the comparative threshold cycle 
(Ct) method using the formula 2-(ΔΔct). The primers 
used are listed in Table S2. 

Protein preparation and Western blotting  
Human NP tissues and rat NP cells were lysed in 

RIPA buffer (Beyotime Biotech, Nantong, China) 
containing 1 mM phenylmethylsulfonyl fluoride. The 
lysate was centrifuged at 13,000 rpm for 10 min at 4 
°C, and the supernatants were used for analysis. 
Equal amounts of protein (30 μg) were separated in 
sodium dodecyl sulphate-polyacrylamide gels and 
transferred to polyvinylidene fluoride membranes 
(Millipore, Billerica, MA, USA). After blocking with 
5% skim milk in Tris-buffered saline supplemented 
with 0.1% Tween 20 for 1 h at room temperature, the 
membranes were incubated at 4 °C overnight with a 
primary antibody against lamin A/C (diluted 1:1,000), 
progerin (diluted 1:200), Mfn1 (diluted 1:200), Mfn2 
(diluted 1:200), Drp1 (diluted 1:200), OPA1 (diluted 
1:200), AMPK (diluted 1:1,000), phospho-AMPK 
(Thr172)α (diluted 1:1,000), collagen II (diluted 1:500), 
or MMP13 (diluted 1:2,000). The membranes were 
next incubated with the appropriate horseradish 
peroxidase-conjugated secondary antibodies (Affinity 
Biosciences, Cincinnati, OH, USA) at a 1:2,000 dilution 
for 40 min at room temperature. GAPDH (diluted 
1:2,000) or β-actin (diluted 1:1,000) was used as the 
internal loading control. The bands were visualized 
with ECL-Plus Reagent (Millipore, Billerica, MA, 
USA), and the band density was quantified using 
ImageJ software (National Institutes of Health, 
Bethesda, MD, USA). 

Histology and immunofluorescence assays 
Human NP tissues were fixed in 4% 

paraformaldehyde for 48 h, dehydrated, and 
embedded in optimal cutting temperature compound 
(OCT). The spine specimens of mice were fixed in 
paraformaldehyde for 48 h, decalcified in 10% 
ethylenediaminetetraacetic acid (EDTA; pH 7.4) for 14 
days, dehydrated, and embedded in OCT. 
Coronal-oriented sections (5 μm) of the L2–L3 or 
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L4–L5 spine were processed for histological or 
histochemical staining. Hematoxylin and eosin (HE) 
and Safranin O (SO) staining of the mid-coronal 
sections was performed according to standard 
protocols and the resulting images examined for the 
presence of disc degeneration. Histological scores 
were evaluated using the modified Thompson 
grading scale as described previously [1, 28]. 

Immunostaining was performed using a 
standard protocol. Briefly, human NP tissue and 
mouse spinal sections were incubated in proteinase K 
or pepsin (0.2 mg/mL) for 10 min at room 
temperature for antigen retrieval, and subsequently 
blocked in blocking solution (QuickBlock™; Beyotime 
Biotech) for 1 h at room temperature. Rat NP cells 
were fixed in 4% paraformaldehyde for 15 min at 
room temperature and permeabilized in PBS 
supplemented with 0.1% Triton X-100. Nonspecific 
binding was reduced by incubation in blocking 
solution for 1 h at room temperature. Slides or cells 
were then incubated overnight at 4 °C with a primary 
antibody against aggrecan (diluted 1:100), P16INK4a 
(diluted 1:100), progerin (diluted 1:100), collagen II 
(diluted 1:100), LAP2 (diluted 1:50), γH2AX (diluted 
1:50), H3K27me3 (diluted 1:50), or lamin B1 (diluted 
1:100). Next, the cells were washed three times with 
PBS for 5 min each. For immunohistochemical 
staining, a horseradish peroxidase-streptavidin 
detection system (ZSGB-BIO, Beijing, China) was 
used. For immunofluorescence assays, the slides were 
incubated with fluorophore-conjugated secondary 
antibodies and 5 μg/mL 4′,6-diamidino-2- 
phenylindole (DAPI) at room temperature for 1 h in 
the dark. Immunostaining specificity was evaluated 
by omission of the primary antibody. Images were 
acquired using a confocal laser microscope (Nikon C2, 
Nikon, Tokyo, Japan) under identical imaging 
conditions using identical acquisition parameters, and 
fluorescence signals were quantified with ImageJ 
software. 

Disc height measurement and image analysis 
X-ray imaging of lumbar discs of Lmna 

G609G/G609G and WT male mice was performed 
using cabinet X-ray imaging and irradiation systems 
(Faxitron Bioptic, LLC, Wheeling, IL, USA). Digital 
images were obtained at 45 kVp under identical 
imaging conditions using identical acquisition 
parameters. The relative heights of the lumbar IVDs 
were measured as reported previously [7]. Percentage 
disc height was calculated as the average of three 
measurements per disc. The percentage disc height of 
each group was calculated as the average height of 
three discs (L2–L5) from three mice. 

Transmission electron microscopy 
Rat NP cells were harvested using trypsin and 

fixed in 2.5% glutaraldehyde in 0.1 M phosphate 
buffer for 2 h at 4 °C. The cells were post-fixed in 1% 
osmium tetroxide in 0.1 M phosphate buffer. Mouse 
IVDs were fixed in 2.5% glutaraldehyde in 0.1 M 
phosphate buffer (pH 7.2–7.4) overnight at 4 °C and 
decalcified in 10% EDTA (pH 7.4) for 7 days. 
Subsequently, NP cells and IVDs were dehydrated in 
a graded ethanol series, and infiltrated with 
propylene oxide to embedding medium (Epon 812). 
Ultrathin sections were cut using an LKB-V 
ultramicrotome, post-stained with uranyl acetate and 
lead citrate, and visualized using a transmission 
electron microscope (TEM, H-7650; Hitachi, Tokyo, 
Japan)[29]. 

Senescence-associated β-galactosidase activity 
assay 

Senescence-associated β-galactosidase (SA-β- 
Gal) activity was assayed as described previously [30]. 
Briefly, rat NP cells were washed in PBS, fixed in 
fixative solution (2% formaldehyde and 2% 
glutaraldehyde) for 15 min, and stained with 
β-galactosidase staining solution at pH 6.0 overnight 
at 37 °C. Images were acquired using a Zeiss AX10 
microscope. 

Apoptosis assay  
Apoptosis was assayed by flow cytometry with 

Annexin V-FITC/PI (BD Biosciences, San Diego, CA, 
USA) according to the manufacturer’s instructions. 
Briefly, NP cells were harvested and resuspended in 
binding buffer. Annexin V-FITC and PI were added to 
the cells, followed by incubation for 15 min at room 
temperature. The cell-cycle distribution of the cells 
was determined by flow cytometry (FACSAria; BD 
Biosciences). 

TUNEL assay 
TUNEL assays of rat NP cells and disc tissue 

were performed using the One Step TUNEL 
Apoptosis Assay Kit (Beyotime Biotech) and the In 
Situ Cell Death Detection Kit (Roche, Mannheim, 
Germany), respectively. Briefly, cells or sections were 
permeabilized with freshly prepared 0.1% Triton 
X-100 and 0.1% sodium citrate for 15 min at room 
temperature, and rinsed with 50 μL of TUNEL 
reaction mixture for 60 min at 37 °C in the dark. Next, 
the cells or sections were incubated with DAPI for 10 
min. Images were captured using a fluorescence 
microscope (Axio Imager A1; Carl Zeiss, Oberkochen, 
Germany). 
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Reactive oxygen species detection 
Intracellular reactive oxygen species (ROS) were 

detected by staining with the oxidation-sensitive 
fluorescent dye, 2',7'-dichlorofluorescein diacetate 
(DCFDA) (Beyotime Biotech). Cells were washed 
twice with PBS and stained with 10 μM DCFDA in 
serum-free medium for 30 min in the dark. Images 
were acquired using a fluorescence microscope (Axio 
Imager A1; Carl Zeiss). 

Tissue mitochondrial fractions preparation 
Mitochondria were isolated using a Tissue 

Mitochondria Isolation Kit (Beyotime Biotech) 
according to the manufacturer’s instructions. Briefly, 
freshly isolated disc tissues were mixed with the 
mitochondrial extraction reagent and homogenized, 
with the suspension centrifuged at 600 g for 5 min at 
4°C; the supernatant was then centrifuged at 11,000 g 
for 10 min at 4°C; the pellet contained the 
mitochondria.  

Measurement of intracellular ATP content 
Intracellular ATP content was measured using 

the ATP Bioluminescence Assay Kit (Beyotime 
Biotech) according to the manufacturer’s instructions.  

Measurement of mitochondrial membrane 
potential  

Mitochondrial membrane potential was assessed 
using the JC-1 Assay Kit (Beyotime Biotech) according 
to the manufacturer’s instructions. Briefly, rat NP cells 
cultured in 24-well plates were stained with JC-1 
staining solution for 20 min at 37 °C in the dark and 
washed twice with the buffer provided with the kit. 
Fluorescence intensity was measured using a 
fluorescence microscope (Axio Imager A1; Carl Zeiss) 
with single excitation (argon-ion 488 nm) and dual 
emission (shift from green [530 nm] to red [590 nm]) 
[31]. The red:green fluorescence ratio reflects changes 
in the mitochondrial membrane potential. 

Mitochondrial complex activity assay 
Mitochondria were isolated from NP cells as 

described previously [32]. Briefly, rat NP cells were 
collected and resuspended in 1.0 mL of hypotonic 
buffer (10 mM NaCl, 2.5 mM MgCl2, 10 mM Tris base; 
pH 7.5) and homogenized on ice using a glass 
homogenizer (Fisher Scientific, Pittsburgh, PA, USA). 
The homogenates were centrifuged at 1,300 g for 5 
min at 4 °C. The supernatant was collected and 
centrifuged at 17,000 g for 15 min at 4 °C, and the 
pellet (containing mitochondria) was resuspended in 
100 μL of isotonic buffer (210 mM mannitol, 5 mM 
Tris base, 70 mM sucrose, 1 mM EDTA·2Na; pH 7.5). 
The activities of reduced nicotinamide adenine 

dinucleotide (NADH)-ubiquinone oxidoreductase 
(complex I), succinate-CoQ oxidoreductase (complex 
II), ubiquinol cytochrome c reductase (complex III), 
and Mg2+-ATPase (complex V) were determined as 
described previously [33]. 

Statistical analysis 
Data are expressed as means ± standard errors of 

the mean (SEM). Differences between two or among 
multiple groups were analyzed by Student’s t-test or 
one-way analysis of variance followed by Tukey’s 
multiple-comparison post hoc test, respectively. All 
statistical analyses were performed using Prism 
software (ver. 6.0; GraphPad Inc., La Jolla, CA, USA) 
and SPSS software (ver. 19.0; IBM Corp., Armonk, 
NY, USA). A P-value <0.05 was considered to reflect 
statistical significance. 

Results 
Progerin is upregulated in degenerated human 
NP tissue 

A total of 20 degenerated discs from 20 patients 
were evaluated in terms of progerin expression. IDD 
was graded using the Pfirrmann system based on MRI 
data (Figure S1A). Immunofluorescence (IF) and 
immunohistochemical staining of NP tissue sections 
revealed more pronounced degeneration in the Grade 
IV/V group compared to the Grade II/III group, 
including decreased aggrecan expression and 
increased numbers of TUNEL- and p16INK4a- 
positive cells (Figure S1B). Also, the IF assay detected 
progerin in sections from the Grade IV/V and II/III 
groups (Figure 1A). The proportion of 
progerin-positive cells was considerably higher in the 
Grade IV/V compared to the Grade II/III group 
(Figure 1B). qRT-PCR revealed a significantly higher 
level of progerin-encoding mRNA in the Grade IV/V 
compared to the Grade II/III group (Figure 1C); this 
was confirmed at the protein level by Western 
blotting of NP tissues from IDD patients (Figure 1D). 
Furthermore, a significant linear correlation was 
evident between the progerin level and the Pfirrmann 
grade (Figure S1C). Thus, progerin upregulation 
correlated with IDD progression. 

IDD is accelerated in LMNA G609G/G609G 
mice 

To explore the link between excessive progerin 
expression and IDD progression, LmnaG609G 
knock-in mice, which exhibit excessive progerin 
accumulation, were generated as described 
previously following same strategy of Carlos group 
[10]. The genotypes of WT, heterozygous (G609G/+), 
and homozygous (G609G/G609G) mice were 
confirmed by genomic analysis of Lmna exon 11. 
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Western blotting was used to assess lamin A/C and 
progerin levels in tissue samples from WT, G609G/+, 
and G609G/G609G mice (Figures S2A, S2B). 
Homozygous mice exhibited a lower growth rate, 
higher rate of premature deaths, and a lower body 
weight, than WT or heterozygous animals (Figures 
S2A, S2C, S2D). X-ray imaging showed that the disc 
height of G609G/G609G mice was dramatically lower 
than that of WT mice at 12 weeks of age (Figure 2A), 
indicative of disc degeneration and aging. To further 

confirm a role for progerin in IDD progression, the 
lumbar discs of 16-week-old male G609G/G609G and 
WT mice were subjected to histological analysis. HE 
and SO staining of NP sections from G609G/G609G 
mice revealed condensed NP and elevated 
histological scores (Figure 2B); NP tissues 
accumulated large amounts of progerin. As expected, 
this decreased the collagen II and aggrecan expression 
levels, and increased the number of TUNEL-positive 
cells (Figure 2C).  

 

 
Figure 1. Progerin expression in human NP tissues. (A) IF staining of progerin in human NP tissues from the Grade II/III and Grade IV/V groups. Nuclei were stained with 
DAPI. Arrows indicate progerin-positive cells. (B) Progerin-positive cells in human NP tissues from the Grade II/III and Grade IV/V groups; We selected 10 random fields in 3 
sections per individual for quantitative analysis. A total of 235–600 cells were analyzed from each individual; n = 10. **P < 0.01. (C) qRT-PCR analysis of progerin mRNA levels 
in NP tissues from the Grade II/III and Grade IV/V groups; n = 10; **P < 0.01. (D) Western blotting analysis of progerin in NP tissues from the Grade II/III and Grade IV/V groups; 
n = 10; **P < 0.01. Data represent mean ± SEM. 
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Figure 2. LMNA G609G/G609G mice show accelerated IDD. (A) Representative X-ray images and disc height indices (DHI) of the IVD of WT and G609G/G609G mice; 
n = 3; *P < 0.05, **P < 0.01. DHI% was calculated as: DHI% = (D1+D2+D3) × 100% / (V1+V2+V3+D1+D2+D3), where D indicates disc height and V indicates vertebra length. 
(B) HE and safranin O staining and histological scores of the IVDs of WT and G609G/G609G mice; n = 3; **P < 0.01. (C) Representative IF images of progerin, collagen II, and 
aggrecan expression and TUNEL staining of IVDs in WT and G609G/G609G mice. Nuclei were stained with DAPI. (D) Representative Western blots of collagen II, aggrecan, and 
MMP-13 in the IVDs of WT and G609G/G609G mice; n = 3; *P < 0.05, **P < 0.01. Data represent mean ± SEM. TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP 
nick-end labelling; MMP, matrix metalloproteinase. 

 
Western blotting showed that the collagen II and 

aggrecan levels decreased, and that of matrix 
metalloproteinase 13 (MMP-13) increased, suggestive 

of accelerated extracellular matrix (ECM) degradation 
and IVD degeneration in G609G/G609G mice (Figure 
2D). HGPS cells exhibit elevated levels of oxidative 
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stress and mitochondrial dysfunction [14, 15, 34, 35]. 
To evaluate the effect of progerin on NP cells, we 
measured mitochondrial function via analysis of 
mitochondrial membrane potential and the ATP level. 
The mitochondrial membrane potential and ATP 
content were markedly decreased in LMNA 
G609G/G609G mice (Figures S2F, S2G). Furthermore, 
TEM showed that the mitochondrial morphology of 
LMNA G609G/G609G mice was disrupted (Figure 
S2E). Thus, excessive progerin expression induced NP 
degeneration and mitochondrial dysfunction. 

Progerin causes aging-related defects and 
impairs mitochondrial function in NP cells 

We next infected rat NP cells with 
mCherry-progerin-expressing or vector-only- 
expressing lentiviruses (Figure S3A). After infection, 
the nuclei of progerin-expressing cells became 
abnormally shaped (attributable to nuclear envelope 
blebbing) but those of vector-only-expressing cells 
remained normal (Figure S3B). An abnormal nuclear 
morphology is a hallmark of primary HGPS cells [15]. 
Moreover, progerin expression decreased the levels of 
the nuclear-architecture-associated proteins lamin B1 
and lamina-associated polypeptide2 (LAP2), and the 
extent of heterochromatin-associated trimethylation 
of lysine 27 on histone 3 (H3K27me3); but increased 
the expression of serine-139 phosphorylated H2AX 
(γH2AX) and the proportion of SA-β-gal positive cells 
(Figures 3A and S3C). Consistent with the findings in 
G609G/G609G mice, progerin overexpression also 
increased the numbers of TUNEL-positive and 
apoptotic cells compared to those of the vector control 
(Figures 3B and 3C). In addition, the levels of mRNAs 
encoding Acan and Col2a1 were significantly lower, 
and that of the mRNA encoding MMP-13 was 
significantly higher, in progerin-overexpressing cells. 
Thus, such cells exhibited features characteristic of 
IVD degeneration (Figure S3D). 

Consistent with the findings in G609G/G609G 
mice, the progerin group evidenced a higher ROS 
level (Figure 3D), disruption of mitochondrial 
membrane potential (Figure 3E), decreased ATP 
production (Figure 3F), and reduced activities of 
mitochondrial complex enzymes (Figure 3G) 
compared to the vector control group. Overall, the 
data clearly show that upregulation of progerin 
expression in NP cells induces severe oxidative stress 
and mitochondrial dysfunction, triggering 
aging-related defects and apoptosis in vitro. 

Progerin disrupts mitochondrial morphology 
We used TEM to examine the effect of progerin 

on mitochondrial morphology. Most NP cell 
mitochondria in the vector control group exhibited 
integrated structures, excessive progerin expression 

was associated with swollen and fragmented 
mitochondria (Figure 4A). MitoTracker staining was 
performed to visualize the mitochondria of NP cells. 
Compared to the vector control group, NP cells of the 
progerin-overexpressing group exhibited a 
significantly greater proportion of swollen 
mitochondria (Figure 4B), consistent with the 
observation that excessive progerin expression 
induces changes in mitochondrial structure and 
morphology in NP cells of LMNA G609G/G609G 
mice. We next measured the levels of the 
mitochondrial morphology-related proteins 
dynamin-related peptide1 (Drp1, regulating fission), 
optic atrophy 1 (OPA1, controlling mitochondrial 
inner-membrane fusion), and mitofusin1/2 (Mfn1/2, 
modulating outer-membrane fusion). Compared to 
the vector control group, the Drp1 expression level 
was increased and those of Mfn1/2 decreased, in the 
progerin group, indicating less mitochondrial fusion 
and more fission (Figure 4C). Moreover, the level of 
mRNA encoding Drp1 was significantly increased, 
and the levels of mRNAs encoding Mfn1/2 and Tfam 
dramatically decreased, perhaps associated with the 
observed mitochondrial morphological and 
functional defects (Figure S4). AMP-activated protein 
kinase (AMPK) and the peroxisome 
proliferator-activated receptor-γ coactivator1α 
(PGC1α) are key regulators of mitochondrial 
biogenesis and dynamics [15, 31]. Western blotting 
showed that the PGC1α protein level and the extent of 
AMPK phosphorylation were lower in the progerin 
group (Figure 4D). Together, the results indicate that 
progerin accumulation in NP cells disrupts 
mitochondrial morphology.  

SFN ameliorates progerin-induced aging 
defects and mitochondrial dysfunction 

SFN protects against cellular senescence [13, 14] 
and represses matrix degradation in animal models of 
osteoarthritis [36, 37]. Moreover, SFN prepared from a 
concentrated broccoli sprout extract reduced the 
fasting blood glucose level in obese patients with 
dysregulated type 2 diabetes, indicating that SFN is a 
both clinically potent and safe [21]. We explored 
whether SFN could rescue progerin-induced aging 
defects in NP cells. Progerin-expressing cells were 
treated with vehicle or SFN at 5 μM for 72 h. SFN 
significantly decreased the proportion of 
SA-β-Gal-positive NP cells (Figure S5A). Also, 
endogenous DNA damage was attenuated in the 
SFN-treated progerin group, as indicated by increased 
expression of LAP2, H3K27me3, and lamin B1; and 
decreased expression of γH2AX (Figure 5A). SFN also 
markedly reduced the proportions of TUNEL-positive 
and apoptotic cells (Figures S5B, S5C).  
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Figure 3. Progerin induces aging-related defects and mitochondrial dysfunction in NP cells. (A) Representative IF images and quantification of LAP2, γH2AX, 
H3K27me3, and lamin B1 expression in the vector con and progerin groups; n = 5; **P < 0.01. (B) TUNEL staining of NP cells in the vector con and progerin groups. Nuclei were 
stained with DAPI. The number of TUNEL-positive cells was significantly greater in the progerin group than in the vector con group; n = 5; **P < 0.01. (C) Representative flow 
cytometry dot plots of apoptosis after Annexin V-FITC/PI dual staining. The relative number of apoptotic cells was greater in the progerin group compared to the vector con 
group; n = 5; **P < 0.01. (D) Representative images and quantification of DCFDA-based ROS levels in the vector con and progerin groups; n = 5; **P < 0.01. (E) JC-1 staining. 
The red: green fluorescence ratio reflects changes in the mitochondrial membrane potential of NP cells in the vector con and progerin groups; n = 5; **P < 0.01. (F) ATP 
production in the vector con and progerin groups; n = 5; *P < 0.05. (G) Relative activities of mitochondrial complex enzymes in NP cells in the vector con and progerin groups; 
n = 4; *P < 0.05, **P < 0.01. Data represent mean ± SEM. LAP2, lamina-associated polypeptide2; γH2AX, serine-139 phosphorylated H2AX; H3K27me3, 
heterochromatin-associated tri-methylated lysine 27 on histone 3; SA-β-gal, senescence-associated β-galactosidase; DCFDA, 2',7'-dichloro-dihydrofluorescein-diacetate; JC-1, 
5,5-,6,6-tetrachloro-1,1-,3,3-tetraethylbenzimidazole-carbocyanine iodide. 
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Figure 4. Progerin disrupts mitochondrial morphology and mitochondrial dynamics. (A) Representative TEM images of mitochondria in NP cells from the vector 
con and progerin groups; F, Fragmented mitochondria; S, swollen mitochondria. (B) Representative fluorescence images of mitochondria in NP cells; S, swollen mitochondria. 
(C) Representative Western blots of OPA1, Drp1, Mfn1, and Mfn2 in the vector con and progerin groups (n = 5). GAPDH was used as the control. *P < 0.05, **P < 0.01. (D) 
Representative Western blots of PGC1α, pAMPK, and AMPK in the vector con and progerin groups; n = 5; *P < 0.05, **P < 0.01. Data represent mean ± SEM. OPA1, optic 
atrophy1; Drp1, dynamin-related peptide1; Mfn1, mitofusin 1; Mfn2, mitofusin2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; PGC1α, peroxisome proliferator-activated 
receptor-γ coactivator1α; AMPK, AMP-activated protein kinase. 

 
As expected, SFN exerted a potent antioxidant 

effect, and protected mitochondrial function in vitro. 
The ROS level was significantly decreased, and the 
mitochondrial membrane potential and ATP 
production were increased, in SFN- compared to 
vehicle-treated cells (Figures 5B-5D). Interestingly, in 

NP cells, SFN partially reversed the effect of progerin 
on the levels of proteins controlling mitochondrial 
dynamics; specifically, the Drp1 level decreased and 
those of Mfn1/2 increased, suggesting a reversal of 
the shift between mitochondrial fusion and fission 
(Figure 5E). Furthermore, PGC1α expression and 



 Theranostics 2019, Vol. 9, Issue 8 
 

 
http://www.thno.org 

2262 

AMPK phosphorylation were markedly upregulated 
in the SFN-treated group (Figure 5F). Also, 
progerin-induced mitochondrial deformities and 

swelling were significantly attenuated in the 
SFN-treated group (Figures S5D, S5E). 

 

 
Figure 5. SFN ameliorates progerin-induced aging defects and mitochondrial dysfunction. (A) IF of LAP2, γH2AX, H3K27me3, and lamin B1 in the 
progerin+vehicle and progerin+SFN groups; n = 5; *P <0.05. (B) Representative images and quantification of ROS levels in the progerin+vehicle and progerin+SFN groups; n = 5; 
*P < 0.05. (C) JC-1 staining. The red: green fluorescence ratio reflects changes in the mitochondrial membrane potential of NP cells in the progerin+vehicle and progerin+SFN 
groups; n = 5; *P < 0.05. (D) ATP production in the progerin+vehicle and progerin+SFN groups; n = 5; *P < 0.05. (E) Western blotting analysis of OPA1, Drp1, Mfn1, and Mfn2 
in NP cells from the vector+vehicle, progerin+vehicle, and progerin+SFN groups; n = 5; *P < 0.05, **P < 0.01. (F) Western blotting analysis of PGC1α, pAMPK, and AMPK in NP 
cells from the vector+vehicle, progerin+vehicle, and progerin+SFN groups; n = 5. β-actin was used as the control. *P < 0.05, **P < 0.01. Data represent mean ± SEM. SA-β-gal, 
senescence-associated β-galactosidase; DCFDA, 2',7'-dichloro-dihydrofluorescein-diacetate; JC-1, 5,5-,6,6-tetrachloro-1,1-,3,3-tetraethylbenzimidazole-carbocyanine iodide; 
OPA1, optic atrophy-1; Drp1, dynamin-related peptide1; Mfn1, mitofusin1; Mfn2, mitofusin2; PGC1α, peroxisome proliferator-activated receptor-γ coactivator1α; AMPK, 
AMP-activated protein kinase. 
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SFN attenuates progerin-induced IDD in 
LMNA G609G/G609G mice 

We next explored whether SFN protected against 
IDD progression. Four-week old male G609G/G609G 
mice were treated with SFN (10 mg/kg, 
intraperitoneally [ip], three times per week), or 
vehicle for 12 weeks. At the end of treatment, the 

percentage disc height of SFN-treated G609G/G609G 
mice was significantly greater than that of 
vehicle-treated mice (Figure 6A). In line with the 
X-ray findings, safranin-O staining intensity increased 
and the histological scores decreased in NP sections 
from SFN-treated compared to vehicle-treated 
G609G/G609G mice (Figure 6B).  

 

 
Figure 6. SFN attenuates progerin-induced IDD in LMNA G609G/G609G mice. (A) Representative X-ray images and disc height indices (DHI) of the IVDs of 
vehicle-treated and SFN-treated G609G/G609G mice; n = 3; *P < 0.05. (B) HE and safranin O staining and histological scores of the IVDs of vehicle-treated and SFN-treated 
G609G/G609G mice; n = 3; *P < 0.05. (C) Representative IF images of progerin, collagen II, and aggrecan expression and TUNEL staining of IVDs from vehicle-treated and 
SFN-treated G609G/G609G mice. Nuclei were stained with DAPI. (D) Western blotting analysis of collagen II, aggrecan, and MMP-13 in IVDs in vehicle-treated and SFN-treated 
G609G/G609G mice; n = 3; *P < 0.05. Data represent mean ± SEM. TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling; MMP, matrix 
metalloproteinase. 
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Moreover, IF analysis demonstrated that 
progerin expression and the proportion of 
TUNEL-positive cells decreased, and aggrecan and 
collagen II expression levels increased, in the SFN- 
versus vehicle-treated group (Figure 6C). Likewise, 
Western blotting revealed increased aggrecan and 
collagen II expression and decreased MMP-13 
expression in the former group, indicating that ECM 
degradation and degeneration were attenuated in the 
SFN-treated group (Figure 6D). Together, the data 
suggest that SFN attenuates progerin-induced IDD in 
Lmna G609G/G609G mice. 

Discussion 
Progerin is expressed not only in HGPS but also 

during normal aging, which increases the importance 
of its accumulation in human cells and tissues [10, 38, 
39]. Here, we provide the first experimental evidence 
that progerin is upregulated in degenerated human 
NP tissues. Lmna G609G knock-in mice (which 
exhibit progerin accumulation) displayed accelerated 
IVD degeneration, further indicating the essential role 
played by progerin in disc degeneration. 
Furthermore, progerin induced mitochondrial 
dysfunction and NP degeneration by disrupting 
mitochondrial dynamics. In both rat NP cells and 
G609G knock-in mice, SFN delayed the progression of 
progerin-induced IDD by ameliorating defects 
associated with aging and mitochondrial dysfunction. 
Collectively, the data suggest that progerin is 
involved in IDD pathogenesis and that SFN is a 
promising treatment for IDD. 

Progerin expression is induced by mutation at 
position 1,824 (C3T) of the LMNA gene; this activates 
a cryptic splice site in exon 11 [9, 40]. The splice site is 
functional, and triggers progerin accumulation over 
time in cells from both young and old healthy 
individuals [41]. Cao et al. transfected a splicing 
reporter into multiple cell lines to evaluate activation 
of the cryptic splice site in LMNA, and found that 
such activation increased with increasing passage 
number, indicating that both spontaneous sporadic 
use of the cryptic splice site and progerin expression 
are relevant in terms of normal aging [42]. Several 
types of stress, including oxidative stress [43], 
telomere shortening, impaired DNA repair, and 
epigenetic defects [44], promote activation of the 
cryptic splice site and expression of both prelamin A 
[45] and progerin [42]. Most of these stress factors also 
induce disc degeneration [46-48]. A pathological 
relationship between progerin expression and 
chondrocyte and cartilage defects has been reported 
[18], but the cited study did not evaluate IVDs. The 
NP is the largest bodily avascular tissue and exhibits a 
very low turnover rate [49]. Thus, progerin may 

accumulate in the NP to induce cellular defects. 
Progerin accumulation has been reported to cause 
severe defects associated with aging, including 
laminar disturbance, disorganized heterochromatin, 
DNA damage accumulation, and telomere damage; 
eventually, this results in cellular senescence, 
apoptosis, and impairment of organ function [50, 51]. 
These data are consistent with our findings; excessive 
progerin expression triggered apoptosis of 
degenerated NP cells. Moreover, progerin 
overexpression in rat NP cells induced nuclear 
deformation and increased DNA damage, triggering 
cell senescence and apoptosis in line with the fact that 
DNA damage drives disc degeneration in humans. 
Indeed, DNA repair-deficient Ercc1-/- mice exhibit 
features indicative of disc degeneration, including 
loss of matrix proteoglycan, reduced disc height, and 
increased cellular senescence [7, 52]. 

Research on IVD diseases and low-back pain is 
aided by the use of small-animal models that 
recapitulate the features of human disease. However, 
induction of disc degeneration in current 
small-animal models requires surgical or dietary 
manipulation. Lmna G609G knock-in mice closely 
mimic the genetics and pathophysiology of human 
HGPS [10], but the disc effects in terms of phenotype 
degeneration remain unclear. We found that Lmna 
G609G/G609G mice exhibited IDD acceleration, 
indicating that progerin accumulation is linked to 
IDD progression. Our findings suggest that the Lmna 
G609G/G609G mouse is a valuable model for 
investigation of the pathogenetic mechanisms of disc 
degeneration; the mouse recapitulates the loss of IVD 
height, ECM degradation, and enhanced apoptosis 
characteristic of human IDD. 

Mitochondrial dysfunction is associated with 
both aging and disease development [53-55]. An 
elevated ROS level, impaired mitochondrial function, 
and decreased levels of mitochondrial proteins have 
been reported in fibroblasts from patients with HGPS 
[15, 56]. Our findings indicate that accumulation of 
progerin in rat NP cells disrupts mitochondrial 
structure and function, as evidenced by an increased 
ROS level, disruption of the mitochondrial membrane 
potential, reduced ATP production, and changes in 
the activities of the mitochondrial enzymic complex. 
These results support the notion that 
progerin-induced mitochondrial dysfunction is linked 
to susceptibility to degenerative IVD disease and low- 
back pain. Furthermore, this is the first report to show 
that progerin accumulation degrades mitochondrial 
function in NP cells. Mitochondria play essential roles 
in the pathogenesis of IDD and are therefore 
promising therapeutic targets [57, 58]. 
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 Mitochondria are highly dynamic organelles, 
with functionality dependent on the balance between 
fusion and division [59]. Changes in mitochondrial 
dynamics during IDD progression remain unclear. 
The PGC1α level and extent of AMPK 
phosphorylation decreased in progerin-expressing 
NP cells, perhaps reflecting changes in mitochondrial 
dynamics and function. A previous study found that 
lamin A directly interacted with SIRT1, activating the 
latter protein; progerin compromised the appropriate 
nuclear matrix localization of that protein and 
reduced its deacetylase activity [60], in turn reducing 
LKB1deacetylation and downregulating AMPK 
phosphorylation and activity [61, 62]. Moreover, 
lamin A serves as an endogenous activator of SIRT6, 
and this activity is impaired by progerin [63]. SIRT6 
deficiency reduced AMPK phosphorylation and 
activation [64]. AMPK directly phosphorylates 
(activates) PGC1α [65], a transcriptional co-activator 
exhibiting self-enhancement of expression, to promote 
the transcription of nuclear-encoded mitochondrial 
genes. We thus hypothesize that the effect of progerin 
accumulation on AMPK and PGC1α signaling may 
compromise the function of SIRT1 or SIRT6. AMPK 
modulates mitochondrial dynamics by decreasing the 
levels of the mitochondrial fission proteins Drp1 and 
Fis1, and simulating those of the fusion proteins 
OPA1 and Mfn1/2 [66]. Also, AMPK activation 
prevented mitochondrial fission by decreasing the 
Drp1 and Fis1 levels in apoptotic endothelial cells in 
diabetes [67]. In PGC1α-over- and under-expressing 
cells, PGC1α regulated Mfn1, Mfn2, and Drp1 protein 
production, and phosphorylation, in turn modulating 
mitochondrial fusion/fission [68-70]. Therefore, the 
AMPK/PGC1α signaling pathway is a key regulator 
of mitochondrial dynamics, controlling both 
mitochondrial fusion and fission. Consistent with 
previous reports, we found that progerin 
accumulation in rat NP cells decreased the production 
of the fusion proteins Mfn1/2, and increased that of 
the fission protein Drp1, thus disturbing 
mitochondrial dynamics. Western blotting showed 
that the PGC1α protein level and extent of AMPK 
phosphorylation were lower in the progerin group. 
Thus, SFN modulates both mitochondrial dynamics 
and biogenesis, perhaps via the AMPK/PGC1α 
signaling pathway. 

We explored whether SFN delayed IDD and/or 
reduced IVD degeneration in Lmna G609G/G609G 
mice. SFN protected against IVD degeneration, as 
indicated by an increased disc height and 
amelioration of matrix degradation and apoptosis. 
SNF enhanced protein degradation and induced 
progerin clearance in cultured HGPS fibroblasts [13]; 
these effects may in part explain why SFN ameliorates 

IVD degeneration. In addition, SFN protects 
mitochondria during adipogenesis, and in diabetes, 
by activating AMPK and PGC1α [71, 72]. We found 
that SFN ameliorated aging defects and mitochondrial 
dysfunction in rat NP cells. SFN exhibits a remarkable 
ability to modulate both the progerin level and 
mitochondrial homeostasis. Thus, fine-tuning of 
pathophysiological progerin 
accumulation/mitochondrial homeostasis may be of 
therapeutic utility. Our results suggest SFN to have 
potential for the treatment of IDD. 

In conclusion, our findings provide insights into 
the mechanism of IVD degeneration, suggesting that 
clearance of progerin and improvement of 
mitochondrial function would delay IDD progression. 
The findings of this study increase our understanding 
of the therapeutic potential of SFN for IDD. 
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