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TNF-a-mediated m®A modification of ELMOT
triggers directional migration of mesenchymal stem
cell in ankylosing spondylitis

Zhongyu Xiel3, Wenhui Yu'3, Guan Zheng'3, Jinteng Li!, Shuizhong Cen', Guiwen Ye', Zhaofeng Li', Wenijie Lid},

Ming Li', Jiajie Lin!, Zepeng Su', Yunshu Che', Feng Ye!, Peng Wang'™ Yanfeng Wu?™ & Huiyong Shen® '™

Ankylosing spondylitis (AS) is a type of rheumatic disease characterized by chronic
inflammation and pathological osteogenesis in the entheses. Previously, we demonstrated
that enhanced osteogenic differentiation of MSC from AS patients (AS-MSC) resulted in
pathological osteogenesis, and that during the enhanced osteogenic differentiation course,
AS-MSC induced TNF-a-mediated local inflammation. However, whether TNF-oa in turn
affects AS-MSC remains unknown. Herein, we further demonstrate that a high-concentration
TNF-a treatment triggers enhanced directional migration of AS-MSC in vitro and in vivo,
which enforces AS pathogenesis. Mechanistically, TNF-a leads to increased expression of
ELMOT1 in AS-MSC, which is mediated by a METTL14 dependent m®A modification in ELMOT
3'UTR. Higher ELMOT1 expression of AS-MSC is found in vivo in AS patients, and inhibiting
ELMO1 in SKG mice produces therapeutic effects in this spondyloarthritis model. This study
may provide insight into not only the pathogenesis but also clinical therapy for AS.
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nkylosing spondylitis (AS) is a common kind of rheu-
matic disease that affects 0.1-0.5% of the population
worldwide!. As the major component of spondyloar-
thropathy, AS is characterized by chronic inflammation and
ectopic ossification in the entheses, which distinguishes AS from
other rheumatic diseases?. However, both the mechanisms of
chronic inflammation and ectopic ossification and the relation-
ship between these two features still require further investigation.

Mesenchymal stem cells (MSC) are a kind of pluripotent adult
stem cell found in vivo>. As both a major source of osteoblasts and a
critical regulator of immune cells, MSC play an important role as a
bridge connecting bone metabolism and immune homeostasis*-°.
Previously, our study, as well as Chin-Hsiu Liu’s results, indicated
that the abnormally enhanced osteogenic differentiation capacity of
MSC from AS patients (AS-MSC) resulted in pathological osteo-
genesis and syndesmophyte formation’®. Moreover, we further
demonstrated that AS-MSC secreted a relatively large amount of
CCL2 during the enhanced osteogenic differentiation course, which
augmented monocyte migration, increased proinflammatory mac-
rophage polarization and enhanced TNF-a secretion at the site of
enthesis®. However, whether TNF-a secreted by macrophages, in
turn, affects AS-MSC is still an open question.

Directional migration to a specific location ensures that MSC exert
powerful functions!?. Since normal MSC migration contributes to
tissue regeneration and immune regulation, it is unsurprising that
directional migration of dysfunctional MSC results in disease devel-
opment. The migration process is under the regulation of various
factors!!. Engulfment and cell motility protein 1 (ELMO1), which is
known as CEDI2 in Caenorhabditis elegans, is a core molecule
involved in cell migration!2. ELMO1 functionally binds dedicator of
cytokinesis (DOCK) proteins and then regulates cytoskeletal rear-
rangement via Racl activation, which participates in various biolo-
gical functions, such as directional migration, engulfment of
apoptotic cells, nervous system development and cancer cell
invasion!?-1%. Previous studies have shown that the abnormal
expression of ELMOL is greatly involved in several diseases, including
diabetic nephropathy, inflammatory arthritis and inflammatory
bowel disease!®~18. Both the role of ELMOI1 in MSC directional
migration and its effect on AS pathogenesis are still ambiguous.

NC-methyladenosine (m°A), present at approximately three to
five sites per mRNA transcript (0.1-0.4% of adenosines) in
mammalian cells, is the most abundant internal mRNA
modification!®. m®A modification regulates gene expression and
is widely involved in cell function and development20-21, Differ-
ential expression of methyltransferases such as METTL3 and
METTLI14 or demethylases including FTO and ALKBH5 results
in abnormal expression of specific genes, which ultimately con-
tributes to diseases development?2-2%, However, the effect of m°A
modification on AS pathogenesis has never been investigated.

In this study, we demonstrate that a high level of TNF-a
induced stronger directional migration of AS-MSC compared to
MSC from healthy controls (HC-MSC) by increasing ELMO1
expression. Further research showed that this phenomenon
resulted from the METTL14 mediated m®A modification of the
ELMO1 3'UTR in AS-MSC after TNF-a treatment. A higher
expression of ELMO1 in AS-MSC was also found in the enthesis
of AS patients in vivo. Moreover, injecting Av-ELMO1 sig-
nificantly improved inflammation and ectopic ossification in SKG
mice serving as a spondyloarthritis model. This study may not
only contribute to the elucidation of the pathogenesis of AS but
also provide insight into clinical therapy for AS.

Results
TNF-a induces enhanced directional migration of AS-MSC
in vitro. AS-MSC were isolated from 15 patients during the active

period of AS, and HC-MSC were obtained from 15 healthy
donors matched by age and gender (Supplementary Table 1).
Previously, we demonstrated that AS-MSC augmented monocyte
migration and increased M1 proinflammatory macrophage
polarization®. In this study, the migration assays showed that the
numbers of stained migratory AS-MSC were much greater than
those of HC-MSC when cocultured with macrophages (Fig. 1a).
This discrepancy was rectified by a TNF-a neutralizing antibody,
but not an anti-IL17 or anti-IL23 neutralizing antibody, with
equal levels observed in AS-MSC and HC-MSC (Fig. la and
Supplementary Fig. 1), indicating that macrophage-secreted TNF-
a affected AS-MSC by enhancing their migratory capacity. After
treatment with 100 ng/ml TNF-qa, the number of stained migra-
tory AS-MSC was much greater than that of HC-MSC. No dif-
ference between HC-MSC and AS-MSC was observed with or
without TNF-a stimulation at lower concentrations (0, 10, and
50 ng/ml) (Fig. 1b). Consistently, as shown by a wound-healing
assay, AS-MSC treated with 100 ng/ml TNF-a had a larger
migratory area percentage than HC-MSC (Fig. 1c). To further
investigate the directional migration ability, a p-slide chemotaxis
assay was performed. Cell tracking showed that AS-MSC were
more likely to migrate toward TNF-a than were HC-MSC. The
migration index, velocity, and directionality were all higher for
AS-MSC than for HC-MSC (Fig. 1d). These results suggest that
TNF-a at a relatively high concentration led to enhanced direc-
tional migration of AS-MSC in vitro.

TNF-a accelerates the directional migration of AS-MSC
in vivo. To further investigate TNF-a-induced AS-MSC migra-
tion in vivo, we transplanted MSC/Fluc and injected TNF-a into
nude mice, followed by the performance of a bioluminescence
assay and an immunohistochemical assay (Fig. 2a). The MSC
migration area shown by the bioluminescence assay gradually
increased from day 0 to day 5. On days 3 and 5 after MSC
injection, the bioluminescence area of AS-MSC was larger than
that of HC-MSC (Fig. 2b). Moreover, as shown by the immu-
nohistochemical assay, the number of migratory AS-MSC, iden-
tified with an anti-human HLA antibody, was much greater than
that of migratory HC-MSC at the TNF-a injection sites (Fig. 2c).
These results indicated that AS-MSC had a stronger migratory
capacity than HC-MSC with high-concentration TNF-a
treatment.

TNF-a leads to elevated expression of ELMO1 in AS-MSC. The
whole transcriptome sequencing of six HC-MSC and six AS-MSC,
without or with 100 ng/ml TNF-a stimulation, was performed. A
total of 2631 differentially expressed mRNAs were identified in the
HC-MSC, and 4680 differentially expressed mRNAs were identi-
fied in the AS-MSC before and after TNF-a stimulation. When
comparing HC-MSC to AS-MSC after 100 ng/ml TNF-a stimu-
lation, a total of 1780 differentially expressed mRNAs were found
(Supplementary Fig. 2A). Clustergram analysis showed that sig-
nificant differences were observed between the MSC treated
without and with TNF-a and between the AS-MSC and HC-MSC
treated with TNF-a (Fig. 3a). Consistently, PCA confirmed that
AS-MSC treated with 100 ng/ml TNF-a had a different expression
profile than HC-MSC (Fig. 3b).

The mRNAs that were differentially expressed between both
HC-MSC (or AS-MSC) with and without TNF-a and between
TNF-a-treated AS-MSC and HC-MSC were considered to be
critical genes. Through Venn diagram analysis, 489 critical
differentially expressed mRNAs were identified (Fig. 3c). As
determined by GO analysis, these 489 mRNAs were enriched in
the inflammatory response, chemotaxis and the chemokine-
mediated signaling pathway in the biological process category and

2 | (2021)12:5373 | https://doi.org/10.1038/s41467-021-25710-4 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-25710-4

ARTICLE

a b TNF-a
(ng/ml)
wio
&
@]
! s
TNFi
&
HC-MSC+M®  AS-MSC+M® S
250 Kk ¥
|
200 a TNF-
8 5 295 C (nglm<lx) 0
ig 150 . F
53 &
g’g 100_ o 0
R A2
HE HE
e 2 & |
& & $ \?fo =

(¢}
9 9
A
)
*kk *kk
0.25 — 0.45 — 0.4 *ok
o —
0.40 o
3020 {" >03
3 u £
£ 045 2 0.35 5 S
= o o
g 0.10 o . So030q -t 8 g
S i &
= 005 0.25 ° 04

msc

W/O TNF-a

300
- HCMSC ..
- AS MSC
Q=
T -
=3 200
2
ow
8%
S0 100+
=
0 T T T s
0 10 50 100
10 50 100 TNF-a (ng/ml)
©
g 807 o HCMSC * kK
> -= AS MSC
2 60
©
g
k=2
= 40
o
S
8 20
[
3
e
@ c T T 3 T
e 0 10 50 100
TNF-a (ng/ml)

AS MSC
200 B VU OO
150
100
50
0 [

50
-100
150

150
T S S —
50

Y axis (um)

-50

Y axis (um)

-100

0. .

| ! !

- T T T T

O O O O

N N

E A e &

T -150

O O
(}9 9“6
¥

-200

400 -300 200 -100 0 100 200 300 400
X axis (um)

-400 -300 -200 <100 0 100 200 300 400
X axis (um)

Fig. 1 TNF-a induces enhanced directional migration of AS-MSC in vitro. a The number of stained migratory AS-MSC (n=9) was larger than that of
stained migratory HC-MSC (n=9) when the MSC were cultured with macrophages (Mg; P=1.2793E—10). The number of stained migratory HC-MSC
with an anti-TNF-a neutralizing antibody (TNFi) (n=9) were equal to that of stained migratory AS-MSC with TNFi (n=9; P=0.892). b The number of
stained migratory AS-MSC (n=9) was larger than that of stained migratory HC-MSC (n =9) when the MSC were treated with 100 ng/ml TNF-«

(P =1.1836E—7). ¢ The migratory area of MSC increased after TNF-a stimulation, and the migratory area of AS-MSC (n=9) was larger than that of HC-
MSC (n=9) upon treatment with 100 ng/ml TNF-a (P =1.4639E—9). d In a p-slide chamber, the migration index (P = 0.00001), velocity (P = 0.002) and
directionality (P = 0.000006) of AS-MSC (n = 9) toward TNF-a were all higher than those of HC-MSC (n = 9). The motion curve of AS-MSC toward TNF-
o showed a stronger tendency than that of HC-MSC. Data were analyzed using two-tailed Student's t-test. Values are presented as the mean + SD.

** Indicates P<0.01, and *** indicates P < 0.001. W/O TNF-a means without TNF-a.

enriched in chemokine activity and cytokine activity in the
molecular function category (Supplementary Fig. 2B). Moreover,
“cytokine-cytokine receptor interaction”, “chemokine signaling
pathway”, and “cell adhesion molecular” were the top 3 enriched
pathways by KEGG analysis (Fig. 3d). Deep analysis of these
pathways identified 38 differentially expressed mRNAs, among
which ELMO1 had the largest fold change (4.16-fold upregulated
in AS-MSC compared to HC-MSC after TNF-a treatment) and
was the central intersection point of the chemokine signaling
pathway (Fig. 3e and Supplementary Fig. 2C).

Consistent with the sequencing data, PCR results showed that
ELMOI1 expression in MSC increased after TNF-a treatment and
that its expression in TNF-a-treated AS-MSC was much higher than
that in TNF-a-treated HC-MSC (Fig. 3f). These results were also
confirmed at the protein level by western blotting (Fig. 3g). The cell
immunofluorescence assay revealed that the fluorescence intensity of
ELMOIL after the TNF-a stimulation in AS-MSC was higher than
that in HC-MSC (Fig. 3h). Regarding other ELMOs and their
binding protein DOCKs, ELMO3 and DOCKS8 were not expressed in
MSC, and no differences in ELMO2 or DOCKI, 2, 4, and 5 were
observed between HC-MSC and AS-MSC (Supplementary Fig. 3).

Studies have demonstrated that ELMOI1 activates Racl and
promotes chemotaxis by binding to DOCK proteins in other
cells’>17. The active Racl level in MSC was also enhanced with
increasing TNF-a concentrations. Notably, the active Racl level

in AS-MSC was significantly higher than that in HC-MSC treated
with 100 ng/ml TNF-a (Fig. 3i). In addition, the protein-protein
interactions identified using a Co-IP and LC-MS/MS assay
showed that ELMO1 mainly bound DOCK1, DOCK4, DOCKS5,
ELMO2, and NCKAP1 in MSC, which is similar to the
interactions previously reported in other cells, and these
interaction were the same in HC-MSC and AS-MSC (Supple-
mentary Fig. 4A-C and Supplementary Tables 5 and 6).
Moreover, inhibiting DOCK1, but not DOCK4 and 5, counter-
acted the active Racl level upregulated by ELMO1 overexpres-
sion, indicating that ELMO1 bound DOCK1 to promote Racl
activation in the TNF-a treated MSC (Supplementary Fig. 4D).

TNF-a mediated ELMO1 expression promotes MSC migration.
Then, we investigated the role of ELMOI in MSC migration with
TNF-a treatment. Three siRNAs specific for ELMO1 were
designed, and siRNA2, which had the highest efficiency, was used
to construct Lv-ELMO1; the inhibitory efficiency of Lv-ELMOL1
was confirmed at the gene and protein levels (Supplementary
Fig. 6A-C). No difference in proliferation ability was observed
between the NC and Lv-ELMO1 group (Supplementary Fig. 6D).
After inhibiting ELMO1 in AS-MSC treated with 100 ng/ml TNF-
a, the number of stained migratory cells in the transwell assay and
the migratory area in the wound-healing assay were equal to the
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Fig. 2 TNF-a accelerates the directional migration of AS-MSC in vivo. a Schematic diagram of the in vivo migration assay. MSC were transplanted into
nude mice, and TNF-a was injected around the MSC. In vivo imaging and an immunohistochemical (IHC) assay were then performed. b The

bioluminescence area of MSC increased from day O to day 5, and the bioluminescence area of AS-MSC (n = 9) was larger than that of HC-MSC (n=9) on
days 3 (P=6.6784E—8) and 5 (P =1.9895E—14) after injection. € The number of migratory AS-MSC determined by counting cells per field (n =20) was
higher than that of migratory HC-MSC (P = 7.1465E—7). Data were analyzed using two-tailed Student's t-test. Values are presented as the mean + SD. ***

Indicates P < 0.001. Scar bar =100 pm.

results for HC-MSC (Fig. 4a, b). In addition, the bioluminescence
area of Lv-ELMOI-transfected AS-MSC in nude mice was also
reduced compared to that of Lv-NC-transfected AS-MSC and
showed no difference from that of HC-MSC (Fig. 4c). The
downstream active Racl level in Lv-ELMOI-transfected AS-MSC
treated with TNF-a was also markedly weakened to a level equal
to that of HC-MSC treated with TNF-a (Fig. 4d).

An OE-ELMOL vector was constructed, and the overexpres-
sion efficiency was also confirmed at the gene and protein levels
(Supplementary Fig. 6E, F). The proliferative abilities of the NC
group and the OE-ELMOI1 group were equal (Supplementary
Fig. 6G). When ELMOI expression was increased in HC-MSC,
their migratory ability, as shown by transwell and wound-healing
assays, was observably improved with 100 ng/ml TNF-a stimula-
tion and almost reached the ability of AS-MSC (Fig. 4e, f). These
results were further confirmed by evaluating the bioluminescence
migratory area (Fig. 4g). Similar to AS-MSC, OE-ELMOI1-
transfected HC-MSC had higher active Racl levels than control
HC-MSC (Fig. 4h). These results suggest that ELMO1 promotes
MSC migration and that abnormal ELMOI1 upregulation
mediated by TNF-a stimulation results in enhanced AS-MSC
migration.

ELMO1 acts as a therapeutic target in AS. Enthesis were
obtained from nine AS patients and 9 matched non-AS patients
during lumbar surgery (Supplementary Table 4). ELMOI1
expression (as shown by an immunofluorescence assay and
quantified by the mean fluorescence intensity) in CD105" MSC
in the AS enthesis samples was higher than that in the control
enthesis samples (Fig. 5a). Then, SKG mice were treated with
3mg curdlan via an intraperitoneal injection to induce the AS
feature, and Av-ELMO1 was constructed for their treatment.
After injection of Av-ELMOI, the arthritis score were sig-
nificantly reduced, and the disease incidence time was delayed in

the injected group compared to the control groups (Fig. 5b, c).
Moreover, local inflammation which was shown by monitoring
clinical manifestations and performing H&E staining, and ectopic
ossification which was shown by micro-CT examination, were
also improved by Av-ELMO1 (Fig. 5d-f). When focusing on the
local tissue of ankle enthesis, the numbers of migratory CD105%
MSC were markedly decreased in the Av-ELMO1 group. In
addition, the numbers of CD68" macrophages and expression of
TNF-a were also reduced by Av-ELMO1 in SKG mice (Fig. 5g).

Decreasing METTL14 expression leads to lower m®A mod-
ification and RNA degradation of ELMOI in TNF-a-treated
AS-MSC. Previous study determined that mRNA stability and
expression can be negatively regulated by m°A modification?°.
Herein, we found that the m®A modification level of ELMOI in
MSC was reduced with increasing TNF-a concentrations and that
after 100 ng/ml TNF-a treatment, the ELMOI m®A modification
level in AS-MSC was much lower than that in HC-MSC (Fig. 6a).
In addition, the ELMOI mRNA half-life of AS-MSC was longer
than that of HC-MSC with 100 ng/ml TNF-a stimulation, indi-
cating better mRNA stability in the AS-MSC (Fig. 6b, c). Then,
we detected the expression levels of mCA-related methyl-
transferase and demethylases. The results showed that METTL3,
ALKBHS5, and FTO expression increased and METTL14 and
WTAP expression decreased after TNF-a treatment. When
treated with 100 ng/ml TNF-a, AS-MSC had lower METTL14
expression than HC-MSC. No significant differences were
observed in other mOA-related methyltransferases and demethy-
lases (Fig. 6d, e, Supplementary Fig. 5). Consistently, METTL14
expression in CD105T MSC in the AS enthesis samples was
significantly lower than that in the control enthesis samples
(Fig. 6f). These results indicated that the lower METTLI4
expression in TNF-a-treated AS-MSC than in HC-MSC may lead
to a lower m®A level and slower degeneration rate of ELMOI.
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Inhibiting METTL14 expression increases ELMO1 expression
and promotes MSC directional migration. The most efficient
siRNA specific for METTL14 was chosen to construct Lv-M14
(Supplementary Fig. 6H). The inhibitory efficiency of Lv-M14
was confirmed at the protein level, and inhibiting METTL14 in
MSC significantly increased ELMO1 expression but did not affect
MSC proliferation (Fig. 7a, Supplementary Fig. 6I). In addition,
the results of m®A RIP PCR showed that the m®A modification
level of ELMOI was markedly lower in Lv-M14-transfected MSC
than in Lv-NC-transfected MSC (Fig. 7B). Moreover, inhibiting
METTLI4 expression in MSC prolonged the ELMOI mRNA
half-life compared to control treatment (Fig. 7c, d). The active
Racl level in MSC was also upregulated after Lv-M14 transfection
(Fig. 7e). Then, we investigated whether inhibiting METTL14
affects the migratory ability of MSC. As expected, the number of
stained migratory MSC and the migratory area in a wound-
healing assay were much higher in the Lv-M14 group than in the
Lv-NC group (Fig. 7f, g). In addition, the bioluminescence area of
Lv-M14-transfected MSC was also increased in nude mice
(Fig. 7h).

METTL14 overexpression downregulates ELMO1 levels and
inhibits MSC directional migration. To further study the roles
of METTL14 in ELMO1 expression and MSC migration, OE-M14
was used, and its efficiency and effect on MSC proliferation was
verified (Supplementary Fig. 4], K). Increasing METTL14
expression obviously inhibited ELMO1 expression in MSC
(Fig. 8a). The m®A modification of ELMOI in METTLI14-

overexpressing MSC was increased (Fig. 8b). Additionally, the
ELMOI mRNA half-life in MSC was shortened after OE-M14
transfection (Fig. 8c, d). The active level of Racl in OE-M14-
transfected MSC was reduced compared to that in control MSC
(Fig. 8e). When METTLI14 was overexpressed, the migratory
abilities of MSC in vitro, as shown by the Transwell migration
and wound-healing assays, and in vivo, as shown by the biolu-
minescence area measurement, were inhibited (Fig. 8F-H). The
results shown in Figs. 7 and 8 suggest that METTL14 enhances
ELMOI m°A modification and accelerates ELMOI mRNA
degeneration, which then decreases ELMOLI expression to inhibit
MSC migration.

METTL14 acts on the specific m°A modification site in the
ELMOI1 3'UTR. We further investigated the mechanism by which
METTL14 accelerates the degeneration rate of ELMOI mRNA.
The CLIP-PCR results showed that ELMOI was more enriched in
the METTL14 group than the IgG group, suggesting that
METTL14 could specifically bind to the ELMOI mRNA tran-
script in MSC (Fig. 9a). A previous study indicated that
METTLI14 mainly bound to the 3'UTR of mRNAs and promoted
mRNA degeneration26. In a dual-luciferase reporter assay, the
luciferase activity of the reporter plasmid with the ELMOI 3'UTR
was significantly reduced by wild-type but not mutant METTL14
compared to that of the control group (Fig. 9b). In addition, a
reporter plasmid with a mutated ELMO1 3'UTR was constructed
to elucidate the m®A modification site of ELMOI (Fig. 9¢c). The
luciferase activity of only the reporter plasmid with mutant 1
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ELMOI1 3'UTR was restored to the normal level seen in the
control group. The luciferase activities of the reporter plasmids
with mutant 2 and 3 ELMOI 3'UTR were equal to the activity of
the reporter plasmid with wild-type ELMO1 3'UTR (Fig. 9d).
Through CLIP assays, ELMOI mRNA was found to bind
YTHDF2 and YTHDEF3 but not YTHDFI1, YTHDC1 or YTHDC2
(Supplementary Fig. 7A). Additionally, inhibiting YTHDF2 or
YTHDEF3 decreased the ELMOI mRNA degeneration rate, indi-
cating that METTL14 regulates ELMOI mRNA through the m°A
reader enzymes YTHDF2 and YTHDEF3 (Supplementary Fig. 7B).

Discussion

AS is a common kind of rheumatic disease with a high prevalence
rate of 0.1-0.5% as well as high costs of illness’*’. Distinct from
other rheumatic diseases, AS has the hallmark clinical feature called
enthesitis, which is the pathological basis of chronic inflammation
and ectopic ossification?>. However, both the pathogenesis of
enthesitis and the relationship between chronic inflammation and
ectopic ossification are still unclear. As both the major source of
osteoblasts and the critical regulator of immune cells, MSC play an
important role as the bridge between bone metabolism and immune
homeostasis*®. Previous studies have demonstrated that dysfunc-
tions in MSC contribute to the development of rheumatic
diseases?®2%. Our work and studies by other teams have determined
that AS-MSC possess an enhanced osteogenic differentiation
capacity, which is one of the critical pathogenic processes of ectopic

ossification in AS”8. Moreover, AS-MSC undergoing osteogenic
differentiation exhibit dysfunction in the ability to regulate mac-
rophages, leading to local inflammation characterized by high
concentrations of TNF-a®. These results suggest that MSC dys-
functions are likely to be the connection between chronic inflam-
mation and ectopic ossification in AS.

Widely known as the central inflammatory cytokine of AS,
TNF-a has been proven to contribute greatly to chronic inflam-
mation and ectopic ossification30. Nevertheless, whether the high
concentration of TNF-a that results from AS-MSC dysfunction
during osteogenesis, in turn, affects AS-MSC is still unknown. A
previous study showed that TNF-a promoted MSC migration3!
In addition, the abnormal migration ability of MSC mediated by
TNF-a is involved in the pathogenesis of bone-related
diseases?233. In this study, we isolated AS-MSC from 15 AS
patients during the active period and HC-MSC from 15 healthy
donors. We found that AS-MSC had a stronger capacity for
migration than did HC-MSC when cocultured with M1 macro-
phages and that this difference could be rectified with an anti-
TNF-a neutralizing antibody but not anti-IL17 or anti-IL23
neutralizing antibodies. Moreover, in the context of stimulation
with 100 ng/ml TNF-a, AS-MSC showed a stronger capacity for
directional migration than HC-MSC both in vitro and in vivo.
These results indicated that M1 macrophage-derived TNF-q, in
turn, led to enhanced directional migration of AS-MSC.

The levels of several inflammatory cytokines including TNF-a
are elevated locally in the pathological tissue of AS>4, Notably, the
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enhanced directional migration of AS-MSC was observed only at
a relatively high concentration of TNF-a (100 ng/ml), indicating a
pathological rather than physiological level of TNF-a in vivo.
Therefore, we suggest that this enhanced directional migration
potential may exist only in local inflammatory positions with
higher concentration of TNF-q, rather than in the whole body of
AS patients. This speculation could be one of the reasons for
specific site involvement such as enthesitis in AS.

How TNF-a mediates the enhanced directional migration of
AS-MSC was the critical question we aimed to answer. To address
this issue, RNA sequencing of HC-MSC and AS-MSC was per-
formed. After treatment with 100ng/ml TNF-a, the gene
expression profiles of AS-MSC were significantly different from
those of HC-MSC, with a total of 489 differentially expressed
mRNAs identified. Further bioinformatic analysis determined
that these 489 key mRNAs were enriched in the biological process
chemotaxis and the molecular function chemokine activity, and
the chemokine signaling pathway was one of the most remarkably
enriched pathways identified by KEGG analysis. Therefore,
although TNF-a affects various aspects of MSC function,
enhanced directional migration of AS-MSC was the most sig-
nificant dysfunction caused by the high concentration of TNF-a.
In addition, among the 489 differentially expressed mRNAs, we
determined that ELMOI1 was the most important molecule with
the largest fold change, which was further confirmed at the gene
and protein levels, as well as at the cellular and AS patient tissue
levels. ELMO1, which functions through binding to DOCKs, is a
core intersectional molecule in chemotaxis and chemokine sig-
naling pathways!3-3>36, Specifically, ELMO1 was reported to bind
to DOCK2 and then activate Racl, which regulate intracellular
actin dynamics®’. In addition to taking part in physiological
processes, ELMOL is involved in pathological conditions such as

tumor invasion and local inflammation when abnormally
expressed!>17:18 In our study, inhibiting ELMO1 in AS-MSC
rectified the enhanced directional migration of these cells in vitro
and in vivo, and elevating ELMO1 expression in HC-MSC
resulted in migration dysfunction similar to that of AS-MSC.
Hence, we concluded that ELMOLI is involved in the central
mechanism of enhanced directional migration of AS-MSC
induced by TNEF-a.

Notably, several other chemokines, such as CCL4 and CCL13,
were also differentially expressed in AS-MSC after TNF-a sti-
mulation. These chemokines are reported to regulate MSC
migration38. However, we focused on ELMO1 because it had not
only the largest fold change but also a central intersectional role
in the chemokine signaling pathway. This means that targeting
one of these chemokines barely affected the others‘ functions, but
regulating ELOM1 could kept within limits of most chemokines.
This hypothesis was confirmed by the in vivo experiments pre-
sented in our study. Using SKG mice, the AS feature was induced
by an intraperitoneal injection of curdlan, and we found that the
incidence time was delayed and that the disease activity was
significantly decreased after antagonizing ELMOL1. In addition,
local inflammation and histological changes were ameliorated in
both the spine and the ankles of SKG mice after Av-ELMO1
injection. Although we could not conclude whether Av-ELMO1
affected cells other than MSC, Av-ELMOI1 markedly reduced the
numbers of migratory CD1057 MSC and CD681 macrophages
and their secretory TNF-a levels in local tissues of SKG mice. We
suggested that targeting ELMOI1 could restrain the enhanced
migration of AS-MSC, which therefore ameliorated macrophage-
mediated inflammation and subsequent pathological changes in
tissues. These results not only emphasize the critical roles of
ELMOL in the enhanced directional migration of AS-MSC and
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the pathogenesis of AS, but also foreshadow the promising
application of ELMOL1 in the clinical treatment of AS.

Another key question remains: how does TNF-a induce elevated
expression of ELMOLI in AS-MSC. Recent studies have shown that
cytokines at relatively high concentrations can lead to abnormal
changes in RNA modification and the subsequent gene expression
profile, which results in tissue inflammation and autoimmune
diseases’>40, In our study, we noticed that the increasing ELMO1
expression in AS-MSC occurred first at the mRNA level after high-

concentration TNF-a stimulation, suggesting that RNA modifica-
tion may be involved in this issue. Recently, TNF-a was determined
to inhibit MSC differentiation by mediating m®A modification of
specific mRNAs#. In addition, m®A modification regulates gene
expression and thus affects cell migration2. m®A, the most abun-
dant internal modification on mRNA, can accelerate mRNA
degeneration and negatively affect gene expression and is widely
involved in cell function and development!-2l, Furthermore,
abnormal m®A modification plays important roles in the
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pathogenesis of rheumatic diseases, including rheumatoid arthritis
and systemic lupus erythematosus®3#4, After treatment with
100 ng/ml TNF-a, the m®A level of ELMOI in AS-MSC was
obviously lower than that in HC-MSC. In addition, the degenera-
tion rate of ELMOI mRNA in AS-MSC was slower than that in
HC-MSC, which was consistent with the increasing level of ELMO!
mRNA expression in AS-MSC after TNF-a stimulation. Herein, we
demonstrated the critical role of m®A modification in the elevated
expression of ELMO1 and the subsequent enhanced directional
migration of AS-MSC.

mC®A modification is regulated by specific methyltransferases
and demethylases*>. These m®A-related proteins participate in
the regulation of MSC functions?24l. Herein, although the
expression of most m®A-related proteins was altered after TNF-a
stimulation, a difference between AS-MSC and HC-MSC was
found for only METTLI14 after TNF-a treatment at a con-
centration of 100 ng/ml. Additionally, METTL14 expression in
MSC from AS enthesis tissue was abnormally decreased com-
pared with that from the control tissue. Previously, METTLI14, an
mOA methyltransferase, was proven to regulate breast cancer cell
migration through m®A modification*®. Furthermore, inhibiting
METTLI14 in MSC decreased the m°A level of ELMOI and then
upregulated ELMO1 expression at the protein level, thereby
promoting the migratory ability of MSC in vitro and in vivo.
Overexpressing METTL14 produced inverse results in MSC,
confirming that METTL14 negatively regulates ELMO1 expres-
sion through m®A modification in MSC stimulated with TNF-a.
Therefore, METTL14 was the key mediator of ELMOI leading to
enhanced directional migration of AS-MSC.

mC®A modification regulates specific gene expression by
increasing or decreasing mRNA stability. The different effect of
mP®A modification depends on the predominant m®A methyl-
transferases or demethylases and their binding m®A reader
enzymes?’. A previous study demonstrated that METTLI14
affected the mRNA stability of MYB and MYC through m®A
modification, which ultimately inhibited hematopoietic stem cell
differentiation?®. In our study, we found that the ELMOI mRNA
half-life was negatively correlated to its m°A level and the
METTL14 expression level. Additionally, in our experiment sys-
tem, we determined that METTL14 mainly bound YTHDF2 and
YTHDF3, which are the two m°A reader enzymes mainly pro-
moting mRNA degradation?”. We concluded that METTL14
along with YTHDF2 and YTHDF3 decreased the ELMOI mRNA
stability and increased its degradation rate after m®A modifica-
tion, which led to a lower expression of ELMOL1 in the TNF-a
treated MSC.

As features distinguishing AS from other rheumatic diseases,
chronic inflammation and ectopic ossification in entheses are the
central pathological features of AS that exist outside the bone?.
However, it is well known that MSC are located in the bone
marrow. Although we have demonstrated that multiple dys-
functions in AS-MSC contribute to the pathogenesis of AS”?, it is
still unclear how MSC migrate to and participate in enthesis
lesions. As normal MSC migrate to certain sites and participate in
tissue regeneration and immune regulation (42), the migration of
MSC with abnormal capacities result in pathological lesions and
contributes to the development of diseases, such as rheumatoid
arthritis*8. Therefore, it is important to illuminate the migratory
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ability of AS-MSC under certain conditions. Previously, micro-
scopic holes connecting entheses with the bone marrow were
observed in the cortical bone, and bone marrow tissues were
shown to spill into entheses through these holes, which provides
the anatomical basis for MSC migration®4°, In this study, we
demonstrated that under high-concentration TNF-a stimulation,
AS-MSC exhibited an enhanced directional migration ability
facilitated through METTL14-mediated m®A modification of
ELMOI. Summarizing our previous and current results’?, we
suggest that a vicious three-step cycle that is hard to break exists
in the entheses of AS patients: (1) TNF-a at a relatively high
concentration in the enthesis induces the directional migration of
AS-MSC, recruiting AS-MSC from the bone marrow to the site of
enthesis. (2) These migratory AS-MSC show an enhanced
osteogenesis capacity to be involved in ectopic ossification. (3)
AS-MSC subsequently secrete a large amount of CCL2 during the
osteogenic differentiation course, which augments monocyte
migration, increases proinflammatory macrophage polarization
and enhances TNF-a secretion at the site of enthesis. Despite
controversy regarding the relationship between chronic inflam-
mation and ectopic ossification in AS*?, our study adds support
to the close relationship of these two features through the vicious
cycle of MSC and TNF-a. However, current available evidence
does not reveal the origin of this vicious cycle, but a study
showing that early application of TNF-a blockers inhibits spinal
radiographic progression in AS implies a possible upstream role
for TNF-a°l. Recent studies have indicated that various factors,
including mechanical strain and the gut microbiota, may trigger
the elevation in TNF-a levels®®?, but this needs further
investigation.

Our study may provide insight for the clinical treatment of AS.
Successfully breaking the above-mentioned vicious cycle by tar-
geting key molecules could markedly improve AS. Based on our
in vivo experiments, we found that targeting ELMOI1 could sig-
nificantly ameliorate the clinical manifestations and tissue lesions
in SKG mice. Recently, a small molecule inhibitor of DOCK
named CPYPP was used to antagonize ELMO1/DOCK Racl GEF
activity®3. This inhibitor targeting ELMO1/DOCK/Racl showed
great ability in releasing inflammation®#>°, and may have great
application potential in AS. The therapeutic effect of ELMO1
requires further studies in the future.

In summary, we demonstrated that TNF-a accelerated the
directional migration of AS-MSC through METTL14-dependent
m®A modification of ELMOI. This study may contribute to
understanding not only the pathogenesis but also the diagnosis
and treatment of AS. Some issues, such as the trigger of the
vicious cycle and the sequential order of inflammation and
ossification, remain unclear and need to be addressed in the
future.

Methods

Study approval. This study conforms to the Declaration of Helsinki and was
approved by the Ethics Committee of the Eighth Affiliated Hospital, Sun Yat-Sen
University, Guangzhou, China. The experiments on mice were approved by the
Institutional Animal Care and Use Committee of Sun Yat-Sen University,
Guangzhou, China. All experimental procedures on mice were carried out in strict
adherence to the rules and guidelines for the ethical use of animals in research.

Cell isolation and culture. A total of 15 patients with AS and 15 healthy controls
were recruited for this study. All the AS patients were diagnosed according to the
1984 New York modified criteria®®. After being informed of the possible risks and
complications of bone marrow puncture, all the AS patients and healthy controls
signed informed consent forms. The characteristics of the study subjects are pre-
sented in Supplementary Table 1. MSC were immediately isolated and purified
from bone marrow samples using density gradient centrifugation. MSC were
resuspended in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum and then seeded into 25-cm? flasks and cultured at 37 °C in 5% CO,.
The cells in suspension were removed, and the medium was replaced every 3 days

thereafter. When the culture reached 90% confluence, MSC were digested using
0.25% trypsin containing 0.53 mM EDTA and reseeded in new flasks; these cells
were expanded and used for experiments.

HEK293T cells were cultured in high-glucose DMEM supplements with 10%
FBS at 37 °C under 5% CO,. At 80-90% confluence, HEK293T cells were digested
with 0.25% trypsin containing 0.53 mM EDTA and reseeded in new flasks.

MSC migration assays in a Transwell system. MSC migration assays were
performed using Polycarbonate Membrane Transwell® Inserts (8.0-um pores, 24-
well plate; Corning). Briefly, a total of 2 x 10* MSC in 100 ul DMEM were seeded in
the upper chambers, and 600 ul DMEM without or with TNF-a at a concentration
ranging from 10 to 100 ng/ml was added to the lower chambers. In the assays of
Fig. 1a and Supplementary Figs. 1, 2 x 10> macrophages differentiated from CD14+
monocytes isolated from peripheral blood samples were suspended in 600 pl
DMEM and then seeded in the lower chambers without or with 0.5 pug/ml anti-
TNF-a, 0.05 pug/ml anti-IL-17 or 0.5 pg/ml anti-IL-23 neutralizing antibody. After
coculturing for 24 h, the upper chambers were washed three times with phosphate-
buffered saline (PBS) and fixed with 4% paraformaldehyde. Then, the upper
chambers were stained with 0.1% crystal violet for 15 min. The migratory MSC on
the lower side of the chamber were photographed and counted as the mean
number of cells per 10 random fields for each chamber in two separate
experimenters.

Wound-healing assays. Wound-healing assays were performed using IBIDI”
culture-Inserts 2 Well for self-insertion. Each insert was placed in a well of a 12-
well plate. MSC (5 x 10%) in 200 ul DMEM were seeded in a well of the insert. The
inserts were then removed, and DMEM without or with TNF-a at a concentration
ranging from 10 to 100 ng/ml was added. After 12 h of migration, the migratory
area was calculated using ImagePro Plus 6.0. The percentage of the migratory area
was defined as the ratio of the MSC migratory area at 12 h to the primary wound
area created by the insert at 0 h.

p-slide chemotaxis assay. Directional migration assays were performed using
IBIDI® p-slide chemotaxis chambers. An MSC suspension (6 pl, 3 x 106 cells) was
seeded into the center channel of p-slide chambers. After 12 h of incubation,
DMEM containing TNF-a was added to the left medium reservoir, and DMEM
without TNF-a was added to the right one reservoir. The cell migration track was
imaged every 10 min over 24 h with the BioTek Lionheart™ FX Automated Live Cell
Imager with Augmented Microscopy™. Cell tracking analysis was performed using
the Manual Tracking plugin for Image] 1.51 and the Chemotaxis and Migration
Tool according to the IBIDI protocol.

Cell immunofluorescence assay. For the cell immunofluorescence assay, 5 x 10*
MSC in 1 ml DMEM were seeded in each well of a 12-well plate and then treated
with or without 100 ng/ml TNF-a for 24 h. Then, the cells were washed with PBS,
fixed with 4% paraformaldehyde and incubated with 1% Triton X-100. MSC were
blocked in goat serum and then incubated with an anti-ELMOI antibody (1:500)
overnight at 4 °C. The cells were washed and incubated with a fluorescein-labeled
secondary antibody (Alexa Fluor® 647; 1:3000) for 1h, followed by staining with
DAPI (Thermo Fisher) for 10 min. All images were obtained using an LSM 5
Exciter confocal imaging system (Carl Zeiss).

In vivo migration assay. MSC were transfected with a lentivirus encoding luci-
ferase (OBiO Technology) as described below (MSC/Fluc). Mice were housed at the
Laboratory Animal Center of Sun Yat-Sen University under specific pathogen-free
conditions, with a 12-h light/dark cycle in a temperature ((22 +2°C) and
humidity-controlled room (60%) with free access to water and food. Eight-week-
old BALB/c-nu/nu female mice (Laboratory Animal Center of Sun Yat-Sen Uni-
versity) were anesthetized via intraperitoneal injection of ketamine and xylazine. A
total of 5 x 10> MSC/Fluc in 20 ul DMEM were injected subcutaneously into the
dorsal sides of the BALB/c-nu/nu mice. Twenty microliters of TNF-a at a con-
centration of 500 ng/ml was administered at four sites around the MSC injection
point at a distance of 0.5 cm. The injected MSC/Fluc were observed using a
Xenogen IVIS Spectrum system (Caliper Life Sciences, Inc.) on days 0, 1, 3, and 5
after intraperitoneal injection of 3 mg D-Luciferin potassium. The bioluminescence
area was analyzed using Living Image 2.12 and ImagePro Plus 6.0. On day 7 after
injection, the mice were sacrificed, and the tissues at the TNF-a injection sites were
obtained for immunohistochemical analysis as described below.

RNA extraction, reverse transcription, and quantitative real-time PCR. Total
RNA was isolated from MSC using TRIzol and transcribed into cDNA using a
PrimeScript™ RT reagent kit according to the protocols. Quantitative real-time
PCR was performed on the LightCycler®480 PCR System (Roche) using TB Green®
Premix Ex Taq™. The relative expression levels of each gene were analyzed using
the 2~ AACt method. The forward and reverse primers for each gene are shown in
Supplementary Table 2.
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RNA sequencing and data analysis. MSC were plated and treated with or without
100 ng/ml TNF-a for 24 h. RNA was extracted as described above. cDNA library
construction and sequencing were performed by the Beijing Genomics Institute using
the BGISEQ-500 platform. The sequencing data were filtered with SOAPnuke 1.5.2,
and the clean reads were mapped to a reference genome using HISAT2 2.0.4. After
alignment using Bowtie2 2.2.5, the expression level of each gene was calculated by
RSEM 1.2.12, and differential expression analysis was performed using DESeq2 1.4.5
with the parameters fold change >2 and adjusted P value <0.001. The sequencing data
analysis, including heatmap clustering, principal component analysis (PCA), Venn
diagram creation, gene ontology (GO) analysis, and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis, were performed using BGI Dr. Tom 2.0.

Protein extraction and western blot. MSC were lysed in RIPA lysis buffer con-
taining protease inhibitors and phosphatase inhibitors. The lysates were cen-
trifuged at 1100 x g at 4 °C for 30 min, and the lysate protein concentrations were
determined using a Pierce BCA protein assay kit. The immunoprecipitants was
obtained in Co-IP assay as described below. After boiling with sample loading
buffer, equal amounts of protein extracts or the immunoprecipitants were sepa-
rated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis and subse-
quently transferred to polyvinylidene fluoride (PVDF) membranes (Millipore). The
PVDF membranes were blocked and incubated overnight at 4 °C with primary
antibodies against GAPDH, ELMO1, ELMO2, ELMO3, METTL3, METTL14, FTO,
ALKBHS5, WTAP, DOCK1, DOCK2, DOCK4, DOCK5, DOCKS, or Racl (1:1000).
After washing three times, the PVDF membranes were incubated with a horse-
radish peroxidase (HRP)-conjugated secondary antibody (1:3000). Specific
antibody-antigen complexes were detected using Immobilon Western Chemilu-
minescent HRP Substrate. The mean intensity ratio was determined and analyzed
using a UVP ChemStudio PLUS system and ImagePro Plus 6.0.

Rac1 activation assay. Racl activation in MSC was detected with the Active Racl
Detection Kit through a GST pulldown assay according to the kit protocol. Briefly,
protein was extracted from MSC treated with or without TNF-a as described above.
Glutathione resin containing agarose beads was added to the spin cup with a
collection tube and washed three times. GST-Human PAK1-PBD was added to the
spin cup, followed by protein lysis and incubation for 1h at 4 °C with gentle
rocking. After washing, the spin cup containing agarose beads was incubated with
reducing sample buffer at room temperature for 2 min, and the eluted sample was
collected by centrifugation. GTP-Racl in the eluted protein fraction was detected
using Western blot analysis as described above. MSC-derived protein without GST
pulldown was used to detect the total Racl and GAPDH levels.

Coimmunoprecipitation (Co-IP) and liquid chromatograph (LC)-mass spec-
trometry (MS)/MS. The Co-IP assay was performed using the Dynabeads™
Protein A Immunoprecipitation Kit according to the kit protocol. Briefly, an MSC
protein extract was incubated with an anti-ELMO1 antibody (1:100) or IgG control
at 4 °C overnight, followed by the addition of protein G agarose beads and incu-
bation for another 4 h. Then, the immunoprecipitants were collected for LC-MS/
MS and western blotting. LC-MS/MS was performed by Shanghai Applied Protein
Technology Co., Ltd. Data were analyzed using Proteome Discoverer 1.4 against
the UniProt database (https://www.uniprot.org/).

Lentivirus construction and transfection. Three ELMO1, METTL14, DOCK1,
DOCK4, DOCK5, YTHDEF2, and YTHDF3-specific siRNAs were designed and
synthesized by OBiO Technology. The sequences are shown in Supplementary
Table 3. The siRNA was used to transfect MSC using a Lipofectamine RNAi MAX
according to the protocol, and the siRNA with best knockdown efficiency was
chosen to construct a lentivirus encoding a short hairpin RNA (shRNA) specific for
ELMOI1 (Lv-ELMO1) or METTL14 (Lv-M14) by OBiO Technology. ELMO1- and
METTL14-overexpression lentiviruses (OE-ELMO1 and OE-M14, respectively)
and their vector controls were also constructed by OBiO Technology. Lentiviruses
(10° TU/mL) and 5 pg/mL polybrene were added to DMEM and incubated with
MSC for 24 h at a multiplicity of infection of 50. Experiments were performed on
day 4 after transfection. Adenoviruses encoding an shRNA specific for ELMO1
(Av-ELMO1) or control adenoviruses (Av-NC) for mouse experiments were also
constructed and purchased from OBiO Technology.

Cell proliferation assay. MSC transfected with Lv-ELMO1 (or OE-ELMO1) and
its NC control were seeded in 96-well plates. Cell proliferation ability was detected
using Cell Counting Kit-8 according to the protocol. Medium without cells were
used as negative controls.

mSA RNA immunoprecipitation (RIP). The m°A RIP assay was performed using
the Magna MeRIP™ m6A Kit according to the manufacturer’s instructions. Briefly,
RNA was extracted and then chemically fragmented into fragments of 200
nucleotides or less. The RNA fragments were incubated with anti-m°A antibody-
or IgG-conjugated Protein A/G magnetic beads at 4 °C overnight. Then, the
magnetic beads were collected, and the bound m®A-modified RNA was eluted for
qRT-PCR analysis as described above. Equal amounts of nonimmunoprecipitated

RNA fragments were used as the input control. The fold enrichment of each target
gene was calculated with the formulas below.

ACTtarget gene ZCTtargcl gene CT]nput
ACTIgG =CTIgG - CTInpul
AACT =ACT grger gene — ACT g
Fold enrichment =2742CT

The relative fold enrichment was calculated by normalizing to the fold
enrichment of HC-MSC without TNF-a stimulation.

RNA stability assays. MSC were seeded in a 12-well plate and treated with
actinomycin D at a concentration of 20 pg/ml for 0, 1, 2, and 3 h. After treatment,
MSC RNA was immediately extracted, and qRT-PCR assays were performed as
described above. The turnover rate and half-life of each target gene were calculated
as described in a previous study®’.

Cross-linking and RNA immunoprecipitation (CLIP) assay. MSC were treated
with 150 mJ/cm? UVC irradiation at 254 nm for 40 s. The CLIP assay was then
performed using the EZ-Magna RIP™ RNA-Binding Protein Immunoprecipitation
Kit according to the manufacturer’s instructions. Briefly, MSC were lysed using RIP
lysis buffer, and the lysate was incubated with antibodies against METTL14,
YTHDCI1, YTHDC2, YTHDFI1, YTHDEF2, YTHDEF3 (1:50) or IgG control with
protein A/G magnetic beads at 4 °C overnight. The magnetic beads were immo-
bilized, and then the immunoprecipitant containing specific protein with its bound
RNA was eluted and treated with proteinase K. The remaining RNA was extracted
for qQRT-PCR analysis as described above. Equal amounts of non-
immunoprecipitated RNA fragments were used as the input control. The %Input
was calculated with the formulas below.

ACT[argeIgeneorIgG :CTtargelgeneorIgG —-CT

Y%Input = 274¢T

Input

Dual-luciferase reporter assay. A METTL14 expression vector and its mutant
vector (METTL14-R298P), as well as luciferase reporter vectors containing the
C-terminal DNA fragment of ELMOI1 or its mutant with mutations in m°A
modification sites (A replaced by T), were synthesized by OBiO Technology. The
possible m®A modification sites were predicted by the m6AVar database.
HEK293T cells were seeded in 12-well plates, and then 1.5 ug luciferase reporter
vector, 1.5 ug METTL14 or its mutant vector, and 1.5 pg Renilla luciferase reporter
vector were cotransfected into HEK293T cells using the Lipofectamine 3000
Transfection Kit according to the manufacturer’s instructions. After 48 h of
transfection, the luciferase activity was detected using the Dual-Luciferase®
Reporter Assay System Kit (Promega) according to the protocol. Relative Fluc/Rluc
activity was calculated by normalizing the activity of firefly luciferase to that of
Renilla luciferase.

Mouse induction, treatment and, scoring. Male SKG mice were purchased from
CLEA Japan, Inc. and housed as described above. All mice were handled in
accordance with the guidelines for animal care approved by the Institutional
Animal Care and Use Committee of Sun Yat-Sen University. Disease was induced
at 8 weeks of age using 3 mg curdlan administered by intraperitoneal injection. The
SKG mice were randomly divided into three groups: a PBS group, an Av-NC
group, and an Av-ELMO1 group. The SKG mice in the Av-ELMO1 group were
treated with 5 x 1010 Av-ELMO1 via intravenous tail vein injection at the time of
disease induction, and the SKG mice in the Av-NC group or PBS group were
separately treated with equal amounts of control adenoviruses or PBS. Clinical
features in the mice were monitored weekly by two independent observers who
were blinded to the treatment groups. The score criteria were defined as previously
reported®: 0 = no swelling or redness, 0.1 = swelling or redness of the digits,

0.5 = mild swelling and/or redness of the wrist or ankle joints, and 1 = severe
swelling of the larger joints. At week 8 after induction and treatment, the mice were
sacrificed, and the tissues were obtained for micro-CT examination, hematoxylin
and eosin (H&E) staining, immunohistochemical analysis, and immuno-
fluorescence as described below.

Micro-CT scanning. Micro-CT was performed to analyze the structures of the
spine and ankle. Obtained tissues were fixed with 4% polyoxymethylene and then
scanned using a Siemens Inveon CT scanner with a resolution of 19 um. The figure
data were analyzed using RadiAnt DICOM Viewer 5.0.2 software.

H&E staining. Harvested spine and ankle tissue samples were fixed with 4%
polyoxymethylene for 24 h, decalcified in 20% EDTA for 14 days and then
embedded in paraffin for sectioning. The sections were stained with hematoxylin
for 5 min. After washing with PBS for 10 min, the sections were stained with eosin
for 3 min. Then, the sections were dehydrated and observed using a microscope.
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Tissue immunohistochemical assay. For the SKG mouse tissue immunohisto-
chemical assay, sections were incubated in 10 mM citrate buffer and microwaved at
750 W for 30 min for antigen retrieval. The sections were treated with 3% H,O, for
20 min and blocked with 5% normal goat serum for 1 h. Then, the sections were
separately incubated with anti-CD68, anti-TNF-a or anti-CD105 (1:100) antibodies
at 4 °C overnight. Secondary antibody (1:500) incubation and color development
were performed using the SP Rabbit & Mouse HRP DAB Kit according to the kit
protocol. For mouse tissue from the in vivo migration assay, the immunohisto-
chemical assay was performed as described above except that an antibody specific
for human HLA Class 1 ABC was used.

Tissue immunofluorescence assay. For the human enthesis tissue immuno-
fluorescence assay, nine AS patients and 9 non-AS patients were recruited. Sites of
ossifying enthesis were confirmed via presurgical image analyses and visual
observations during surgery. Ossifying tissues were obtained during lumbar spine
surgeries. The characteristics of the study subjects are presented in Supplementary
Table 4. The tissue samples obtained were successively fixed, decalcified, and
embedded in paraffin. Sections were deparaffinized, hydrated, and incubated in 1%
Triton X-100/PBS. After antigen retrieval in citrate buffer and blocking in goat
serum, the sections were incubated with anti-CD105, anti-ELMO1 or anti-
METTL14 antibodies (1:100) overnight at 4 °C. The sections were washed and
incubated with a fluorescein-conjugated secondary antibody (1:400) for 1h and
then with DAPI for another 10 min. All images were obtained using an LSM 5
Exciter confocal imaging system (Carl Zeiss). The mean fluorescence intensity was
quantified using the ImagePro Plus 6.0.

Statistical analysis. All the results were determined based on at least three
separate in vitro experiments containing at least triplicate samples. The
Shapiro-Wilk normality test was used to check the normality of the data, and data
with a Shapiro-Wilk test P > 0.05 were considered to fit a normal distribution. The
two group comparisons were performed using a 2-tailed Student’s t-test, and
comparisons of three or more different groups were performed by a one-way
ANOVA, followed by Bonferroni’s post hoc comparisons. Data are expressed as the
means+standard deviations. Statistical analysis was performed with SPSS (SPSS
Inc.). The n values indicate the numbers of individuals in each experiment.
P-values less than 0.05 were considered statistically significant.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The data of RNA sequencing generating in this study has been deposited in the NCBI
BioProject database under accession code PRINA700800. UniProt database (https://
www.uniprot.org/) was used in the study. All other data supporting the findings of this
study are available within the article and its supplementary data. Source data are
provided with this paper.

Code availability

No codes have been developed for this project.

Received: 1 September 2020; Accepted: 12 August 2021;
Published online: 10 September 2021

References

1. Ward, M. M. et al. Update of the American College of Rheumatology/
Spondylitis Association of America/Spondyloarthritis Research and Treatment
Network recommendations for the treatment of ankylosing spondylitis and
nonradiographic axial spondyloarthritis. Arthritis Rheumatol. 71, 1599-1613
(2019).

2. Schett, G. et al. Enthesitis: from pathophysiology to treatment. Nat. Rev.
Rheumatol. 13, 731-741 (2017).

3. Bianco, P., Robey, P. G. & Simmons, P. J. Mesenchymal stem cells: revisiting
history, concepts, and assays. Cell Stem Cell 2, 313-319 (2008).

4. Bernardo, M. E. & Fibbe, W. E. Mesenchymal stromal cells: sensors and
switchers of inflammation. Cell Stem Cell 13, 392-402 (2013).

5. Zhou, B. O, Yue, R, Murphy, M. M,, Peyer, J. G. & Morrison, S. J. Leptin-
receptor-expressing mesenchymal stromal cells represent the main source of
bone formed by adult bone marrow. Cell Stem Cell 15, 154-168
(2014).

6. Pineault, K. M., Song, J. Y., Kozloff, K. M., Lucas, D. & Wellik, D. M. Hox11
expressing regional skeletal stem cells are progenitors for osteoblasts,
chondrocytes and adipocytes throughout life. Nat. Commun. 10, 3168
(2019).

10.

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Xie, Z. et al. Imbalance between bone morphogenetic protein 2 and noggin
induces abnormal osteogenic differentiation of mesenchymal stem cells in
ankylosing spondylitis. Arthritis Rheumatol. 68, 430-440 (2016).

Liu, C. H. et al. HLA-B27-mediated activation of TNAP phosphatase
promotes pathogenic syndesmophyte formation in ankylosing spondylitis. J.
Clin. Invest. 129, 5357-5373 (2019).

Xie, Z. et al. MCP1 triggers monocyte dysfunctions during abnormal
osteogenic differentiation of mesenchymal stem cells in ankylosing
spondylitis. J. Mol. Med (Berl.) 95, 143-154 (2017).

Fu, X. et al. Mesenchymal stem cell migration and tissue repair. Cells 8, 784
(2019).

de Lucas, B., Perez, L. M. & Galvez, B. G. Importance and regulation of adult
stem cell migration. J. Cell. Mol. Med. 22, 746-754 (2018).

Gumienny, T. L. et al. CED-12/ELMO, a novel member of the CrkII/Dock180/
Rac pathway, is required for phagocytosis and cell migration. Cell 107, 27-41
(2001).

Elliott, M. R. et al. Unexpected requirement for ELMO1 in clearance of
apoptotic germ cells in vivo. Nature 467, 333-337 (2010).

Mikdache, A. et al. Elmol function, linked to Racl activity, regulates
peripheral neuronal numbers and myelination in zebrafish. Cell. Mol. Life Sci.
77, 161-177 (2020).

Jarzynka, M. J. et al. ELMO1 and Dock180, a bipartite Racl guanine
nucleotide exchange factor, promote human glioma cell invasion. Cancer Res.
67, 7203-7211 (2007).

Hathaway, C. K. et al. High Elmol expression aggravates and low Elmol
expression prevents diabetic nephropathy. Proc. Natl Acad. Sci. USA 113,
2218-2222 (2016).

Arandjelovig, S. et al. A noncanonical role for the engulfment gene ELMO1 in
neutrophils that promotes inflammatory arthritis. Nat. Immunol. 20, 141-151
(2019).

Zheng, X. B. et al. Engulfment and cell motility protein 1 protects against DSS-
induced colonic injury in mice via Racl activation. J. Crohns Colitis 13,
100-114 (2019).

Lee, M., Kim, B. & Kim, V. N. Emerging roles of RNA modification: m(6)A
and U-tail. Cell 158, 980-987 (2014).

Frye, M., Harada, B. T., Behm, M. & He, C. RNA modifications modulate gene
expression during development. Science 361, 1346-1349 (2018).

Zaccara, S., Ries, R. ]. & Jaffrey, S. R. Reading, writing and erasing mRNA
methylation. Nat. Rev. Mol. Cell Biol. 20, 608-624 (2019).

Wu, Y. et al. Mettl3-mediated m(6)A RNA methylation regulates the fate of
bone marrow mesenchymal stem cells and osteoporosis. Nat. Commun. 9,
4772 (2018).

Wang, M. et al. Upregulation of METTL14 mediates the elevation of PERP
mRNA N(6) adenosine methylation promoting the growth and metastasis of
pancreatic cancer. Mol. Cancer 19, 130 (2020).

Dorn, L. E. et al. The N(6)-methyladenosine mRNA Methylase METTL3
controls cardiac homeostasis and hypertrophy. Circulation 139, 533-545
(2019).

Boo, S. H. & Kim, Y. K. The emerging role of RNA modifications in the
regulation of mRNA stability. Exp. Mol. Med. 52, 400-408 (2020).

Weng, H. et al. METTL14 Inhibits hematopoietic stem/progenitor
differentiation and promotes leukemogenesis via mRNA m(6)A Modification.
Cell Stem Cell 22, 191-205 (2018).

Rafia, R, Ara, R., Packham, J., Haywood, K. L. & Healey, E. Healthcare costs
and productivity losses directly attributable to ankylosing spondylitis. Clin.
Exp. Rheumatol. 30, 246-253 (2012).

Lamas, J. R. et al. RNA sequencing of mesenchymal stem cells reveals a
blocking of differentiation and immunomodulatory activities under
inflammatory conditions in rheumatoid arthritis patients. Arthritis Res. Ther.
21, 112 (2019).

Gao, L. et al. Bone marrow-derived mesenchymal stem cells from patients
with systemic lupus erythematosus have a senescence-associated secretory
phenotype mediated by a mitochondrial antiviral signaling protein-interferon-
beta feedback loop. Arthritis Rheumatol. 69, 1623-1635 (2017).

Sieper, J., Braun, J., Dougados, M. & Baeten, D. Axial spondyloarthritis. Nat.
Rev. Dis. Prim. 1, 15013 (2015).

Bai, X. et al. TNF-alpha promotes survival and migration of MSCs under
oxidative stress via NF-kappaB pathway to attenuate intimal hyperplasia in
vein grafts. J. Cell. Mol. Med. 21, 2077-2091 (2017).

Wang, Y. et al. TNF-alpha-induced LRG1 promotes angiogenesis and
mesenchymal stem cell migration in the subchondral bone during
osteoarthritis. Cell Death Dis. 8, €2715 (2017).

Geng, L. et al. Association of TNF-alpha with impaired migration capacity of
mesenchymal stem cells in patients with systemic lupus erythematosus. J.
Immunol. Res. 2014, 169082 (2014).

Croft, M. & Siegel, R. M. Beyond TNF: TNF superfamily cytokines as targets
for the treatment of rheumatic diseases. Nat. Rev. Rheumatol. 13, 217-233
(2017).

| (2021)12:5373 | https://doi.org/10.1038/s41467-021-25710-4 | www.nature.com/naturecommunications 13


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA700800/
https://www.uniprot.org/
https://www.uniprot.org/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

van Ham, T. J., Kokel, D. & Peterson, R. T. Apoptotic cells are cleared by
directional migration and elmol- dependent macrophage engulfment. Curr.
Biol. 22, 830-836 (2012).

Li, H. et al. Association between Galphai2 and ELMO1/Dock180 connects
chemokine signalling with Rac activation and metastasis. Nat. Commun. 4,
1706 (2013).

Chang, L. et al. Structure of the DOCK2-ELMO1 complex provides insights
into regulation of the auto-inhibited state. Nat. Commun. 11, 3464 (2020).
Lin, F., Xue, D., Xie, T. & Pan, Z. HMGB1 promotes cellular chemokine
synthesis and potentiates mesenchymal stromal cell migration via Rapl
activation. Mol. Med. Rep. 14, 1283-1289 (2016).

Stumpo, D. J., Lai, W. S. & Blackshear, P. J. Inflammation: cytokines and
RNA-based regulation. Wiley Interdiscip. Rev. RNA 1, 60-80 (2010).

Surace, A. & Hedrich, C. M. The role of epigenetics in autoimmune/
inflammatory disease. Front Immunol. 10, 1525 (2019).

Wang, Y. et al. TNF-alpha suppresses sweat gland differentiation of MSCs by
reducing FTO-mediated m(6)A-demethylation of Nanog mRNA. Sci. China
Life Sci. 63, 80-91 (2020).

Gong, D. et al. The m(6)A-suppressed P2RX6 activation promotes renal
cancer cells migration and invasion through ATP-induced Ca(2+) influx
modulating ERK1/2 phosphorylation and MMP9 signaling pathway. J. Exp.
Clin. Cancer Res 38, 233 (2019).

Wang, J., Yan, S., Lu, H., Wang, S. & Xu, D. METTL3 Attenuates LPS-induced
inflammatory response in macrophages via NF-kappaB signaling pathway.
Mediators Inflamm. 2019, 3120391 (2019).

Li, L. J,, Fan, Y. G,, Leng, R. X,, Pan, H. F. & Ye, D. Q. Potential link between
m(6)A modification and systemic lupus erythematosus. Mol. Immunol. 93,
55-63 (2018).

Yue, Y., Liu, J. & He, C. RNA N6-methyladenosine methylation in post-
transcriptional gene expression regulation. Genes Dev. 29, 1343-1355 (2015).
Yi, D. et al. METTL14 promotes the migration and invasion of breast cancer
cells by modulating Némethyladenosine and hsamiR146a5p expression.
Oncol. Rep. 43, 1375-1386 (2020).

Yang, Y., Hsu, P. ], Chen, Y. S. & Yang, Y. G. Dynamic transcriptomic m(6)A
decoration: writers, erasers, readers and functions in RNA metabolism. Cell
Res. 28, 616-624 (2018).

Berthelot, J. M., Le Goff, B. & Maugars, Y. Bone marrow mesenchymal stem
cells in rheumatoid arthritis, spondyloarthritis, and ankylosing spondylitis:
problems rather than solutions? Arthritis Res. Ther. 21, 239 (2019).
Benjamin, M. et al. Microdamage and altered vascularity at the enthesis-bone
interface provides an anatomic explanation for bone involvement in the HLA-
B27-associated spondylarthritides and allied disorders. Arthritis Rheum. 56,
224-233 (2007).

Maksymowych, W. P., Elewaut, D. & Schett, G. Motion for debate: the
development of ankylosis in ankylosing spondylitis is largely dependent on
inflammation. Arthritis Rheum. 64, 1713-1719 (2012).

Molnar, C. et al. TNF blockers inhibit spinal radiographic progression in
ankylosing spondylitis by reducing disease activity: results from the Swiss
Clinical Quality Management cohort. Ann. Rheum. Dis. 77, 63-69 (2018).
Jacques, P. et al. Proof of concept: enthesitis and new bone formation in
spondyloarthritis are driven by mechanical strain and stromal cells. Ann.
Rheum. Dis. 73, 437-445 (2014).

Morikawa, M., Tanaka, Y., Cho, H. S., Yoshihara, M. & Hirokawa, N. The
molecular motor KIF21B mediates synaptic plasticity and fear extinction by
terminating Racl activation. Cell Rep. 23, 3864-3877 (2018).

Watanabe, M. et al. DOCK2 and DOCKS5 act additively in neutrophils to
regulate chemotaxis, superoxide production, and extracellular trap formation.
J. Immunol. 193, 5660-5667 (2014).

Xu, X, Su, Y., Wy, K, Pan, F. & Wang, A. DOCK2 contributes to
endotoxemia-induced acute lung injury in mice by activating
proinflammatory macrophages. Biochem. Pharmacol. 181, 114399 (2021).

56. van der Linden, S., Valkenburg, H. A. & Cats, A. Evaluation of diagnostic
criteria for ankylosing spondylitis. A proposal for modification of the New
York criteria. Arthritis Rheum. 27, 361-368 (1984).

57. Chen, C. Y., Ezzeddine, N. & Shyu, A. B. Messenger RNA half-life
measurements in mammalian cells. Methods Enzymol. 448, 335-357 (2008).

58. Zheng, Y. et al. m6AVar: a database of functional variants involved in m6A
modification. Nucleic Acids Res. 46, D139-D145 (2018).

59. Ruutu, M. et al. beta-glucan triggers spondylarthritis and Crohn’s disease-like
ileitis in SKG mice. Arthritis Rheum. 64, 2211-2222 (2012).

Acknowledgements

The reagent information was shown in Supplementary Table 7. This study was financially
supported by the National Natural Science Foundation of China (81971518), the Key-
Area Research and Development Program of Guangdong Province (2019B020236001),
the Guangdong Basic and Applied Basic Research Foundation (2020A1515010097), the
Fundamental Research Funds for the Central Universities (19ykpy01) and the Public
Health and Welfare Research Project of Futian district of Shenzhen (FTWS2019020).

Author contributions

ZX., PW., YW. and H.S. contributed to designing research studies. ZX., W.Y., G.Z.,
W.L, ML, J.L, P.W,, YW. and H.S. contributed to analyzing data. ZX., W.Y., G.Z, J.L,
S.C,ZL, GY, ZS., Y.C. and E.Y. contributed to conducting experiments. ZX., W.Y.
and G.Z. contributed to writing the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-25710-4.

Correspondence and requests for materials should be addressed to Peng Wang,
Yanfeng Wu or Huiyong Shen.

Peer review information Nature Communications thanks Mi-La Cho, Jean-Francois Cote,
Robert Inman and Hengyou Weng for their contribution to the peer review of this work.
Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

| (2021)12:5373 | https://doi.org/10.1038/541467-021-25710-4 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-021-25710-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	TNF-α-mediated m6A modification of ELMO1 triggers directional migration of mesenchymal stem cell in ankylosing spondylitis
	Results
	TNF-α induces enhanced directional migration of AS-MSC in�vitro
	TNF-α accelerates the directional migration of AS-MSC in�vivo
	TNF-α leads to elevated expression of ELMO1 in AS-MSC
	TNF-α mediated ELMO1 expression promotes MSC migration
	ELMO1 acts as a therapeutic target in AS
	Decreasing METTL14 expression leads to lower m6A modification and RNA degradation of ELMO1 in TNF-α-treated AS-MSC
	Inhibiting METTL14 expression increases ELMO1 expression and promotes MSC directional migration
	METTL14 overexpression downregulates ELMO1 levels and inhibits MSC directional migration
	METTL14 acts on the specific m6A modification site in the ELMO1 3′UTR

	Discussion
	Methods
	Study approval
	Cell isolation and culture
	MSC migration assays in a Transwell system
	Wound-healing assays
	μ-slide chemotaxis assay
	Cell immunofluorescence assay
	In vivo migration assay
	RNA extraction, reverse transcription, and quantitative real-time PCR
	RNA sequencing and data analysis
	Protein extraction and western blot
	Rac1 activation assay
	Coimmunoprecipitation (Co-IP) and liquid chromatograph (LC)-mass spectrometry (MS)/MS
	Lentivirus construction and transfection
	Cell proliferation assay
	m6A RNA immunoprecipitation (RIP)
	RNA stability assays
	Cross-linking and RNA immunoprecipitation (CLIP) assay
	Dual-luciferase reporter assay
	Mouse induction, treatment and, scoring
	Micro-CT scanning
	H&E staining
	Tissue immunohistochemical assay
	Tissue immunofluorescence assay
	Statistical analysis

	Reporting summary
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




