
Summary. Background. Intervertebral disc (IVD) 
degeneration (IVDD) is characterized by structural 
destruction accompanied by accelerated signs of aging. 
This study aimed to investigate the mechanism of lysine 
methyltransferase 2D (KMT2D) in the proliferation, 
apoptosis, and inflammation of nucleus pulposus cells 
(NPCs) in IVDD. 
      Methods. Mouse-derived NPCs were cultured and 
induced with interleukin-1 beta (IL-1β) to establish cell 
models. KMT2D expression was detected by western 
blot and reverse transcription-quantitative polymerase 
chain reaction (RT-qPCR). KMT2D expression was 
interfered with, and the contents of IL-18, IL-6, and 
tumor necrosis factor (TNF) were detected by enzyme-
linked immunosorbent assay. Cell proliferation, 
apoptosis, and the expression of miR-133a-5p and 6-
phosphofructo-2-kinase/fructose-2,6-biphosphatase 2 
(PFKFB2) were measured. The enrichment of KMT2D 
and Histone 3 Lysine 4 monomethylation/dimethylation 
(H3K4me1/2) on the miR-133a-5p promoter was 
analyzed by chromatin immunoprecipitation and qPCR. 
The binding of miR-133a-5p and PFKFB2 was analyzed 
by a dual-luciferase assay. 
      Results. IL-1β treatment promoted KMT2D 
expression in NPCs. KMT2D knockdown reduced 
inflammation and apoptosis and promoted the 
proliferation of IL-1β-induced NPCs. Mechanistically, 
KMT2D upregulated miR-133a-5p expression by 
increasing the level of H3K4me2 at the miR-133a-5p 
promoter, thereby promoting the binding between miR-
133a-5p and PFKFB2 and downregulating the 
transcription of PFKFB2. miR-133a-5p overexpression 
or PFKFB2 knockdown alleviated the protective effect 
of KMT2D knockdown on IL-1β-induced NPCs. 

      Conclusion. KMT2D promoted miR-133a-5p 
expression through H3K4me2 methylation, thereby 
promoting the binding of miR-133a-5p to PFKFB2, 
reducing the mRNA level of PFKFB2, promoting 
inflammation and apoptosis of IL-1β-induced NPCs, and 
inhibiting NPC proliferation. 
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Introduction 
 
      The incidence of low back pain caused by 
intervertebral disc (IVD) degeneration (IVDD) is 
increasing worldwide and it is one of the main causes of 
disability (Kos et al., 2019; Wu et al., 2020). The 
intervertebral disc is the soft tissue between the 
vertebrae that absorbs and distributes the applied load 
and gives the spine flexibility; IVDD may initiate from 
biomechanical impairment and disturbed physiological 
cellular phenotypes, including elevated levels of 
inflammatory cytokines and enhanced degradation of 
aggrecan and collagen (Risbud and Shapiro, 2014). In 
addition, IVDD may also cause IVD herniation and 
spinal canal stenosis, while senescence and apoptosis of 
nucleus pulposus cells (NPCs) are the main pathological 
changes during IVDD (Xin et al., 2022). NPCs are the 
gelatinous central part of the IVD and are mainly 
composed of water, proteoglycans, and collagen II 
(Molladavoodi et al., 2020). Maintaining the normal 
structure and function of the extracellular matrix by 
protecting NPCs has been considered a new therapeutic 
target, which could balance the mechanical loading 
capacity of IVDs and repair their physiological function 
(Zhang et al., 2021). This study aimed to investigate the 
role and mechanism of NPCs in IVDD, to provide more 
treatment options. 
      Histone H3 lysine 4 (H3K4) methylation is a 
chromatin mark, with its monomethylated, dimethylated, 
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and trimethylated forms differentially enriched at the 
promoters, enhancers, and other regulatory sequences 
(Shen et al., 2014). Lysine methyltransferase 2D 
(KMT2D) belongs to the H3K4 methyltransferase family 
and functions as monomethyltransferase and dimethyl-
transferase. KMT2D is a key epigenetic regulator, and 
the epigenetic regulation mechanism plays an important 
role in gene expression (Froimchuk et al., 2017). Several 
studies have reported the role of KMT2D through 
epigenetic mechanisms in various diseases, such as 
human congenital heart disease (Ang et al., 2016), fatty 
liver (Kim et al., 2016), and kabuki syndrome (Boniel et 
al., 2021). More importantly, KMTD2 is significantly 
upregulated in severely degenerated IVD through H2O2-
induced production of reactive oxygen species (Xu et al., 
2020). However, the role of KMT2D in NPC 
degeneration through epigenetic mechanisms remains 
unclear.  
      MicroRNAs (miRNAs) are small non-coding RNAs 
that regulate cell growth, differentiation, development, 
and apoptosis, thus playing a role in gene regulation, 
epigenetics, and biological functions (Saliminejad et al., 
2019). Previous studies have shown that the expression 
of miRNAs is epigenetically regulated through DNA 
methylation, histone modifications, and non-coding 
RNA regulation (Sato et al., 2011; Piletic and Kunej, 
2016). A recent study reported that there is significant 
methylation modification on the miR-133a promoter 
histone (Kim et al., 2014). miR-133a-5p was upregulated 
in seven patients with degenerative lumbar spine 
diseases (Ishida et al., 2023). Nevertheless, the role of 
miR-133a-5p in NPCs of IVDD through KMT2D 
modification has not been reported. 
      Database prediction and intersection identified that 
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2 
(PFKFB2) was the downstream target gene of miR-
133a-5p. PFKFB2 is a homodimeric bifunctional 
enzyme that catalyzes fructose 2,6-bisphosphate to 
control glycolysis (Rider et al., 2004). For instance, 
activation of PFKFB2 contributes to the production of 
glycolytic adenosine triphosphate, promotes alveolar 
regeneration, and repairs aged lung injury (Wang et al., 
2023). Meanwhile, a recent study has proven that 
PFKFB2 was downregulated in IVDD and inhibited by 
miR-338-3p, leading to decreased glycolysis and 
activation of oxidative stress in NPCs (Cao et al., 2021). 
Therefore, the mechanism of PFKFB2 in NPC 
degeneration in IVDD may be a new therapeutic target. 
      In our study, we established cell models to 
investigate the mechanism of KMT2D in NPC 
degeneration in IVDD through epigenetics, and to find a 
new target for the treatment of IVDD. 
 
Materials and methods 
 
Ethics statement 
 
      Animal experiments were carried out in strict 
accordance with the Guide for the Use of Laboratory 

Animals (Jones-Bolin, 2012). Animal experimental 
protocols were approved by the Animal Ethics 
Committee of the Third Affiliated Hospital of 
Guangzhou University of Chinese Medicine (Approval 
number: 2023-DSFSYYGZ102). 
 
NPC culture 
 
      C57BL/6 mice (n=3, three-month-old, male) were 
purchased from Shanghai SLAC Laboratory Animal Co., 
Ltd (Shanghai, China). NPCs were isolated from mouse 
lumbar intervertebral discs. In brief, mice were 
euthanized with 3% sodium pentobarbital (150 mg/kg), 
and lumbar vertebrae were isolated under sterile 
conditions. After the central nucleus pulposus tissues 
were isolated under a dissecting microscope (only tissue 
sections specifically identified as nucleus pulposus were 
used for macroscopic evaluation in this study), the disc 
tissues were cut into small blocks and then incubated 
sequentially with 0.25% trypsin and 0.2% collagenase I 
for 15 min at 37°C. After filtration through a 70-μm 
filter (542070, Greiner, Shanghai, China), the suspension 
was centrifuged at 300g for 5 minutes to ensure 
exclusion of the notochordal cord cells from the cell 
cultures. Cell precipitations were then transferred to 
Dulbecco’s modified Eagle’s medium/F12 medium 
containing 15% fetal bovine serum in culture vials. After 
five days of separation, the adherent spindle-shaped cells 
at the bottom were identified as passage 0 NPCs. When 
reaching 80-90% confluence, NPCs were dissociated 
using 0.25% trypsin and further cultured. NPCs at 
passage 3 were used for each experiment in this study. 
 
NPC identification  
 
      NPCs were fixed in 4% paraformaldehyde for 0.5 h, 
cultured with 0.1% Triton X-100 for an additional 15 
min, and subsequently blocked with 2% bovine serum 
albumin (Sigma-Aldrich, St. Louis, MO, USA) for 1h. 
After that, the cells were incubated with collagen II 
antibody (ab34712, Abcam, Cambridge, MA, USA) 
overnight at 4°C and then exposed to Alexa Fluor® 488-
labeled secondary antibody (ab150077, Abcam). After 
three regimens of washings with phosphate-buffered 
saline (PBS), the NPCs were dyed with 4',6-diamidino-
2-phenylindole and then photographed and observed 
with a laser confocal microscope (Olympus, Tokyo, 
Japan). 
      NPCs were trypsinized and the cell concentration 
was adjusted to 1×109 cells/L. Two tubes (352235, 
Corning Falcon) were set and 1 mL of cells were added 
to each tube. To one tube, 100 μL of CD24-PE antibody 
was added (1:20, ab25494, Abcam), and isotype control 
was added to the other tube (1:20, ab154450, Abcam). 
After treatment for 30 min in the dark, 500 μL of PBS 
containing 10 g/L paraformaldehyde was added to the 
sample, and the positive expression rate of CD24 in 
NPCs was measured by flow cytometry (Beckman 
Coulter, CA, USA). According to the fluorescence 
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intensity of isotype control, the negative cells were 
determined, and the positive expression rate of CD24 in 
NPCs was observed. 
 
NPC treatment  
 
      According to a previous study (He et al., 2021), 
degeneration of NPCs was induced with 10 ng/mL IL-1β 
treatment for 24h. Equal volumes of PBS (pH 7.4) were 
added to the NPCs as a control for IL-1β treated NPCs. 
miR-133a-5p mimics and mimics NC were purchased 
from GeneChem (Shanghai, China). The specific small 
interfering RNA (siRNA) of KMT2D or PFKFB2 and its 
negative control were purchased from RIBOBIO 
Technology (Guangzhou, China). Transfection was 
performed using Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA, USA) according to the manufacturer’s 
protocol. After 48h of transfection, the isolation of total 
RNA and protein was implemented and the efficiency 
was identified. siRNA sequences are listed in Table 1. 
 
Cell counting kit-8 (CCK-8) 
 
      NPCs were seeded in 96-well plates at 5×103 cells 
per well and cultured at 37°C with 5% CO2. At the 
indicated time points, 10 μL of CCK-8 solution (96992, 
Sigma-Aldrich) was added for 1h incubation, and the 
optical density value at 450 nm was measured by a 
microplate reader to show cell proliferation. 
 
Flow cytometry 
 
      According to the instructions of the Annexin V-
fluoresceine isothiocyanate/propidium iodide (FITC/PI) 
Apoptosis Detection Kit (CBA059, Merck Drugs & 
Biotechnology Co., Ltd., Hesse-Darmstadt, Germany), 
cells were placed in suspension (1×106 cells/mL) using 
1× Annexin V binding solution, and 100 μL of this cell 
suspension was stained with 5 μL of Annexin V-FITC 

and 5 μL of PI for 15 min. After the addition of 400 μL 
of Annexin V binding solution, the apoptosis of NPCs 
after staining was detected using a flow cytometer 
(Beckman Coulter, CA, USA). 
 
Enzyme-linked immunosorbent assay (ELISA)  
 
      NPCs were washed with PBS, then lysed with 
radioimmunoprecipitation assay (RIPA) solution, 
centrifuged at 1400g for 20 min, and the supernatant was 
collected. The levels of tumor necrosis factor (TNF) 
(ab208348), IL-6 (ab222503), and IL-18 (ab216165) in 
NPCs were detected by ELISA kits (Abcam). 
 
Chromatin immunoprecipitation-quantitative polymerase 
chain reaction (ChIP-qPCR) 
 
      ChIP-qPCR analysis was conducted using the 
SimpleChIP® Enzymatic Chromatin IP Kit (Magnetic 
Beads) (9003, Cell Signaling Technology, Shanghai, 
China) according to the manufacturer’s instructions. The 
anti-H3K4Me1 (ab176877, Abcam), anti-H3K4Me2 
(ab32356, Abcam), anti-KMT2D (ABE1867, Sigma-
Aldrich), and anti-immunoglobulin G (IgG) control 
(ab172730, Abcam) were used for immunoprecipitation. 
Immunoselected genomic DNA was subjected to RT-
PCR using primers targeting the promoter region of the 
gene. Primer sequences are listed in Table 2. 
 
Bioinformatics 
 
      The Targetscan database (http://www.targetscan.org/ 
vert_71/) (Agarwal et al., 2015), miRWalk database 
(http://mirwalk.umm.uni-heidelberg.de/) (Sticht et al., 
2018), miRDB database (https://mirdb.org/index.html) 
(Chen and Wang, 2020) and RNA22 database 
(https://cm.jefferson.edu/rna22/Interactive/) (Miranda et 
al., 2006) were used to predict downstream target genes 
of miR-133a-5p. 
 
Dual-luciferase assay 
 
      The Targetscan database was used to predict the 
interaction between miR-133a-5p and the 3’untranslated 
region (3’UTR) of PFKFB2. The sequences of PFKFB2 
3’UTR wild-type (WT) and mutant (MUT) were 
constructed by GenScript (Nanjing, Jiangsu, China). 
miR-133a-5p mimics and PFKFB2 3’UTR (WT) or 
PFKFB2 3’UTR (MUT) were transfected using 
Lipofectamine 2000 (Invitrogen). After 48h, luciferase 
activity was assessed using a dual-luciferase reporter 
assay system (Promega Corporation, Madison, WI, 
USA). 
 
RT-qPCR 
 
      Total RNA was extracted from NPCs in each group 
using the TRIzol method (Thermo Fisher Scientific Inc., 
Waltham, MA, USA), and the concentration and purity 
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Table 1. siRNA sequences. 
 
Gene                   Sequences (5’-3’) 
 
si-KMT2D-1         SS Sequence: CGU ACU GUG UCA ACA GCA AGA 
                            AS Sequence: UUG CUG UUG ACA CAG UAC GGG 

si-KMT2D-2         SS Sequence: CGA GAU GGA GAC UGA UAA AGG 
                            AS Sequence: UUU AUC AGU CUC CAU CUC GUG 

si-KMT2D-3         SS Sequence: GGA AGU CCC UAG AAG UGA AGA 
                            AS Sequence: UUC ACU UCU AGG GAC UUC CGG 

si-PFKFB2-1        SS Sequence: AGA GUA AGA UUG UCU ACU ACC 
                            AS Sequence: UAG UAG ACA AUC UUA CUC UGG 

si-PFKFB2-2        SS Sequence: CCU GCA GAC UGU UAC CUA AGU 
                            AS Sequence: UUA GGU AAC AGU CUG CAG GAU 

si-PFKFB2-3        SS Sequence: GAU UGU UGU UGG AAG ACC ACU 
                            AS Sequence: UGG UCU UCC AAC AAC AAU CUG 

si-NC                   SS Sequence: CGU ACG AGG GAA AGA GCC UGG 
                            AS Sequence: UUU AUC ACU UAG UUU AGU GGU



of RNA were determined. Samples were processed on an 
Eppendorf PCR amplifier. PCR amplification was 
performed using SYBR® Premix Ex Taq (DRR041A, 
TaKaRa Biotech Co., Ltd, Liaoning, China) and an RT-
qPCR amplifier (ABI 7500, ABI Company, Oyster Bay, 
NY), according to the instructions of the PrimeScript RT 
reagent Kit with gDNA Eraser (RR047B, TaKaRa). U6 
(Du et al., 2021) and glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) were used as internal 
parameters, and the 2-ΔΔCt method (Livak and 
Schmittgen, 2001) was used to measure the fold change. 
 
Western blot (WB) assay 
 
      NPCs were incubated in RIPA buffer (400 μL, Cell 
Signaling Technology) on ice and 100 mM phenyl 

methyl sulfonyl fluoride was added at a ratio of 10 μL 
per 1 mL of RIPA buffer, and then centrifuged at 12000 
g for 15 min to separate the supernatant. The protein was 
isolated by 10% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis and transferred to a polyvinylidene 
fluoride membrane (Bio-Rad, Hercules, CA, USA) by 
electroblotting. The membrane was blocked with 5% 
skimmed milk powder in Tris-buffered saline with 
Tween (1× Formulation: 137 mM Sodium Chloride, 20 
mM Tris, 0.1% Tween-20. Supplied at pH 7.6; 9997S, 
Cell Signaling Technology) at room temperature for 1h 
and then incubated with primary antibodies against 
KMT2D (PA5-116906, 1:1000, Thermo Fisher 
Scientific), PFKFB2 (ab241506, 1:2000, Abcam), and β-
actin (ab8227, 1:1000, Abcam) at 4°C overnight. Protein 
bands were probed with goat anti-rabbit IgG (ab205718, 
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Fig. 1. KMT2D knockdown reduced inflammation, promoted proliferation, and inhibited the apoptosis of IL-1β-treated NPCs. A. NPCs in mice were 
identified using collagen Ⅱ immunofluorescence staining. B. CD24 expression in NPCs of mice was determined using flow cytometry. C-E. KMT2D 
expression in NPCs was detected by RT-qPCR and WB assay. F. The levels of IL-18, TNF, and IL-6 in NPCs were detected by ELISA. G. CCK-8 was 
used to detect the proliferation of NPCs. H. The apoptosis of NPCs was determined by flow cytometry. Independent experiments were repeated three 
times, and data are expressed as mean ± SD. Data C: The comparison between two groups was analyzed by t-test. Data D-F, and H: comparisons 
among multiple groups were analyzed by one-way ANOVA. Data G: comparisons among multiple groups were analyzed by two-way ANOVA, followed 
by Tukey’s multiple comparisons post hoc test. mRNA: messenger RNA; IL-1β: interleukin-1 beta; KMT2D: lysine methyltransferase 2D; si-NC: 
negative control of siRNA; si-KMT2D: KMT2D siRNA; IL-18: interleukin-18; IL-6: interleukin-16; TNF: tumor necrosis factor; OD: optical density; IgG: 
Immunoglobulin G; WB: Western blot.



1:2000, Abcam) and then detected with enhanced 
chemiluminescence reagent (Millipore, Billerica, MA, 
USA). Protein bands were visualized using a LAS-4000 
Scientific imaging system (Fuji Film Corporation, 
Tokyo, Japan), with β-actin antibody as an internal 
control. 
 
Statistical analysis 
 
      SPSS21.0 statistical Software (IBM SPSS Statistics, 
Chicago, IL, USA) and GraphPad Prism 8.0 Software 
(GraphPad Software Inc., San Diego, CA, USA) were 
used for statistical analysis and data mapping. Normality 
was tested by the Kolmogorov-Smirnov test, which 
confirmed the normal distribution of data. Data 
comparison between two groups was analyzed by t-test, 
and data comparisons among multiple groups were 

analyzed by one-way or two-way analysis of variance 
(ANOVA), followed by Tukey’s multiple comparisons 
post hoc test. p<0.05 was considered statistically 
significant, and p<0.01 was considered extremely 
statistically significant. 
 
Results 
 
KMT2D knockdown reduced inflammation, promoted 
proliferation, and inhibited apoptosis of IL-1β-treated 
NPCs 
 
      A study has shown that KMT2D is significantly 
upregulated in severe IVDD specimens (Xu et al., 2020), 
however, its role in NPC degeneration of IVD is still 
unclear. Firstly, NPCs were isolated and cultured in 
vitro. The result of immunofluorescence staining of 
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Fig. 2. KMT2D increased the level of H3K4me1/2 on the miR-133a-5p promoter to upregulate miR-133a-5p expression. A. The enrichment of KMT2D 
and H3K4me1/2 on the promoter of miR-133a-5p was analyzed by ChIP. B. The expression of miR-133a-5p in NPCs was detected by RT-qPCR. 
Independent experiments were repeated three times, and data are expressed as mean ± SD. Data A: comparisons among multiple groups were 
analyzed by two-way ANOVA. Data B: comparisons among multiple groups were analyzed by one-way ANOVA, followed by Tukey’s multiple 
comparisons post hoc test. IL-1β: interleukin-1 beta; KMT2D: lysine methyltransferase 2D; si-NC: negative control of siRNA; si-KMT2D: KMT2D siRNA; 
IgG: Immunoglobulin G; H3K4me1: histone H3 lysine 4 monomethylation; H3K4me2: histone H3 lysine 4 dimethylation.

Table 2. PCR primer sequences. 
 
Gene                                         GeneID              Full Name                                                                              Sequence (5’-3’) 
 
miR-133a-5p                             387151              microRNA-133a-5p                                                               F: CGC GTA GGG CTG GTA AAA TGG A 
                                                                                                                                                                          R: CAA CTG GTG TCG TGG AGT CGG C 

U6                                             19862                U6 small nuclear RNA                                                           F: CGC TTC GGC AGC ACA TAT ACT 
                                                                                                                                                                          R: CTT CAC GAA TTT GCG TGT CAT 

KMT2D                                      381022              lysine methyltransferase 2D                                                  F: ATC AAA CAG GGT CGG AGC AG 
                                                                                                                                                                          R: CCA CCA GTG TCT CAA CGG AA 

PFKFB2                                    18640                6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2            F: TAA AGG CGC AGA TGA GTT ACC A 
                                                                                                                                                                          R: TTC TCC ACT TCA GTT GGC TTG 

GAPDH                                     14433                glyceraldehyde-3-phosphate dehydrogenase                       F: GGT CCC AGC TTA GGT TCA TCA 
                                                                                                                                                                          R: AAT CCG TTC ACA CCG ACC TT 

miR-133a-5p promoter              -                         -                                                                                             F: CAC AGG AAA CTG GGT GAA TGC T 
                                                                                                                                                                          R: ACA AGA GGG GAA AAG TTG CAG A 
 
Denaturation was carried out at 95℃ for 30 seconds, annealing at 60℃ for 30 seconds, and extension at 72℃ for 30 seconds, for a total of 39 cycles.
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Fig. 3. Overexpression of miR-133a-5p alleviated the protective effect of KMT2D knockdown on nucleus pulposus cell degeneration. Mimics were 
transfected into NPCs and NC were used as the negative control. A. The expression of miR-133a-5p in NPCs was analyzed by RT-qPCR. B. The 
levels of IL-18, TNF, and IL-6 in NPCs were detected by ELISA. C. The proliferation of NPCs was detected by CCK-8. D. The apoptosis of NPCs was 
observed by flow cytometry. Independent experiments were repeated three times, and data are expressed as mean ± SD. Data A: The comparison 
between two groups was analyzed by t-test. Data B and D: comparisons among multiple groups were analyzed by one-way ANOVA. Data C: 
comparisons between multiple groups were analyzed by two-way ANOVA, followed by Tukey’s multiple comparisons post hoc test. IL-1β: interleukin-1 
beta; KMT2D: lysine methyltransferase 2D; NC: mimics NC; mimics: miR-133a-5p mimics; IL-18: interleukin-18; IL-6: interleukin-16; TNF: tumor 
necrosis factor; OD: optical density.

Fig. 4. miR-133a-5p inhibited the transcription level of PFKFB2. A. The database predicted the downstream 
target genes of miR-133a-5p and obtained the intersection. B. Binding sites of miR-133a-5p and PFKFB2 in 
Targetscan database. C. The targeted binding of miR-133a-5p and PFKFB2 was analyzed by dual luciferase 
assay. D. The expression of PFKFB2 in NPCs was detected by RT-qPCR. Independent experiments were 
repeated three times, and data are expressed as mean ± SD. Data C: comparisons among multiple groups were 
analyzed by two-way ANOVA. Data D: comparisons among multiple groups were analyzed by one-way ANOVA, 
followed by Tukey’s multiple comparisons post hoc test. mRNA: messenger RNA; IL-1β: interleukin-1 beta; 
KMT2D: lysine methyltransferase 2D; si-NC: negative control of siRNA; si-KMT2D: KMT2D siRNA; NC: mimics 
NC; mimics: miR-133a-5p mimics; PFKFB2: 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2.



NPCs was positive, indicating an enrichment of collagen 
II in NPCs (Fig. 1A). Flow cytometry results showed 
that the expression of CD24 was positive in NPCs in 
vitro (Fig. 1B). Next, NPCs were induced with IL-1β, 
and the expression of KMT2D was significantly 
increased in IL-1β-treated NPCs (p<0.01, Fig. 1C,D). To 
verify the effect of KMT2D on IL-1β-treated NPCs, we 
first transfected KMT2D siRNA (si-KMT2D) into NPCs 
to reduce the intracellular KMT2D mRNA level (p<0.01, 
Fig. 1D). si-KMT2D-2 (si-KMT2D) with better 
transfection efficiency was selected for subsequent 
experiments. Following si-KMT2D treatment, a 
significant reduction in the protein levels of KMT2D 
induced by IL-1β was observed (p<0.01, Fig. 1E). 
Moreover, the contents of intracellular inflammatory 
factors IL-18, TNF, and IL-6 were significantly 
decreased after KMT2D knockdown (p<0.01, Fig. 1F). 
KMT2D knockdown clearly promoted proliferation and 
inhibited apoptosis of NPCs (p<0.01, Fig. 1G,H). These 
results indicated that KMT2D knockdown could reduce 
the inflammation, promote the proliferation, and inhibit 
the apoptosis of IL-1β-treated NPCs. 
 
KMT2D increased the level of H3K4me1/2 on the miR-
133a-5p promoter to upregulate miR-133a-5p expression 
 
      KMT2D is one of the major monomethyltransferases 
and dimethyltransferases (H3K4me1 and H3K4me2) 
(Shinsky et al., 2015). Studies have shown that miR-
133a promoter histone has significant methylation 
modification (Kim et al., 2014), and miR-133a-5p is 
highly expressed in IVDD tissues (Du et al., 2021). We 
hypothesized that miR-133a-5p was the downstream 
target gene of KMT2D. ChIP-qPCR results showed that 
KMT2D was enriched on the miR-133a-5p promoter, 
and KMT2D knockdown reduced the enrichment of 
KMT2D and H3K4me1/2 on the miR-133a-5p promoter 
(p<0.01, Fig. 2A). The expression of miR-133a-5p was 
detected and it was found that IL-1β treatment promoted 
the expression of miR-133a-5p, while KMT2D knock-
down inhibited its expression (p<0.01, Fig. 2B). In 
conclusion, KMT2D increased H3K4me1/2 levels on the 
miR-133a-5p promoter to upregulate miR-133a-5p 
expression. 
 
Overexpression of miR-133a-5p alleviated the protective 
effect of KMT2D knockdown on NPC degeneration 
 
      Then, we transfected NPCs with miR-133a-5p 
mimics (mimics) to increase the expression of miR-
133a-5p in cells (p<0.01, Fig. 3A), and combined 
experiments were performed with si-KMT2D. The 
results showed that overexpression of miR-133a-5p 
increased the levels of IL-18, TNF, and IL-6 in IL-1β-
treated cells (p<0.01, Fig. 3B). In addition, upregulation 
of miR-133a-5p significantly inhibited the proliferation 
of NPCs and promoted their apoptosis (p<0.05, Fig. 
3C,D). These results indicated that overexpression of 
miR-133a-5p alleviated the protective effect of KMT2D 

knockdown on NPC degeneration in IVD. 
 
miR-133a-5p inhibited the transcription level of PFKFB2 
 
      The downstream target genes of miR-133a-5p were 
predicted and the intersections were obtained (Fig. 4A) 
from miRDB databases, RNA v22, Targetscan database, 
and miRWalk database. A total of 39 genes were found 
in the intersection (Table 3). Among them, PFKFB2 was 
poorly expressed in IVDD (Cao et al., 2021), thus 
PFKFB2 was selected as the study object. Dual-
luciferase assay confirmed the binding between miR-
133a-5p and PFKFB2 in NPCs (p<0.01, Fig. 4B,C). The 
transcriptional level of PFKFB2 was detected, and the 
results showed that the expression of PFKFB2 was 
decreased by IL-1β treatment, upregulated by 
downregulation of KMT2D, but reduced again by further 
overexpression of miR-133a-5p (p<0.01, Fig. 4D). 
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Table 3. 39 common elements in "miRDB", "RNA v22", "Targetscan" 
and "miRWalk". 
 
miRNA                                                                                 Target gene 
 
mmu-miR-133a-5p                                                              CAPRIN1 
mmu-miR-133a-5p                                                              WNK1 
mmu-miR-133a-5p                                                              TFG 
mmu-miR-133a-5p                                                              RNF19B 
mmu-miR-133a-5p                                                              NOVA1 
mmu-miR-133a-5p                                                              ONECUT2 
mmu-miR-133a-5p                                                              CADM2 
mmu-miR-133a-5p                                                              COL4A5 
mmu-miR-133a-5p                                                              SLIT2 
mmu-miR-133a-5p                                                              ELF1 
mmu-miR-133a-5p                                                              MAN1A2 
mmu-miR-133a-5p                                                              XRN2 
mmu-miR-133a-5p                                                              SNX33 
mmu-miR-133a-5p                                                              NTNG1 
mmu-miR-133a-5p                                                              NCOA3 
mmu-miR-133a-5p                                                              SOS1 
mmu-miR-133a-5p                                                              IPCEF1 
mmu-miR-133a-5p                                                              HLF 
mmu-miR-133a-5p                                                              PPFIBP1 
mmu-miR-133a-5p                                                              ARL2BP 
mmu-miR-133a-5p                                                              KDM5A 
mmu-miR-133a-5p                                                              SCN3A 
mmu-miR-133a-5p                                                              LRAT 
mmu-miR-133a-5p                                                              VTA1 
mmu-miR-133a-5p                                                              SH3PXD2B 
mmu-miR-133a-5p                                                              PPT1 
mmu-miR-133a-5p                                                              CCDC85A 
mmu-miR-133a-5p                                                              TSHZ2 
mmu-miR-133a-5p                                                              NDRG3 
mmu-miR-133a-5p                                                              SYNRG 
mmu-miR-133a-5p                                                              SYNE2 
mmu-miR-133a-5p                                                              ANKRD13A 
mmu-miR-133a-5p                                                              NDST2 
mmu-miR-133a-5p                                                              PGAP1 
mmu-miR-133a-5p                                                              YWHAB 
mmu-miR-133a-5p                                                              MBTD1 
mmu-miR-133a-5p                                                              PRRX1 
mmu-miR-133a-5p                                                              PFKFB2 
mmu-miR-133a-5p                                                              TLE3



These results indicated that miR-133a-5p inhibited the 
transcriptional level of PFKFB2. 
 
Downregulation of PFKFB2 alleviated the protective 
effect of KMT2D knockdown on NPC degeneration 
 
      PFKFB2 siRNA (si-PFKFB2) was transfected into 
NPCs to reduce the expression of PFKFB2 in cells 
(p<0.01, Fig. 5A,B), and the si-PFKFB2-3 with the best 
transfection efficiency was selected for combined 
experiments with si-KMT2D. The results showed that 
knockdown of PFKFB2 expression upregulated the 
contents of IL-18, TNF, and IL-6 in IL-1β-treated cells 
(p<0.01, Fig. 5C). In addition, inhibition of PFKFB2 
expression significantly inhibited the proliferation and 
promoted the apoptosis of NPCs (p<0.01, Fig. 5D,E). 
These results suggested that the downregulation of 
PFKFB2 alleviated the protective effect of KMT2D 
knockdown on NPC degeneration. 
 
Discussion 
 
      Current treatment modalities (medical, surgical, and 
interventional therapy) for IVDD mainly provide relief, 
with the possibility of complications (Li et al., 2023). 
The epigenetic modification affects the pathological 
process of IVDD through DNA methylation, histone 

modification, and non-coding RNA regulation, 
suggesting its possibility as a therapeutic mechanism 
(Kang et al., 2023). In our study, we found that KMT2D 
promoted the expression of miR-133a-5p through 
H3K4me2 methylation on the miR-133a-5p promoter, 
thereby promoting the binding of miR-133a-5p to 
PFKFB2 to reduce the mRNA level of PFKFB2, 
increasing inflammation and apoptosis of IL-1β-treated 
NPCs, and inhibiting the proliferation of NPCs.  
      In tissues from patients with degenerative discs, 
KMT2D-positive NPCs in the severe IVDD group 
(Grade IV and Grade V) were 4.7-fold higher than those 
in the mild IVDD group (Grade II and Grade III), 
indicating the potential role of overexpression of 
KMT2D in IVDD (Xu et al., 2020). Furthermore, 
KMT2D expression is upregulated in NPCs of IVDD, 
which might be induced by oxidative stress, meanwhile, 
the expression of H3K4me1 and H3K4me2, and the 
levels of monomethylation and dimethylation are also 
increased in NPCs of IVDD (Xu et al., 2020), suggesting 
that KMT2D is involved in IVDD through methylation 
modification. Extracellular matrix degradation and 
upregulation of oxidative stress levels and inflammation 
levels of NPCs are generally found in IVDD (Qi et al., 
2020). In addition, the elevation of KMT2D is associated 
with the release of inflammatory factors and the 
promotion of apoptosis (Chen et al., 2015). Consistently, 
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Fig. 5. Downregulation of PFKFB2 alleviated the protective effect of KMT2D knockdown on NPC degeneration. PFKFB2 siRNA (si-PFKFB2) was 
transfected into NPCs, with si-NC as the negative control. A, B. The expression of PFKFB2 in NPCs was analyzed by RT-qPCR and WB assay. C. The 
levels of IL-18, TNF, and IL-6 in NPCs were analyzed by ELISA. D. The proliferation of NPCs was detected by CCK-8. E. Apoptosis of NPCs was 
determined by flow cytometry. Independent experiments were repeated three times, and data are expressed as mean ± SD. Data A-C, and E: 
comparisons among multiple groups were analyzed by one-way ANOVA. Data D: comparisons among multiple groups were analyzed by two-way 
ANOVA, followed by Tukey’s multiple comparisons post hoc test. mRNA: messenger RNA; IL-1β: interleukin-1 beta; KMT2D: lysine methyltransferase 
2D; PFKFB2: 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2; si-NC: negative control of siRNA; si-KMT2D: KMT2D siRNA; si-PFKFB2: 
PFKFB2 siRNA; IL-18: interleukin-18; IL-6: interleukin-16; TNF: tumor necrosis factor; OD: optical density; WB: Western blot.



our study confirmed that KMT2D was increased in 
NPCs, and knockdown of KMT2D significantly reduced 
the levels of inflammatory factors, promoted cell 
proliferation, and reduced apoptosis.  
      Increasing evidence has shown that miRNAs play a 
role in IVDD. Upregulation of miR-19b-3p promotes the 
proliferation of human NPCs and inhibits their apoptosis 
(Zhao and Li, 2021); Exosomal miR-26a-5p reduces cell 
death and low cell viability of NPCs in IVDD induced 
by METTL14 degradation (Yuan et al., 2021). miR-
133a-5p is enhanced in the inflammatory environment of 
IVDD, and inhibition of miR-133a-5p increases the 
expression of aggrecan and collagen II in NPCs (Du et 
al., 2021). Meanwhile, miR-133a-5p was upregulated in 
osteoarthritis (Ishida et al., 2023), and IVDD often 
occurs in tandem with osteoarthritis, which shares 
similar pathological features with IVDD, such as 
cartilage destruction, extracellular matrix degeneration, 
and osteophyte formation, as well as inflammation and 
extracellular matrix degradation (Francisco et al., 2022; 
Fine et al., 2023). Therefore, we hypothesized that miR-
133a-5p is the downstream target gene of KMT2D, and 
the ChIP-qPCR results showed that KMT2D was 
enriched in the promoter of miR-133a-5p. Down-
regulation of KMT2D reduced the enrichment of 
KMT2D and H3K4me1/2 on the miR-133a-5p promoter 
and inhibited the expression of miR-133a-5p. 
Furthermore, overexpression of miR-133a-5p increased 
the levels of inflammatory factors in NPCs, resulting in 
inhibited proliferation and stimulated apoptosis of NPCs. 
Interestingly, the proinflammatory effects of miR-133a 
upregulation had been demonstrated in a previous study 
(Zhao and Ai, 2020), and miR-133a-3p overexpression 
could also inhibit the proliferation of intestinal epithelial 
cells and promote the apoptosis of intestinal epithelial 
cells (Tian et al., 2021).  
      Since miR-133a-5p was highly expressed in IVDD, 
we decided to explore the downstream target genes of 
miR-133a-5p. The database and dual-luciferase 
experiment verified a targeted binding relationship 
between miR-133a-5p and PFKFB2. Low levels of 
PFKFB2 lead to dysregulation of glycolytic metabolism 
and increased cellular oxidative stress levels in NPCs 
(Cao et al., 2021), while glycolysis is the main energy 
metabolism pathway of NPCs, whose disorder can lead 
to degeneration and damage to the normal physiological 
function of NPCs (Wu et al., 2021). Loss of phos-
phorylation of PFKFB2 exacerbates inflammatory 
diseases (Bruce et al., 2021). Similarly, we found that 
PFKFB2 was targeted by miR-133a-5p and down-
regulation of PFKFB2 worsened inflammation and 
damage in NPCs, suggesting an aggravating effect of 
PFKFB2 downregulation on degeneration of NPCs.  
      Our study still has some limitations. First, only a 
single downstream mechanism of KMT2D was 
explored, and other possible downstream mechanisms 
were not further investigated. Second, we have only 
conducted cell experiments, and the mechanism has not 
been verified or explored at the animal level. Third, 

there may be other downstream mechanisms of miR-
133a-5p that affect IVDD, which is still unclear in our 
study. Finally, our study did not delve into the changes 
and regulation of the PFKFB2 protein. The effects of 
KMT2D on other physiological functions of NPCs, such 
as mitochondrial function and fibrosis, have not been 
thoroughly explored. Due to limited research funding, 
we were unable to compare knockdown NPCs not 
treated with IL-1β with the control group and investigate 
whether there were differences between animals of 
different genders. In the future, we will verify the 
mechanism of this experiment in vivo, use different 
animal models to assess our results regarding 
notochordal cells, and explore more downstream 
mechanisms of KMT2D and miR-133a-5p and their role 
in NPC degeneration, to provide theoretical knowledge 
of IVDD and find possible treatment directions. 
      In summary, our study found that KMT2D was 
upregulated in IL-1β-induced NPCs as a histone 
methyltransferase and promoted the expression of miR-
133a-5p through methylation, thereby facilitating the 
targeted binding of miR-133a-5p to PFKFB2. The 
binding of miR-133a-5p to PFKFB2 reduced the mRNA 
level of PFKFB2, thereby inhibiting the proliferation of 
NPCs, promoting their apoptosis, and aggravating the 
degeneration of NPCs. 
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