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RMRP accelerates ligamentum
flavum hypertrophy by regulating
GSDMD-mediated pyroptosis
through Glil SUMOylation

Xudong Yan', Tinglong Liu', Run Zhang', Qinghong Ma*
and Chao Sun*

Department of Spine Surgery, The Affiliated Jiangning Hospital of Nanjing Medical University, Nanjing,
Jiangsu, China

Hypertrophy of ligamentum flavum (LF) is a significant contributing factor to lumbar
spinal canal stenosis (LSCS). IncRNA plays a vital role in organ fibrosis, but its role in LF
fibrosis remains unclear. Our previous findings have demonstrated that Hedgehog-
Glil signaling is a critical driver leading to LF hypertrophy. Through the RIP
experiment, our group found Inc-RMRP was physically associated with Glil and
exhibited enrichment in Glil-activated LF cells. Histological studies revealed elevated
expression of RMRP in hypertrophic LF. In vitro experiments further confirmed that
RMRP promoted Glil SUMO modification and nucleus transfer. Mechanistically,
RMRP induced GSDMD-mediated pyroptosis, proinflammatory activation, and
collagen expression through the Hedgehog pathway. Notably, the mechanical
stress-induced hypertrophy of LF in rabbit exhibited analogous pathological
changes of LF fibrosis occurred in human and showed enhanced levels of
collagen and a-SMA. Knockdown of RMRP resulted in the decreased expression
of fibrosis and pyroptosis-related proteins, ultimately ameliorating fibrosis. The
above data concluded that RMRP exerts a crucial role in regulating GSDMD-
mediated pyroptosis of LF cells via Glil SUMOylation, thus indicating that targeting
RMRP could serve as a potential and effective therapeutic strategy for LF hypertrophy
and fibrosis.
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Introduction

Lumbear spinal canal stenosis (LSCS) is a highly prevalent disorder affecting life quality
of the elderly population (1). The pathological mechanisms of LSCS result from various
factors such as intervertebral disc herniation, facet joint hyperplasia, and ligamentum
flavum (LF) degeneration. More importantly, degeneration of LF is considered as a
significant contributing factor facilitating the progression of LSCS (2).
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As is widely recognized, the LF is a significant part of the
posterior column of the spine, since it covers and protects the
posterior side of the dura sac (3). From a histological perspective,
the normal LF is an elastic structure consisting of a large amount of
elastic fibers and a small amount of collagen fibers. Nevertheless, as
a result of hypertrophy, the LF displays signs of losing elastic fiber
and growing collagen fibers, indicating fibrotic changes, which has
been recognized as the primary pathological change of LF (4, 5).
Despite this knowledge, the detailed molecular mechanisms
underlying LF fibrosis are still unknown.

It has become increasingly clear that the role of inflammation
has become increasingly apparent (6, 7). Similarly, LF fibrosis
progresses as a consequence of chronic inflammatory response as
well (8, 9). Thus, it is evident that the inflammatory response serves
as a significant pathological mechanism in LF fibrosis. Pyroptosis, a
newly recognized type of programmed cell death triggered by
inflammasomes and orchestrated under the control of Gasdermin
D (GSDMD), leads to a massive release of proinflammatory
cytokines and local inflammatory response (10). Despite the
strong association of pyroptosis with fibrosis in various tissues
(10), there has been no reports linking pyroptosis to the
pathogenesis of LF fibrosis.

In general, it is acknowledged that IncRNAs are a crucial type of
RNA transcripts comprising multiple transcripts that are long over
200 nucleotides and lack the function of protein-coding (11). There
is emerging evidence demonstrating that IncRNAs play vital roles in
numerous biological processes and various diseases (12). Recently,
it has been shown that several IncRNAs have been implicated in
fibrosis diseases (13), including LF fibrosis (14). Our previous
research have established that Hedgehog-Glil pathway is critical
for driving the hypertrophy and fibrosis of LF (15). In the RIP
experiment, we found RMRP physically interacted with Glil and
was enriched in Glil-activated LF cells. Additionally, the
hypertrophic LF expressed abnormal pyroptosis-related proteins.
However, the mechanism for pyroptosis activation and the
downstream effects of RMRP on LF fibrosis remain poorly
understood. Here, we aimed to further investigate the potential
relationship and mechanism between RMRP and pyroptosis for
LF fibrosis.

Materials and methods
Approval by the ethical community

An approval number of 2020-03-01-H02 was obtained from
Nanjing Medical University’s Ethics Committee. Specimens of both
human and rabbit LF were provided by the Affiliated Jiangning
Hospital with Nanjing Medical University. Participation in this
study was subject to written informed consent from each patient.

Subjects

Samples were obtained from patients undergoing lumbar
posterior decompressive laminectomy at the authors’ Hospital
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who had LSCS or lumbar disc herniation (LDH). LSCS patients
were included if they met the following criteria: age 55 to 70 years,
presence of spinal stenosis at L4/5 level, and MRI-measured LF
thickness greater than 4mm. Samples of non-hypertrophic LF were
collected from age-matched LDH patients with LF thickness below
4 mm. A number of conditions were excluded from the present
study, including lumbar spondylolisthesis, spinal tumors, spinal
tuberculosis, heart and kidney diseases, and skeletal dysplasia.
During this study, all patients enrolled had spinal surgeries
performed by three experienced spinal surgeons. A detailed
information description of all enrolled patients is presented
in Table 1.

LF samples collection

During the surgical procedure, each patient’s LF sample used in
this study was collected exclusively at the L4/5 level from the dorsal
side of the LF and then used for subsequent experiments. Briefly, all
LF samples were divided into three parts. One portion of the LF
samples collected from surgery were rapidly frozen in liquid
nitrogen to be analyzed later in a molecular biology laboratory.
Histopathological analysis of another portion of the LF tissues was
carried out by embedding them in paraffin following 48 hours of
fixing in 4% paraformaldehyde (PFA). Each specimen was cut along
the coronal plane using a paraffin microtome at the same level. As a
final step, the remaining portion of tissues was immediately used for
isolating primary LF cells.

LF thickness measurement

All patients enrolled in this study underwent lumbar MRI
scanning prior to surgery. Following the previously described
method (15), T2-weighted MRI at the level of L4/5 facet joint was
performed using PACS software for all patients to measure the LF
thickness. The measurement of all MRI images was made by an
experienced spine surgeon blind to the patients’ treatment. A three-
time measurement of LF thickness for each patient was taken as the
final measurement (Figure 1A).

TABLE 1 Comparison of data between two groups.

Index LSCS group LDH group P value

Number of patients 18 16

Mean age (years) 61.39+3.32 58.06+2.46 <0.05
Gender (male/female) 11/7 8/8
Level L4/5 L4/5

LF thickness 4.91+0.39 2.98+0.25 <0.05

Fibrosis score 3.38+0.21 1.31+£0.26 <0.05

RMRP 0.48+0.05 0.34+0.04 <0.05

mRNA expression
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Measurement of LF thickness, and morphology and structure observation LF samples. (A) Representative measurement of LF thickness on the T2-
weighted MRI at the facet joint level marked by the red arrow. (B) Comparison of LF thickness between two groups. (C) Images of LF samples
stained with H&E, EVG, and Masson (n=8). Scale bar, 100um. (D) Quantitative analysis of LF fibrosis score in two groups. (E) Quantitative analysis of
elastic and collagen fiber ratios. (n=10). (F) Correlating LF thickness with fibrosis score in LSCS group. (n=18). (G) Images of IHC staining of
fibronectin, a.-SMA, collagen |, and collagen Il in the LF samples of two groups. (n=6). (H, 1) Ultrastructure observation of LF by transmission electron
microscopy (n=2). Scale bar, 5um. Mean + SD results are presented; ##p < 0.001. LF, ligamentum flavum; EF, elastic fiber; CF, collagen fiber;

LDH, lumbar disc herniation; LSCS, lumbar spinal canal stenosis.
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Histological and
immunohistochemical staining

In order to decalcify the LF samples from humans or rabbits,
they were fixed overnight in paraformaldehyde at 4°C and then
transferred to 10% EDTA. Then, the specimens were cut into 4pum
sections using a microtome following being embedded in paraffin.
The sections were then deparaffinized, hydrated, and stained with
Masson trichrome staining kits, H&E staining kits, or Verhoeft’s
van Gieson (EVG) staining kits (Shanghai, China) following the
instructions provided by the manufacturer. An evaluation of LF
morphology and structure was conducted with H&E staining.
Collagen and elastic fibers were examined using Masson staining.
Masson staining and EVG staining were utilized to determine the
fibrous lesion and fibrosis score of LF.

Immunohistochemical (THC) staining was performed on the LF
sections by incubating them overnight at 4°C with antibodies against
fibronectin, collagen I, collagen III, ASC, Caspase-1, NLRP3, Collal,
Col3al, and o-SMA diluted to the manufacturers’ recommended
concentrations after dewaxing and rehydrating. Afterwards, the
sections were incubated with secondary antibodies (Abcam, Britain)
following three washes with PBS. Finally, a laser scanning microscope
(Zeiss, Germany) was utilized for visualization of the results following
counterstaining with hematoxylin. Plots were generated using SPSS
17.0 software and GraphPad Prism 9.5.1.

Transmission electron microscopy (TEM)

So as to observe the morphology and any ultrastructure changes
of LF, the transmission electron microscope (Delong, America,
TEM) was utilized in the present study. After being collected
from the surgery, the LF specimens were immediately chopped
into small pieces about 1 mm?® before immersing them for three
hours in glutaraldehyde solution. Specimens were then washed with
PBS, embedded in Epon, and sliced into about 80nm thick sections
with the ultramicrotome (Leica, Germany) after being dehydrated
with propylene oxide. In the end, a TEM was used to observe and
analyze the sections after being stained with 2% uranyl acetate.

LF cell isolation and culture

LF tissues from patients during the surgery were in accordance
with previously described method (15). In brief, the collected LF
samples were washed immediately using PBS (Gibco) following
surgery, sliced into small pieces, and then digested in an incubator
for one hour with 0.2% collagenase (Gibco). In the following step,
the pieces were cleaned with DMEM (Gibco) and cocultured with
DMEM by adding fetal bovine serum (Sigma) and penicillin/
streptomycin (Sigma). The confocal microscope (XTL3230-DIC)
was utilized to identify LF cells by immunofluorescence staining
using antibodies from Proteintech against collagen I, collagen III,
and o-SMA. In the subsequent experiment, P3 generation LF cells
were collected and their supernatants were obtained for ELISAs.
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Cell viability assays

In order to determine the proliferation ability of LF cells, the
MTT assay was used. Briefly, a total of 10° LF cells were seeded in
96-well plates per well and cultured for 24 hours with the condition
of 37°C and 5% CO?. Following this, an MTT working solution
(Beyotime, Nanjing, China) supplemented with 80 pl of DMEM was
added to every well (20 puL/well) and incubated for 4 hours at 37°C.
Lastly, an absorbance measurement at 490nm was conducted by a
microplate reader (CLV632-1120F0, Germany).

In this study, Annexin V-FITC Apoptosis Detection Kit
(Abcam, Britain) were used for flow cytometry to analyze LF cell
apoptosis. Follow the instructions, Annexin V-FITC and propidium
iodide staining solutions were added and then incubated with LF
cells for 20 minutes in the dark. Finally, the apoptosis of the LF cells
was detected by flow cytometry using a CytoFLEX SRT device
from China.

Immunofluorescence staining

At room temperature, LF cells were first fixed for 10 minutes
with 4% paraformaldehyde, followed by three wash steps with PBS.
After that, cells were permeabilized for 15 minutes with 0.1%
Triton, then blocked for one hour with 5% goat serum.
Subsequently, incubation of the cells with antibodies against
SUMOI, Glil, collagen I, and collagen III were performed
overnight at 4°C. Fluorescein isothiocyanate-conjugated (green)
secondary antibodies (Abcam) against mouse IgG were then
added to incubate the LF cells for one hour in the dark. DAPI
(Beyotime) was used to stain the nuclei for 10 minutes.
Fluorescence images were taken using an Olympus microscope.

Adenovirus construction and Infection

The RMRP lentivirus (RMRP), negative control lentivirus
(Vector), targeting DANCR lentivirus with short hairpin RNA
(shDANCR), lentiviruses with control shRNA (shNC), the Glil
lentivirus (LV-Glil), negative control lentivirus (LV-NC) were
created, packaged and tested in Guangzhou by RiboBio Co. Ltd.
As described previously and directed by the manufacturer (15), the
LF cells were isolated, cultured, collected and transfected. Western
blot or RT-PCR were used to determine infection efficiency.

RNA sequencing and bioinformatic analysis

Glil transfected LF cells and scramble control cells were
collected to obtain purified total RNA. Purification of the
qualified RNA was performed using the RNA Clean XP Kit
(Biotopped, Beijing). The construction of Illumina sequencing
libraries for IncRNA sequencing were performed according to a
modified protocol for strand-specific RNA sequencing.
Subsequently, A cluster was formed by loading the libraries onto
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cBot (Illumina, USA) and sequenced on the HiSeq X 10 platform at
the Nanjing medical Corporation. Hisat2 (Version 2.1.0) was used
to aligned RNA-seq clean reads to human reference genome
sequence assembly (Homo sapiens. GRCh38). After mapping,
differentially expressed genes were identified using edge R
software with the screening criteria of a threshold of P < 0.05 and
fold change >1.5. Finally, the differentially expression genes were
subjected to GO analysis using DAVID software.

RNA pull-down assay

RNA pull-down assays were conducted as directed by the
manufacturer using the RNA Pull-Down Kit (Termo Scientific).
RMRP binding complexes were captured by lysing LF cells with
precooled capture buffer, followed by incubation with biotin-labeled
RMRP. Further analysis was then conducted by extracting the total
RNA bound to the complexes.

RT-PCR

TRIzol reagent (Invitrogen,USA) was utilized for the isolation of
total RNAs from rabbit and human LF samples, and LF cells. The total
RNAs were reverse-transcribed into cDNA by using a Takara Kit
according to the manufacturers’ protocol. After that, gene expression
levels were measured with a Real-Time System for Thermal Cycler
Dice (Takara). Using 244Ct method, the relative levels of mRNA
expression were calculated by GAPDH as an internal control. In
Table 2, the primers with specific designs and their sequences are listed.

Western blotting

The Protein Extraction Sample Kit (Sigma) was used to isolate
proteins from human LF samples, rabbit LF samples, and LF cells as
previous described (15). After separation in 10% SDS-PAGE gels, the
samples were electroblotted onto the PVDF membrane (Sigma),. The
membranes were blocked in Blocking Buffer (Sigma) and then
incubated at 4°C overnight with primary antibodies against SUMO1
(1:1000, ab32058, Abcam), ASC (1:1000, ab283684, Abcam), Glil
(1:1000, ab167388, Abcam), Caspase-1 (1:500, ab238972, Abcam),
Cleaved Caspase-1 (1:1000, bs-1247R, Bioss), GSDMD-N (1:500,
ab215203, Abcam); GSDMD (1:1000, ab219800, Abcam), collagen I
(1:1000, 14695-1-AP, Proteintech), collagen IIT (1:1000, bs-0549R,
Bioss), NLRP3 (1:500, ab263899, Abcam), GAPDH (1:1000, AP0063,
Bioworld), and o-SMA (1:1000, 55135-1-AP, Proteintech). Then,
western blotting kit (Bioworld) was used to detect signals of each
blotting band after incubation with secondary antibodies (1:1000,
SA00001-2, Proteintech).

Enzyme-Linked Immunosorbent Assays

Supernatants from LF cells were collected and used to detect the
local concentrations of IL-1B and IL-18. Enzyme-linked
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TABLE 2 RT-PCR primers used in this study.

Primer Sequence

Glil Forward: 5'-TTCCTACCAGAGTCCCAAGT-3’
Reverse: 5' -CCCTATGTGAAGCCCTATTT-3'

RMRP Forward: 5'-ACTCCAAAGTCCGCCAAGA-3’
Reverse: 5' -TGCGTAACTAGAGGGAGCTGAC-3’
GSDMD Forward: 5-TGAATGTGTACTCGCTGAGTGTGG-3'
Reverse: 5-CAGCTGCTGCAGGACTTTGTG-3'
o-SMA Forward: 5" -CATTTGGTCAGAAGACGGTTG-3’
Reverse: 5" -GACCTGGAGTTCTCACTTTCATC-3’
Caspase-1 Forward: 5° -ACAGGCATGACAATGCTGCT-3'
Reverse: 5 -GCTGTC-AGAGGTCTTGTGCT-3’
ASC Forward: 5° -TGACGGATG-AGCAGTACCA-3’
Reverse: 5' -GGCCTGGAGGAGCAAGT-3’
NLRP3 Forward: 5" -GATCTTCGCTGCGATCAACA-3’
Reverse: 5' -GGGATTCGAAACACGTGCATTA-3’
IL-1B Forward: 5° -CCAGGGACAGGATATGGAGCA-3’
Reverse: 5° -TTCAACACGCAGGACAGGTACAG-3’
1L-18 Forward: 5 -CTGCCACCTGCTGCAGTCTA-3’
Reverse: 5
-TCTACTGGTTCAGCAGCCATCTTTA-3’
Collagen T Forward: 5" -ATGCCTGGTGAACGTGGT-3’

Reverse: 5" -AGGAGAGCCATCAGCACCT-3'

Forward: 5" -CGCTCTGCTTCATCCCACTATTA-3’
Reverse: 5" -ATTTGGCATGGTTCTGGCTTC-3’

Collagen III

GAPDH Forward: 5" -AGAAGGTGGTGAAGCAGGCGTC-3’
Reverse: 5 -AAAGGTGGAGGAGTGGGTGTCG-3’
Elastin Forward: 5" -GCCTGGGCTTGGAGTTGGTGC-3'
Reverse: 5" -CACGCCTCCCGCTCCGTATTTC-3’
Collal Forward: 5" -CAAGACCACCAAGACCTCCCG-3’
Reverse: 5 -GTCTGGGTTGTTTGTCGTCTGTTTC-3’
Col3al Forward: 5" -CGAGCCTCCCAGAACATCAC-3'

Reverse: 5" -GAGCAGCCATCCTCCAGAAC-3'

immunosorbent assays (ELISAs) kits (E-EL-H0253c, Elabscience,
China) were employed following the manufacturer’s protocol to
carry out the measurements.

Rabbit LF degeneration and
hypertrophy model

Animal Ethics Committee of Nanjing Medical University
approved all the animal experiments. An animal experiment
center at Nanjing Medical University provided fifteen male New
Zealand rabbits, each weighing about 2.5-3.0 kilograms. The
hypertrophic LF rabbit model was established as previously
described (15). Randomly, the rabbits were assigned to three
groups: the control group with no treatment (n=5), the LF
hypertrophy (LFH) group (n=5) + shNC group, and the LFH +
AAV-shRMRP group (n=5). After eight weeks of modeling, a
midline incision about 6cm was made under anesthesia.
Subsequently, the lumbosacral fascia was cut from one side of the
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mammillary process and the multifidus was detached to expose the
LF at L3/4 level. Additionally, AAV-shNC or AAV-shRMRP (4yl,
1x10"*vg/ml) from Jima Pharmaceutical Technology (Shanghai,
China) was injected into the LF using microliter micro-syringes
under an operating microscope (Hamilton, Switzerland). After the
rabbits had been modeled for 8 weeks, they were sacrificed, and LF
samples from the L4/5 level were obtained for the subsequent
experiments. A free diet and water were provided to all rabbits
enrolled in the study.

Statistical analysis

Unless otherwise noted, all data are presented in the form of
mean + SD. Student’s t-tests and one-way ANOV As were employed
to analyze differences between groups. For analyzing the correlation
between two indices, Pearson correlation coefficient was used.
Statistical significance was considered by P < 0.05. SPSS 22.0
software (IBM, Chicago, IL) was used to perform statistical analysis.

Results

LF thickness measurement, fibrosis score
and structural analysis

As illustrated in Table 1, The current study included 18 LSCS
patients and 16 LDH patients. In terms of age, sex, or LF level,
statistically insignificant were found between the two
groups (P>0.05).

At the level of L4/5 facet joint, representative coronal T2-
weighted MRI images were used to measure LF thickness
(Figure 1A). Previous research has indicated that LF thickness is
typically greater than 4 mm in patients with LSCS (15, 16). Based on
the representative MRI scans shown in Figure 1A, LF thickness
higher than 4 mm usually results in compression of the dural sac
and nerve root, ultimately leading to spinal stenosis. Nevertheless,
the LF from LDH did not oppress the dural sac, which was usually
less than 4 mm thick. Consistent with previous studies, the LF
thickness of LSCS group was 4.91 + 0.39 mm, compared to 2.98 +
0.25 mm in control group (Figure 1B and Table 1). Evidence from
previous studies has indicated structural abnormalities in LF from
LSCS patients (2, 5). As revealed by EVG and H&E staining in this
study, LF in LSCS group had few elastic fibers and abundant
collagen fibers. Morphologically, elastic fibers in LSCS group
showed unevenness, fragmentation, irregular arrangement, and
partial absence. In contrast, a considerable amount of elastic
fibers were organized regularly in LDH group, whereas a small
portion of collagen fibers were present (Figure 1C).

In addition, the LF fibrosis score was 3.38 + 0.21 in LSCS group,
whereas it was 1.31 + 0.26 in LDH group (Figure 1D, P< 0.05) based
on Masson staining analysis. The characteristics of fibrosis were also
evidenced by quantitative analysis showing a reduction in the
volume ratio of elastic fibers and a greater volume ratio of
collagen fibers compared to normal LF based on Masson staining
and EVG staining (Figure 1E). Furthermore, Positive correlations
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were found between the fibrosis score and LF thickness (P<0.05)
(Figure 1F), suggesting that LF hypertrophy is characterized by
fibrosis. Additionally, it was observed that the LSCS group
accumulated more fibrosis-associated proteins such as fibronectin,
0-SMA, collagen I, and collagen III than the LDH group as detected
by IHC (Figure 1G).

Finally, TEM was utilized to observe the ultrastructure of LF. In
brief, on the coronal plane, elastic fibers in the LSCS group exhibited
predominantly long shuttle or irregular shapes. Conversely, there
was a large presence of elliptical or short shuttle shapes in the LDH
group (Figure 1H). The LDH group displayed massive regularly
arranged elastic fibers and minimal collagen fibers. As opposed to
LDH group, LSCS group showed significant degradation of elastic
fibers content, whereas it had abundant collagen fibers (Figure 1I).

RMRP was elevated in hypertrophic LF and
linked to LF hypertrophy

In order to explore the potential molecular mechanism
underlying LF fibrosis, our study specifically examined Hedgehog-
Glil signaling pathway, which has previously been implicated in LF
fibrosis (15) and fibrosis of other organs (17). In line with previous
findings, we conducted a RIP experiment to analyze the expression
profiles of IncRNA in LF cells transfected with Glil or scramble
control using sequencing analysis of RNA binding to Glil.
Specifically, RNA-seq was performed in Glil transfected LF cells
(n=3) and control LF cells (n=3), and differential expression of
RNAs was determined using [logFC|>1.0 and P <0.05 as a screening
criterion. The findings of our study indicate that there were 1009
long non-coding RNAs (IncRNAs) that exhibited differential
expression levels between the two groups, with 608 upregulated
and 401 downregulated (Figures 2A, B). Among the upregulated
genes, LncRNA RMRP exhibited a threefold increase. Furthermore,
we observed a significant upregulation of IncRNA RMRP in LF
specimens of LSCS group as compared to the group with LDH, as
confirmed by quantitative RT-PCR (Figure 2C). Pearson correlation
coefficient analysis revealed that there existed a strong positive
correlation between RMRP levels and the thickness of LF as well as
fibrosis score in hypertrophic LF of LSCS group (Figures 2D, E).
Furthermore, microscopic observation and immunofluorescence
identified cells obtained from the LF sample with typical
fibroblast morphology and marked expression of cell markers of
collagen I, collagen III, and o-SMA, indicating high purity of LF
cells (Figure 2F). Subsequently, expression levels of the RMRP were
detected in LF cells from LDH and LSCS using RT-PCR. Consistent
with the results obtained from LF tissues, the RMRP level was
markedly increased in LF cells of LSCS group compared to LDH
group (Figure 2G). Collectively, these data indicated that abnormal
RMRP expression occurred in hypertrophic LF tissues.

To validate the impact of RMRP on the viability of LF cell, an
analysis was performed to evaluate its effect on growth and survival
of LF cells. In Figure 2H, there was a significant increase in cell
proliferation in RMRP over-expressed LF cells compared to the
control. Moreover, flow cytometry assay indicated a notably lower
percentage of apoptosis in LF cells over-expressing RMRP than in
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the control cells (Figures 21, J). To further explore the influence of
RMRP on fibrogenesis in LF cells, we analyzed its effect on the levels
of fibrosis-associated proteins. As illustrated in Figures 2K-M,
up-regulation of RMRP clearly elevated both mRNA (Figure 2K)
and protein (Figures 2L, M) levels of collagen types I and III in LF
cells. This finding was further supported by immunofluorescence
results (Figure 2N). In summary, our findings suggested a
strong correlation between RMRP and the pathogenesis of
LF hypertrophy.

RMRP stimulated fibrogenesis in vitro via
the activation of Hedgehog-Gilil signaling

Next, we investigated the possible mechanism through which
activated RMRP facilitate fibrogenesis in an in vitro setting. As
summarized in Figure 3A, GO pathway analysis was conducted on
dysregulated genes in Glil-transfected or control LF cells. The
results revealed that the pathways involving protein binding and
cellular component were notably significant for the dysregulated
genes in the Glil-over-expressed LF cells. Additionally, prior
research has suggested that IncRNAs modulate their biological
activity through interactions with particular proteins (18, 19). In
order to elucidate the regulatory mechanism of RMRP with Glil, a
RNA pull-down assay was performed to identify proteins
interacting with RMRP. The analysis indicated that Glil was the
most prominently enriched RMRP-binding protein. In brief,
western blot result confirmed the presence of abundant Glil in
RMRP-pull-down lysates (Figure 3B).

Furthermore, the interaction between RMRP and Glil was
confirmed through RNA immunoprecipitation (RIP) utilizing
antibodies specific to Glil in LF cells. Our results demonstrated a
significant enrichment of RMRP RNA when utilizing the Glil
antibodies (Figure 3C). Additionally, over-expression of RMRP
markedly enhanced the interaction between RMRP and Glil as
detected by RIP-PCR (Figures 3D, E). Altogether, our findings
established a direct interaction between RMRP and Glil.

To study the mechanism by which RMRP triggers Hedgehog-
Glil during fibrogenesis, we aimed to determine whether RMRP
might regulate the SUMOylation of Glil. Initially, we used Co-IP to
examine the protein interactions with Glil. As illustrated in
Figure 3F, Co-IP analysis revealed that Glil precipitated SUMOLI
in LF cells. Subsequent reverse Co-IP also confirmed a significant
precipitation of Glil by SUMOI in LF cells (Figure 3G).
Additionally, we conducted a Co-IP using epitope-tagged proteins
and observed efficient co-precipitation of Flag-labeled SUMO1 and
Myc-labeled Glil in 293T cells (Figure 3H). Next, we found that the
over-expression of RMRP effectively increased Glil SUMOylation
in LV-RMRP transfected LF cells as compared with the control
(LV-NC, Figure 3I). These data demonstrated the interaction
between Glil and SUMO1. Furthermore, immunofluorescence
staining was utilized to investigate the effect of RMRP on Glil
expression and nuclear translocation. Results revealed that in
control group, Glil was mainly found in the cytoplasm, not the

Frontiers in Immunology

10.3389/fimmu.2024.1427970

nucleus. However, in RMRP-transfected LF cells, a majority of Glil
translocated to the nucleus (Figure 3]), suggesting that RMRP
activated the Hedgehog-Glil pathway by inducing the Glil
nuclear transfer. Immunofluorescence co-localization analysis
suggested that Glil and SUMOI1 combined and co-localized in
the nucleus (Figure 3K), indicating that RMRP facilitated nuclear
translocation of Glil through regulating its SUMO modification.
Next, we aimed to investigate how RMRP induced collagen
expression. In light of the above data, we theorized that RMRP
could upregulate collagen expression through the Hedgehog
signaling. To validate the hypothesis, We studied how RMRP
affects collagen expression by using a Hedgehog inhibitor
(cyclopamine) on LF cells. The results of our study indicate that
the elevated collagen expression mediated by RMRP was markedly
reduced by treatment with cyclopamine (Figures 3M, N), as
detected by western blot analysis. Collectively, our findings
indicate that RMRP contributes to the pathological advancement
of fibrogenesis in vitro through the induction of Glil SUMOylation.

RMRP promoted pyroptosis in vitro by
activating Hedgehog-Glil signaling

As is known, pyroptosis is presently characterized as a form of
programmed necrosis mediated by gasdermin (20). The protein
Gasdermin D (GSDMD), which is cleaved by caspasel/4/5/11, plays
a crucial role in the induction of pyroptosis following
inflammasome activation. Emerging evidence indicates that
pyroptosis is a significant contributor to the pathogenesis of
fibrosis in multiple organ systems (10, 21, 22). As such, we noted
a marked up-regulation of GSDMD fluorescence intensity in LF
specimens of LSCS group compared to LDH group (Figures 4A, B).
Furthermore, an THC analysis was performed on LF tissues in order
to evaluate the cellular origins of Caspase-1, ASC, and NLRP3. The
findings indicated a statistically significant increase in the number
of positive cells in LSCS group compared to LDH group
(Figures 4C, D). In accordance with IHC results, elevated levels of
mRNA (Figure 4E) and protein expression (Figures 4F, G) of
Caspase-1, C-Caspase-1, NLRP3, ASC, and GSDMD-N were also
detected in LSCS group compared to LDH group. In conclusion, as
a result of these data, it appears that pyroptosis may contribute to
LF fibrosis pathogenesis.

To further explore the functional significance of the interaction
between RMRP and pyroptosis, LF cells were transfected with
lentivirus overexpressing RMRP or a scramble control, with or
without the Hedgehog signaling inhibitor (cyclopamine) (15). It was
found that RMRP overexpressing promoted protein levels of
C-Caspase-1, Caspase-1, GSDMD-N, and GSDMD in the LF cells.
These effects were markedly attenuated by cyclopamine as determined
by western blot analysis. Moreover, the levels of both IL-18 and IL-1f3
in the supernatant, as well as the mRNA levels in LF cells transfected
with RMRP overexpressing lentivirus were also markedly elevated.
Collectively, our results suggested that RMRP induced LF cell
pyroptosis through its interaction with Hedgehog signaling.
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RMRP stimulate fibrogenesis in vitro through the activation of Hedgehog-Glil signaling. (A) GO analysis for dysregulated genes in LF cells.

(B) Western blot analysis of Glil and RMRP association in RNA pull-down assay. (C) RIP assay using Glil antibody, detection of RMRP or GAPDH by
specific primers, and quantification of RIP enrichment (D, E) Increased RMRP expression enhanced its interaction with Glil, as shown by RIP assay
with Glil antibody. (n=3). (F, G) Co-IP (F) and reverse Co-IP (G) were used to assess interaction of Glil with SUMO1 examined by immunoblotting
with antibodies (n=3). (H) HEK 293T cell lysate transfected with Myc-Glil and Flag-SUMO1 was immunoprecipitated with anti-Flag and
immunoblotted with anti-Flag and anti-Myc (n=3). (I) Lysates from LF cells transfected with LV-control or LV-RMRP were immunoprecipitated and
analyzed with specific antibodies to study the impact of RMRP on Glil SUMOylation (n=3). (J) RMRP's influence on Glil translocation to the nucleus
in LF cells, measured with immunofluorescence. Scale bar, 100um. (K) Examining the co-localization of Glil and SUMOL1 proteins using
immunofluorescence analysis. Scale bar, 20um. (L, M) Western blot analysis of the impact of Hedgehog pathway on RMRP-induced collagen
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RMRP knockdown alleviated LF
hypertrophy and fibrosis caused by
mechanical stress in vivo

Furthermore, to validate the impact of RMRP on LF hypertrophy
and fibrosis in vivo, we constructed a rabbit LF hypertrophy model by
fixing adjacent L2-3 and 14-5 segments to concentrate stress on L3-4
level as previously described (15) (Figure 5A). The RNAI virus targeting
RMRP (AAV-shRMRP) and its corresponding control (AAV-shNC)
were synthesized and subsequently administered into L3-4 level of LF
via a microinjection technique. All rabbits were assigned to one of three
groups through random selection: the control group received no
treatment, the LF hypertrophy (LFH) model group + shNC, and the
LFH + AAV-shRMRP group. The findings from the RT-qPCR analysis
confirmed a significant decrease in RMRP expression in LF samples
from LFH + shRMRP group when compared to LF tissues treated with
LFH + shNC group or control group (Figure 5J).

As anticipated, the rabbit model of LF hypertrophy
demonstrates a high degree of concordance with the clinical and
pathological characteristics observed in humans. Briefly, our
findings indicated that the LF at L3-4 level in LFH + shNC group
exhibited greater thickness compared to control group, and this
effect was mitigated by AVV-shRMRP intervention in LFH +
shRMRP group (Figures 5B, C). Consistent with prior studies (15,
23), our analysis of Masson staining and EVG staining indicated
that the hypertrophic LF morphology and structure in rabbits
closely resembled that observed in humans (Figure 5B). These
findings indicated that the lumbar LF underwent degeneration
and hypertrophy when subjected to prolonged mechanical stress.
In addition, there was a notable reduction in elastic fibers and an
elevation of collagen fibers in the LF samples of LFH + shNC group
compared to control group; however, this fibrosis effect was
weakened by AVV-shRMRP treatment (Figure 5D). Similarly, the
fibrosis score exhibited a similar trend (Figure 5E).

In order to clarify the impact of RMRP on LF cell function, we
analyzed cellular alterations in rabbit LF specimens. As illustrated in
Figures 5F, G, a notable rise in the quantity of BrdU-positive cells was
observed in LFH + shNC group in comparison to control group;
however, this increase was attenuated by AVV-shRMRP intervention
in LFH + shRMRP group. Furthermore, IHC staining revealed a
marked upregulation of the fibrosis-related genes (Colla2, Col3al,
and 0-SMA) at L3-4 level of LF in LFH + shNC group compared to
control group; however, these levels were markedly reduced in LFH +
shRMRP group compared to LFH + shNC group (p<0.01) (Figures 5H,
I). Additionally, RT-PCR analysis of fibrosis-related genes and
pyroptosis-related genes showed that mechanical stress notably
increased the expressions of Glil, Colla2, Col3al, o-SMA, GSDMD,
ASC, and Caspase-1 in LF hypertrophy tissues in LFH + shNC group;
whereas there was a notable decrease in the expression of elastin
mRNA. These effects were markedly mitigated by AVV-shRMRP
treatment (Figure 5]) in LFH + shRMRP group (Figure 5]). The data
collectively indicated that RMRP played a pro-fibrotic role in LF
hypertrophy, suggesting that targeted suppression of RMRP
expression may serve as a promising therapeutic approach for
addressing LF hypertrophy and fibrosis.
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Discussion

In the present investigation, we provide novel evidence
demonstrating that RMRP initiates hypertrophy and fibrosis of
the LF by activating the Hedgehog-Glil signaling and promoting
ECM accumulation through the induction of pyroptosis in LF cells.
Furthermore, our research indicates that the suppression of RMRP
can effectively reduce LF fibrosis caused by mechanical stress in the
rabbit model, suggesting a promising therapeutic approach for
mitigating hypertrophy and fibrosis in LSCS patients.

As widely recognized, LSCS predominantly occurs in the elderly
demographic and exerts a substantial impact on human health and
longevity (1, 24). LF hypertrophy has been has been identified as a
significant factor in the pathogenesis and progression of LSCS (9,
15, 25). Our study found that the LF was obviously thicker in LSCS
group compared to LDH group. Additionally, consistent with
numerous previous studies (25-27), hypertrophic LF showed
fibrotic alterations typified by accumulation of collagen fiber and
loss of elastic fiber. Furthermore, Pearson correlation coefficient
analysis demonstrated a positive correlation between fibrosis score
and LF thickness in LSCS patients, indicating that LF fibrosis was
the primary pathology responsible for LF hypertrophy. Yet, the
specific molecular mechanism underlying this process has not been
fully elucidated.

Our previous findings have demonstrated that Hedgehog-Glil
pathway is a vital driver of LF hypertrophy and fibrosis (15). But the
precise mechanism by which Hedgehog-Glil is activated remains
poorly understood. The swift advancement of high-throughput
sequencing technology in bioinformatics analysis has rendered
RNA-seq a potent tool for elucidating the pathogenesis of
diseases. Accumulating evidence has shown that a variety of
IncRNAs have been identified in many tissues and participated
important roles in various biological processes (28, 29). Recently,
numerous studies have demonstrated that certain IncRNAs are
implicated in various fibrotic diseases (30-32). Nevertheless, there
is limited understanding regarding the role and mechanism of
IncRNAs in LF hypertrophy. In this study, utilizing mRNA
sequencing and analysis, we identified a physical interaction
between Inc-RMRP and Glil, with RMRP showing enrichment in
Glil-activated LF cells. Moreover, quantitative RT-PCR analysis
revealed a significant up-regulation of RMRP in LF tissues of LSCS
group. In vitro experiments further revealed that RMRP promoted
LF cell proliferation, inhibited apoptosis and aggravated collagen
accumulation, indicating its association with LF hypertrophy
and fibrosis.

Subsequently, Our study delved into the potential involvement
of RMRP in the LF fibrosis and its underlying molecular
mechanisms. Previous research has indicated that RMRP, a long
non-coding RNA expressed in various human and murine tissues,
encodes the RNA component of mitochondrial RNA processing
endoribo-nuclease (33) and exerts a significant role in the onset of
fibrosis in various organs and tissues (34, 35). As it is reported, the
Hedgehog signaling pathway plays a crucial role in tissue
remodeling in various fibrotic diseases, functioning under both
physiological and pathological conditions (15, 36, 37). As one of the
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downstream transcription factors within the Hedgehog signaling,
activated Glil serves as a significant indicator of this pathway
activity. Upon activation, Glil translocates to the nucleus, leading
to the transcription of downstream Hedgehog genes (15, 38-40). In
a manner consistent with our prior research, the present study
revealed the presence of Hedgehog signaling in LF fibrosis. Utilizing
an RNA pull-down assay, we successfully identified Glil as the
predominant RMRP-binding protein. Furthermore, we found that
RMREP facilitated the nuclear translocation of Glil and exacerbated
collagen accumulation through the Hedgehog signaling pathway,
suggesting that Hedgehog-Glil signaling axis is a target of RMRP
and mediates its fibrotic effects.

It is evident that SUMOylation modification is a form of
ubiquitinated protein post-translational modification process that
responds to environmental influences and is closely associated with
the initiation and progression of diverse diseases including cancer
and many degenerative diseases (41). As a significant method of
protein modification, SUMOylation can regulate the activity,
function, and localization of various modified proteins. Recent
studies provide increasing support for SUMOylation as a viable
therapeutic target treating fibrotic diseases through the regulation of
transcription factors and key mediators (41-43). In this study,
through Co-IP analysis, we observed that Glil bound with
SUMOL1 and co-localized in the nucleus. Furthermore, we found
RMRP effectively increased Glil SUMOylation in LV-RMRP
transfected LF cells. In short, we concluded that RMRP activated
Hedgehog pathway through the SUMOylation of Glil.

Pyroptosis, a form of programmed cell death characterized by the
stimulation of inflammasomes and the release of pro-inflammatory
factors, is a recently identified phenomenon associated with significant

Myofibroblast

10.3389/fimmu.2024.1427970

biochemical alterations. Gasdermin D (GSDMD) plays a vital role in
inducing pyroptosis and amplifying the inflammatory response (20-22).
Interestingly, a growing body of evidence indicates that inflammation is
increasingly recognized as a key contributor to fibrosis pathogenesis
(44-46). More recently, increasing studies have demonstrated important
roles of pyroptosis in fibrotic diseases (10, 47). Nevertheless, the precise
contribution of pyroptosis to LF fibrosis remains unclear. Here, we
revealed that the levels of pyroptosis-related proteins were increased in
hypertrophic LF tissues, indicating the association of pyroptosis with LF
hypertrophy. Furthermore, functional experiments showed that RMRP
promoted the expressions of pyroptosis-related proteins via Hedgehog
signaling. Additionally, the rabbit model further confirmed the
important role of RMRP/Hedgehog-Glil/pyroptosis profibrotic axis in
LF hypertrophy.

Several limitations exist in our study. Firstly, RMPR expressions
were only detected in 18 human LF samples from the group with LSCS
and 16 from the LDH group, indicating a need for a larger size to
validate our findings in future experiments. Secondly, as previously
described, the fibrosis process is intricate and encompasses numerous
distinct molecular and cellular mechanisms that contribute to the
progression. Whether other IncRNAs play roles in LF hypertrophy
remains unknown. Thirdly, we demonstrated that RMPR could
ameliorate mechanical stress-induced LF hypertrophy by injecting
AAV-shRMRP into LF using a microinjector in vivo; however, the
most effective concentration of AAV-shRMRP remains unclear and
this warrants further investigation.

Collectively, the present study validates the significant role of the
RMRP/Hedgehog-Glil/pyroptosis profibrotic axis in LF hypertrophy
and fibrosis and contributes to a better understanding of the molecular
mechanisms underlying in LF hypertrophy (Figure 6). It is indicated
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that targeting RMRP may be a novel treatment strategy for addressing
LF hypertrophy and may serve as a potential bioactive agent to mitigate
the advancement of LF fibrosis in the future.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below: PRINA1145660.

Ethics statement

The studies involving humans were approved by Ethics
Committee of Nanjing medical University. The studies were
conducted in accordance with the local legislation and
institutional requirements. The participants provided their written
informed consent to participate in this study. The animal study was
approved by Animal Care and Use Ethics Committee of Nanjing
medical University. The study was conducted in accordance with
the local legislation and institutional requirements. Written
informed consent was obtained from the individual(s) for the
publication of any potentially identifiable images or data included
in this article.

Author contributions

XY: Writing - original draft, Validation, Resources,
Methodology, Investigation, Formal analysis, Data curation. TL:
Writing - original draft, Supervision, Software, Methodology,
Investigation, Formal analysis, Data curation. RZ: Writing -
original draft, Validation, Supervision, Software, Methodology,
Formal analysis, Data curation. QM: Writing - review & editing,

References

1. Lai MKL, Cheung PWH, Cheung JPY. A systematic review of developmental
lumbar spinal stenosis. Eur Spine J. (2020) 29:2173-87. doi: 10.1007/s00586-020-
06524-2

2. Malik KN, Giberson C, Ballard M, Camp N, Chan J. Pain management
interventions in lumbar spinal stenosis: A literature review. Cureus. (2023) 15:
e44116. doi: 10.7759/cureus.44116

3. Ammendolia C, Rampersaud YR, Southerst D, Ahmed A, Schneider M, Hawker
G, et al. Effect of a prototype lumbar spinal stenosis belt versus a lumbar support
on walking capacity in lumbar spinal stenosis: a randomized controlled trial. Spine J.
(2019) 19:386-94. doi: 10.1016/j.spinee.2018.07.012

4. Sun C, Zhang H, Wang X, Liu X. Ligamentum flavum fibrosis and hypertrophy:
molecular pathways, cellular mechanisms, and future directions. FASEB J. (2020)
34:9854-68. doi: 10.1096/1j.202000635R

5. Zheng Z, Ao X, Li P, Lian Z, Jiang T, Zhang Z, et al. CRLF1 is a key regulator in

the Ligamentum Flavum Hypertrophy. Front Cell Dev Biol. (2020) 8:858.
doi: 10.3389/fcell.2020.00858

6. Mack M. Inflammation and fibrosis. Matrix Biol. (2018) 68-69:106-21.
doi: 10.1016/j.matbio.2017.11.010

7. Sisto M, Ribatti D, Lisi S. Organ fibrosis and autoimmunity: the role of
inflammation in TGFB-dependent EMT. Biomolecules. (2021) 11:310. doi: 10.3390/
biom11020310

Frontiers in Immunology

14

10.3389/fimmu.2024.1427970

Resources, Methodology, Formal analysis, Data curation,
Conceptualization. CS: Writing - review & editing, Validation,
Resources, Methodology, Investigation, Funding acquisition, Data
curation, Conceptualization.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the National Natural Science Foundation of
China (Grant No. 81802198) and the Natural Science Foundation
of Jiangsu Province (Grant No. BK20221176).

Acknowledgments

We would like to express our gratitude to Min Zhao for their
support with the language editing.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

8. Burt KG, Viola DC, Lisiewski LE, Lombardi JM, Amorosa LF, Chahine NO. An in
vivo model of ligamentum flavum hypertrophy from early-stage inflammation to
fibrosis. JOR Spine. (2023) 6:¢1260. doi: 10.1002/jsp2.1260

9. Sun C, Tian J, Liu X, Guan G. MiR-21 promotes fibrosis and hypertrophy of
ligamentum flavum in lumbar spinal canal stenosis by activating IL-6 expression.
Biochem Biophys Res Commun. (2017) 490:1106-11. doi: 10.1016/j.bbrc.2017.06.182

10. Song Z, Gong Q, Guo J. Pyroptosis: mechanisms and links with fibrosis. Cells.
(2021) 10:3509. doi: 10.3390/cells10123509

11. Cech TR, Steitz JA. The noncoding RNA revolution-trashing old rules to forge
new ones. Cell. (2014) 157:77-94. doi: 10.1016/j.cell.2014.03.008

12. Kopp F, Mendell JT. Functional classification and experimental dissection of
long noncoding RNAs. Cell. (2018) 172:393-407. doi: 10.1016/j.cell.2018.01.011

13. Ghafouri-Fard S, Abak A, Talebi SF, Shoorei H, Branicki W, Taheri M, et al. Role
of miRNA and IncRNAs in organ fibrosis and aging. BioMed Pharmacother. (2021)
143:112132. doi: 10.1016/j.biopha.2021.112132

14. Cao Y, Li J, Qiu S, Ni S, Duan Y. LncRNA XIST facilitates hypertrophy of
ligamentum flavum by activating VEGFA-mediated autophagy through sponging miR-
302b-3p. Biol Direct. (2023) 18:25. doi: 10.1186/s13062-023-00383-9

15. Sun C, Ma Q, Yin J, Zhang H, Liu X. WISP-1 induced by mechanical stress

contributes to fibrosis and hypertrophy of the ligamentum flavum through Hedgehog-
Glil signaling. Exp Mol Med. (2021) 53:1068-79. doi: 10.1038/512276-021-00636-5

frontiersin.org


https://dataview.ncbi.nlm.nih.gov/object/PRJNA1145660?reviewer=edfmtbp0jp2g9hb5u88qsghu7n
https://doi.org/10.1007/s00586-020-06524-2
https://doi.org/10.1007/s00586-020-06524-2
https://doi.org/10.7759/cureus.44116
https://doi.org/10.1016/j.spinee.2018.07.012
https://doi.org/10.1096/fj.202000635R
https://doi.org/10.3389/fcell.2020.00858
https://doi.org/10.1016/j.matbio.2017.11.010
https://doi.org/10.3390/biom11020310
https://doi.org/10.3390/biom11020310
https://doi.org/10.1002/jsp2.1260
https://doi.org/10.1016/j.bbrc.2017.06.182
https://doi.org/10.3390/cells10123509
https://doi.org/10.1016/j.cell.2014.03.008
https://doi.org/10.1016/j.cell.2018.01.011
https://doi.org/10.1016/j.biopha.2021.112132
https://doi.org/10.1186/s13062-023-00383-9
https://doi.org/10.1038/s12276-021-00636-5
https://doi.org/10.3389/fimmu.2024.1427970
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yan et al.

16. Sun C, Wang Z, Tian JW, Wang YH. Leptin-induced inflammation by activating
IL-6 expression contributes to the fibrosis and hypertrophy of ligamentum flavum in
lumbar spinal canal stenosis. Biosci Rep. (2018) 38:BSR20171214. doi: 10.1042/
BSR20171214

17. Edeling M, Ragi G, Huang S, Pavenstidt H, Susztak K. Developmental
signalling pathways in renal fibrosis: the roles of notch, wnt and hedgehog. Nat
Rev Nephrol. (2016) 12:426-39. doi: 10.1038/nrneph.2016.54

18. Zheng J, Huang X, Tan W, Yu D, Du Z, Chang J, et al. Pancreatic cancer risk
variant in LINC00673 creates a miR-1231 binding site and interferes with PTPN11
degradation. Nat Genet. (2016) 48:747-57. doi: 10.1038/ng.3568

19. Sun TT, HeJ, Liang Q, Ren LL, Yan TT, Yu TC, et al. LncRNA GClncl promotes
gastric carcinogenesis and may act as a modular scaffold of WDR5 and KAT2A
complexes to specify the histone modification pattern. Cancer Discov. (2016) 6:784-
801. doi: 10.1158/2159-8290.CD-15-0921

20. Ding J, Wang K, Liu W, She Y, Sun Q, Shi ], et al. Pore-forming activity and
structural autoinhibition of the gasdermin family. Nature. (2016) 535:111-6.
doi: 10.1038/nature18590

21. Broz P, Pelegrin P, Shao F. The gasdermins, a protein family executing cell death and
inflammation. Nat Rev Immunol. (2020) 20:143-57. doi: 10.1038/s41577-019-0228-2

22. Wang K, Sun Q, Zhong X, Zeng M, Zeng H, Shi X, et al. Structural mechanism
for GSDMD targeting by autoprocessed caspases in pyroptosis. Cell. (2020) 180:941-
955.€20. doi: 10.1016/j.cell.2020.02.002

23. Hayashi K, Suzuki A, Abdullah Ahmadi S, Terai H, Yamada K, Hoshino M, et al.
Mechanical stress induces elastic fibre disruption and cartilage matrix increase in
ligamentum flavum. Sci Rep. (2017) 7:13092. doi: 10.1038/s41598-017-13360-w

24. Giilensoy B, Simgek S. Retrospective study to compare the effectiveness of
minimally invasive microscopic unilateral laminotomy with microscopic bilateral
laminotomy for bilateral decompression in the early postoperative period in 142
patients with single-level lumbar spinal stenosis. Med Sci Monit. (2024) 30:¢943815.
doi: 10.12659/MSM.943815

25. Wang S, Qu Y, Fang X, Ding Q, Zhao H, Yu X, et al. Decorin: a potential
therapeutic candidate for ligamentum flavum hypertrophy by antagonizing TGF-B1.
Exp Mol Med. (2023) 55:1413-23. doi: 10.1038/s12276-023-01023-y

26. Cao Y, Li J, Qiu S, Ni S, Duan Y. ACSM5 inhibits ligamentum flavum
hypertrophy by regulating lipid accumulation mediated by FABP4/PPAR signaling
pathway. Biol Direct. (2023) 18:75. doi: 10.1186/513062-023-00436-z

27. Ma C, Qi X, Wei YF, Li Z, Zhang HL, Li H, et al. Amelioration of ligamentum flavum
hypertrophy using umbilical cord mesenchymal stromal cell-derived extracellular vesicles.
Bioact Mater. (2022) 19:139-54. doi: 10.1016/j.bioactmat.2022.03.042

28. Jiang M, Song Y, Ren MX, He RC, Dong XH, Li XH, et al. LncRNA NIPA1-SO
confers atherosclerotic protection by suppressing the transmembrane protein NIPA1. ] Adv
Res. (2023), 54:29-42. doi: 10.1016/jjare.2023.01.017

29. Okuyan HM, Begen MA. LncRNAs in osteoarthritis. Clin Chim Acta. (2022)
532:145-63. doi: 10.1016/j.cca.2022.05.030

30. Chen K, Yu B, Liao J. LncRNA SOX2OT alleviates mesangial cell proliferation
and fibrosis in diabetic nephropathy via Akt/mTOR-mediated autophagy. Mol Med.
(2021) 27:71. doi: 10.1186/s10020-021-00310-6

31. Zheng W, Chen C, Chen S, Fan C, Ruan H. Integrated analysis of long non-
coding RNAs and mRNAs associated with peritendinous fibrosis. ] Adv Res. (2018)
15:49-58. doi: 10.1016/j.jare.2018.08.001

Frontiers in Immunology

15

10.3389/fimmu.2024.1427970

32. Yang YL, Xue M, Jia Y], Hu F, Zheng Z], Wang L, et al. Long noncoding RNA
NEATT1 is involved in the protective effect of Klotho on renal tubular epithelial cells in
diabetic kidney disease through the ERK1/2 signaling pathway. Exp Mol Med. (2020)
52:266-80. doi: 10.1038/s12276-020-0381-5

33. Huang W, Thomas B, Flynn RA, Gavzy SJ, Wu L, Kim SV, et al. DDX5 and its
associated IncRNA Rmrp modulate TH17 cell effector functions. Nature. (2015)
528:517-22. doi: 10.1038/nature16193

34. Huang R, Bai C, Liu X, Zhou Y, Hu §, Li D, et al. The p53/RMRP/miR122
signaling loop promotes epithelial-mesenchymal transition during the development of
silica-induced lung fibrosis by activating the notch pathway. Chemosphere. (2021)
263:128133. doi: 10.1016/j.chemosphere.2020.128133

35. Yang H, Wang J, Zhang Z, Peng R, Lv D, Liu H, et al. Spl-Induced IncRNA
Rmrp Promotes Mesangial Cell Proliferation and Fibrosis in Diabetic Nephropathy by
Modulating the miR-1a-3p/JunD Pathway. Front Endocrinol (Lausanne). (2021)
12:690784. doi: 10.3389/fendo.2021.690784

36. Edeling M, Ragi G, Huang S, Pavenstadt H, Susztak K. Developmental signalling
pathways in renal fibrosis: the roles of Notch, Wnt and Hedgehog. Nat Rev Nephrol.
(2016) 12:426-39. doi: 10.1038/nrneph.2016.54

37. Bansal R, Nakagawa S, Yazdani S, van Baarlen J, Venkatesh A, Koh AP, et al.
Integrin alpha 11 in the regulation of the myofibroblast phenotype: implications for
fibrotic diseases. Exp Mol Med. (2017) 49:€396. doi: 10.1038/emm.2017.213

38. O’Sullivan ED, Mylonas KJ, Xin C, Baird DP, Carvalho C, Docherty MH, et al.
Indian Hedgehog release from TNF-activated renal epithelia drives local and remote
organ fibrosis. Sci Transl Med. (2023) 15:eabn0736. doi: 10.1126/scitranslmed.abn0736

39. Bariwal J, Kumar V, Dong Y, Mahato RI. Design of Hedgehog pathway
inhibitors for cancer treatment. Med Res Rev. (2019) 39:1137-204. doi: 10.1002/
med.21555

40. Kramann R. Hedgehog Gli signalling in kidney fibrosis. Nephrol Dial Transplant.
(2016) 31:1989-95. doi: 10.1093/ndt/gfw102

41. Zhou J, Cui S, He Q, Guo Y, Pan X, Zhang P, et al. SUMOylation inhibitors
synergize with FXR agonists in combating liver fibrosis. Nat Commun. (2020) 11:240.
doi: 10.1038/s41467-019-14138-6

42. Liu P, Zhang J, Wang Y, Wang C, Qiu X, Chen DQ. Natural products against
renal fibrosis via modulation of SUMOylation. Front Pharmacol. (2022) 13:800810.
doi: 10.3389/fphar.2022.800810

43. Liu Y, Zhao D, Qiu F, Zhang LL, Liu SK, Li YY, et al. Manipulating PML
SUMOylation via silencing UBC9 and RNF4 regulates cardiac fibrosis. Mol Ther.
(2017) 25:666-78. doi: 10.1016/j.ymthe.2016.12.021

44. Eming SA, Wynn TA, Martin P. Inflammation and metabolism in tissue repair
and regeneration. Science. (2017) 356:1026-30. doi: 10.1126/science.aam7928

45. Zhang Z, Yuan Y, Hu L, Tang J, Meng Z, Dai L, et al. ANGPTLS accelerates liver
fibrosis mediated by HFD-induced inflammatory activity via LILRB2/ERK signaling
pathways. ] Adv Res. (2023) 47:41-56. doi: 10.1016/j.jare.2022.08.006

46. Park MJ, Park Y, Choi JW, Baek JA, Jeong HY, Na HS, et al. Establishment of a
humanized animal model of systemic sclerosis in which T helper-17 cells from patients
with systemic sclerosis infiltrate and cause fibrosis in the lungs and skin. Exp Mol Med.
(2022) 54:1577-85. doi: 10.1038/s12276-022-00860-7

47. Liu Y, Lei H, Zhang W, Xing Q, Liu R, Wu S, et al. Pyroptosis in renal
inflammation and fibrosis: current knowledge and clinical significance. Cell Death Dis.
(2023) 14:472. doi: 10.1038/541419-023-06005-6

frontiersin.org


https://doi.org/10.1042/BSR20171214
https://doi.org/10.1042/BSR20171214
https://doi.org/10.1038/nrneph.2016.54
https://doi.org/10.1038/ng.3568
https://doi.org/10.1158/2159-8290.CD-15-0921
https://doi.org/10.1038/nature18590
https://doi.org/10.1038/s41577-019-0228-2
https://doi.org/10.1016/j.cell.2020.02.002
https://doi.org/10.1038/s41598-017-13360-w
https://doi.org/10.12659/MSM.943815
https://doi.org/10.1038/s12276-023-01023-y
https://doi.org/10.1186/s13062-023-00436-z
https://doi.org/10.1016/j.bioactmat.2022.03.042
https://doi.org/10.1016/j.jare.2023.01.017
https://doi.org/10.1016/j.cca.2022.05.030
https://doi.org/10.1186/s10020-021-00310-6
https://doi.org/10.1016/j.jare.2018.08.001
https://doi.org/10.1038/s12276-020-0381-5
https://doi.org/10.1038/nature16193
https://doi.org/10.1016/j.chemosphere.2020.128133
https://doi.org/10.3389/fendo.2021.690784
https://doi.org/10.1038/nrneph.2016.54
https://doi.org/10.1038/emm.2017.213
https://doi.org/10.1126/scitranslmed.abn0736
https://doi.org/10.1002/med.21555
https://doi.org/10.1002/med.21555
https://doi.org/10.1093/ndt/gfw102
https://doi.org/10.1038/s41467-019-14138-6
https://doi.org/10.3389/fphar.2022.800810
https://doi.org/10.1016/j.ymthe.2016.12.021
https://doi.org/10.1126/science.aam7928
https://doi.org/10.1016/j.jare.2022.08.006
https://doi.org/10.1038/s12276-022-00860-7
https://doi.org/10.1038/s41419-023-06005-6
https://doi.org/10.3389/fimmu.2024.1427970
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	RMRP accelerates ligamentum flavum hypertrophy by regulating GSDMD-mediated pyroptosis through Gli1 SUMOylation
	Introduction
	Materials and methods
	Approval by the ethical community
	Subjects
	LF samples collection
	LF thickness measurement
	Histological and immunohistochemical staining
	Transmission electron microscopy (TEM)
	LF cell isolation and culture
	Cell viability assays
	Immunofluorescence staining
	Adenovirus construction and Infection
	RNA sequencing and bioinformatic analysis
	RNA pull-down assay
	RT-PCR
	Western blotting
	Enzyme-Linked Immunosorbent Assays
	Rabbit LF degeneration and hypertrophy model
	Statistical analysis

	Results
	LF thickness measurement, fibrosis score and structural analysis
	RMRP was elevated in hypertrophic LF and linked to LF hypertrophy
	RMRP stimulated fibrogenesis in vitro via the activation of Hedgehog-Gli1 signaling
	RMRP promoted pyroptosis in vitro by activating Hedgehog-Gli1 signaling
	RMRP knockdown alleviated LF hypertrophy and fibrosis caused by mechanical stress in vivo

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


