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Abstract Intervertebral disc degeneration (IVDD) 
is a primary contributor to low back pain and poses a 
considerable burden to society. However, the molecu-
lar mechanisms underlying IVDD remain to be elu-
cidated. PR/SET domain 1 (PRDM1) regulates cell 
proliferation, apoptosis, and inflammatory responses 
in various diseases. Despite these regulatory func-
tions, the mechanism of action of PRDM1 in IVDD 
remains unexplored. In this study, we investigated the 
role and underlying mechanisms of action of PRDM1 
in IVDD progression. The expression of PRDM1 in 
nucleus pulposus (NP) tissues and NP cells (NPCs) 
was assessed using western blotting, immunohis-
tochemistry, and immunofluorescence. The effects 
of PRDM1 on IVDD progression were investigated 
in vitro and in vivo. Mechanistically, mRNA sequenc-
ing, chromatin immunoprecipitation, and dual-lucif-
erase reporter assays were performed to confirm that 

PRDM1 triggered CASP1 transcription. Our study 
demonstrated for the first time that PRDM1 expres-
sion was substantially upregulated in degenerated NP 
tissues and NPCs. PRDM1 overexpression promoted 
NPCs pyroptosis by inhibiting mitophagy and exac-
erbating IVDD progression, whereas PRDM1 silenc-
ing exerted the opposite effect. Furthermore, PRDM1 
activated CASP1 transcription, thereby promoting 
NPCs pyroptosis in vitro. Notably, CASP1 silencing 
reversed the effects of PRDM1 on the NPCs. To the 
best of our knowledge, this study is the first to dem-
onstrate that PRDM1 silencing inhibits NPCs pyrop-
tosis by repressing CASP1 transcription, which may 
be a promising new therapeutic target for IVDD.
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CCCP  Carbonyl cyanide m chlorophenyl hydrazine
DHI  Disc height index
GO  Gene ontology

Introduction

Low back pain (LBP) is one of the most prevalent 
global health problems. It substantially affects an 
individual’s quality of life and imposes a consider-
able economic burden on society (Lyu et  al. 2021; 
Samanta et al. 2023; Wang et al. 2024a, b). Interver-
tebral disc degeneration (IVDD) is a major contribu-
tor to LBP (Fine et al. 2023; Novais et al. 2019). The 
intervertebral disc comprises a central nucleus pul-
posus (NP), an outer fibrous annulus, and cartilage 
endplates located above and below the disc (Liu et al. 
2024; Song et al. 2022). IVDD pathogenesis is com-
plex, and excessive cell death and extracellular matrix 
catabolism of NP are the main pathogenic mecha-
nisms of the disease (Song et  al. 2023a, b; Zhou 
et  al. 2023a, b). Despite these insights, the molecu-
lar mechanisms underlying IVDD remain poorly 
understood.

Pyroptosis is a form of programmed cell death 
triggered by inflammasomes and caspases that leads 
to the release of inflammatory cytokines(Guo et  al. 
2023; Yawoot et  al. 2023; Zhou et  al. 2023a, b). 
Pyroptosis is closely associated with IVDD develop-
ment. A20 attenuates NP cell (NPC) pyroptosis by 
promoting mitophagy and stabilizing mitochondrial 
dynamics (Peng et  al. 2022). Yu et  al. reported that 
BMP7 inhibits NPC pyroptosis and NLRP3 inflam-
masome activation to ameliorate IVDD in rats (Yu 
et al. 2023). Zhang et al. demonstrated that inhibiting 
the activation of the mtDNA-cGAS-STING-NLRP3 
axis reduces NPC pyroptosis and attenuates IVDD 
progression in vivo (Zhang et al. 2022). However, the 
molecular mechanisms by which pyroptosis promotes 
IVDD progression remain unknown.

PR domain-containing 1 with zinc finger domain 
(PRDM1; also known as Blimp-1), a transcription 
factor, is a DNA-binding protein that recognizes 
specific target gene sequences and plays a role in 
the development of many human diseases by acti-
vating or inhibiting target gene transcription (Lam-
bert et  al. 2018). PRDM1 plays a substantial role in 
tumor development (Li et al. 2022; Liu et al. 2018), 
tumor resistance (Kim and Moon 2021), proliferation, 

immune cell death (Guo et  al. (2022) and arthritis 
regulation (Zhao et  al. 2023a). However, the func-
tion and potential mechanism of action of PRDM1 in 
IVDD progression remain unclear.

Herein, we showed that PRDM1 was nota-
bly upregulated in both IVDD tissues and cells, as 
revealed by RNA sequencing, bioinformatics analysis, 
and validation experiments. Functional assays showed 
that PRDM1 promoted NPC pyroptosis both in vitro 
and in  vivo. In addition, our data demonstrated that 
PRDM1 induced caspase 1 (CASP1) expression by 
directly activating CASP1 transcription. Finally, our 
data revealed that PRDM1 interacted with CASP1 
to inhibit mitophagy in NPCs, thereby exacerbating 
IVDD progression.

Materials and methods

Human samples and ethics statement

Thirteen NP tissue samples, including control and 
degenerated NP samples, were collected from patients 
who underwent lumbar spine surgery for lumbar 
disc herniation at the Zhujiang Hospital of Southern 
Medical University. All patients underwent preop-
erative magnetic resonance imaging (MRI), and the 
NP tissue was categorized into control (grade I–III) 
or IVDD groups (grade IV–V) according to the Pfir-
rmann grading system (Pfirrmann et  al. 2001). This 
study was approved by the Ethics Committee of Zhu-
jiang Hospital of Southern Medical University (2022-
KY-117–01), and informed consent was obtained 
from all the patients. Information on all patients is 
presented in Supplementary Table S1 table 1.

Cell culture and transfection

NPCs were cultured as previously described (Duan 
et  al. 2023). Following previous studies (Ma et  al. 
2022), we used interleukin (IL)-1β (20  ng/mL; Pep-
rotech) to induce NPC degeneration, carbonyl cya-
nide m-chlorophenyl hydrazone (CCCP) (10  µM; 
MedChemExpress) was used to induce mitophagy 
in NP cells. GenePharma Biotechnology (Suzhou, 
China) constructed rat CASP1 and negative control 
siRNAs. The siRNA was transfected according to 
the manufacturer’s instructions. Briefly, NPCs were 
inoculated into 6-well plates, and 24 h later, 100 pmol 
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of CASP1 siRNA or negative control siRNA was 
transfected into NPCs with 5-µL Lipofectamine 3000 
(Invitrogen). Lentivirus (GenePharma) was used to 
overexpress or silence PRDM1. Lentivirus transfec-
tion was performed according to the manufacturer’s 
instructions.

NPCs were infected with LV-PRDM1, LV-NC, 
Sh-PRDM1, or Sh-NC at a multiplicity of infection 
of 20. Transfection efficiency was confirmed by RT-
PCR, IF staining, and western blotting. The shRNA 
and siRNA sequences are provided in Supplementary 
Table S2 table 2.

Western blotting

Protein extraction and western blotting were performed 
as previously described (Duan et  al. 2023). Briefly, 
proteins were extracted from NP tissues and NPCs by 

using RIPA buffer (Beyotime, Beijing, China). Subse-
quently, the proteins were separated by electrophoresis 
using a 12% SDS-PAGE gel (Beyotime) and trans-
ferred to a 0.45-µm PVDF membrane (Millipore), fol-
lowed by blocking with QuickBlock™ blocking solu-
tion (Beyotime) for 30 min. The membrane was then 
incubated with primary antibodies overnight at 4  °C. 
Subsequently, the cells were incubated with secondary 
antibodies for 1 h at room temperature. Proteins were 
detected using a chemiluminescent instrument (UVItec 
Ltd.). All the antibody information is presented in Sup-
plementary Table S3 table 3.

Immunohistochemistry (IHC)

NP tissues were fixed in 4% paraformaldehyde 
for 48  h and decalcified for 4  weeks. After paraffin 
embedding, 5-µm sections were cut, deparaffinized, 
and subjected to antigen retrieval and blocking. The 
sections were incubated overnight at 4  °C with an 
anti-PRDM1 primary antibody (1:200, Abcam) and 
then with a secondary antibody at room temperature 
for 1 h. 3, 3 -diaminobenzidine (DAB) reagent (Solar-
bio) was used for visualization, followed by hematox-
ylin counterstaining. The sections were observed and 
photographed using a Leica microscope.

Senescence-associated β-galactosidase (SA-β-GAL) 
staining

SA-β-GAL staining was performed using the SA-β-
GAL Staining Kit (Beyotime, C0602). Briefly, the 
cell culture medium was aspirated and the cells were 

Table 1  Patient information

NO. (Number), M (male), F (female), TLIF (Transforaminal 
Lumbar Interbody Fusion)

NO Gender Age Pfirrmann 
grades

Surgery

1 M 21 1 TLIF
2 M 35 2 TLIF
3 M 23 2 TLIF
4 F 30 3 TLIF
5 M 27 2 TLIF
6 F 74 4 TLIF
7 F 54 4 TLIF
8 F 41 5 TLIF
9 M 83 4 TLIF
10 F 62 5 TLIF
11 F 71 5 TLIF
12 M 45 4 TLIF
13 F 70 5 TLIF

Table 2  The sequences of siRNA or shRNA

siRNA siRNA sequence (5’-3’)

Sh-PRDM1-1 GCC CAA AGA AUG UCC CAA ATT 
Sh-PRDM1-2 GGA CCU CGA UGA CUU UAG ATT 
Sh-PRDM1-3 GCA GCA UGA AUG GCA UCA ATT 
Si-CASP1-1
Si-CASP1-2
Si-CASP1-3
Si-CASP1-4

GUG CGA UCA UGU CAC UAA ATT 
GUA CCU UCC UUG UAU UCA UTT 
GGA UCA CAU ACU CUA AUG ATT 
GCA UUA AGA AGG CCC AUA UTT 

Table 3  Antibody information

Antibodies human 
(mouse or rat)

Source Item No

Anti-GAPDH Proteintech Cat No. 60004–1-Ig
Anti-PRDM1 abcam Cat. No. ab241568
Anti-NLRP3 PTM Bio Cat. No. PTM-20005
Anti-GSDMD ImmunoWay Cat No. YT7991
Anti-ASC PTM Bio Cat No. PTM-6894
Anti-CASP1 Proteintech Cat No. 81482–1-RR
Anti-IL-1β PTM Bio Cat. No. ABT-106055
Anti-Beclin1 Proteintech Cat. No. 11306–1-AP
Anti-Parkin Proteintech Cat. No. 66674–1-Ig
Anti-LC3 Proteintech Cat. No. 14600–1-AP
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washed three times with phosphate-buffered saline 
(PBS). They were then fixed for 15 min at room tem-
perature with SA-β-GAL fixative. After fixation, the 
cells were washed thrice with PBS, and the staining 
working solution was incubated overnight at 37  °C. 
The cells were subsequently observed and images 
were captured using a microscope (Leica DM2500).

Real-time quantitative -PCR

According to the manufacturer’s instructions, RNAex 
Pro reagent (Acurate Biology, AG21101) was used 
to extract RNA from NPCs. Reverse transcription 
was performed using the Evo M-MLV RT Mix kit 
(Acurate Biology, AG11728). Amplification was per-
formed on an RT-qPCR instrument (Life Technolo-
gies, QuantStudio3) using a Premix Pro Taq HS qPCR 
kit (Acurate Biology, AG11701). Primer sequences 
are provided in Supplementary Table S4 table 4.

Cell death assay

We assessed the rate of NPC apoptosis using the 
Annexin V-FITC/PI Apoptosis Detection Kit (Solar-
bio), following the manufacturer’s instructions. 
Briefly, cells were digested with trypsin and resus-
pended in 1 × binding buffer. Next, 5 µL of Annexin 
V-FITC was added, and the mixture was incubated 
for 10  min at room temperature in the dark. Subse-
quently, 5 µL of PI was added, and incubation was 
continued for an additional 5  min at room tempera-
ture in the dark. Apoptosis was quantified using flow 
cytometry (Beckman Coulter).

TUNEL staining (Beyotime, C1086) was per-
formed to assess NPC cell apoptosis. Cells were 
washed three times with PBS, fixed in 4% paraform-
aldehyde for 30  min, and permeabilized with 0.3% 
Triton X-100 for 5 min at room temperature. Subse-
quently, the cells were incubated with the TUNEL 

working solution for 60  min at 37  °C in the dark. 
For tissue sections, deparaffinization was followed 
by 15-min of incubation with proteinase K at 37 °C. 
Sections were then rinsed three times with PBS, incu-
bated with TUNEL working solution for 60  min at 
37  °C in the dark, and sealed again. Sections were 
observed and photographed under an immunofluores-
cence microscope (Nikon Ti2-E).

Cell proliferation

The proliferative capacity of NPC was evaluated 
using a Cell Proliferation Kit (CCK-8, APExBIO) fol-
lowing the manufacturer’s instructions. CCK-8 work-
ing solution was added to the culture medium and 
incubated at 37 °C for 1 h. Optical density was meas-
ured at 450 nm using a microplate reader (Biotek).

According to the BeyoClick EDU Cell Prolifera-
tion Assay Kit (Beyotime), 10 µmol of EDU working 
solution was added, and the cells were incubated at 
37  °C for 3  h. Cells were then fixed with 4% para-
formaldehyde for 15  min, permeabilized with 0.3% 
Triton X-100 for 15 min, and treated with Click reac-
tion solution for 30 min in the dark. The nuclei were 
stained with Hoechst 33,342 and observed under a 
fluorescence microscope (Nikon Ti2-E).

Immunofluorescence staining

The rat intervertebral discs were fixed in 4% para-
formaldehyde for 48 h, followed by decalcification for 
4 weeks. The discs were then embedded in paraffin, 
sectioned into 5-μm slices, and subsequently depar-
affinized and rehydrated. Antigen retrieval and block-
ing were performed prior to incubation with the pri-
mary antibody at 4  °C overnight. The sections were 
then incubated with secondary antibody at room tem-
perature in the dark for 1 h. Finally, the sections were 
sealed and observed under a fluorescence microscope.

Table 4  Sequences of the primers

Gene Species Forward Reverse

GAPDH human GCA CCG TCA AGG CTG AGA AC AAG ATC AAG TAC GAA TGC AACG 
PRDM1 human AAG ATC AAG TAC GAA TGC AACG TGC AAG TCT GAC ATT TGA AAGG 
GAPDH rat ACG GCA AGT TCA ACG GCA CAG CGA CAT ACT CAG CAC CAG CAT CAC 
PRDM1 rat CAG CAC TGA CGG AGC CAT GAATC GCG GGT AAG GAA GGG TCT TGT AAC 
CASP1 rat TTG CCC TTT AGA AAT AGC CCA GAA G TCA ACA TCA GCT CCG ACT CTCC 
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mRNA sequencing and data analysis

RNA (1  µg) was used for library construction and 
reverse transcription, amplification, and valida-
tion. Sequencing was performed on Illumina HiSeq, 
NovaSeq, or MGI2000 instruments, following the 
manufacturer’s guidelines. Differential expression 
analyses were conducted using the DESeq2 package, 
with a Padj threshold of < 0.05, to identify differen-
tially expressed genes. Gene ontology (GO) terms 
for enriched genes were determined using GOSeq 
(v1.34.1), and in-house scripts were used to analyze 
significantly differentially expressed genes in KEGG 
pathways.

Chromatin immunoprecipitation (ChIP) assay

ChIP assays were performed using the SimpleChIP 
Kit (#9003, Cell Signaling Technology), according 
to the manufacturer’s instructions. Proteins were 
cross-linked with DNA by adding 37% paraform-
aldehyde and incubating at room temperature for 
10  min, followed by glycine addition and a 5-min 
incubation. The cells were washed thrice with PBS 
and resuspended.

Cells were centrifuged at 4  °C for 5  min at 
2000 × g. After discarding the supernatant, the 
nuclei were resuspended, incubated on ice for 
10  min, and centrifuged again. The nuclei were 
treated with micrococcal nuclease at 37  °C for 
20 min to digest DNA into 150–900 bp fragments, 
followed by EDTA addition to halt digestion.

The supernatant was purified and resuspended. 
For immunoprecipitation, 2 µL rabbit anti-PRDM1 
or anti-IgG antibody was added and incubated over-
night at 4 °C. ChIP-grade magnetic beads were then 
added and the mixture was incubated for 2 h. After 
washing, the DNA was purified and quantified using 
PCR. Primer sequences for CASP1 are listed in 
Supplementary Table S5 table 5.

Animal experiments

The rat IVDD model was established as previously 
described (Duan et  al. 2023). Sprague–Dawley (SD) 
rats purchased from the Guangdong Medical Labo-
ratory Animal Center were randomly divided into 
sham + LV-NC, sham + LV-PRDM1, IVDD + LV-NC, 
and IVDD + LV-PRDM1 groups. Eight-week-old SD 
rats were anesthetized and disinfected with iodine 
povidone, the discs were exposed via the left lumbar 
muscle interspace, and the incision was closed after 
injection of 5 µL of lentivirus (1 ×  109 TU/mL) using 
a microsyringe. After 2 weeks, the same method was 
used to expose the intervertebral disc for disc puncture 
to establish the IVDD model. Eight weeks later, MRI 
and X-ray examinations were performed, and the rat 
intervertebral discs were obtained.

X-ray and magnetic resonance imaging (MRI) assays

X-ray and MRI were performed before the rats were 
euthanized as previously described (Duan et  al. 
2023; Lin et  al. 2021). The intervertebral disc height 
and the height of the adjacent vertebrae in rats were 
obtained using DICOM 3.0. IVDD grade in the rats 
was assessed using the Pfirrmann system. Disc height 
index (DHI) was calculated by dividing the average of 
three measurements of intervertebral disc (IVD) height 
by the length of the adjacent vertebrae, as previously 
described (Han et al. 2008).

Hematoxylin and eosin (HE) and safranin o-fast 
green (SOFG) staining

HE and SOFG staining were performed as previously 
described (Duan et al. 2023). Briefly, intervertebral disc 
samples were fixed, decalcified, dehydrated, and embed-
ded in paraffin. The samples were subsequently sec-
tioned into 5-μm thick slices for HE and SOFG staining. 
Histological grading of the intervertebral discs was per-
formed as previously described (Tam et al. 2018).

Table 5  Sequences of the 
primers

Gene Sites Forward Reverse

CASP1 1 AAG ATG CCA CCA CTC TCT TCAC GAA GCG ATG TTG GAA CTG GGT 
CASP1 2 ACA GCA GCA CTC CAT TAC TCAG CCT GCA CCC ATG TAA GAC GTG 
CASP1 3 TGG CTT TGC AGT GTA CAG CATC TGT GAG CTC CCA CAC AGA GTC 
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Statistical analysis

Results are expressed as the mean ± standard deviation. 
All statistical analyses were performed using GraphPad 
Prism 8.0 (GraphPad Software, La Jolla, CA, USA). 
Comparisons between two groups were made using the 
Student’s t-test, whereas comparisons involving more 
than two groups were conducted using one-way analy-
sis of variance, followed by Tukey’s post hoc test. Sta-
tistical significance was set at P < 0.05.

Results

High expression levels of PR/SET domain 1 
(PRDM1) in intervertebral disc degeneration (IVDD) 
tissue and cells

To explore the potential role of PRDM1 in IVDD 
pathogenesis, we collected 13 NP samples from 
patients with lumbar disc herniation and determined 
the PRDM1 expression. The NP samples were classi-
fied into control (grade II/III) and IVDD (grade IV/V) 
groups according to the Pfirrmann grading system 
(Pfirrmann et  al. 2001) (Fig.  1A). HE staining con-
firmed the degeneration grade of the NP samples, as 
shown in Fig.  1B. The collagen fibers of the degen-
erated NP became disorganized and numerous vacu-
olated cells aggregated.To determine the expression of 
PRDM1 in NP tissues. PRDM1 expression was nota-
bly increased in the IVDD tissues (Fig. 1C). Western 
blotting results also showed that PRDM1 expression 
increased in IVDD tissues (Figs. 1D and 1E). Further-
more, we cultured normal and degenerated NPCs and 
identified their senescent phenotype through SA-β-Gal 
staining (Fig.  1F). RT-qPCR showed that PRDM1 
mRNA expression levels in degenerated NPCs were 
significantly elevated compared with those in normal 
NPCs (Fig.  1G). Moreover, IF analysis showed that 
the fluorescence intensity of PRDM1 in degenerated 
NPCs dramatically increased (Fig.  1H). To further 
confirm the relationship between PRDM1 expression 
and IVDD tissues in SD rats, we obtained control NP 
(8-week-old) and IVDD (48-week-old) samples. The 
level of degeneration of the NP tissue was confirmed 
by HE and SOFG staining (Figs. 1I and 1J). In addi-
tion, IF revealed that PRDM1 fluorescence intensity 
was significantly elevated in degenerated NP tissues 
of rats compared to that in the control group (Figs. 1K 

and 1L). The western blotting results were consistent 
with the IF results (Figs.  1M and 1N), suggesting a 
positive correlation between PRDM1 expression and 
the degree of NP degeneration. Collectively, these 
findings indicate that PRDM1 plays a notable role in 
the progression of IVDD.

PR/SET domain 1 (PRDM1) promotes nucleus 
pulposus cells (NPCs) pyroptosis by inhibiting 
mitophagy

To clarify the specific role of PRDM1 in NPCs, 
lentiviruses were used to construct the overexpress-
ing and silenced cell lines. We confirmed the over-
expression and silencing efficiency of PRDM1 by 
RT-qPCR (Fig.  2A). PRDM1 overexpression sub-
stantially exacerbated IL-1β-induced NPC death, 
whereas silencing of PRDM1 considerably inhib-
ited IL-1β-induced NPC death (Figs.  2B and C). 
Flow cytometry confirmed that PRDM1 exacerbated 
IL-1β-induced NP cell death (Figs. 2D and E). West-
ern blotting results showed that cellular pyroptosis-
associated proteins (NLRP3, GSDMD-N, ASC, 
CASP1, and IL-1β) were involved in the regulation 
of NPC death by PRDM1 (Figs. 2F and G).

To investigate whether PRDM1 affects NPC prolif-
eration, we performed EDU staining and CCK-8 assay. 
The results showed that PRDM1 substantially inhibited 
NPC proliferation; however, silencing PRDM1 yielded 
the opposite results (Figs. 2H‒J). Mitophagy regulates 
cellular pyroptosis in different diseases (Luo et al. 2023; 
Ma et al. 2022; Xia et al. 2022), and western blotting 
results confirmed that PRDM1 inhibits mitophagy in 
NPCs (Figs. 2K and L). Treatment of NPC with CCCP 
partially reversed the inhibitory effect of PRDM1 on 
mitophagy (Fig.  2M). Immunofluorescence staining 
revealed that CCCP rescued mitophagy in the NPCs 
(Fig. 2N). In summary, we found that PRDM1 exacer-
bated pyroptosis by inhibiting NPC mitophagy.

PR/SET domain 1 (PRDM1) overexpression 
exacerbates intervertebral disc degeneration (IVDD) 
progression in vivo

To further elucidate the role of PRDM1 in IVDD pro-
gression, we evaluated the effects of PRDM1 over-
expression in rats following the in  situ injection of 
LV-PRDM1 or LV-NC. We performed in situ lentivi-
rus injections in rats at 8 weeks. Two weeks later, an 
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Fig. 1  High expression of PRDM1 in IVDD tissue and cells. 
(A) Representative MRI images of lumbar intervertebral discs 
with different levels of degeneration. (B) HE staining of con-
trol and IVDD tissues. (C) IHC staining of control and IVDD 
tissues. (D, E) Western bolt assay and quantitative analysis 
of control and IVDD tissues. (F) SA-β-gal staining of control 
and degenerate NPCs. (G) RT-qPCR was performed to detect 

PRDM1 expression levels in control and degenerate NPCs. (H) 
IF staining to detect PRDM1 expression in control and degen-
erate NPCs. (I, J) HE and SOFG staining and histologic scor-
ing of control and degenerate rats NP. (K, L) IF staining and 
quantitative analysis of control and degenerate rats NP. (M, N) 
Western blot detection and quantification of control and degen-
erate rats NP. **P < 0.01, ***P < 0.001
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IVDD model was established by using an IVD nee-
dle stab. Eight weeks later, radiography, MRI, and 
sample collection were performed (Fig.  3A). X-rays 
showed that PRDM1 overexpression substantially 
reduced disc height in the sham-operated group. 
In addition, PRDM1 overexpression substantially 
reduced the disc height in the IVDD model group, 
whereas the adjacent vertebrae showed remarkable 
osteophytes (Fig.  3B). LV-PRDM1 rats had lower 
DHI scores than LV-NC rats (Fig. 3C). MRI provided 
a clearer picture of the disc degeneration level, show-
ing that PRDM1 overexpression resulted in a sub-
stantially reduced signal in the intervertebral discs 
of the sham-operated group and that PRDM1 over-
expression resulted in a considerable reduction in the 
IVDD model group disc signal (Fig.  3D). The Pfir-
rmann scores in LV-PRDM1 rats were notably lower 
than those in LV-NC rats (Fig.  3E). HE and SOFG 
staining showed that the degenerated discs exhib-
ited NP and annulus fibrosus cleft atrophy (Fig. 3F). 
However, the degenerative disc changes in PRDM1-
overexpressing rats were more severe, as evidenced 
by the disappearance of the boundary between the NP 
and annulus fibrosus (AF), smaller NP, and increased 
hypertrophy of the annulus fibrosus (Fig.  3F). The 
histological scores of intervertebral discs in PRDM1-
overexpressing rats were substantially higher than 
those in the control rats (Fig.  3G). TUNEL staining 
revealed that PRDM1 overexpression aggravated NP 
cell death in rats (Fig.  3H and 3I). IF revealed that 
the in situ injection of PRDM1 lentivirus effectively 
upregulated PRDM1 expression, and PRDM1 overex-
pression substantially induced pro-pyroptosis proteins 
(NLRP3, IL-1β, CASP1, and GSDMD) (Figs. 4A and 

4B). Therefore, PRDM1 aggravated IVDD progres-
sion in rats by promoting pyroptosis in the NPCs.

Mitophagy is a critical factor for cellular pyrop-
tosis initiation (Luo et al. 2023; Xia et al. 2022). To 
clarify whether mitophagy is involved in PRDM1-
regulated pyroptosis, we performed immunofluores-
cence on rat intervertebral discs, which showed that 
PRDM1 overexpression substantially inhibited LC3, 
Beclin1, and Parkin expression (Figs.  4C and 4D), 
indicating that PRDM1 overexpression inhibited 
mitophagy in rat intervertebral discs. In conclusion, 
PRDM1 aggravated IVDD by inhibiting mitophagy 
and promoting cellular pyroptosis in vivo.

PR/SET domain 1 (PRDM1) directly activates 
CASP1 transcription in nucleus pulposus cells 
(NPCs)

To further elucidate the potential mechanisms by 
which PRDM1 exacerbates IVDD progression, RNA 
sequencing (RNA-seq) was performed to identify 
the downstream target genes of PRDM1. Compared 
to the control group, the heatmap and volcano plot 
indicated that 321 genes were downregulated and 
676 were upregulated in the PRDM1 overexpression 
group (Figs. 5A‒5C). GO analysis indicated that the 
functions of these differentially expressed genes were 
primarily enriched in processes related to the positive 
regulation of NFκB transcription, positive regulation 
of tumor necrosis factor (TNF) secretion, and various 
aspects of interferon and immune responses (Fig. 5D). 
KEGG analysis revealed that the functions of these 
differentially expressed genes were primarily enriched 
in the ferroptosis, rheumatoid arthritis, and sphingo-
myelin signaling pathways (Fig.  5E). To screen for 
candidate target genes, we predicted potential target 
genes of PRDM1 using the Chip-Atlas and hTFtarget 
online databases. The Venn diagram shows the inter-
section of the Chip-Atlas, hTFtarget, and RNA-seq 
candidate target genes (Fig. 5F). The GEPIA2 online 
database was used to analyze the correlation among 
the top five candidate target genes (TLR3, PMAIP1, 
CASP1, CASP16, and IFIT2) with PRDM1. The 
Spearman’s correlation factor between PRDM1 and 
CASP1 (R = 0.65, P < 0.05) revealed a strong correla-
tion (Fig. 5G). RT-PCR results showed that PRDM1 
positively regulated CASP1 expression (Fig.  5H). 
The Jasper database predicted potential sites for 
PRDM1 and CASP1 (Fig.  6A). We confirmed that 

Fig. 2  PRDM1 promotes NPCs pyroptosis by inhibiting 
mitophagy. (A) RT-qPCR validation of PRDM1 silencing and 
overexpression efficiency. (B, C) TUNEL staining and statisti-
cal analysis results of TUNEL-positive cells, scale bar, 50 μm. 
(D, E) Flow cytometry analysis of the effects of PRDM1 over-
expression and silencing on the death of NPCs. (F, G) West-
ern blot detection and quantification of pyroptosis-related pro-
teins (NLRP3, GSDMD-N, ASC, CASP1, IL-1β). (H, I) Edu 
analyzes the effect of PRDM1 on the proliferation of NPCs, 
scale bar, 50 μm. (J) CCK-8 analyzes the role of PRDM1 on 
the proliferation of NPCs (K, L) Western blot detection of 
mitophagy-related proteins (LC3, Parkin, Beclin1) (M) West-
ern blot detection of CCCP (10umol) rescued overexpressing 
PRDM1 NPCs mitophagy. (N) Immunofluorescence analysis 
of mitophagy staining in PRDM1 overexpression and CCCP-
treated NPCs, scale bar, 5  μm. * P < 0.05, ** P < 0.01, *** 
P < 0.001

◂
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Fig. 3  PRDM1 overexpression exacerbates IVDD progres-
sion in  vivo. (A) Experimental Scheme. Lentivirus was 
injected into the intervertebral disc 2  weeks before IVD nee-
dle stab, and further MRI and X-ray were performed to detect 
the degree of IVD degeneration. (B-E) X-ray, MRI and DHI, 
Pfirrmann score of Rat IVD in LV-NC and LV-PRDM1 group 
rats, which were treated with or without INS, n = 5. (F, G) HE 

and SOFG staining and histologic scoring of IVD in LV-NC 
and LV-PRDM1 group rats treated as in (B), n = 5, scale 
bar, 500  μm or 200  μm. (H, I) TUNEL staining and quanti-
tative analysis of rat IVD in LV-NC and LV-PRDM1 groups 
treated as in (B), n = 3, scale bar, 200 μm or 50 μm. *P < 0.05, 
**P < 0.01, ***P < 0.001
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PRDM1 binds to the CASP1 promoter region sites 1 
and 3 using ChIP assays (Fig. 6B and 6C). Similarly, 
western blotting revealed a positive regulatory rela-
tionship between PRDM1 and CASP1 at the protein 
level (Figs. 6D and 6E). Finally, using dual-luciferase 
reporter gene assays, we verified that PRDM1 binds to 
CASP1 at sites 1 and 3 (Figs. 6F and 6G).

PR/SET domain 1 (PRDM1) promotes nucleus 
pulposus cells ( NPC) pyroptosis via activating 
CASP1 transcription

First, we confirmed the silencing efficiency of si-
CASP1 using western blotting (Fig. 7A). Our results 
revealed that CASP1 silencing reversed the inhibitory 
effects of PRDM1 overexpression on NPC prolif-
eration (Figs. 7B‒D). Furthermore, TUNEL staining 
revealed that PRDM1 promoted NPC death, whereas 

CASP1 silencing dramatically reversed this effect 
(Figs. 7E and F). Consistently, flow cytometry results 
revealed that CASP1 silencing reversed the pro-
pyroptotic effects of PRDM1 (Figs. 7G and H). West-
ern blotting demonstrated that the elevated expression 
of pyroptosis-related proteins (NLRP3, GSDMD-N, 
and IL-1β) induced by PRDM1 overexpression was 
reversed by CASP1 silencing (Figs.  7I and J). Fur-
thermore, our data revealed that silencing of CASP1 
substantially reversed the effect of PRDM1 overex-
pression on the protein expression of mitophagy-
related markers (LC3, Beclin1, and Parkin) in NPCs 
(Figs. 7K and L). Immunofluorescence revealed that 
silencing of CASP1 improved the inhibitory effect 
of PRDM1 on NPC mitophagy (Fig.  7M). Our data 
demonstrated that PRDM1 inhibited mitophagy by 
directly activating CASP1 transcription and exacer-
bating NPC pyroptosis.

Fig. 4  PRDM1 overexpression exacerbates intervertebral disc 
pyroptosis by inhibiting mitophagy in rats. (A, B) Immunoflu-
orescence staining detected and quantified pyroptosis-related 
proteins (NLRP3, GSDMD-N, ASC, CASP1, IL-1β) in the 
IVD of LV-NC and LV-PRDM1 rats treated as in (Fig.  3B), 

n = 3. (C, D) Immunofluorescence staining detected and quan-
tified mitophagy-related proteins (LC3, Beclin1, Parkin) in the 
IVD of LV-NC and LV-PRDM1 rats treated as in (Fig.  3B), 
n = 3, scale bar, 200  μm or 75  μm, *P < 0.05, **P < 0.01, 
***P < 0.001
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Discussion

Although it is generally accepted that IVDD is asso-
ciated with apoptosis, senescence, and catabolism 
in the ECM of NPCs (Clouet et al. 2019; Francisco 
et  al. 2022; Xin et  al. 2022), the specific under-
lying molecular mechanisms remain unclear. To 
our knowledge, this is the first study to show that 
PRDM1 accelerates NPC pyroptosis and exacerbates 
IVDD progression by activating CASP1. Therefore, 
PRDM1 plays a significant role in the progression of 
IVDD and represents a potential therapeutic target.

PRDM1, a transcription factor, is believed to play 
a crucial role in the regulation of cell proliferation 
(Li et al. 2022; Liu et al. 2018; Martins et al. 2008; 
Wang et  al. 2013). Furthermore, PRDM1 is a cru-
cial molecule for the regulation of cellular inflam-
matory responses (Zhao et  al. 2023) and ferropto-
sis (Ma et  al. 2024). However, the role of PRDM1 
in IVDD remains unclear. Our results demonstrated 
that PRDM1 expression was increased in human 
degenerated NP tissues, NPCs, and rat IVDD tissues. 
Therefore, we investigated whether PRDM1 regu-
lates IVDD progression. NPC apoptosis, pyroptosis, 

Fig. 5  RNA sequencing to identify PRDM1 downstream tar-
get genes. (A) Heatmap of differential genes in OE-NC and 
OE-PRDM1 NPCs. (B, C) Volcano plots and Statistical map 
of differential genes in OE-NC and OE-PRDM1 NPCs (up-
regulated: 676, down-regulated: 321). (D, E) GO and KEGG 
analysis of differential genes in OE-NC and OE-PRDM1 

NPCs. (F) Chip-Atlas, hTFtarget and RNA-seq potential target 
gene intersection Venn diagrams. (G) Correlation analysis of 
PRDM1 with potential target genes (TLR3, PMAIP1, CASP1, 
CASP16 and IFIT2) analyzed by GEPIA database. (H) RT-
qPCR detection of CASP1 expression levels after overexpres-
sion of PRDM1 in NPCs. *P < 0.05, **P < 0.01
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oxidative stress, and extracellular matrix catabolism 
are critical factors in exacerbating IVDD (Wang 
et  al. 2024a, b; Zhong et  al. 2024). The results 
revealed that PRDM1 overexpression promoted NPC 
death and inhibited NPC proliferation. PRDM1 over-
expression induced the expression of protein markers 
of cellular pyroptosis (NLRP3, GSDMD-N, ASC, 
CASP-1, and IL-1β). In rats, we found that PRDM1 
overexpression considerably accelerated IVDD pro-
gression while promoting pyroptosis-related protein 
expression, suggesting that PRDM1 overexpression 
promoted NPC pyroptosis, revealing the unknown 
role of PRDM1 in regulating NPC pyroptosis and 
IVDD progression.

Pyroptosis is a newly identified form of inflamma-
tory cell death that is mediated by inflammasomes. 
Activation of pyroptosis induces NPC death, ECM 
catabolism, and inflammatory response, thereby 
exacerbating IVDD progression (Xing et  al. 2021; 
Zhao et  al. 2021; Zhou et  al. 2023a). Mitophagy 
maintains mitochondrial stability by eliminating 
damaged mitochondria, mitochondrial reactive oxy-
gen species (ROS), and inflammasomes, thereby 

inhibiting the activation of cellular pyroptosis (Liu 
et  al. 2022; Luo et  al. 2023; Peng et  al. 2022; Song 
et  al. 2023a, b). However, the specific mechanism 
by which mitophagy regulates pyroptosis in NPC 
remains unclear. Therefore, we explored whether 
PRDM1 regulates NPC pyroptosis by modulating 
mitophagy. The results indicated that PRDM1 over-
expression significantly suppressed the expression of 
mitophagy-related proteins including LC3, Parkin, 
and Beclin1. Furthermore, our findings demonstrated 
that CCCP reversed the inhibitory effect of PRDM1 
on mitophagy. The results of the in vivo experiments 
revealed that PRDM1 substantially aggravated IVDD 
in rats. Regarding the molecular mechanism, PRDM1 
induced the expression of CASP1, GSDMD, IL-1β, 
and NLRP3 and suppressed the expression of LC-3, 
Beclin1, and Parkin in rat intervertebral discs. Collec-
tively, these results suggest that PRDM1 exacerbates 
NPC pyroptosis by inhibiting mitophagy both in vitro 
and in vivo.

Transcription factors participate in biologi-
cal processes by activating or repressing down-
stream target genes (Chen et  al. 2013; Lai et  al. 

Fig. 6  PRDM1 directly activates CASP1 transcription in 
NPCs. (A) JASPAR predicts the DNA-binding motifs of 
PRDM1 and possible binding sites for PRDM1 in the CASP1 
promoter. (B, C) ChIP-PCR experiments detected the interac-
tion between the CASP1 promoter and PRDM1. (D, E) West-

ern blot detected CASP1 protein expression in sh-PRDM1 or 
LV-PRDM1 NPCs. (F, G) Luciferase reporter gene assays con-
firmed that PRDM1 binds to the CASP1 promoter at sites #1 
and #3. *P < 0.05, **P < 0.01, ***P < 0.001



 Cell Biol Toxicol (2024) 40:8989 Page 14 of 18

Vol:. (1234567890)



Cell Biol Toxicol (2024) 40:89 Page 15 of 18 89

Vol.: (0123456789)

2018; Zheng et al. 2024). As a transcription factor, 
PRDM1 regulates downstream genes (Guo et  al. 
2022; Martins et  al. 2008). Therefore, we hypoth-
esized that PRDM1 regulates NPC mitophagy 
through its downstream target genes. To validate 
this hypothesis, sequencing results were analyzed 
in combination with hTFtarget and Chip-Atlas, 
and the potential target genes of PRDM1 and 
CASP1 were screened. We further confirmed that 
PRDM1 regulated CASP1 expression at both gene 
and protein levels. Subsequently, Chip and dual-
luciferase reporter gene experiments demonstrated 
that PRDM1 binds to sites 1 (ATC TTT CTCTA) 
and 3 (CCT TTT CTCAT) in the CASP1 promoter 
region. These results revealed that PRDM1 directly 

activated CASP1 transcription to promote its expres-
sion. CASP1 inhibits mitophagy, triggers mitochon-
drial damage, exacerbating pyroptosis (Wang et  al. 
2020). Consistent with these results, the present 
study revealed that silencing of CASP1 reduced 
PRDM1-induced NPC death. Silencing of CASP1 
reduced the induction of pyroptosis-related pro-
teins (NLRP3, GSDMD-N, and IL-1β) by PRDM1 
overexpression. Therefore, silencing CASP1 sub-
stantially reduced PRDM1-induced NPC pyropto-
sis. In addition, silencing of CASP1 promoted the 
expression of mitophagy-related proteins (LC3, 
Beclin1, and Parkin) and mitophagosome formation 
in NPCs, suggesting that silencing CASP1 reversed 
the inhibitory effect of PRDM1 on NPC mitophagy. 
Our findings demonstrated that PRDM1 inhibited 
mitophagy to promote NPC pyroptosis by directly 
activating CASP1 transcription.

This study had several limitations. First, owing to 
the lack of an animal model that fully recapitulates 
human IVDD, the rat disc puncture model used in 
this study may not reflect the mechanisms underly-
ing human IVDD development. We plan to inves-
tigate the function of PRDM1 in primates in future 
research. Second, we directly injected PRDM1 lenti-
virus into rats to aggravate the progression of IVDD 
and subsequently explored drugs that inhibit the 
expression of PRDM1 for potential treatment of the 
disease. Third, although our results demonstrated that 
PRDM1 inhibited mitophagy, thereby aggravating 

Fig. 7  PRDM1 promotes nucleus pulposus cell pyroptosis via 
activating CASP1 transcription. (A) Western blot detection of 
si-CASP1 silencing efficiency. (B) CCK-8 detects prolifera-
tive activity of LV-PRDM1 NPCs, which were transfected with 
si-NC or si-CASP1. (C, D) Edu detects proliferative activity 
of LV-PRDM1 NPCs transfected as in (B), scale bar, 50 μm. 
(E, F) TUNEL staining and statistical analysis results of 
TUNEL-positive cells, scale bar, 50 μm. (G, H) Flow cytom-
etry analysis of the effects of CASP1 silencing on the death of 
LV-PRDM1NPCs. (I, J) Western blot detection and quantifica-
tion of pyroptosis-related proteins (NLRP3, GSDMD-N, ASC, 
CASP1, IL-1β) of LV-PRDM1 NPCs transfected as in (B). (K, 
L) Western blot detection of mitophagy-related proteins (LC3, 
Parkin, Beclin1) of LV-PRDM1 NPCs transfected as in (B). 
(M) Immunofluorescence analysis of mitophagy staining in LV 
PRDM1 NPCs transfected as in (B), scale bar, 5 μm. *P < 0.05, 
**P < 0.01, ***P < 0.001, NS not statistically significant

◂

Fig. 8  Schematic illustra-
tion of the regulatory 
role of PRDM1 in IVDD 
progression
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NPC pyroptosis by activating CASP1 transcription, 
the specific molecular mechanisms involved require 
further investigation.

In this study, we observed increased PRDM1 
expression in degenerating NPCs. Regarding the 
molecular mechanisms, PRDM1 inhibited mitophagy 
by activating CASP1 transcription, leading to NPC 
pyroptosis. In vivo experiments revealed that PRDM1 
suppressed mitophagy to promote pyroptosis and 
exacerbate IVDD progression (Fig.  8). This study 
highlighted the role of PRDM1 in the pathogenesis 
of IVDD and suggests that PRDM1 could serve as a 
promising target for IVDD treatment.
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