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Although cigarette smoking (CS) and low back pain (LBP) are
common worldwide, their correlations and the mechanisms of
action remain unclear. We have shown that excessive activa-
tion of mast cells (MCs) and their proteases play key roles
in CS-associated diseases, like asthma, chronic obstructive
pulmonary disease (COPD), blood coagulation, and lung can-
cer. Previous studies have also shown that MCs and their pro-
teases induce degenerative musculoskeletal disease. By using a
custom-designed smoke-exposure mouse system, we demon-
strated that CS results in intervertebral disc (IVD) degenera-
tion and release of MC-restricted tetramer tryptases (TTs) in
the IVDs. TTs were found to regulate the expression of meth-
yltransferase 14 (METTL14) at the epigenetic level by
inducing N6-methyladenosine (m6A) deposition in the 30 un-
translated region (UTR) of the transcript that encodes dishev-
elled-axin (DIX) domain-containing 1 (DIXDC1). That reac-
tion increases the mRNA stability and expression of Dixdc1.
DIXDC1 functionally interacts with disrupted in schizo-
phrenia 1 (DISC1) to accelerate the degeneration and senes-
cence of nucleus pulposus (NP) cells by activating a canonical
Wnt pathway. Our study demonstrates the association be-
tween CS, MC-derived TTs, and LBP. These findings raise
the possibility that METTL14-medicated DIXDC1 m6A modi-
fication could serve as a potential therapeutic target to block
the development of degeneration of the NP in LBP patients.
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INTRODUCTION
Cigarette smoking (CS) is a global problem. Approximately 50% of
young men and 10% of young women smoke worldwide. The World
Health Organization (WHO) estimates that the global smoking pop-
ulation will increase to �1.6 billion by 2025.1 Previous studies have
shown that CS, but not alcohol consumption, is significantly corre-
lated with low back pain (LBP).2,3 A US survey of 9,282 adults
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showed that the prevalence of CS was 30% among those with
LBP.4 Some research reported that the desire to smoke is influenced
by opioid pain medications and can be increased by the experience
of LBP.5

Intervertebral disc degeneration (IVDD) is the most widely accepted
reason for smoking and LBP. Some researchers have suggested that
IVDD can be alleviated by cessation of smoking.4 However, the
detailed mechanisms by which CS promotes IVDD are unknown.
We and others have demonstrated previously that excessive activation
of mast cells (MCs) and the proteases they release play key roles in
smoking-associated diseases, like asthma, chronic obstructive pulmo-
nary disease (COPD), blood coagulation, and lung cancer.6–11 It has
been reported that immunoglobulin E (IgE)-dependent MC activa-
tion promotes the pathogenesis of osteoarthritis.12 MCs and their
prominent pro-inflammatory granule proteases mMCP-5/mCma1,
mMCP-6/mTpsb2, and mMCP-7/mTpsab1 have prominent adverse
roles in experimental arthritis, in part by indirectly destroying the ag-
grecan in cartilage.13

MCs are hematopoietic cells that complete their differentiation and
maturation in tissues. Although MCs are preferentially located at
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the portals of entry of pathogens (e.g., the tongue and skin), these
effector cells of immune responses are present in nearly every organ.
All human MCs store tetramer-forming tryptases in their secretory
granules that are derived from the adjacent hTPSAB1 and hTPSB2
genes on human chromosome 16p13.3.14 Hundreds of allelic variants
of both genes have been identified by the Human Genome Project
(some of which are not functional), but the major isoforms are so
similar at the amino acid sequence level that this family of MC-
restricted enzymes is collectively called tetramer tryptases (TTs).
The corresponding TTs in mouse MCs are mouse MC protease
(mMCP)-7/mTpsab1 and mMCP-6/mTpsab2. The MCs in the
inbred BALB/c mouse strain express both proteases, but the inbred
C57BL/6 mouse only expresses mMCP-6/mTpsb2 because of a
slice-site mutation in the C57BL/6 mouse’s mMCP-7/mTpsb2 gene.

Excessive activation of TT+ MCs is thought to play key roles in bac-
terial infections and to prevent life-threatening internal blood clots
but adverse roles in many inflammatory diseases (e.g., allergic
inflammation, systemic mastocytosis, systemic anaphylaxis, asthma,
arthritis, COPD, inflammatory bowel disease, and heart disease).15

In our mouse model of CS-induced COPD, substantial pathology
occurs in the lungs and other organs. For example, CS-exposed
mice have fertility problems, colitis, and an enlarged heart. COPD
is dependent on mMCP-6/mTpsb2 in this animal model.7 Mouse
and human MC TTs degrade the fibrinogen a chain, preventing in-
ternal blood clots.8 These neutral proteases activate some matrix
metalloprotease zymogens.16 Although the relevant receptors on
their responsive cells have not been identified, mouse and human
TTs also induce endothelial cells, fibroblasts, and synoviocytes to in-
crease their expression of numerous cytokines and other biologically
active factors.

Exposure to environmental and lifestyle factors, particularly CS, has
been demonstrated to significantly alter the epigenome, potentially
leading to an increased risk of developing various diseases.17 It is
imperative to recognize the impact of epigenetic changes resulting
from these factors and the potential health consequences they may
entail. Of all internal mRNA modifications in mammalian cells,
N6-methyladenosine (m6A) is the most prevalent. m6A participates
in nearly every aspect of mRNA function and metabolism and in
diverse cellular, developmental, and disease processes. Recent studies
have highlighted the involvement of m6A modification in the patho-
genesis of disc degeneration.18,19 Previous studies have explored the
correlation between smoking and m6A, with male smokers displaying
lower peripheral blood RNA m6A levels than non-smokers in a study
of truck drivers.20 Additionally, m6A methylation has been shown to
contribute to development of smoking-induced COPD and lung can-
cers.21,22 Based on these findings, we hypothesize that smoking may
act as a trigger for disc degeneration by regulating m6A methylation
in the nucleus pulposus.

In this study, we describe a detailed mechanism by which MCs and
their TT preformed mediators play a central role in CS-induced
disc degeneration.
RESULTS
Exposure of mice to CS resulted in increased IVDD

To enable mechanistic studies, we examined the health of interver-
tebral discs (IVDs) in C57BL/6 mice who breathed room air or CS
for 8 weeks and 12 weeks, as we reported previously.6,7,9,11,23–27

These exposures are representative of a pack-a-day smoker.28

Safranin O/fast green staining for the IVDs revealed that mice
with 8 weeks of air exposure had healthy IVDs, characterized by ag-
grecan protein-rich, single-mass nucleus pulposus (NP) structure
with normal cellularity and a clear-cut boundary between NP and
annulus fibrosus (AF) tissues with intact concentric lamellar AF
structures. On the other hand, the IVDs of mice that had been
exposed to CS for 8 weeks showed degenerative phenotypes,
including horizontal clefts inside the NP and the presence of non-
vacuolated cells (Figure 1A, black box) and a serpentine lamellar
structure in the AF (Figure 1A, yellow box)).

The level of degeneration became much more severe when
comparing IVDs from 12-week CS-exposed mice with those from
12-week air-exposed mice. The NP of 12-week CS-exposed mice
showed pronounced cell loss and non-vacuolated NP cells dispersed
into the matrix (yellow box). The clear distinction between NP and
AF tissue compartments was lost, and a cleft presented in AF layers
(Figure 1B). We scored histological changes based on the modified
Thompson scale (Table S1). The grade distributions for the NP and
AF between air- and CS-exposed mice were significantly different at
the 8-week and 12-week time points (Figures 1C and 1D). By using
microcomputed tomography (micro-CT), we calculated the disc vol-
ume (VOL) and VOL per surface area. Interestingly, VOL and
VOL/surface area were significantly decreased in 8-week CS-
exposed spines at the L4/5 level instead of the L3/4 level
(Figures 1E, 1F, S1A, and S1B). The spinal degeneration also in-
cludes morphology changes in vertebral bodies.29 Parameters
measured by micro-CT included bone volume (BV)/tissue volume
(BV/TV) (Figure S1C), bone surface area (BSa)/BV (Figure S1D),
trabecular thickness (Tb.Th) (Figure S1E), trabecular number
(Tb.N) (Figure S1F), and trabecular spacing (Tb.Sp) (Figure S1G),
which were used for assessing the microarchitecture of 8-week
air- or CS-exposed mouse trabecular bones. The results indicated
that CS exposed mice exhibited more trabecular BV in vertebral
bodies than the respective air-exposed control mice, as demon-
strated by significantly increased BV/TV and Tb.Th and signifi-
cantly decreased BSa/BV in CS-exposed mouse vertebral bodies.
However, the Tb.N and Tb.Sp showed no significant difference be-
tween the two groups.

Previous investigations have demonstrated that bone marrow-
derived mesenchymal stem cells (BM-MSCs) could develop toward
an NP-like phenotype in vitro.30

To study whether CS exposure could have effects on chondrogenesis
capacity of BM-MSCs, mMSCs (mouse mesenchymal stem cells) were
isolated from BM of mice exposed to 12 weeks of air or CS. After 2D
osteogenesis and chondrogenic differentiation, BM-MSCs isolated
Molecular Therapy Vol. 31 No 8 August 2023 2525
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Figure 1. CS-exposed mouse IVDs showed accelerated structural degeneration

(A and B) Safranin O/fast green staining of coronal sections of IVDs from mice exposed to air or CS for 8 or 12 weeks (top row: scale bars, 200 mm; center row: scale bars,

50 mm; bottom row: scale bars, 50 mm). High-magnification views of NP and AF tissue are arranged below the IVD images for each group. (C and D) Histological grading using

the modified Thompson scale, showing significant differences between air- and CS-exposedmice in the proportion of degenerated NP and AF at 8 and 12 weeks. Data were

collected from 3 discs per mouse (n = 6 mice per group). Ridit analysis was performed. **p % 0.01. (E and F) Micro-CT revealed changes in IVD structure between mice

exposed to air or CS. Parameters included disc volume (VOL) and VOL/surface area at the L4/5 level after 8 weeks of air or CS exposure; n = 5 for each group, *p % 0.05.

Statistical analyses were performed with Student’s t test. (G) Venn diagram showing the numbers of proteins identified from IVD samples (FDR < 0.01, unique peptidesR2).

The cross-section shows the number of common proteins between IVDs from air- and CS-exposed mice, while the two sides show the numbers of uniquely expressed

proteins. (H) Heatmap showing the hierarchical clustering of differentially expressed proteins (DEPs; p < 0.05) between IVDs from air- and CS-exposed mice. Protein

abundance is expressed using a standardized scale ranging from�2 to 2. High expression of a given pathway is marked with red, while low expression is marked with blue.

White indicates intermediate expression. (I) KEGG analysis showing the top 10 enriched signaling pathways in IVDs from CS-exposed mice.
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Figure 2. Elevated TT in the IVDs of CS-exposed mice

and patients with IVDD who smoke

(A and B) IF staining for mMCP-6 in IVDs frommice exposed

to air or CS for 8 weeks and 12 weeks. Levels of mMCP-6

are shown in green, and nuclei/DAPI are shown in blue.

Scale bars, 200 mm. (C and D) The expression of tryptase

is shown in orange, and nuclei/DAPI are shown in blue.

Scale bars, 100 mm.

www.moleculartherapy.org
from air-exposed mice showed a stronger chondrogenesis capacity
than cells isolated from CS-exposed mice (Figures S1H and S1I).

To further investigate the effects of CS on IVDs, label-free proteomics
was conducted for IVDs from mice on 12 weeks of air and CS expo-
sure. After MaxQuant searching, 3,096 and 3,084 proteins were iden-
tified from IVDs from air- and CS-exposed mice, respectively (Fig-
ure 1G). A list of these proteins is shown in Table S2. The heatmap
across differentially expressed proteins (DEPs; false discovery rate
[FDR]-adjusted p < 0.05) shows that most proteins enriched in
IVDs were from air- and CS-exposed mice (Figure 1H). To increase
the confidence in the pathway analysis and correct for multiple
testing, only DEPs with a log2 fold change equal to or greater than
1 and equal to or less than �1 were identified. The DEPs are shown
in Table S3.

The top 10 enriched signal pathways in IVDs from 12-week CS-
exposed mice were analyzed by using Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis. Notably, two vital pathways, which
are IVD degeneration related, including nuclear factor kB (NF-kB)
signaling pathways31 and the Ras signaling pathway,32 were enriched
Mo
(Figure 1I, red box). The phospholipase
D signaling pathway33 and axon guidance
pathway,34 which are play key roles in pain sensi-
tivity, were enriched (Figure 1I, blue box).

We also used the Protein Annotation Through
Evolutionary Relationships (PANTHER) data-
base35 to classify the list of DEPs into categories
according to biological process, molecular func-
tion, and cellular component. Based on ontology
terms, the DEPs were found to be associated with
regulation of multicellular organismal processes
(18.18%), response to drug (9.09%), and regener-
ation (3.5%) (Figure S2A). For molecular func-
tions, the DEPs were classified into 15 subgroups.
The most abundant subgroups were protein
dimerization activity (12.73%), peptidase activity
(8.18%), and oxidoreductase activity (3.64%)
(Figure S2B). Following categorization by cellular
component, proteins were mostly grouped into
other unclassified cellular components (77.04%);
for other components, the most abundant
subgroups were striated muscle thin filament
(3.45%) and organellar ribosome (2.3%) (Figure S2C). A list of signif-
icantly different potential protein networks was predicted in the IVDs
of CS-exposed mice compared with air-exposed mice (Figure S2D).

Elevated TTs in the IVDs of CS-exposed mice as well as patients

with IVDD who smoke

It has been suggested that a minority of human herniated discs
possess MCs.36 Guided by the knowledge that MCs are key contribu-
tors to the pathophysiological inflammatory processes that underpin
smoking-related diseases, including asthma and COPD, as we and
others have shown previously, we hypothesized that MCs may play
a role in CS-induced IVDD.6–11,37,38 We analyzed IVD tissues from
air- and CS-exposed mice for the MC TT mMCP-6. The results
showed that there is increased expression of mMCP-6 in the NP re-
gion of IVDs from 8- and 12-week CS-exposed mice (Figures 2A,
2B, and S3A). We then analyzed the expression of TTs in NPs from
smokers and never smokers. To mimic the bias from the degree of
IVDD, grade III IVDs were selected for smokers and never smokers.
The results showed that expression of human TT (hTT) is elevated in
NP tissues from smokers compared with those from never smokers
(Figures 2C, 2D, and S3B). The serum IgE levels, one of the MC
lecular Therapy Vol. 31 No 8 August 2023 2527
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Figure 3. hTT induces NP degeneration and mRNA methylation of the NP in vivo

(A) Graphical representation of the experimental workflow. (B) Representative image of safranin O/fast green staining of hTT/control-injected IVDs. (C) Histological grading

scale for safranin O/fast green staining. (D) Heatmap showing mRNA expression for genes related to IVD degeneration in NPs from hTT/control-injected IVDs. (E) LC/MS-MS

assay was used to measure the m6A level for mRNA of NPs from hTT/control-injected IVDs. Data are shown as the mean ± SD, n = 3. **p < 0.01, two-tailed unpaired

Student’s t test. (F) Distribution of m6A peaks across the start codon, CDS, and stop codon of mRNA transcripts. The moving averages of NPs from hTT-injected IVDs (red)

(legend continued on next page)
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stimuli, were found to be significantly elevated in patients who are
smokers compared with never smokers (Figure S3C).

hTT induces NP degeneration and mRNA methylation of the NP

in vivo

The rat IVDD model was built as reported previously.39 Discs were
harvested at week 4 after single injection and evaluated using histol-
ogy. The NP was isolated from rat IVDs for bulk RNA sequencing
(RNA-seq) and methylation RNA immunoprecipitation sequencing
(MeRIP-seq) (Figure 3A). The IVD specimens from the control/
hTT injection groups were subjected to Safranin O/fast green stain.
We evaluated the histology results based on a standardized histopa-
thology scoring system for IVD degeneration in rat models.40 The
NPs from control-injected groups showed a rounded/oval shape
with mild distortion and slightly decreased of NP cell (NPC) numbers
(>2/3 of NP space). The AF was well organized. In hTT-treated
groups, the NPC number were significantly decreased, the boundary
of NP and AF was lost, and the AF was disorganized (Figure 3B).
Overall, we scored the rats’ IVD histology, and statistical results
showed that hTT injection induced significant severe degeneration
compared with control injection (Figure 3C).

RNA-seq showed that catabolic mRNA, such as mixed-member pro-
portional representation (MMP)-3 and -13, and a disintegrin and
metalloprotease with thrombospondin type I motifs 4 (ADAMTS-
4) were elevated in hTT-injected groups. Apoptosis mRNA, such as
caspase-9 (CASP 9) and BCL2-associated X (Bax)/BCL2 apoptosis
regulator (Bcl-2) ratio, and cell senescence mRNA, such as cyclin-
dependent kinase inhibitor 2A (CDKN2A) and CDKN2B, were
elevated in hTT-injected groups as well (Figure 3D). A list of differ-
entiated expressed mRNAs can be found in Table S4.

m6A is the most abundant mRNA internal modification and has been
reported to play critical roles in gene expression in diverse physiolog-
ical and pathological processes.41 Previous studies have shown that
mutation of methyltransferase 3 (METTL3), an m6A writer protein,
leads to disc degeneration in needle puncture rat models.18 Fat
mass- and obesity-associated protein (FTO) and lncRNA-regulated
GSK3b/Wnt have been shown to play a crucial role in disc degenera-
tion in rat models.42 These findings provide a foundation for investi-
gation of the role of m6A in disc degeneration and support our focus
on this modification in our current study. By using liquid chromatog-
raphy-tandemmass spectrometry (LC-MS/MS), we identified that the
m6A levels in NPs of hTT-injected IVDs were statistically more abun-
dant than in control-injectedNPs (Figure 3E). By employingm6A-seq,
we identified a total of 11,257 distinct peaks in the RNAs of 6,082 genes
in control groups and a total of 11,203 distinct peaks in the RNAs of
6,136 genes in hTT groups. Of these peaks, most of them resided in in-
and that from buffer control-injected IVDs peak percentage (blue) are shown. (G) Top con

(H) A Venn diagram was generated from the gene sets enriched for transcripts that we

transcripts (m6A-seq). (I) The mRNA level of DIXDC1 in NPs from hTT/control-injected

Student’s t test. (J) m6Amodification of DIXDC1was detected byMeRIP-qPCR analysis u

IP group was normalized to input. Data are shown as the mean ± SD, n = 3. ***p < 0.0
trons and coding sequences (CDSs), and a few unique peaksweremap-
ped to the 50 UTR and 30 UTR (Figures 3F, S4A, and S4B). The m6A
consensus motif of GGAGA was presented in both mRNAs of NP tis-
sues from control and hTT-injected IVDs (Figure 3G).

DIX domain-containing 1 (Dixdc1) is identified as the hTT

downstream target during degeneration

MeRIP-seq showed that the m6A peaks of 260 transcripts exhibited a
significant difference between hTT-treated and control groups (fold
change of at least 1.5, p < 0.05; Table S5). After integrating the
mRNA-seq and m6A sequencing (m6A-seq) results, we found that 32
differentiated expressed mRNAs were m6A-regulated genes (Fig-
ure 3H). Among these genes, Dixdc1 was considered a potential disc
degeneration-related target given that it is correlated with IVD degen-
eration severity based on our previous single-cell RNA analysis
(GSE165722) and its characteristic of being a positive regulator of
the Wnt signaling pathway, an important catabolic pathway in IVD
degeneration.43–46 We further determined the mRNA expression of
Dixdc1 by quantitative real-time PCR (qRT-PCR) in both groups;
the results indicated Dixdc1 to be significantly elevated in the RNA
of NPs from hTT-injected IVDs (Figure 3I). ThenMeRIP-qPCR assays
with specific primers aiming at potential m6A sites revealed that hTT
injection could significantly promote m6A modification of Dixdc1 in
the 30 UTR (Figure 3J).

hTT induces human NPC (hNPC) degeneration and mRNA

methylation by removing the repressive mark H3K9me3 at the

METTL14 promoter

Because the hTT effects on NP were explored in vivo, we next
analyzed its effects on hNPCs. We isolated hNPCs from patients
who underwent microdiscectomy (Figure 4A), treated themwith con-
trol/hTT, and performed mRNA-seq. KEGG analysis showed that
degeneration pathways, such as the hippo signaling pathways and
cellular senescence, were enriched in hTT-treated hNPCs (Figure 4B).
Because the cell cycle pathways were enriched in hTT-treated hNPCs,
we determined whether hTT-treated hNPCs express a broad cell-cy-
cle-associated transcriptional program or only select genes. When
analyzed select genes associated with specific cell cycle phases that re-
vealed differential expression patterns between two groups, we found
hTT-treated hNPCs predominantly expressing markers of quiescence
or stalling in G1. Moreover, most S phase-associated transcripts were
found to be highly expressed in hTT-treated hNPCs. In contrast, un-
treated hNPCs expressed lower levels of quiescence or early G1
markers but high expression of G1/S phase markers and G2-specific
and M phase transcripts (Figure S4C).

SDS-PAGE immunoblot results showed that expression of anabolic
proteins, aggrecan (ACAN) and collagen II, was decreased, while
sensus motif identified DREMEwith m6A-seq in NPs from hTT/control injected IVDs.

re substantially altered for mRNA-seq along with those enriched for m6A-modified

IVDs. Data are shown as the mean ± SD, n = 3. **p < 0.01, two-tailed unpaired

sing anti-IgG and anti-m6A Abs. Relativem6A enrichment of DIXDC1mRNA for each

01, two-tailed unpaired Student’s t test.
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Figure 4. hTT induced human NPC degeneration and mRNA methylation by removing the repressive mark H3K9me3 at the METTL14 promoter

(A) Graphical representation of the hNPC experimental workflow. (B) Top 10 significantly enriched KEGG pathways of hTT-treated hNPCs. (C) Expression of the anabolic

proteins ACAN and collagen II and the cell senescence proteins p21 and p16INK4a in hNPCs treated with hTT and buffer control. (D) Representative image and quantification

of SA-b-gal staining in hNPCs treated with hTT and buffer control. Data are shown as the mean ± SD, n = 5. **p < 0.01, two-tailed unpaired Student’s t test. (E) The m6A level

alterations after hTT treatment weremeasured bym6ARNA dot blot assay. (F) ThemRNA levels of m6A readers andwriters in hTT-treated hNPCsweremeasured using qRT-

PCR. Data are shown as the mean ± SD, n = 3. **p < 0.01, two-tailed unpaired Student’s t test. (G) The protein levels of m6A readers and writers in hTT treated hNPCs were

measured using SDS-PAGE immunoblotting. Right: quantification of SDS-PAGE immunoblot results from (G). (H) Snapshots of the UCSC genome browser, showing

METTL14-binding histone epigenetic modification events at its promoters. (I and J) Enrichment for H3K4me3, H4K16ac, H3K27ac, and H3K9me3 modifications was as-

sessed by ChIP qPCR on METTL14. Data are shown as the mean ± SD, n = 3. *p < 0.05, two-tailed unpaired Student’s t test.

Molecular Therapy
cell senescence proteins, p21 and p16INK4a, were elevated upon hTT
treatment (Figure 4C). The number of cells with senescence-associ-
ated b-galactosidase (SA-b-gal) staining, a classic indicator of senes-
2530 Molecular Therapy Vol. 31 No 8 August 2023
cence, were increased with hTT treatment (Figure 4D). These results
indicated that hTT induced degeneration and cell senescence in
hNPCs.
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We applied dot blot assays and found that hTT treatment led to
increased m6A levels in hNPCs (Figure 4E). We further assessed
the expression of the most important m6A regulatory factors: meth-
ylases (including METTL3, METTL14, and WT1-associated protein
[WTAP]) and demethylases (FTO and human AlkB homolog H5
[ALKBH5]). Notably, qRT-PCR revealed that METTL14 and
WTAP were upregulated in hTT-treated NPCs compared with con-
trol NPCs (Figure 4F). SDS-PAGE immunoblotting showed that
only METTL14 levels were significantly higher in hTT-treated
NPCs compared with control NPCs (Figure 4G). These results indi-
cated that METTL14 might be a major m6A-regulating factor, ac-
counting for the high level of m6A modification in hTT-treated
hNPCs.

Chromatin modification, especially histone modification, is the
fundamental mechanism in a myriad of cellular and developmental
processes.47 Previous studies indicated that histone modifications
can determine specific and dynamic deposition of m6A in mRNA.48

To verify whether hTT-induced elevated expression of METTL14
could be regulated by histone epigenetic modification, we used the
online tools Cistrome Data Browser49 and UCSC Genome50 to pre-
dict and visualize four kinds of histone modifications of METTL14
mRNA, including Trimethylation of Histone H3 at Lysine 4
(H3K4me3), Histone H4 acethylation at Lysine 16 (H4K16ac),
Histone 3 lysine 27 acetylation (H3K27ac), and Histone 3 lysine 9
trimethylation (H3K9me3). The chromatin immunoprecipitation
sequencing (ChIP-seq) database showed enriched profiles for four
histone modification across the transcription start sites (TSSs) of
METTL14 (Figure 4H). In addition, the ChIP-seq data were validated
by ChIP-qPCR tests on hTT- and control-treated hNPCs. The results
indicated that, although these four-histone modifications were
distributed in the TSS region of METTL14, only the level of
H3K9me3 showed a significant difference between two groups. The
levels of H3K9me3 at METTL14 TSS regions were significantly
decreased in hTT-treated hNPCs compared with control-treated
hNPCs (Figures 4I and 4J).

hTT induced hNPCs degeneration via METTL14-mediated

DIXDC1 upregulation

Because we identified DIXDC1 as the candidate target of hTT in our
rat models (Figure 3H), we examined the results in hNPCs. qRT-PCR
showed that expression ofDIXDC1 was elevated upon hTT treatment
(Figure 5A). The MeRIP-qPCR results indicated that hTT could
significantly promote m6A modification of DIXDC1 in 30 UTR in
hNPCs (Figure 5B). To further explore the role of METTL14 in
DIXDC1 expression, short hairpin RNAs (shRNAs) that target tran-
scripts of METTL14 were employed in this study (Figure S5A). We
applied dot blot assays, and the m6A level was increased in hTT-
treated hNPCs but decreased withMETTL14 knockdown (Figure 5C).
Inhibition ofMETTL14 significantly impaired the increased DIXDC1
expression in hTT-treated hNPCs (Figure 5D). The stability of
DIXDC1 was evaluated in METTL14 knockdown cells. The results
demonstrated that METTL14 knockdown can decrease DIXDC1 sta-
bility in hNPCs (Figure 5E).
To further assess the biological role of METTL14 and DIXDC1 in
hNPC degeneration, we overexpressed DIXDC1 or METTL14 in
hNPCs by plasmids. Our analysis indicated that METTL14 or
DIXDC1 overexpression decreases the expression of the anabolic
markers ACAN and collagen II. Expression of the cell senescence
markers p21 and p16INK4a significantly increased when METTL14
or DIXDC1 was overexpressed (Figure 5F). To assess the effect of
METTL14 or DIXDC1 inhibition on hTT-induced hNPC degenera-
tion, shRNAs that target transcripts of METTL14 or DIXDC1 were
employed in hTT-treated hNPCs (Figure S5B). As depicted in Fig-
ure 5G, we observed that hTT significantly decreased the expression
of ACAN and collagen II but significantly increased the expression of
p21 and p16INK4a. Moreover, DIXDC1 or METTL14 knockdown,
combined with hTT treatment, caused increased expression of
ACAN and SOX9 but decreased expression of p21 and p16INK4a (Fig-
ure 5G). SA-b-gal staining showed significantly decreased senescence
cells with knockdown of METTL14 in hTT-treated hNPCs (Fig-
ure 5H). Because we found that METTL14 and DIXDC1 are elevated
in hTT-treated hNPCs, we explored expression of these two proteins
in air- or CS-exposed mouse IVDs. The results indicated that expres-
sion of METTL14 and DIXDC1 was elevated in NP tissue in CS-
exposed mice at the 8-week and 12-week time points (Figures S5C
and S5D).

Biochemical characterization of the interaction between the 30

UTR of DIXDC1 and METTL14 protein

We conducted RNA immunoprecipitation (RIP) assay using
METTL14 antibody to analyze the interaction between the 30 UTR
of DIXDC1 and METTL14 in hTT-treated hNPCs. The results show
high binding activity of METTL14 and the 30 UTR of DIXDC1
mRNA, implying that DIXDC1 may be regulated at the RNA level
upon interaction with METTL14 (Figure 6A). Combined fluores-
cence in situ hybridization (FISH) using a DIXDC1 30 UTR probe
and immunofluorescence with METTL14 Abs were performed for
hNPCs transfected with empty plasmid DNAs (pcDNA) or a plasmid
encoding DIXDC1(DIXDC1 overexpression [OE]). The results indi-
cated co-localization of the DIXDC1 30 UTR and METTL14 protein.
However, OE of the DIXDC1 coding region does not impact the co-
localization ratio (Figure S5E).

We applied sequence-based RNA adenosine methylation site
predictor (SRAMP)51 to predict the m6A sites of the 30 UTR of
DIXDC1. The results indicated a GAACU motif located at 68 bp,
which is predicted to be a high-confidence m6A site in all predicted
sites (Table S6). Then we used the Rosetta software package52,53

and Alphafold54 to predict and analyzed the METTL14 protein
structure. We also predicted the RNA structure of the 30 UTR
of DIXDC1 by using RNAfold.55 Then the interaction of METTL14
protein and the 30 UTR of DIXDC1 was analyzed. A domain
region located at the 245–296 amnio acids of METTL14 was iden-
tified as the most possible interaction site with the GAACU motif
on the 30 UTR of DIXDC1 (Figure 6C). Taken together, these results
demonstrate that METTL14 directly interacts with the 30 UTR of
DIXDC1.
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Figure 5. hTT induced hNPCs degeneration via METTL14-mediated DIXDC1 upregulation

(A)ThemRNA levels of DIXDC1 in hTT-treated hNPCs weremeasured using qRT-PCR. Data are shown as themean ± SD, n = 6. ***p < 0.001, two-tailed unpaired Student’s t

test. (B) MeRIP qRT-PCR was used to detect m6A level alterations of DIXDC1 after hTT treatment in hNPCs. Data are shown as the mean ± SD, n = 3. **p < 0.005, two-tailed

unpaired Student’s t test. (C) Them6A content of total RNAs in buffer control-treated, hTT-treated, shNC, andMETTL14 knockdown hNPCs (left panel) was detected using a

dot blot with an m6A Ab. Methylene blue staining served as the loading control (right panel). (D) The protein levels of METTL14 and DIXDC1 in hTT-treated hNPCs with or

without METTL14 knockdown were measured using SDS-PAGE immunoblot. (E) Lifespan of DIXDC1 expression in hTT-treated hNPCs transfected with the reduction of

METTL3. Relative mRNA levels were quantified by qRT-PCR. Data are shown as the mean ± SD, n = 6. (F) Expression of the anabolic proteins ACAN, collagen II, and SOX9

and the cell senescence proteins p21 and p16INK4a in hNPCs treated with DIXDC1 or METTL14 OE. (F) Expression of the anabolic proteins ACAN and collagen II and the cell

senescence proteins p21 and p16INK4a in hNPCs treated with DIXDC1 or METTL14OE. (G) Expression of the anabolic proteins ACAN and collagen II and the cell senescence

proteins p21 and p16INK4a in hNPCs treated with hTT with or without DIXDC1 or METTL14 knockdown. (H) Representative image and quantification of SA-b-gal staining in

hNPCs treated with hTT or hTT + METTL14 knockdown. Data are shown as the mean ± SD, n = 5. ***p < 0.001, two-tailed unpaired Student’s t test.
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hTT enhanced the mRNA stability of DIXDC1 via IGF2BP1

Because we proved that METTL14 knockdown could decrease the
stability of DIXDC1 mRNA (Figure 5E), we next investigated poten-
tial effects of “reader” proteins in the process illustrated above. Upon
m6A methylated mRNA export to the cytoplasm, it binds to specific
cytosolic “reader” proteins, which can affect mRNA stability.41,56

The YTHDF family (YTHDF1/2/3) mRNA-binding proteins 1, 2,
and 3 (IGF2BP1/2/3) are mostly well analyzed for RNA stability
regulation.56,57
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The SDS-PAGE immunoblot results showed that expression of
YTHDF1/2/3 and IGF2BP1/2 was elevated upon hTT treatment
(Figure 7A). To identify the reader that recognizes the 30 UTR
of DIXDC1, an RNA pull-down assay was performed. The results
indicated that IGF2BP1 and IGF2BP2 interacted with the 30 UTR
of DIXDC1 (Figure 7B). To explored the effects of IGF2BP1 and 2
on DIXDC1 expression, we next knocked down IGF2BP1 and
IGF2BP2 using two specific small interfering RNAs (siRNAs)
and explored expression of DIXDC1 (Figures S5F and S5G). The



Figure 6. Biochemical characterization of interaction between DIXDC1 and METTL14 protein

(A) RIP assays for METTL14 were performed, and the coprecipitated RNA was subjected to qRT-PCR for DIXDC1 (top panel). Agarose electrophoresis of PCR products is

shown on the right. Experiments were performed in triplicate, and data are presented as mean ± SD. ***p < 0.001. (B) hNPCs were transfected with pcDNA-DIXDC1. The

colocalization of METTL14 and DIXDC1 mRNA in hNPCs was examined by in situ hybridization using a fluorescently labeled DIXDC1 mRNA-specific probe, followed by

immunocytochemistry with anti-METTL14 Abs and nuclei stained with DAPI. The distribution of DIXDC1 mRNA is shown in red, and METTL14 is shown in green. (C)

Visualization of the interaction between the 3D structure of METTL14 (calculated by Rosetta) and the secondary structure of the 30 UTR of DIXDC1 (calculated by Alphafold).
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results showed that only IGF2BP1 knockdown can abolish the
increased expression of DIXDC1 induced by hTT treatment (Fig-
ure 7C). The stability of DIXDC1 was evaluated in IGF2BP1
knockdown cells. The results demonstrated that IGF2BP1 knock-
down can decrease DIXDC1 stability in hTT-treated hNPCs
(Figure 7D).

DIXDC1 activates the canonical but not the noncanonical Wnt

pathway

DIXDC1 has been identified as a positive regulator of Wnt signaling
in zebrafish.58 We utilized a luciferase reporter construct containing
eight copies of the TCF/LEF binding site (8XSuperTOPFLASH) to
measure Wnt-mediated GSK3b/b-catenin activity. The results
showed that knockdown of DIXDC1 expression could significantly
reduce Wnt3a-stimulated TCF/LEF reporter activity compared with
shRNA controls (Figure 7E). Moreover, the Wnt pathway inhibitor
SM04690 attenuated matrix degradation and cell senescence induced
by DIXDC1 OE (Figure 7F).

Previous literature shows that DIXDC1 plays its role through
interaction with other proteins, like disrupted in schizophrenia 1
(DISC1).59 We explored whether DIXDC1 can interact with
DISC1 in hNPCs. We found that DIXDC1 and DISC1 coimmuno-
precipitated in hNPCs, demonstrating that they form a complex in
hNPCs (Figure 7G). However, DIXDC1 does not coimmunopreci-
pitate with Ca2+/calmodulin-dependent protein kinase II
(CaMKII), an important noncanonical Wnt signaling pathway
protein. Although expression of CaMKII was increased upon
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Figure 7. hTT enhances the stability and half-life of DIXDC1 mRNA via IGF2BP1 and activation of the Wnt pathway

(A)The protein levels of “readers” in hTT- or control-treated hNPCs were measured using SDS-PAGE immunoblot; GAPDH was used as the loading control. (B) RNA pull-

down assays and SDS-PAGE immunoblot showed that IGF2BP1 and IGF2BP2 could bind the 30 UTR of DIXDC1 in hNPCs. (C) The expression of DIXDC1 in hNPCs with

knockdown of IGF2BP1or IGF2BP2 combined with hTT treatment using SDS-PAGE immunoblot. GAPDH was used as the loading control. (D) Lifespan of DIXDC1

expression in hTT-treated hNPCs transfected with the reduction of IGF2BP1. Relative mRNA levels were quantified by qRT-PCR. Data are shown as the mean ± SD,

n = 6. (E) hNPCs cells were transfected with the TOPFLASH reporter and control or Dixdc1 shRNA, followed by stimulation withWnt3a conditionedmedium, and subjected to

a luciferase assay. The graph shows the relative TCF/LEF luciferase activity. Data are shown as the mean ± SD, n = 3. *p < 0.05, **p < 0.01, two-tailed unpaired Student’s t

test. (F) Expression of the anabolic proteins ACAN and collagen II and the cell senescence proteins p21 and p16INK4a in hNPCs treated with control plasmid, DIXDC1 OE, or

DIXDC1 OE plus SM04690 using SDS-PAGE immunoblot; GAPDH was used as the loading control. (G) The endogenous interaction between DISC1 and DIXDC1 was

detected using coimmunoprecipitation. Then, the anti-DISC1 or anti-Dixdc1 immunoprecipitants were immunoblotted with anti-DISC1 or Dixdc1 Abs, respectively. (H) The

endogenous interaction between CaMKII and DIXDC1 was detected using coimmunoprecipitation. Then, the anti-CaMKII or anti-Dixdc1 immunoprecipitants were im-

munoblotted with anti-CaMKII or Dixdc1 Abs, respectively. (I) The expression of CaMKII and p-CaMK II in hNPCs treated with control plasmid or DIXDC1OE using SDS-PAGE

immunoblot; GAPDH was used as the loading control.
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DIXDC1 OE, phosphorylation of CaMKII was decreased after
DIXDC1 OE (Figures 7H and 7I). These results indicate that
DIXDC1 activates the canonical Wnt Pathway, which might be
correlated with the interaction with DISC.

DISCUSSION
MCs are relatively rare cells in disc tissues; however, they have potent
activity of inducing inflammatory status. The recombinant mMCP-6/
TT has been shown to be the most potent inducer of selective and
rapid accumulation of long-lasting neutrophils at injection sites.60,61

The long-lasting effect of mouse and hTTs is due to their ability to
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induce bystander cells in the peritoneal cavity, lungs, and other tissues
to selectively increase their expression of the interleukin-8 (IL-8) fam-
ily of chemokines in a persistent manner.61 The TT could also induce
activation of macrophages in tissues.7,13 MCPs can degrade the extra-
cellular matrix by activating collagenolytic MMPs and urokinase-type
plasminogen activator (uPA) involved in fibrosis. Human skin
chymotrypsin-like proteinases (tryptase, chymase) can degrade
normal human skin and lead to extensive epidermal-dermal separa-
tion.62 Tryptase can activate MMP-3 or stromelysin in a time- and
dose-dependent manner. When depleted of pro-MMP-3 by immu-
noadsorption, tryptase loses its capacity to generate active collagenase
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in cultured rheumatoid synoviocytes.63 Tryptase is also a potent acti-
vator of single chain (sc) uPA (or pro-urokinase), the zymogen form
of uPA. In contrast, some studies have reported that tryptase can
stimulate fibroblast proliferation and collagen synthesis. When
normal dermis-derived fibroblasts were stimulated with human
lung-derived tryptase, proliferation and production of type I collagen
were increased significantly.64 Chymase activates pro-collagenase in
tissue by cleaving the Leu82-Thr83 bond without forming intermedi-
ate species.65 Increased collagen synthesis by fibroblasts induced by
tryptase can explain the mechanisms for abnormal fibrosis in inflam-
matory disorders.66 Chymase releases latent transforming growth fac-
tor b1 from cultured leukocytes that can promote fibrosis.67,68

This study explored the detailed mechanisms of how hTT is involved
in disc degeneration, and NPCs were explored in a rat model as well as
in humans. DIXDC1 is a member of DIX domain-containing protein
and is strongly linked to theWnt signaling pathway, especially in neu-
ral development. In zebrafish, Ccd1, a homolog of human DIXDC1,
was also found to be a positive regulator of the Wnt signaling
pathway. It was suggested that DIXDC1 protein serves as an inhibitor
of Dvl- and axin-mediated activation of the c-Jun N-terminal kinase
pathway.69 The DIXDC1 protein can be regulated by the Wnt/b-cat-
enin pathway, and ubiquitin-dependent degradation of ectopic and
endogenous DIXDC1 protein can be decreased by activation of ca-
nonical Wnt signaling.70 Singh et al.59 reported that DISC1 is regu-
lated through interactions with DIXDC1 during embryonic neural
progenitor proliferation and neuronal migration and that interactions
can be modulated by Wnt-GSK3b/b-catenin signaling.59 Expression
of DIXDC1 is downregulated in human cancers, correlating with
poor survival.71 Mice lacking DIXDC1 have abnormal anxiety,
depression, and social behavior.44 Our single-cell RNA-seq data
showed that DIXDC1 is upregulated in severe compared to mildly de-
generated tissues. Thus, tryptase could induce IVD degeneration
through upregulation of DIXDC1.

We showed an increase in trabecular bone (increased in BV/TV and
Tb.Th) in CS-exposed mice by micro-CT; these results are consistent
with a previous study.72 Female B6 mice exhibited more trabecular
BV in vertebral bodies following CS exposure for 4 weeks than air-
exposed control mice.72 Another study reported that no significant
loss in vertebral trabecular BV was observed after 12 weeks of CS
exposure.73 It has been widely acknowledged that vertebral trabecular
bone adjacent to the endplate undergoes a process of microfracture
and healing during the process of spinal degeneration.74 Cadaveric
thoracolumbar spine specimens were used in mechanical experi-
ments, which demonstrated that, in upright postures, disc degenera-
tion results in transfer of compressive load bearing from the anterior
vertebral body to the neural arch. This transfer causes a reduction in
trabecular architecture anteriorly.75 A systematic review suggested
that the prevalence of IVDD increases in the presence of bony stress;
whether a causal relationship exists is unclear.76 Based on the data ob-
tained from an experimental IVDD rat model induced by needle
puncture, it appears that disc degeneration is associated with regional
inhomogeneity in vertebral trabecular morphology, where the convex
region of the vertebrae exhibits more severe trabecular bone
morphology deterioration than the concave region.77 The human
IVD experiences a perpetually intricate load-bearing microenviron-
ment. CS-induced disc remodeling might stimulate changes in
the biomechanical environment of trabecular bone. Overall, the rela-
tionship between trabecular morphology and disc degeneration is a
highly complex and dynamic phenomenon that involves a variety
of cellular and molecular mechanisms. However, trabecular volume
represents laying down a new osteoid (bony extracellular matrix) or
an attempt at new bone formation to replace lost bone (smoking-
induced osteoclastogenesis). The osteoid may not yet be mineralized
(osteomalacia) or, alternatively, may be subject to delayed mineraliza-
tion (osteoporosis) in a smoking environment. Further research is
needed to fully understand the underlying mechanisms of their
interaction.

We explored the detailed mechanisms of how TT regulates the activ-
ity of DIXDC1. m6A can modulate mRNA biology, including folding,
maturation, nuclear processing, translation, and decay.78 Decay is the
final step in mRNA metabolism, and during this process, mRNA is
destabilized and degraded. We found that TT could inhibit the decay
of DIXDC1 mRNA, which is METTL14 mediated.

Protein writers, erasers, and readers mediate the effects of m6A.
Writers and erasers determine the prevalence and distribution of
m6A, and readers mediate m6A-dependent functions. Reader
(m6A-binding) proteins include the YTH family, heterogeneous
nuclear ribonucleoproteins, and IGF2BPs. YTHDF1 (The YTH
N6-methyladenosine RNA binding proteins 1), YTHDF2, and
YTHDC2 increase mRNA translation, while YTHDF2 and
YTHDF3 promote mRNA decay. YTHDC1 is involved in alternative
splicing, nuclear export, and X chromosome silencing. YTHDF1 and
YTHDF2 selectively recognize the m6A region and regulate mRNA
degradation. Interactions between mRNA and YTHDF2 result in
localization of bound mRNA from the to mRNA decay sites, like pro-
cessing bodies.79 IGF2BP1–IGF2BP3 increase the stability of targeted
mRNAs.80 Although YTHDF and IGF2BPs proteins can affect
mRNA metabolism, we showed that expression of almost all reader
proteins was elevated; however, only IGFBP1 and IGFBP2 can
directly bind with the 30 UTR of DIXDC1. Moreover, only
IGF2BP1 knockdown impacted the levels of DIXDC1 protein.

The Wnt pathway is an intracellular central signaling cascade critical
for host development and many disease processes. Wnt/b-catenin
signaling is a key regulator of cartilage development.81 The effects
of theWnt pathway in IVDs have been assessed. Pizzute et al.82 found
that OE of specific Wnt factors increased glycosaminoglycan (GAG)
deposition and expression of re-differentiation genes. In NPs, its ac-
tivity was undetectable but upregulated after birth.83 In chronic
compression and age-induced IVD degeneration mouse models,
expression of Wnt ligand decreased and b-catenin increased in
NPCs.84 Silva and Holguin85 reported that age-related inactivation
of Wnt signaling in osterix-expressing cells suppressed IVD regener-
ation by inhibiting progenitors and chondrocyte-like cell expansion.85
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Wnt/b-catenin signaling has dual roles in early IVD degeneration.
Abnormal activity usually impairs NPC function, decreases matrix
deposition, and accelerates fibrosis. During degeneration, chondro-
cyte-like cells replace notochordal cells in NP tissue. Expression of
b-catenin and Wnt target genes was high in chondrocyte-like cell-
rich NP tissues. However, Wnt/b-catenin signaling activity can also
support notochordal cell potential progenitor characteristics.86

Hiyama et al.87 demonstrated that tumor necrosis factor alpha
(TNF-a) and Wnt/b-catenin signaling form a positive feedback
loop in NPCs, resulting in cell degeneration.87 In zebrafish, Ccd1
was identified as a positive regulator of Wnt-TCF/LEF signaling.

We found that treatment with SM04690 attenuated the IVD degener-
ation induced by OE of DIXDC1. Lorecivivint (SM04690), a small-
molecule Wnt pathway inhibitor, induces chondrogenesis and
inhibited joint destruction in rat osteoarthritis models.88 The mecha-
nism underlying these effects was revealed to be by inhibiting theWnt
pathway or intranuclear kinases CDC-like kinase 2 (CLK2) and
dual-specificity tyrosine phosphorylation-regulated kinase 1A
(DYRK1A).89 Deshmukh et al.90 also showed that SM04690 could
inhibit Wnt pathway gene expression and NPC senescence, decreased
catabolism, and induced chondrocyte-like cell differentiation. In vivo
studies showed increased cartilage matrix and disc height in
SM04690-treated rats.90 This demonstrated that the effects of
DIXDC1 on NPCs were dependent, at least in part, on activation of
the Wnt pathway.

Additional work will be required to see whether CS-induced IVDD is
reduced in mMCP-6/mMCP-7-null B6 mice relative to WT B6 mice.
There is currently limited literature on the efficacy of TT inhibitors/
shRNA in modulating biological processes that are not solely trig-
gered by introduction of purified tryptase. This area of research is
further complicated by notable variations between human tryptase
inhibitors/shRNA and their equivalents in animal models. It is plau-
sible that a particular modification, like TT inhibitor/shRNA, while
effective in suppressing human proteases, may demonstrate signifi-
cantly reduced activity against the corresponding endogenous prote-
ase in MCs. It is also possible that an inhibitor/shRNA designed to
selectively target a humanMC protease may also exhibit potent inter-
actions with an unidentified endogenous target that is not necessarily
a protease expressed by MCs. Screening TT inhibitors and direct ge-
netic manipulations of specific genes will be important to explore the
potential therapeutic approaches to CS-induced IVDD in the future.
They could establish the dependence of TT and direct dependence of
mRNA stability on DIXDC1 proteins in more disease-relevant
models.

Collectively, these findings define the mechanisms of pathogenesis of
smoking-related IVD degeneration and LBP. This may indicate ave-
nues such as targeting MC TT for treatment of this highly prevalent
condition when smokers are unable to give up smoking or general
populations are exposed to air pollution. Further, it could also help
develop mRNA-based therapies that target degenerative disc disease
patients who are smokers.
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MATERIALS AND METHODS
Mice

All mice were bred and maintained under specific pathogen-free con-
ditions. All experiments were performed at the Centenary Institute
(Camperdown, Sydney, NSW, Australia) with 6- to 8-week-old fe-
male mice. All use of animals met the requirements of the NSW An-
imal Research Act 1985, NSWAnimal Research Regulation 2010, and
Australian Code of Practice for the Care and Use of Animals for Sci-
entific Purposes.
CS exposure

WT C57BL/6 (B6) mice were used in the study. In each experiment,
mice were simultaneously exposed to the smoke of up to 12 3R4F
reference cigarettes (University of Kentucky, Lexington, KY, USA)
twice per day, 5 times per week for 8 and 12 weeks using a custom-
designed and purpose-built nose-only, directed-flow inhalation
and smoke exposure system (CH Technologies, NJ, USA) housed
in a fume and laminar flow hood as described previously
described.6,7,9,11,23–27 The experiments included 10 mice per group,
which were housed 3–4 mice per cage under environmentally
controlled, specific pathogen-free conditions with a 14:10 h light/
dark cycle for the duration of the study.
Analysis of proteomics data

To identify peptides by their fragmentation spectra, we used
MaxQuant (v.1.6.6)91 and Andromeda as a peptide search engine in-
tegrated into the MaxQuant environment. The database for reference
is the mouse proteomics dataset in Uniprot with the following param-
eter settings: fixed modifications, carbamidomethyl (C); variable
modifications, oxidation (M), acetyl (protein N-term); enzyme,
semi-trypsin; maximum missed cleavages, 2; peptide charge 2+, 3+,
and 4+; peptide tolerance, ±4 ppm; MS/MS tolerance, 0.4 Da. FDR
with q < 0.01 was used as a filter at the protein and peptide levels,
and only proteins with at least two unique peptides were included
for the final report. The functional annotated and enriched analysis,
including Gene Ontology (GO) term (biological process, cellular
component, molecular function), KEGG,and Cluster of Orthologous
Groups (COG) of proteins) was achieved by the Diamond process of
eggNOG-mapper.92 The core analysis was carried out using the
default settings, with only direct relationships and experimentally
observed confidence considered. The p value for the correlation be-
tween identified proteins and a given canonical pathway was calcu-
lated by Fisher’s exact test.
Rat model

The rat IVDD model was built as reported previously reported;
3-month-old rats were used.39 A total of 10 male Sprague-Dawley
rats, aged 3 months, were used for the experiments in vivo. Five
rats were injected intradiscally with recombined human tryptase
(rhTryptase), and the remaining five rats were injected intradiscally
with PBS as controls. The intervertebral space was located by digital
palpation. Next, a needle was affixed using a clamp so that a 5-mm
tip stuck out. After cleaning the injection site with ethanol, the needle
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head was inserted into the intervertebral space and held in place for
20 s to ensure puncture. The needles were inserted into the tail discs
between the seventh and eighth coccygeal vertebrae (Co7/Co8) and
between Co8/Co9. Each rat was injected with two discs: one for tryp-
tase injection and another for buffer control injections. For the tryp-
tase groups, the discs were injected intradiscally with 15 mg/mL
rhTryptase, while the control animals were injected with the same
amount of PBS. The same amount (2 mL) of the solution of interest
was injected into the center of the NP to eliminate the influence of
the injected volume.39 After surgery, the animals were returned to a
warm and clean cage and monitored until awake.

mRNA-seq

After RNA was isolated, the 30 mRNA single-cell RNA-seq libraries
were generated utilizing disposable microfluidics cartridges to co-
encapsulate single cells and barcodes into sub-nanoliter droplets on
a Bio-Rad ddSEQ Single-Cell Isolator. Cell lysis, barcoding, and 30

RNA-seq libraries generated with an Illumina SureCell WTA 30 Li-
brary Kit were prepared for NPC samples. Libraries were prepared ac-
cording to the manufacturer’s protocols. Libraries were then purified
and sequenced on an Illumina NextSeq 550 with 68 � 75 bp paired-
end reads in mid-output mode.

MeRIP-seq

Total RNA was extracted from rat NP tissues using TRIzol reagent
(Thermo Fisher, MA, USA, 15596026). An Agilent 2100 Bioanalyzer
(Agilent, CA, USA) and NanoDrop 2000 (Thermo Fisher) were used
for determination of total RNA quality and quantity. The total cell
RNA was next fragmented into �100-nt-long oligonucleotides in
fragmentation buffer under elevated temperature using RNA frag-
mentation reagent (AM8740, Invitrogen). Then post-fragmentation
size distribution was validated using an Agilent 2100 Bioanalyzer
and Agilent RNA 6000 Kit. Magna ChIP protein A/G magnetic beads
were incubated (30 min, room temperature) with an m6A-specific Ab
in immunoprecipitation buffer. The mixture was then incubated with
the MeRIP reaction mixture (2 h, 4�C). Sequencing was performed on
an Illumina Novaseq 6000 platform following the vendor’s recom-
mended protocol.

Co-immunoprecipitation

Cell samples were lysed with NP-40 lysis buffer containing proteinase
and phosphatase inhibitor cocktail (20 min on ice). After cells were
harvested, 50 mL Dynabeads protein G (Life Technologies, Gaithers-
burg, MD, USA) was incubated with 3 mg Ab (room temperature, 1 h).
Then protein lysates and bead-Ab complexes were mixed and incu-
bated (overnight, 4�C). Beads were next washed three times with lysis
buffer. Bound proteins and 10% input were analyzed by SDS immu-
noblotting. Gels from immunoblotting were then validated by prote-
omics or downstream verification experiments.

ChIP

ChIP assays were performed using SimpleChIP Enzymatic Chro-
matin IP Kits (Cell Signaling Technology, MA, USA) following the
manufacturer’s instructions. Briefly, cells were fixed with formalde-
hyde to cross-link histone and non-histone proteins to DNA.
Then, chromatin was digested with micrococcal nuclease into 150-
900-bp DNA/protein fragments. Abs against H3K4me3, H3K9me3,
H3K16ac, and H3K27ac were added for immunoprecipitation.
Then cross-links were reversed, and the level of enrichment of the
target DNA sequence was purified, ready for PCR. Normal rabbit
IgG was used as a negative control.

RNA pull-down assays

The 30 UTR of DIXDC1 was transcribed in vitro using large-scale
RNA production systems (Promega, USA) and labeled with Biotin us-
ing Biotin RNA Labeling Mix and T7 RNA polymerase (Roche,
Switzerland). Biotinylated RNAs were then mixed with streptavidin
agarose beads (Life Technologies, 4�C overnight). Cell lysates were
extracted from hNPCs and incubated with purified biotinylated tran-
scripts (1 h, 4�C, with rotation). Then streptavidin agarose beads were
added to precipitate RNA-protein complexes. After washing thor-
oughly three times, the RNA-protein binding mixture was boiled in
SDS buffer, and the eluted proteins were detected by immunoblot.

Micro-CT

The bone micro-architecture of the tibiae was assessed ex vivo using a
MILabs U-CT system. The scanning parameters for ex vivomicro-CT
imaging were 5-mm pixel size, 50 kV, 200 mA, 321 projections, and
0.5-mm Al filter. Micro-CT data were exported as a DICOM file for
further processing. After reconstruction, the ex vivomicro-CT images
were segmented using a global threshold. The global threshold was
visually determined to optimally separate the bimodal histogram
into bone and soft tissue. Trabecular and cortical volumes of interest
were selected manually, and histomorphometry parameters were
calculated according to the guidelines for assessment of bone micro-
structure in rodents using micro-CT.93

Safranin-O/fast green staining

Mouse and rat spine samples were fixed with 4% paraformaldehyde
for 48 h and decalcified using 15% EDTA-2Na for 3 weeks. This
was followed by routine histological preparation, where 3 mm thick
sections were processed for safranin O/fast green staining, as we re-
ported previously.94 Sections were also viewed using a digital imaging
workstation under polarized light (DM6000 B, Leica Microsystems).
The evaluation of the IVDD was based on modified Thompson scales
(Table S1).

Sample preparation for label-free proteomics

The lumbar spines of air/CS-exposed mice were harvested after
euthanasia. The surrounding soft tissues, including muscle, bone,
and spinal cord, were removed under a stereoscope. The intact
IVDs (including NP, AF, and CEP) were isolated from the lumbar re-
gions and minced with a scalpel, transferred to a microcentrifuge
tube, and incubated in 4 M urea, 10 mM dithiothreitol, and 50 mM
NH4HCO3 (pH 8.6), for 2 h at room temperature with gentle agita-
tion. After sonicating and agitating, samples were centrifuged
(14,000� g, 15 min, 4�C), supernatants were collected, and total pro-
tein concentration was assessed using the BCA assay.
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Label-free proteomics was carried out using LC-MS/MS. Samples
(0.8 mL) were loaded onto a micro-C18 precolumn (500 mm �
2 mm, Michrom Bioresources, CA, USA) with buffer A (0.1% formic
acid [FA] in water), which was then switched via a Valco 10-port
valve (Dionex/Thermo Scientific, CA, USA) into the line with a frit-
less nano-column (75 mm � 10 cm) containing reverse-phase C18
medium (5 mm, 200 Å Magic, Michrom Bioresources). Samples
were eluted using a 120-min gradient from 2%–30% of buffer B
(98% acetonitrile, 0.1% FA, 2% H2O) at a flow rate of 250 nL/min.
Mass spectra were obtained from a linear trap quadropole (LTQ)
Orbitrap Velos mass spectrometer (Thermo Electron, Bremen, Ger-
many) in data-dependent acquisition mode in the m/z range from
350–1,750 (resolution = 30,000 at m/z 400 with an accumulation
target value of 1,000,000 ions). Peptide fragmentation within the
ion trap was caused by higher-energy collision dissociation, and an
activation q of 0.25 and activation time of 30 ms were applied at a
target value of 30,000 ions.

Culture of hNPCs

Human NP tissues from IVDs L2–S1 were isolated under a micro-
scope. Tissue pieces were cut into 0.1� 0.1 mm3 fragments in a sterile
Petri dish, and blood was rinsed away with sterile control. Briefly, tis-
sue samples were first washed with PBS, minced into small pieces
(�1 mm3) on ice, and enzymatically digested with 500 U/mL collage-
nase I, 150 U/mL collagenase II, 50 U/mL collagenase IV, 0.1 mg/mL
hyaluronidase, 30 U/mL DNaseI, and 5% fetal bovine serum (Orin-
gin) for 95 min at 37�C with agitation. After centrifugation, cells
were resuspended and seeded in monolayer culture with DMEM con-
taining 10% fetal bovine serum (FBS; Gibco) and 1% penicillin-strep-
tomycin (Sigma) and incubated (37�C, 21% O2, and 5% CO2).

FISH and immunofluorescence (IF)

A locked nucleic acid-modified oligonucleotide probe targeting the 30

UTR of DIXDC1 was used for RNA FISH. The METTL14 protein in
situ was detected with anti-METTL14 Ab (Proteintech, 26158-1-AP)
using IF assays. Images were captured with a confocal microscope
(Leica, Wetzlar, Germany). DAPI was used to label nuclear DNA
(shown in blue). The co-localization ratio was calculated with the Co-
localization Finder program of the ImageJ software. Pearson’s corre-
lation and overlap coefficient were used for quantitation.

Histopathology and IF

For immunohistochemical staining, sections were exposed to primary
anti-DIXDC1 Ab (Abcam, ab226210, 1:450) and anti-METTL14
polyclonal Ab (Proteintech, 26158-1-AP, 1:150) overnight. Slides
were then treated with goat anti-mouse IgG H&L (Abcam,
ab205719) for slides exposed to tryptase primary Ab and polyperox-
idase-conjugated anti-mouse rabbit IgG for slides stained with pri-
mary Abs against DIXDC1 and METTL14. Sections were developed
in diaminobenzidine solution (Biocare Medical, Pacheco, CA, USA)
under a microscope and counterstained with hematoxylin. Primary
Abs were omitted for negative controls, and tissues from tonsils
were used as the positive control for tryptase staining. Tissues from
mouse pancreas were used as the positive control for DIXDC1 stain-
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ing, and tissues frommouse testis were used as the positive control for
METTL14 staining. Two pathologists, blinded to clinical information,
evaluated the staining of each specimen using a semi-quantitative
immunoreactivity scoring system determined by the proportion of
squares occupied by immunoreactive cells compared with the stromal
area in a high-power field (scale, 0–100). In case of disagreement,
slides were reviewed, and a consensus was reached by the two
observers.

LC-MS/MS analysis of m6A levels

Total RNA was extracted from rat NP tissues using TRIzol reagent
(Thermo Fisher, 15596026). Next, mRNA was purified from total
RNA using the NEBNext Poly(A) mRNAMagnetic IsolationModule.
After digestion and centrifugation, supernatants were injected into an
LC-MS/MS instrument. Nucleosides were separated and detected in
positive ion multiple reaction monitoring (MRM) mode. Quantita-
tion of modifications was determined by nucleoside-to-base ion
mass transitions (m6A, 282 to 150; A, 268 to 136).

SA-b-gal staining

SA-b-gal staining of hNPCs was performed utilizing an SA-b-gal
staining kit (Beyotime, C0602). Briefly, challenged hNPCs were fixed
with 0.2% glutaraldehyde (15 min, room temperature). After washing
with PBS, cells were stained with freshly prepared X-gal staining so-
lution (pH 6.0, 37�C, overnight). After overnight incubation, cells
were washed with PBS and visualized under a microscope.

RNA FISH and IF co-staining

A locked nucleic acid-modified oligonucleotide probe targeting the 30

UTR of DIXDC1 was used for RNA FISH. The levels of METTL14
protein in situ were detected with anti-METTL14 Ab (Proteintech,
26158-1-AP) using IF assays. Images were captured with a confocal
microscope (Leica, Wetzlar, Germany), and DAPI was used for label-
ing nuclear DNA (shown in blue). The co-localization ratio was calcu-
lated with Colocalization Finder of the ImageJ software, and Pear-
son’s correlation and overlap coefficient were used for quantitation.

RIP assays

hNPCs (passage 2) were harvested and treated with formaldehyde to
cross-link in vivo protein-RNA complexes. Cells were centrifugated
(2,500 � g, 15 min) to pellet nuclei and resuspended in freshly pre-
pared RIP buffer. Then magnetic beads coated with 5 mg of specific
Abs against IgG (17–700, Millipore) or METTL14 (Proteintech,
26158-1-AP) were incubated with prepared cell lysates (overnight,
4�C). After RNA IP, RNA-protein complexes were washed 6 times
and incubated with proteinase K digestion buffer. RNA was then ex-
tracted by TRIzol reagent (Thermo Fisher, 15596026). The relative
interaction betweenMETTL14 and the 30 UTR of DIXDC1 was deter-
mined by qRT-PCR and normalized to the input.

Plasmid transfection

Stable knockdown of DIXDC1 or METTL14 was performed using
CMV enhancer plasmids containing DIXDC1 or METTL14 se-
quences resistant to the specific shRNAs. The plasmid was designed
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and assembled by Genechem Technologies. Transfections were per-
formed with the plasmid-lipid complex using Lipofectamine 2000
(Thermo Scientific) according to the manufacturer’s protocol. After
72 h, transfected cells were subjected to quantitative real-time PCR
to confirm expression of DIXDC1 or METTL14 and collected for
the following assay. All shRNA sequences are listed in Table S7.

siRNA transfection

To achieve IGF2BF1 and IGF2BP2 knockdown, we used Lipofect-
amine 2000 (Thermo Scientific) according to the protocol for 72 h
with 100 nM IGF2BF1 and IGF2BP2 siRNA(GenePharma) or con-
trol. All siRNA sequences are listed in Table S7.

qRT-PCR

Total RNA was harvested from NPCs and reverse transcribed into
cDNA with the PrimeScript RT Reagent Kit (Takara). Then cDNAs
were subjected to qPCR analysis with FastStart SYBR Green Master
Mix (Roche) and a LightCycler 96 (Roche). GAPDH was used as an
internal control. For MeRIP-qPCR, qRT-PCR was carried out by
our following m6A IP to quantify changes to m6A methylation of a
certain target gene. The process for MeRIP was as described
previously.95

RNA stability assay

To inhibit mRNA transcription, cells were treated with 5 mg/mL Acti-
nomycin D (A1410, Sigma-Aldrich). Cells were collected at 0, 3, and 6
h, and RNA was extracted to analyze degradation rates. The mRNA
half-life (t1/2) was calculated by qRT-PCR.

Protein and RNA structure prediction

The protein structure of METTL14 was predicted and analyzed by the
Rosetta software package52,53 and Alphafold.54

Luciferase assays

hNPCs were plated into 24-well plates at 1 � 105 cells/well density.
Cells were transfected per well with 0.8 mg of shRNA plasmid together
with 50 ng of SuperTOPFLASH (Beyotine, D2505) and 10 ng of pRL-
TK using Lipofectamine 2000 (Thermo Scientific) for 24 h. Then
transfected cells were stimulated with Wnt3a-conditioned medium
for 16 h. The TCF reporter activity was measured using the Dual-
Luciferase Assay System (Promega).

Statistical analysis

All data were analyzed using Prism 9 (GraphPad, USA). Comparisons
of two groups were performed using unpaired Student’s t test, while
comparisons of three or more groups were performed using one-
way ANOVA with Tukey’s post hoc test. Statistical significance was
accepted at p < 0.05. The modified Thompson scores for the histology
of mouse IVDs were analyzed by Ridit analysis (**p % 0.01).
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