www.nature.com/cdd

ARTICLE

CDD press

W) Check for updates

TLR4 downregulation by the RNA-binding protein PUM1
alleviates cellular aging and osteoarthritis
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Dysfunction of mRNA or RNA-binding proteins (RBPs) causes cellular aging and age-related degenerative diseases; however,
information regarding the mechanism through which RBP-mediated posttranscriptional regulation affects cellular aging and related
disease processes is limited. In this study, PUM1 was found to be associated with the self-renewal capacity and aging process of
human mesenchymal stem cells (MSC). PUM1 interacted with the 3"-untranslated region of Toll-like receptor 4 (TLR4) to suppress
TLR4 mRNA translation and regulate the activity of nuclear factor-kB (NF-kB), a master regulator of the aging process in MSCs. PUM1
overexpression protected MSCs against H,O,-induced cellular senescence by suppressing TLR4-mediated NF-kB activity. TLR4-
mediated NF-kB activation is a key regulator in osteoarthritis (OA) pathogenesis. PUM1 overexpression enhanced the chondrogenic
potential of MSCs even under the influence of inflammation-inducing factors, such as lipopolysaccharide (LPS) or interleukin-1p (IL-
1B), whereas the chondrogenic potential was reduced following the PUM1 knockdown-mediated TLR4 activation. PUM1 levels
decreased under inflammatory conditions in vitro and during OA progression in human and mouse disease models. PUM1
knockdown in human chondrocytes promoted chondrogenic phenotype loss, whereas PUM1 overexpression protected the cells
from inflammation-mediated disruption of the chondrogenic phenotype. Gene therapy using a lentiviral vector encoding mouse
PUM1 showed promise in preserving articular cartilage integrity in OA mouse models. In conclusion, PUM1 is a novel suppressor of

MSC aging, and the PUM1-TLR4 regulatory axis represents a potential therapeutic target for OA.
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INTRODUCTION

Mesenchymal stem cells (MSCs) have potential as a novel
therapeutic option for regenerating damaged tissue. Due to their
self-renewal and multipotent properties, MSCs may be used to
treat several pathologies, especially skeletal diseases such as
osteoarthritis (OA) and osteoporosis [1-3]. Promising outcomes
with MSC use in musculoskeletal diseases, including those of bone
and cartilage, have been demonstrated [4-6]. However, subculture
for in vitro MSC expansion is associated with cellular senescence
and self-renewal, and the long-term cultivation of MSCs in vitro
decreases their multi-differentiation potential [7, 8], causing a loss
of therapeutic potential. MSCs intrinsically show an age-associated
decline in number and function [9, 10], leading to the loss of tissue
homeostasis and the development of degenerative diseases
[11, 12]. Cellular aging impairs the regenerative potential of MSCs
[13], and the associated biological mechanisms are related to
cartilage degeneration [14, 15]. Thus, at the molecular level, aging-
associated changes are closely linked with the development of OA
[16]. It has been shown that chondrocyte density in cartilage
tissues decreases with age, and cellular defense mechanisms are

impaired in aged chondrocytes [17]. During the aging process, the
ability of chondrocytes to produce extracellular matrix proteins is
weakened [18]. Therefore, understanding the aging mechanisms
of MSCs and chondrocytes is pivotal to identifying novel
therapeutic targets for age-related diseases such as OA.
Dysregulation of mRNA or RNA-binding proteins (RBPs) is
related to cellular aging and age-related degenerative diseases
[19, 20]; however, little is known about how RBP-mediated
posttranscriptional regulation affects these processes. PUMILIO,
an RBP, and translational repressor, directly binds to its target
mRNAs in a sequence-specific manner. Its homology domain (HD)
has eight imperfect tandem repeats in the C-terminus that create
a repeating curved structure, which recognizes one RNA base
within the conserved 8-nucleotide (UGUA_AUA) Pumilio/FBF (fem-
3 mRNA binding factor) response element (PRE) in the 3'-
untranslated region (UTR) of the target mRNAs [21, 22]. PUMILIO
proteins are highly conserved evolutionarily [23], but little is
known about their function in mammals. The human genome
encodes two PUMILIO proteins, PUMILIO1 (PUM1) and PUMILIO2
(PUM2), with similar RNA-binding specificity. In mice, embryonic
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stem cells (ESCs) with Pum2 mutation do not have impaired self-
renewal, and differentiation capacities [24], and Pum2 mutant
mice are viable and fertile, although they have smaller testes [25].
PUM1 has been implicated in neurodegeneration [26] and
genomic stability regulation [27]. In one study, null mutations in
Pum1 or Pum2 were associated with dose-dependent decreases in
body and organ size [28], and deleting both genes caused
embryonic lethality [29], implying that mammalian PUM1 and
PUM2 may relate to developmental processes. However, the
function, targets, and regulatory mechanisms of PUM1 and PUM2
in human MSCs and chondrocytes remain unclear.

Here, we aimed to identify the role of the PUM1 protein in cellular
senescence and OA progression by investigating its interaction with
the 3-UTR of Toll-like receptor 4 (TLR4) and effects on the activity of
nuclear factor-«kB (NF-kB) in MSCs. Our findings can help us assess
the self-renewal capacity and aging process of human MSCs and
allow us to identify potential therapeutic targets for OA and prevent
cellular aging.

RESULTS

PUM1 is associated with cellular senescence in MSCs
Senescence-associated (SA)-B-galactosidase activity was used to
evaluate cellular senescence in early versus late passage MSCs. We
found an increase in SA-B-galactosidase activity in late passage
human MSCs (SA-$-gal; Fig. 1A) and subsequently performed a
western blot analysis to observe whether protein levels of PUM1 and
PUM2 changed during cellular senescence in human MSCs.
Phosphorylated NF-kB, the master regulator of the senescence-
associated secretory phenotype (SASP) transcriptional program, was
used as an aging marker [30]. The NF-kB target P21 is a widely used
aging marker in MSC biology [31, 32]. Our results showed that PUM1
was undetectable in late passage MSCs, whereas PUM2 was slightly
decreased (Fig. 1B). siRNA-mediated knockdown (KD) experiments
were performed to investigate whether the reduction of PUM1 and
PUM2 in late passage MSCs was involved in the process of cellular
senescence. Western blot results showed that the respective
proteins in the PUM1 or PUM2 siRNA-transfected groups were
decreased compared to those in the negative control siRNA-
transfected group (Fig. 1C). The protein level of PUM1 was increased
in the PUM2-KD group while the protein level of PUM2 was
increased in the PUM1-KD group, indicating that PUM1 and PUM2
repressed each other. It is well known that PUM1 and PUM?2 affect
the expression of each other [33, 34] because of the presence of
PREs in the 3"-UTR of PUMT and PUM2 mRNAs [35]. PUM1-KD or
PUM2-KD did not affect the CD105 and CD90 cell surface markers for
MSCs (Fig. S1); however, PUM1 single KD significantly decreased
MSC proliferation and self-renewal capacity (Fig. 1D and E). Given
that MSCs transfected with PUM1 siRNA did not proliferate until day
7, the time point to assess the extent of cellular senescence, the cells
were initially plated at 100% confluence on the culture dishes to
compare SA-B-gal activity at the same density between groups
tested. Additionally, cell plating densities with 100% confluence can
cause cellular senescence and low proliferation rates in MSCs
[7, 8, 36]. PUM1-KD MSCs showed increased SA-3-gal activity (Fig. 1F)
and p-NF-kB and P21 protein levels (Fig. 1G). Next, we performed an
additional experiment using the H,O,-induced premature senes-
cence model (Fig. S2A) because it has been reported that H,O,
induces premature MSC senescence within one week [37, 38]. H,0,
treatment increased SA-B-gal activity of MSCs within four days and
slightly exacerbated the cellular senescence of PUM1-KD MSCs
although the cells were already senescent without H,O, (Fig. S2B);
Therefore, these data suggest that the reduction of PUM1 expression
may be involved in the progression of MSC senescence.

PUM1 targets TLR4 in MSCs

NF-kB induces the SASP transcriptional program in aged cells
[30, 39]. The NF-kB pathway is evolutionarily conserved and can be
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triggered by diverse signals related to aging, cellular senescence,
and immune activation [39]. NF-kB signaling activation links to
several biological receptor pathways, such as Toll-like receptors
(TLRs) and inflammatory signals [40-43]. Bohn et al. identified that
human PUM1 and PUM2 target RNAs in HEK293 cells [44]. Using
their RNA-seq analysis, we found that the TLR2, TLR3, TLR4, TLR7,
and TLR9 mRNAs were partially stabilized by PUMT and PUM2 KD
[44], and the 3"-UTRs of TLR2 and TLR4 mRNAs have PUM binding
elements (PBEs) (Fig. 2A and Table S1). To re-confirm changes to
mMRNA expression of TLRs by PUMT or PUM2-KD in human MSCs,
we performed quantitative PCR analysis using human MSCs from
three donors. TLR2 and TLR4 mRNAs were increased in MSCs with
PUMT1-KD (Fig. 2B). Additionally, PUM1-KD upregulated the protein
levels of TLR4 in MSCs, but TLR2 was not changed (Fig. 2C). PUM1
overexpression downregulated the protein levels of TLR4 whereas
TLR2 was slightly upregulated (Fig. 2D). Therefore, we hypothe-
sized that PUM1 might target TLR4 mRNA because the amount of
TLR4 protein was reversely changed by modulating PUMT
expression whereas the change in the TLR2 protein level did not
show a relevant difference. We next examined PUM1 binding to
the TLR4 or TLR2 mRNAs via RNA-immunoprecipitation (RIP). TLR4
transcripts were significantly enriched in PUM1 RIP from human
MSCs, indicating direct physical association whereas TLR2
transcripts were not enriched in the PUM1 RIP (Fig. 2E). We
identified one PBE (UGUA_AUA) with an exact matching sequence
in the human TLR4 3'-UTR and several PBEs with putative binding
motifs (Fig. 2A and Table S1). To investigate whether a cause-and-
effect relationship existed between the increase in PUMI
expression and decreased TLR4 mRNA, we prepared MSCs
overexpressing pEGFP-C1-tagged PUM1 or a pEGFP-C1-tagged
PUM1 mutant lacking the RNA-binding domain (APUM1-HD)
(Fig. 2F). The vectors were transfected to lentivirus-infected HEK
293 T cells containing the TLR4 3’-UTR downstream of a CMV-
driven reporter (Luciferase). PUM1 binding to the TLR4 3'-UTR
should repress luciferase expression, and we identified that the
overexpression of PUMI, and not APUMI-HD, significantly
repressed luciferase activity (Fig. 2G). TLR4 and the TLR4 down-
stream target, p-NF-kB levels were not reduced by APUM1-HD
(Fig. 2H).

PUM1 overexpression protects MSCs from H,0,-induced
cellular senescence

An H,0,-induced premature cellular senescence model was
employed. This treatment induced senescence in MSCs by
increasing the SA-B-gal-positive cell population (%) and its activity
(Fig. 3A-C). TLR4, NF-kB, and P21 were increased in H,O,-treated
MSCs relative to the controls, whereas PUM1 was reduced
(Fig. 3D). Additionally, 5-ethynyl-2’-deoxyuridine (EdU) staining
was performed to evaluate the proliferation of H,0,-treated MSCs.
We confirmed that H,0O, treatment considerably decreased the
EdU-positive cell population (Fig. 3E). PUM1 overexpression or
siRNA-mediated TLR4 KD in MSCs significantly reduced the SA-f3-
gal-positive cell population (%) and its activity against H,0,
treatment (Fig. 3F-H). H,O, treatment did not significantly
upregulate protein levels of pNF-kB and P21 in MSCs transfected
with the pcDNA3.1-PUM1 vector or TLR4 siRNA (Fig. 3I). Corre-
spondingly, the H,O,-induced reduction in the proliferation and
colony-forming ability of MSCs was rescued by PUMIT over-
expression or TLR4 KD (Fig. 3J and K). To clarify whether MSC
senescence induced by PUM1-mediated TLR4 regulation
depended on NF-kB, phorbol myristate acetate (PMA, potential
NF-kB activator), an activator of protein kinase C (PKC) [45], was
used to induce NF-kB activity in PUM1-overexpressing MSCs. PMA
treatment abolished the decrease in SA-B-gal-positive cell
populations and activity in H,O,-treated MSCs overexpressing
PUM1 (Fig. S3A and B). Protein levels of pNF-kB and P21 were
recovered by PMA treatment in H,O,-treated MSCs overexpres-
sing PUM1 (Fig. S3C). Correspondingly, PMA abolished the PUM1-
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Fig. 1 KD of PUM1 induces cellular senescence in mesenchymal stem cells. A Early (passage 4) or late (passage 10) passage MSCs were

stained with SA-B-gal (blue), and the intensity of SA-p-gal-positive staining in the cell population showed an increase in late passage MSCs.
Scale bar =350 pum. B Protein levels of PUM1, PUM2, and cellular senescence-related markers were analyzed in early and late passage MSCs
using western blotting. C Protein levels of PUM1 and PUM2 were analyzed using western blotting in MSCs transfected with siRNA for negative
control (NC), PUM1, or PUM2. D The cell proliferation assay was used to determine the proliferative capacities of negative control, PUM1, and
PUM?2 siRNA-transfected MSCs using the EZ-Cytox Kit. Each experiment was performed in triplicate (n = 3). *P < 0.05 in a comparison with NC
siRNA-transfected cells. E The number of colony-forming cells was counted, and the average size of the colonies was measured in triplicate by
three independent observers (n = 3). *P <0.05 in a comparison with NC siRNA-transfected MSCs. F SA-B-gal staining was used to determine
the extent of cellular senescence in the NC, PUM1, and PUM?2 siRNA-treated MSCs. The SA-p-gal assay was performed 1 week after the MSCs
were seeded onto a six-well plate. The SA-p-gal positive cells were quantified using ImageJ (n = 3, in triplicate). *P < 0.05 in a comparison with
NC siRNA-transfected MSCs. Scale bar =350 um. G Protein levels of the senescence-related markers were analyzed in MSCs using western
blotting in cells transfected with NC, PUM1, or PUM2 siRNAs.

mediated rescue of the colony-forming capacity in H,0,-treated
MSCs, despite the presence of PUM1 and TLR4 (Fig. S3D).

(Fig. 4B-E). Interestingly, the double KD of PUMT and TLR4 rescued
the MSC chondrogenic potential (Fig. 4B-E). We additionally
tested the effects of PUM1 KD on the osteogenic and adipogenic

PUM1 preserves MSC chondrogenic potential under differentiation of MSCs because the reduction of PUM1 was

inflammatory microenvironment

Studies have shown that TLR4 signaling is heavily involved in OA
pathogenesis [46]. NF-kB activation, a signaling downstream of
TLR4, influences OA-associated processes, including chondrocyte
catabolism, survival, and synovial inflammation [47-49]. To
investigate whether PUM1-mediated TLR4/NF-kB signaling regula-
tion was associated with chondrogenic differentiation and home-
ostasis, we performed chondrogenic differentiation-related assays
in MSCs. Protein levels of PUM1, SOX9, and COL2A1 were
upregulated in the chondrogenic induction, whereas TLR4 and
PUM2 levels were increased on day 4 of differentiation and
subsequently decreased gradually during MSC chondrogenesis
(Fig. 4A). PUM1 overexpression and KD enhanced and significantly
reduced the chondrogenic potential of MSCs, respectively

SPRINGER NATURE

involved in the aging process of MSCs (Fig. 1) while cellular aging
also affected osteogenic and adipogenic differentiation [50]. PUM1
KD significantly reduced the osteogenic potential of MSCs but did
not alter the adipogenic differentiation capacity (Fig. S4). Accord-
ing to previous reports, the differentiation potential of MSCs
during passaging into an adipogenic lineage was variable, i.e.,
unchanged, reduced or improved [31]. Therefore, the correlation
between MSC senescence and adipogenic differentiation is
considered still ambiguous. In our study, the adipogenic potential
of PUM1-deficient MSCs remained unchanged, but the colony-
forming ability and osteogenic and chondrogenic potential were
clearly reduced by KD of PUMI.

Chondrogenic induction of MSCs has commonly been
employed for cartilage tissue engineering. Robust chondrogenic
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Fig. 2 PUM1 interacts with the TLR4 mRNA and downregulates NF-kB activity in MSCs. A List of 3-UTRs for human Toll-like receptors
(TLRs). Left panel indicates PBEs with the exact sequences (UGUA_AUA), whereas right panel means PBEs with possible binding motifs.
(Source: https://genome.ucsc.edu/). B A heatmap was generated for real-time quantitative PCR data using RNA extracted from MSCs
transfected with a single siRNA targeting PUMT or PUM2. The results were compared to the group transfected with negative control (NC)
siRNAs (n = 3 experimental replicates). C Protein levels for TLR2 and TLR4 were analyzed in MSCs using western blotting for cells transfected
with NC, PUM1, or PUM2 siRNA. D Protein levels for PUM1::GFP, TLR2, and TLR4 were analyzed in MSCs using western blotting for cells
transfected with the pEGFP-C1 vector control having no insert or the pEGFP-C1-PUM1 vector. E Blot data showed that PUM1:GFP-
Immunoprecipitation was successful, and HSP90 was used as a loading control for the input group. The bar graph displays the RIP-gPCR fold
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electroporation with the Neon transfection system. *P < 0.05 in a comparison with the IgG control (n =3 experimental replicates). F The
protein level for GFP was analyzed in MSCs using western blotting in cells that were transfected with the pEGFP-C1 vector control with no
insert, the pEGFP-C1-PUM1 vector, or pEGFP-C1-PUM1 mutant vector lacking the RNA-binding domain (APUM1-HD). G Protein levels of GFP
and luciferase were analyzed in HEK293T cells transduced with the TLR4 3’-UTR reporter-Luc vector. The cells were selected using puromycin
(10 pg/mL) and transfected with the pEGFP-C1 vector control with no insert, the pEGFP-C1-PUM1 vector, or the pEGFP-C1-APUM1-HD vector,
and the cells were analyzed by western blot analysis to compare the luciferase activities between the groups. *P < 0.05 compared with the
PEGFP-C1 vector control with no insert (n = 3 experimental replicates). H Protein levels for TLR4, P65, and p-P65 were analyzed in MSCs using
western blotting in cells transfected with pEGFP-C1 vector control with no insert, the pEGFP-C1-PUM1 vector, or pEGFP-C1-APUM1-HD.

potential and cartilage matrix synthesis by MSCs are needed for a
successful cartilage repair, even when a damaged or osteoarthritic
joint is challenged by an inflammatory microenvironment [51]. We
used two inflammatory factors, lipopolysaccharide (LPS) and
interleukin-1p3 (IL-1f), to mimic the OA environment in vitro. LPS
is well known as a strong TLR4 activator. PUM1 was decreased in
LPS-induced inflammatory conditions, and TLR4 and pNF-kB were
increased by LPS treatment (Fig. 4F). PUM1 was overexpressed
during chondrogenic differentiation in LPS-induced inflammatory
conditions to analyze whether chondrogenic potential loss was
caused by LPS-mediated PUM1 decrease. LPS treatment reduced
cartilage matrix formation and GAG synthesis in MSCs differ-
entiated during chondrogenic differentiation, and PUMT over-
expression protected MSCs from the LPS challenge (Fig. 4G and H).
Protein levels of TLR4 and p-NF-kB-p65 were upregulated by LPS

Cell Death & Differentiation (2022) 29:1364 - 1378

during MSC chondrogenesis, whereas PUM1 and COL2A1 levels
were downregulated by LPS (Fig. 4l). In the LPS-treated environ-
ment, PUM1 overexpression suppressed TLR4 and p-NF-kB-p65
levels and partially rescued COL2A1 (Fig. 4l). These results
indicate that a decrease of PUM1 is associated with the LPS-
induced reduction in MSC chondrogenic potential. It is well
established that IL-1f3 plays an important role in OA pathogenesis
[52]. We next determined the protein levels to clarify whether
PUM1-mediated TLR4 regulation was involved in IL-1B-induced
inflammatory responses. IL-13 treatment reduced the PUM1
protein levels while upregulating TLR4 expression (Fig. 4J).
PUM1 overexpression protected MSC chondrogenic potential
against IL-13-mediated inflammatory responses (Fig. 4K and L),
which was due to PUM1-mediated inhibition of TLR4 expression
(Fig. 4M).

SPRINGER NATURE
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Fig. 3 PUM1 overexpression alleviates H202-induced cellular senescence. A Representative SA-p-gal (green fluorescence) staining images
of MSCs indicate senescent cells. B The bar graph indicates the percentage of SA-B-gal positive cells. The images were photographed and
counted by the Countess Il FL Automated Cell Counter. *P < 0.05 compared to the no H,0, group (n = 3 experimental replicates). C The bar
graph indicates the fluorescence-based activity of SA-B-gal. The fluorescence was measured at 360 nm/465 nm (excitation/emission). *P < 0.05
compared to the no H,0O, group (n = 3 experimental replicates). D Protein levels of PUM1, TLR4, and the senescence-related markers were
analyzed in MSCs treated or untreated with H,O, (200 pM) using western blotting. E Representative EdU (green) staining images of MSCs
indicate a decrease in cell proliferation by H,O, treatment. DAPI (blue) staining was performed to visualize all nuclei of the cells tested. The bar
graph shows quantification (%) of the EdU-positive cell population. F MSCs were transfected with negative control siRNA, pcDNA control with
no insert, pcDNA-PUM1, or siRNA targeting TLR4. The cells were subsequently cultured for 4 days with or without H,O, (200 uM).
Representative SA-B-gal (green fluorescence) staining images of MSCs indicate senescent cells. G The bar graph indicates the percentage of
SA-B-gal positive cells. *P < 0.05 compared with the no H,0, group (n = 3 experimental replicates). H The bar graph indicates the fluorescence-
based activity of SA-p-gal. *P < 0.05 compared with the no H,0, group (n = 3 experimental replicates). (I) Protein levels of PUM1, TLR4, and the
senescence-related markers were analyzed in MSCs treated or untreated with H,0, (200 pM) using western blotting. J Representative EdU
(green) staining images of MSCs indicate a change in cell proliferation in the H,O,-treated MSCs. DAPI (blue) staining was performed to
visualize all nuclei of the cells tested. The bar graph shows quantification (%) of the EdU-positive cell population. K The vector-transfected
MSCs (1 x 10° cells per 100 mm dish) were maintained for 12 days with or without H,O, in a 20% FBS-containing medium. The colony-forming
abilities of the cells were analyzed via crystal violet (CV) staining. The bar graph indicates the colony numbers of the MSCs tested.
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Reduction of PUM1 expression may be associated with OA
pathogenesis

Patient-derived chondrocytes are a valuable model for studying
OA pathogenesis; however, primary chondrocytes lose their
chondrogenic potential and become senescent during in vitro
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cultivation which is an obstacle to studying OA pathogenesis [53].
Primary human chondrocytes became senescent, and COL2A1
was reduced during passaging (Fig. 5A). PUM1 and TLR4 levels
were decreased and increased, respectively, during in vitro
passaging (Fig. 5B). The normal chondrocyte cell line TC28a2 is
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Fig. 4 PUM1 overexpression preserves the high chondrogenic potential of MSCs in an inflammatory environment. A MSCs were
maintained in a chondrogenic medium in high-density culture conditions (dot culture in 1x 10> cells per dot) for 4, 7, or 14 days.
Undifferentiated MSCs were used as day 0 control. The protein levels of PUM1, PUM2, TLR4, and chondrogenic markers were analyzed in MSCs
during MSC chondrogenesis. B MSCs were transfected with pcDNA control vector with no insert, pcDNA-PUM1 expression vector, negative
control siRNA, or siRNAs targeting PUM1 and TLR4. The cells were maintained in a chondrogenic medium in high-density culture conditions
for 14 days. Safranin O staining was performed to detect glycosaminoglycans (GAGs). C Stained cells were destained with 10% cetylpyridinium
for quantitative analysis. The absorbance was measured at 490 nm. *P < 0.05 compared to groups 1 and 3 (n = 3 experimental replicates). D
GAG content was measured using the Blyscan sulfate GAG assay. The sulfated GAGs were quantified in the supernatant and standardized
using a chondroitin 4-sulfate standard solution. *P < 0.05 compared to groups 1 and 3 (n = 3 experimental replicates). E The expression levels
of PUM1, TLR4, P65, p-P65, and COL2A1 were analyzed in chondrogenic MSCs by western blotting analysis of the cells transfected with pcDNA
control vector with no insert, pcDNA-PUM1 expression vector, negative control siRNA, or siRNAs targeting PUM1 and TLR4. F MSCs were
maintained in growth medium in high-density culture conditions (dot culture in 1 x 10° cells per dot), with or without LPS (1 ug/mL), for two
days. The expression levels of PUM1, TLR4, P65, p-P65, and iNOS were analyzed in MSCs under LPS-induced inflammatory conditions. G MSCs
were transfected with a pcDNA control vector with no insert or pcDNA-PUM1 expression vector. The cells were maintained in a chondrogenic
medium under high-density culture conditions with or without LPS (1 pg/mL) for 14 days. Safranin O staining was performed to detect
glycosaminoglycans (GAGs). Stained cells were destained with 10% cetylpyridinium for quantitative analysis. Absorbance was measured at
490 nm. *P < 0.05 compared to groups 1 and 3 (n = 3 experimental replicates). H The GAG contents were measured using the Blyscan sulfate
GAG assay. The sulfated GAGs were quantified in the supernatant and standardized using a chondroitin 4-sulfate standard solution. *P < 0.05
compared to group 2 (n =3 experimental replicates). | The expression levels of PUM1, TLR4, P65, p-P65, and COL2A1 were analyzed with
western blotting analysis of the MSCs treated with or without LPS (1 pg/mL). J MSCs were maintained in growth medium under high-density
culture conditions (dot culture in 1x 10° cells per dot), with or without IL-1p (10 ng/mL), for 2 days. The expression levels of PUM1, TLR4, P65,
p-P65, and iNOS were analyzed in MSCs under IL-1p-induced inflammatory conditions. K MSCs were transfected with a pcDNA control vector
with no insert or pcDNA-PUM1 expression vector. The cells were maintained in a chondrogenic medium under high-density culture
conditions, with or without IL-18 (10 ng/mL), for 14 days. Safranin O staining was performed to detect glycosaminoglycans (GAGs). Stained
cells were destained with 10% cetylpyridinium for quantitative analysis. Absorbance was measured at 490 nm. *P < 0.05 compared to groups 1
and 3 (n =3 experimental replicates). L The GAG contents were measured using the Blyscan sulfate GAG assay. The sulfated GAGs were
quantified in the supernatant and standardized using a chondroitin 4-sulfate standard solution. *P < 0.05 compared to group 2 (n=3
experimental replicates). M The expression levels of PUM1, TLR4, P65, p-P65, and COL2A1 were analyzed with western blotting analysis of the

MSCs treated with or without IL-1p (10 ng/mL).
<

widely used for studying normal or pathological cartilage disease
mechanisms in vitro [54, 55]. To confirm whether PUM1 and TLR4
expression was affected under in vitro OA conditions, TC28a2 cells
were treated with either LPS or IL-1p for 5 days. PUM1 protein
levels were decreased, while TLR4 levels were dramatically
increased by both LPS and IL-1f treatment (Fig. 5C, D). The
in vitro observation of the changes in PUM1 and TLR4 expression
levels was further verified in human cartilage tissues. Using human
samples from OA patients, we performed immunohistochemistry,
western blot, and reverse transcription-quantitative PCR (qPCR)
analyses to observe PUM1 and TLR4 expression levels. Cartilage
tissues were divided into intact or damaged area. Safranin O
staining showed a decrease in proteoglycan in the damaged
cartilage tissue area, where PUM1 was sparsely detected but TLR4
was highly detected (Fig. 5E, F). The western blotting and gPCR
results of chondrocytes isolated from intact or damaged cartilage
tissues showed both mRNA and protein levels of PUM1 were
downregulated in the damaged cartilage tissues, whereas TLR4
was upregulated (Fig. 5G, H).

PUM1 protects chondrocytes from inflammatory responses,
and non-coding RNA activated by DNA damage (NORAD)
appears to act as an upstream regulator of PUM1 in
osteoarthritis

To evaluate whether PUM1 affects chondrocyte homeostasis
under inflammatory conditions, TC28a2 cells were transfected
with a pEGFP-C1 PUM1 expression vector (Fig. S5). PUMT siRNA,
and TLR4 siRNA, then LPS or IL-1B was treated to evaluate the
effect of the PUM1-mediated TLR4 regulation under in vitro
inflammatory conditions. TC28a2 cells showed weak staining with
safranin O after LPS treatment, whereas PUM1-overexpressing LPS-
treated cells showed safranin O staining intensity like that of the
control group (Fig. 6A), indicating that PUMT overexpression
rescued the chondrocyte role in matrix production from
inflammation. However, PUM1 KD increased sensitivity to inflam-
mation; conversely, double KD of PUMT and TLR4 decreased this
sensitivity (Fig. 6A). Western blot analysis showed that LPS
treatment decreased PUM1 and increased TLR4 and pNF-kB
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levels. PUM1 overexpression suppressed the LPS-mediated
increase in TLR4 and pNF-kB levels, whereas COL2A1 level was
slightly rescued (Fig. 6B). Conversely, TLR4 and pNF-kB levels were
increased by PUMT KD in LPS-treated TC28a2 cells, and double KD
of PUMT and TLR4 rescued the effect of PUM1 single KD (Fig. 6B).
Likewise, IL-1B treatment showed similar results in safranin O
staining and western blot analysis (Fig. 6C and D), indicating that
the PUM1-mediated TLR4 regulation may be intertwined with OA
pathogenesis.

NORAD is reported to bind to the PUMILIO proteins and repress
their activity [27, 56]. A recent study reported that NORAD has
been one of the most upregulated long non-coding RNAs in hip
OA [57]. Thus, upregulated NORAD in the OA environment may
affect the expression level of PUMILIO. However, there is no report
related to this hypothesis. Therefore, we first observed how
NORAD expression changed in the inflammatory environment
in vitro after LPS and IL-1B treatment. LPS or IL-1 treatment
increased NORAD expression in TC28a2 cells (Fig. 6E, F). To extend
these results to the human OA model, we first confirmed their
presence in the primary chondrocytes obtained from OA patients.
NORAD levels were upregulated in the chondrocytes isolated from
damaged cartilage tissues (Fig. 6G). We also confirmed that
NORAD bound to PUM1 in TC28a2 cells using RNA-IP (Fig. 6H). In
addition, NORAD KD rescued PUM1 protein levels under LPS- or IL-
1B-induced inflammatory conditions (Fig. 6l, J). TLR4 and pNF-kB
protein levels were also downregulated by NORAD KD (Fig. 6l, J).

Gene therapy with PUM1 preserves articular cartilage integrity
in mouse OA model

The mechanisms of action identified in the current study could be
applied for OA treatment. To evaluate whether PUMT can serve as a
target for OA therapy, a lentiviral vector encoding mouse Pum1 and
the surgical destabilization of the medial meniscus (DMM) model of
osteoarthritis were employed for animal studies in vivo. The
transduction efficiency of the lentivirus encoding Pumi was
confirmed in mouse chondrocyte ATDC5 cell line by western blot
analysis (Fig. 7A). Next, we assessed the effects of PUMT over-
expression on cartilage matrix homeostasis in the DMM-induced OA

Cell Death & Differentiation (2022) 29:1364 - 1378
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Fig. 5 PUM1 and TLR4 are inversely detected in the inflammatory environment in vitro and human OA cartilage tissues. A The SA-p-gal
staining (Scale bar =350 pm) and (B) western blot analysis during passaging of primary chondrocytes. The expression levels of PUM1, PUM2,
TLR4, COL2A1, and COL1A1 (one of the dedifferentiation markers in primary chondrocytes) were analyzed in primary chondrocytes by
western blot analysis. C The expression levels of PUM1, TLR4, P65, p-P65, and COL2A1 were analyzed in cells from the human chondrocyte cell
line TC28a2 treated with LPS (5 pg/mL), using western blot analysis. LPS treatment was maintained for five days. D The expression levels of
PUM1, TLR4, P65, p-P65, and COL2A1 were analyzed in cells from the human chondrocyte cell line TC28a2 treated with IL-1p (10 ng/mL), using
western blot analysis. IL-1f treatment was maintained for five days. E Representative images of safranin O/fast green staining and PUM1 and
TLR4 immunostaining in intact and damaged cartilage tissues from patients with OA. Scale bar = 200 pm or 100 pm. F Quantification (%) of
PUM1- or TLR4-positive cells from total cell population per field in immunohistochemical sections. G The expression levels of PUM1, TLR4, and
COL2A1 were analyzed in primary chondrocytes isolated from cartilage tissues of human patients with OA, using western blot analysis. The
obtained cartilage tissues were divided into intact or damaged parts, and then the tissues were minced, homogenized, and lysed. H The
MRNA levels of PUM1 and TLR4 were analyzed in human primary chondrocytes isolated in cartilage tissues from OA patients, using reverse
transcription-qPCR. The human cartilage tissues were divided into intact or damaged, and the tissues were then incubated with type 2
collagenase to isolate chondrocytes.

mouse model in vivo. The lentivirus encoding Pum1 was injected
one day after DMM surgery (Fig. 7B). Cartilage destruction was
assessed 8 weeks after DMM surgery in the weight-bearing region of
the medial tibial plateau, by hematoxylin and eosin (H&E) staining,
safranin O staining, and OARSI grade [58]. Eight weeks after DMM
surgery, H&E staining showed the loss of cartilage matrix at the
superficial region of mouse knee cartilage in the DMM group,

whereas Pum1-lentivirus injection prevented DMM-induced cartilage
matrix destruction (Fig. 7C). Particularly, DMM surgery caused a
severe loss of chondrocytes in the superficial region at the contact
area between the medial femoral condyle and medial tibial plateau
of the mouse knee. In contrast, injection of the lentivirus encoding
Pum1 prevented the loss of chondrocytes caused by DMM surgery
(Fig. 7C, middle and lower). DMM surgery significantly destroyed the
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mouse knee cartilage matrix, whereas injection of Pumi-encoding
lentivirus resulted in reduced cartilage destruction relative to that in
mock lentivirus-injected mice (Fig. 7D). In the Pumi lentivirus-
injected DMM mice, the OARSI score was significantly reduced
compared to that in the mock vector-injected DMM group (Fig. 7E).
We further evaluated whether intra-articular injection of Pum1
lentivirus affected TLR4 expression and NF-kB-P65 phosphorylation
levels in cartilage tissues after DMM surgery. PUM1 was almost
undetectable in the DMM-induced OA knee but was highly detected
in mice injected with the lentivirus encoding mouse Pum1. Pumi-
encoding lentivirus injection further suppressed the DMM-mediated
TLR4 upregulation and prevented NF-kB-P65 phosphorylation
(Fig. 7F). These findings indicate that the intra-articular PUM1
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delivery could be a potential target for OA treatment, as it preserves
cartilage integrity in the OA environment in vivo.

DISCUSSION

MSCs have therapeutic potential for treating various skeletal
diseases but there are obstacles to their implementation. For
example, the ex vivo expansion of MSCs causes oxidative stress
and cellular senescence, leading to deteriorated in vivo engraft-
ment and functions [59]. In particular, the premature aging of
MSCs remains a major challenge for clinical applications, as aged
MSC-derived chondrocytes have low chondrogenic potential and
hypertrophic phenotype, limiting the regenerative capacity for

Cell Death & Differentiation (2022) 29:1364-1378
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Fig.6 PUM1 protects chondrocytes from inflammation, and NORAD may be an upstream regulator of the PUM1-TLR4 axis. A TC28a2 cells
were transfected with pEGFP-C1 control vector with no insert, the pEGFP-C1-PUM1 expression vector, negative control (NC) siRNA, or siRNAs
targeting PUM1 and TLR4. The cells were maintained under the LPS (5 pg/mL)-induced inflammatory condition for five days. Safranin O
staining was performed to detect glycosaminoglycans (GAGs). The stained cells were destained with 10% cetylpyridinium for quantitative
analysis. The absorbance was measured at 490 nm. *P < 0.05 compared to groups 1 and 4 (n =3 experimental replicates). B The expression
levels of PUM1, TLR4, P65, p-P65, and COL2A1 were analyzed in TC28a2 cells in LPS-induced inflammatory conditions using western blotting.
C TC28a2 cells were transfected with pEGFP-C1 control vector with no insert, the pEGFP-C1-PUM1 expression vector, NC siRNA, or siRNAs
targeting PUM1 and TLR4. The cells were maintained under the IL-1p (10 ng/mL)-induced inflammatory condition for five days. Safranin O
staining was performed to detect glycosaminoglycans (GAGs). The stained cells were destained with 10% cetylpyridinium for quantitative
analysis. The absorbance was measured at 490 nm. *P < 0.05 compared to the groups 1 or 4 (n = 3 experimental replicates). D The expression
levels of PUM1, TLR4, P65, p-P65, and COL2A1 were analyzed in TC28a2 cells under IL-1B-induced inflammatory conditions using western
blotting. NORAD mRNA levels were examined in the (E) LPS- or (F) IL-1p-treated TC28a2 cells using reverse gPCR. G NORAD mRNA levels were
also measured using RNA samples extracted from primary chondrocytes of OA patients (n = 3 experimental replicates). H RIP was performed
in TC28a2 cells transfected with the pEGFP-C1-PUM1 vector. PUM1-IP was confirmed with western blot analysis, and HSP90 was used to
confirm the presence of the input sample. The bar graph displays the RIP-qPCR fold enrichment of the indicated mRNAs relative to the IgG
control. *P < 0.05 in comparison with the IgG control (n = 3 experimental replicates). (I) Reverse transcription-qPCR was performed to confirm
the transfection efficiency of NORAD siRNA (100 nM). The expression levels of PUM1, TLR4, P65, p-P65, and COL2A1 were analyzed in NC
siRNA- or NORAD siRNA-transfected TC28a2 cells under (J) LPS- or (K) IL-1p-induced inflammatory conditions, using western blotting. *P < 0.05

in comparison with group 2 (n = 3 experimental replicates).

forming a hyaline cartilage tissue [60]. Therefore, the prevention of
cellular senescence in cultured MSCs is required to harness their
regenerative potential for cartilage therapies, and understanding
the mechanisms related to cellular aging is essential. The NF-kB
signaling pathway is critically involved in the cellular senescence
of MSCs as well as inflammatory activation in many types of cells
[61]. Discovering novel signaling pathways involved with NF-«kB
activation and clarifying the related molecular mechanisms would
be essential in preventing or treating various diseases initiated by
this signaling pathway. Moreover, the genetic mechanisms
involved in the NF-kB signaling can provide important clues for
the development of specific technologies to control cellular aging.
In this study, we showed that PUM1 is essential for healthy MSCs
during cultivation in vitro. PUM1 overexpression in MSCs during
in vitro expansion protected MSCs against the H,0,-induced
cellular senescence and improved their chondrogenic potential.
Thus, the overall therapeutic efficacy is considered to increase
when the PUM1 expression is preserved during the in vitro MSC
expansion because the MSC-based transplantation has been
common approach for cartilage repair [62]. The present study
demonstrates that the genetically modified MSCs with constant
PUM1 expression may be effective for the regeneration of
damaged cartilage using in vitro cell culture system, suggesting
that their possible applications in highly inflamed OA models
which yet needs further studies and in this case the MSCs
overexpressing PUM1 might be applied to augment the roles
of PUMT.

Mechanistically, PUM1 binds to TLR4 mRNA to repress transla-
tion. TLR4 is an upstream regulator of NF-kB and increases its
activity [63]. Interestingly, molecular genetic changes associated
with aging share various common pathways in the OA progression
[16], meaning that the TLR4-mediated NF-kB activation may be an
essential target for OA treatment. Indeed, TLR4 inhibition by a
small molecule inhibitor, resatorvid, successfully suppressed the
effects of tissue damage-related molecules in chondrocytes.
Moreover, TLR4 expression levels were higher in the chondrocytes
from OA patients than in those from healthy individuals [64]. In
this study, we also confirmed that TLR4 was higher expressed in
damaged OA cartilage tissues than in intact cartilage tissues. Thus,
TLR4 upregulation may act as a molecular initiator of aging and
OA progression. Comprehensively, TLR4 expression modulation
during aging or OA can be an important target for treating related
diseases. Finding relevant upstream regulators would help
understand the cause of aging and OA and lead to future
treatments, such as gene therapy. In this respect, PUM1 may be an
important target for the treatment and etiology of TLR4 activation-
mediated aging and OA.
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The decrease in PUM1 expression during aging and OA
progression may be the leading cause of TLR4 activation, thereby
aggravating related diseases. This suggests that TLR4 regulation
through PUM1 expression may be the key to treat and delay
aging-related diseases. However, the reason for PUM1 expression
decrease during MSC senescence and OA pathogenesis was not
studied here. Mechanistically, one example of ROS-mediated
cellular senescence occurs via DNA damage [65]. Studies have
shown that ROS generated by Ox-LDL upregulates non-coding
RNA NORAD activated by DNA damage [66]. NORAD plays a
negative regulator of PUMILIO activity or expression. Global
transcriptome analysis by Lee et al. indicated that PUMILIO and
NORAD have opposing effects on an overlapping set of genes [27].
Overall, DNA damage-activated NORAD may induce TLR4-
mediated activation of NF-kB by inhibiting PUM1 activity during
MSC aging. PUM1 expression was significantly downregulated in
human and mouse OA tissues. A recent study showed that NORAD
expression was highly upregulated in patients with hip OA [57],
which supports our results for the downregulation of PUM1
expression in LPS or IL-1B-treated chondrocytes and DMM
surgery-induced mouse OA models. In this study, we first reported
the relationship between NORAD and PUM1 in OA, indicating that
NOARD may serve as a novel biomarker for OA pathogenesis.
Although it is recognized that NORAD targets the PUM proteins, it
is still unclear how NORAD regulates PUM1 or PUM2 [67].
Therefore, further studies are warranted to clarify the roles of
NORAD in aging and OA pathogenesis.

NF-kB may serve as a biomarker for aging, indicating potential
targets for developing novel therapeutic strategies to improve the
quality of life for the elderly [68]. In one study, TLR4-mediated NF-
KB-p53/p21 signaling activation contributed to the senescence of
dental pulp stem cells, a type of MSC [69]. Further, H,0,-mediated
TLR4 activation increased pNF-kB and P21 levels, causing the
senescence of MSCs. This signaling pathway is involved in OA
development [46]. Thus, TLR4 targeting may help develop new
drugs for aging and age-related diseases, and studies regarding
this are currently ongoing. However, many TLR4-targeting drugs
have failed in phase 3 clinical trials [70]. TLR4 plays an important
role in innate immunity; therefore, side effects may occur upon
reduction of TLR4 expression in non-target tissues. PUM1
targeting may be an alternative for the development of drugs to
modulate TLR4. We performed gene therapy to prevent OA using
PUM1 gene-encoding lentivirus and observed a reduction in TLR4
expression in OA cartilage tissues, preventing OA progression.
Therefore, unwanted side effects might be reduced by injecting
PUM1-encoding lentivirus into a local site (knee joint with OA) to
modulate abnormally elevated TLR4 expression in OA tissues.
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Fig. 7 Gene therapy with a lentiviral vector encoding PUM1 in a mouse model for OA. A Protein levels of mouse PUM1 and TLR4 were
analyzed in the mouse chondrocyte ATDC5 cell line infected with a lentiviral vector encoding plLenti-Gill-Mock or -mouse PUM1 gene.
B Schematic of the time course used for the DMM-induced in vivo osteoarthritis experiments. The following figures indicate histological
analyses of the changes in joints after DMM surgery. C H&E staining was performed to observe the cell morphology and tissue integrity in the
articular cartilage tissues of the mouse knee undergoing DMM surgery. The figures located at the top show the extent of damage to the entire
cartilage tissue in the weight-bearing area of the medial tibial plateau. The middle and bottom figures show the extent of damage and the
morphology of chondrocytes in the contact area of the weight-bearing region between the medial tibial plateau and the medial femoral
condyle. Scale bar =500, 100, or 10 pm. D Likewise, Safranin O and fast green staining of articular cartilage tissues from mice that underwent
sham or DMM surgery is indicated. Scale bar = 500, 100, or 10 pm. Safranin O and fast green staining demonstrated OA progression through
the 8-week time course in the medial tibial plateau. E OARSI scores of the medial tibial plateau of DMM mice (Sham-Mock, n = 6; DMM-Mock,
n =6; DMM-PUM1, n = 6). Data are expressed as means, and the error bars indicate the standard deviation. F Representative images for PUM1
(red), TLR4 (red), and p-P65 (red) immunostaining in cartilage tissues obtained from sham or DMM mouse knees (Sham-Mock, n = 6; DMM-
Mock, n = 6; DMM-PUMT1, n = 6). Scale bar = 50 um. The bar graphs show quantification (%) of the PUM1-, TLR4-, or p-P65-positive cells from
total cell population per field, in immunohistochemical sections.

Overall, PUM1 expression was downregulated, and TLR4 and the downregulation of NF-kB activity. Thus, inducing PUM1
NF-kB expression was upregulated during MSC aging and OA expression to reduce the inflammatory effects of TLR4-NF-kB in
development. We demonstrated the PUM1-mediated posttran- OA cartilage may provide a novel approach for treating OA and
scriptional inhibition of TLR4-NF-kB signaling regulated TLR4 age-associated diseases resulting from TLR4-NF-kB signaling. In
expression and PUM1 interaction with the TLR4 3'-UTR, causing conclusion, the PUM1-mediated regulation of TLR4 expression has
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the potential as a clinically suitable target for OA treatment.
Therefore, intra-articular delivery of the PUMT gene may be a
promising therapeutic approach to prevent OA progression.

MATERIALS AND METHODS

Study design

This study was conducted to evaluate (i) whether modulation of PUM1
expression could prevent cellular senescence and (i) whether the
associated mechanism could be a therapeutic target protecting articular
cartilage from OA degeneration. Human bone marrow-derived MSCs were
used for in vitro experiments on cellular senescence. Bone marrow
aspirates were obtained from the posterior iliac crests of 12 adult donors,
with the approval of the Institutional Review Board (IRB; 2017-0308-001) of
the Yonsei University College of Medicine. MSCs isolated from the bone
marrow were selected based on their ability to adhere to plastic cell culture
dishes. Almost all the cultured cells (98%) were positive for CD90 and
CD105 and negative for CD34 and CD45. The cell culture protocol has been
described previously [71]. Cryopreserved vials of additional human MSCs
were purchased from ATCC (PCS500012, Manassas, VA, USA). For all in vitro
assays, at least three independent experiments were carried out, and in the
case of primary cells, such as MSCs and patient-derived chondrocytes, at
least three donors were tested per experiment. To minimize donor
variation in experimental results obtained from patient-derived chondro-
cytes, the TC28a2 cell line was used for mechanism studies, and at least
three independent experiments were carried out. Sample sizes and the
characteristics of the MSCs and primary chondrocytes for each experiment
are included in the figure legends and Supplementary Table S2. For
immunostaining, western blot, and gPCR analyses in human cartilage
tissues, the cartilage samples were obtained from five patients with OA
undergoing total knee arthroplasty, with approval from the Institutional
Review Board (IRB) (2019-1374-002) of the Yonsei University College of
Medicine. Exclusion criteria for total knee arthroplasty were history of
rheumatoid arthritis, inflammatory arthritis, autoimmune disease, ankylos-
ing spondylitis, cancer, and long-term corticosteroid therapy (Please see
Supplementary Table S2 for more detail). The histological results were
analyzed by the investigators and orthopedic surgeons in a blinded
manner.

Cell culture

MSCs were maintained in low-glucose Dulbecco’s Modified Eagle’s Medium
(DMEM-LG; Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (FBS; Gibco, Grand Island NY, USA) and 1% antibiotic-antimycotic
solution (Invitrogen) at 37 °C and 5% CO,. The MSCs were replated at a density
of 5000 cells/cm® and were subcultured at 80% confluency. To isolate
chondrocytes, articular cartilages obtained from the knee joints of patients
were first divided into intact and damaged parts. The cartilage tissues were
shaved from the articular surface under sterile conditions, completely minced,
and washed three times in phosphate-buffered saline (PBS). The minced
tissues were then incubated in DMEM high-glucose medium (DMEM-HG;
Invitrogen) supplemented with 2% collagenase (Sigma-Aldrich, St. Louis, MO,
USA) and 0.5% dispase (Sigma-Aldrich) at 37 °C and 5% CO, for 4 h. After that,
the cell suspensions were passed through a 40 um cell strainer to remove
debris, and then the cells were cultured in DMEM-HG containing 10% FBS and
1% antibiotic—antimycotic solution at 37 °C and 5% CO,. The TC28a2 normal
human and ATDC5 mouse chondrogenic cell lines were purchased from
Sigma-Aldrich (Sigma-Aldrich). Primary chondrocytes and chondrocyte cell
lines were maintained in DMEM-HGsupplemented with 10% FBS and 1%
antibiotic-antimycotic solution at 37 °C and 5% CO,.

Animal experiments

All animal use procedures were conducted as per the approval of the
Institutional Animal Care and Use Committee (IACUC) protocol of the
Yonsei University College of Medicine (Approval number: IACUC-2016-
0099). DMM surgery was conducted on the right knee joint of 8-week-old
male C57BL/6 mice to induce OA by dissecting the medial meniscus-
ligament to destabilize the medial meniscus. The sham group was
surgically treated as described above, but without dissecting the medial
meniscus-ligament. The next day, the lentivirus (1 X 10" virus particles /10
pL) encoding pLenti-GlII-CMV-PUM1 or pLenti-Glll-CMV-no insert was
injected intra-articularly to test whether PUM1 overexpression in mouse
cartilage tissue preserved cartilage integrity under the DMM-induced OA
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model. At week 8, the mice were euthanized, and the joints were collected
for histological assessment (n =6 per group).

Senescence-associated f3-galactosidase (SA-B-gal) assays

The SA-B-gal assay, using a cellular senescence assay kit (Millipore,
Temecula, CA, USA), has been described previously. Positive cells were
counted using a phase-contrast microscope or an image analyzer
(MetaMorph; Universal Imaging Corp., Downingtown, PA, USA). The
fluorescence-based SA-B-gal assays were performed using the Cellular
Senescence Live Cell Analysis Assay Kit (ENZ-KIT130; Enzo Life Science,
Lausen, Switzerland) and Cellular Senescence Activity Assay Kit (ENZ-
KIT129; Enzo Life Science), following the manufacturer’s protocols. For SA-
B-gal live cell analysis, the pretreatment solution provided in the kit was
added to the senescent cells, and these were incubated at 37 °C for 2 h. SA-
-gal substrate solution was directly added to the cells, subsequently
incubated at 37 °C for 4 h. After washing thrice with PBS, the cells were
analyzed using the Countess Il FL Automated Cell Counter (Thermo Fisher
Scientific, Rockford, IL, USA). For the SA-B-gal activity assay, cell lysis buffer
provided from the kit was used to treat senescent cells, which were
incubated at 4°C for 5min. The whole lysate was transferred to a
microcentrifuge tube and centrifuged to collect the supernatant. After
determining the total protein concentration of each lysate sample, the
lysate was mixed with the assay buffer provided with the kit, and the
samples were incubated at 37°C for 1h. After adding stop solution,
fluorescence was measured with a fluorescence plate reader at 360 nm/
465 nm (excitation/emission).

RNA interference (RNAI)

Negative control, PUM1, PUM2, TLR4, and NORAD siRNAs were purchased
from Bioneer (Daejeon, South Korea). Information on the siRNAs used in
this study is provided in Table S3. Briefly, cells were plated to obtain
70-80% confluent growth in 6-well plates and transfected with 100 nM of
each siRNA using Lipofectamine 2000 (Invitrogen). After 6 h of transfection,
the medium was replaced with fresh medium.

Quantitative real-time polymerase chain reaction (qPCR)

PCR analysis was performed as described previously. Briefly, total RNA was
isolated using an RNeasy kit (Qiagen, Valencia, CA, USA) according to the
manufacturer’s instructions. One microgram of total RNA was reverse-
transcribed using the Omniscript kit (Qiagen). Primer sets were validated
and purchased from Bioneer. The validated or designed primer sets used
are listed in Table S4. Mean cycle threshold values from triplicate (n = 3)
measurements were used to calculate gene expression, with normalization
to ACTB (B-ACTIN) as the internal control.

Cell proliferation

Cell proliferation assays were performed using an EZ-Cytox Kit (Daeil Lab
Service, Seoul, Korea). Cells transfected with siRNAs or plasmid expression
vectors were seeded in 12-well culture plates at a density of 1x 10* cells
per well. The cells were maintained in a growth medium for 7-10 days, and
the cell culture media were replaced once a day during cell viability assays.
Briefly, after washing cells in PBS, 20 uL of EZ-Cytox (tetrazolium salts)
solution was added to each well and incubated at 37°C for 4 h. After
incubation, the conditioned medium was transferred to 96-well plates. The
absorbance was measured at 450 nm. All samples were tested in triplicate.

Western blotting

MSCs or chondrocytes isolated from cartilage tissues were lysed in the PRO-
PREP™ Protein Extraction Solution (iNtRON Biotechnology, Seongnam, South
Korea). Protein concentrations were determined using the Bio-Rad Protein
Assay (Bio-Rad Laboratories, Inc,, Hercules, CA, USA). Approximately 30 pug of
protein were analyzed via 10% SDS-polyacrylamide gel electrophoresis (SDS-
PAGE; Sigma-Aldrich). The resolved proteins were transferred to membranes
blocked with 5% skim milk (BD, Sparks, MD, USA) for 1h at room
temperature. The membranes were incubated for ~12h with antibodies
against PUM1 (Abcam, Cambridge, UK), PUM2 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), P65 (Cell Signaling Technology, Danvers, MA, USA),
phosphorylated P65 (Cell Signaling Technology), P21 (Santa Cruz Biotechnol-
ogy), TLR2 (Cell Signaling), TLR4 (Santa Cruz Biotechnology), GFP (Santa Cruz
Biotechnology), Luciferase (Santa Cruz Biotechnology), SOX9 (Santa Cruz
Biotechnology), COL2A1 (Santa Cruz Biotechnology), and iNOS (Abcam).
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Membranes were further probed with the antibodies against B-ACTIN (Santa
Cruz Biotechnology), which served as a loading control.

Crystal violet (CV) staining for the colony-forming unit
fibroblast (CFU-F) assay

Cells were seeded at a density of 1x10° cells in 100 mm culture dishes
according to their conditions and maintained in DMEM-LG supplemented
with 20% FBS for 12 days. The medium was replaced every two days
during colony formation. Subsequently, the cells were fixed in a 1:1
acetone/methanol fixative, stained with a 20% CV solution (Merck,
Darmstadt, Germany) for 30 min, and washed in distilled water.

EdU assay

The EdU proliferation assay was performed using the EdU Proliferation Kit
(ab219801, Abcam) according to the manufacturer’s instructions. Before
the EdU assay, MSCs (2 x 10% cells per well in 12-well culture plates) were
incubated with or without 200 uM H,0, for four days. The cells were
incubated with EdU for 2 h under normal cell growth conditions and fixed
with 4% formaldehyde. After washing, the cells were incubated with
permeabilization buffer for 20 min. Followed by another step of washing,
the cells were incubated with the EdU reaction buffer and then stained
with DAPI. EdU-stained cells were observed under a fluorescence
microscope and counted for quantification.

Vector preparation and transfection of plasmid DNA using
electroporation

The PUM1 gene was synthesized using the cloning services of AbClon
(Seoul, South Korea) and was cloned into pcDNA between Nhel and Xhol
(Takara Bio, Inc., Shiga, Japan) to generate pcDNA-PUM1 that expresses the
PUM1-HA protein, or pEGFP-C1 vector between the Nhel and Agel sites
(Takara Bio, Inc.) to generate pEGFPC1-PUM1 that expressed a green
fluorescent protein (GFP)-PUM1 fusion protein. A mock vector with no
insert was used as a control. PUM1 mutant lacking the RNA-binding
domain (APUM1-HD) was cloned into the pEGFP-C1 vector between the
Nhel and Agel sites (Takara Bio, Inc.) to generate pEGFPC1-APUM1-HD that
expressed a green fluorescent protein (GFP)-PUM1 fusion protein (see
Fig. S6). Each vector was transfected with MSCs or TC28a2 cells using
electroporation with the neon transfection system according to the
manufacturer’s instructions (Cat no, MPK5000; Invitrogen). After transfec-
tion of plasmids into MSCs or TC28a2 cells, they were washed with PBS and
detached using the trypsin/EDTA solution. Approximately 1x 10° cells
were suspended in 90 pL of Transfection Resuspension Buffer R and were
mixed with 5 g of plasmid DNA in 10 uL volume. Next, a 100 pL aliquot was
placed in the electroporator Neon Gold Pipette Tips provided in the kit and
pulsed (Pulse voltage: 990V, pulse width: 40 ms). The contents of the
transfection pipette were placed onto a 100mm cell culture dish.
Transfection efficiency was confirmed by fluorescence microscopy and
western blot analysis 24 h after electroporation.

RNA-immunoprecipitation (RIP)

RIP was performed to know to determine potential interactions between
PUM1 protein and TLR4 mRNA or IncRNA NORAD. Approximately 1 x 107
MSCs or TC28a2 cells transfected with pEGFP-C1-PUM1 vector were used
per experiment. PUM1-bound RNA-IP was performed according to the
RiboCluster Profiler RIP assay kit protocol (MBL International Corporation,
Woburn, MA, USA). The cells were lysed by dithiothreitol (DTT; Sigma)-
added lysis buffer provided by the manufacturer, and then the lysates were
precleared with protein G plus agarose beads (Thermo Fisher Scientific) in
DTT-added wash buffer provided by the manufacturer. The precleared
lysates were transferred to the prepared tubes containing GFP antibody or
lgG-immobilized beads. After approximately 12 h, GFP antibody or IgG-
immobilized protein G agarose beads-RNA/protein complexes were
separated to extract proteins and PUM1-bound RNAs. Eluted RNA was
analyzed by gPCR. The GFP antibody-bound RNA was isolated and purified
with provided kit according to the manufacturer’s instructions.

TLR4 3-UTR luciferase analysis

TLR4 3”-UTR Lenti-reporter-Luc vector was purchased commercially from
Applied Biological Materials Inc. (abm, Richmond, BC, Canada). To obtain
lentiviral particles with TLR4 3'UTR-reporter-luciferase, HEK293T cells were
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seeded in 100 mm culture dishes at a density of 3 x 10° cells per dish. The
next day, cells were transfected with TLR4 3-UTR Lenti-reporter-Luc vector
with psPAX2 (Addgene #12260) and pMD2.G (Addgene #12259) using
Lipofectamine 2000 (Invitrogen). After 6 h of transfection, the medium was
replaced. The lentiviral vector-transfected HEK293T cells were maintained
for two days, and subsequently, the supernatants were collected and
stored at —70 °C. To transduce the vector expressing TLR4 3'UTR-reporter-
luciferase, HEK293T cells were seeded in 6-well plates at a density of 5 x
10* cells per well. After 48 h of transduction, the medium was replaced
afresh with 10 pg/mL puromycin dihydrochloride (Sigma), and the cells
were maintained for three days. The selected cells were used in the TLR4
3"-UTR luciferase reporter assay. The pEGFP-C1-mock, pEGFP-C1-PUM1, or
pEGFP-C1-APUM1-HD vectors were transfected with the selected cells by
puromycin dihydrochloride using Lipofectamine 2000, and the cells were
then maintained with a growth medium for 2 days after which the cells
were lysed using PRO-PREP Protein Extraction Solution, and the protein
was analyzed by western blotting to compare the luciferase activities of
TLR4 3'-UTR. The band intensity on the western blot was quantified using
ImageJ (n =3, in triplicate).

Chondrogenic differentiation

The differentiation medium has been described previously [8]. MSCs were
dotted on the center of individual wells of 24-well plates at 1 x 10° cells per
well in a 10 uL volume. The cells were allowed to adhere for 2 h in the cell
culture incubator. Next, a chondrogenic medium consisting of DMEM-HG
supplemented with 1% Insulin Transferrin Selenium-A (ITS; Invitrogen), 50
mg/mL ascorbic acid (Invitrogen), and 10 ng/mL TGF-33 (R&D Systems),
was added gently. The chondrogenic media containing 10 ng/mL of TGF-
3 was changed every two days during in vitro differentiation periods. To
detect proteoglycan synthesis, 0.1% safranin O solution (Sigma) was
added, and the cells were incubated for 1h after fixing with 4%
paraformaldehyde. For quantitative analysis, absorbance was detected at
490 nm, followed by destaining with 100% ethanol for 20 min. The safranin
O values were normalized to absorbance from the CV staining.

Glycosaminoglycans (GAG) assay

The amounts of sulfated glycosaminoglycans (GAGs) in the medium
obtained from chondrogenic cultures were determined using the Blyscan
kit (Biocolor) according to the manufacturer’s instructions. Briefly, 500 L of
the culture medium was mixed with 1 mL of Blyscan dye reagent by
shaking for 30 min to complete the GAG-dye binding. After centrifugation,
the dye bound to the GAGs was dissolved in a dissociation reagent. The
recovered dye concentration was determined at 656 nm, and a chondroitin
4-sulfate standard solution (Biocolor) was used to generate the standard
curves. All samples and standards were tested in triplicate.

Mouse PUM1 lentivirus

Mouse PUM1 lentiviral vector was purchased from abm (Cat No.
382050640495). plLenti-GIlI-CMV vector with no insert was used as a
control. For packaging of the control or PUM1 lentivirus, HEK293T cells
were co-transfected with the lentiviral packaging vectors psPAX2, and
pMD2.G. Medium containing the viral particles was collected by
ultracentrifugation at 19400 x g for 2.5 h. Transduction efficiency of the
lentivirus encoding mouse PUM1 was confirmed in the ATDC5 mouse
chondrocyte cell line by western blot analysis.

Histology and immunohistochemistry

Cartilage tissue sections were fixed for seven days in 10% formalin at room
temperature. After fixation, the formalin-fixed specimens were embedded
in paraffin. The paraffin-embedded sections were deparaffinized, rehy-
drated, and washed with PBS, and the tissue sections were used to
evaluate the disruption of cartilage tissue in the human cartilage or DMM-
induced OA. The prepared tissue samples were sliced with a thickness of 4
mm and stained using H&E and safranin O solution to observe the OA
progression or incubated with anti-TLR4 (Santa Cruz Biotechnology), anti-
phosphorylated NF-kB-P65 and anti-PUM1 (Cell Signaling Technology)
antibodies to detect PUM1, phosphorylated NF-kB-P65, and TLR4 levels.
The stained tissues were observed using a VS120 virtual microscope
(Olympus, Tokyo, Japan), and images of the sections were analyzed using
the OlyVIA 2.5 program (Olympus). Safranin O-stained histological sections
were used to assess cartilage degeneration (OARSI score).
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Statistical analysis

All experiments were performed in triplicate using samples from at least
three donors. The Student’s t-test was used to assess the significance of
the statistical difference for two-group comparisons. The significance of
the statistical differences among three or more groups was calculated
using a one-way analysis of variance and post-hoc Bonferroni correction.
Data are shown as the mean + standard deviation. For all tests, P < 0.05 was
considered statistically significant.

DATA AVAILABILITY
The datasets used and/or analyzed during the current study are available from the
corresponding authors on reasonable request.
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