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ARTICLE

A novel CCDC91 isoform associated with ossification
of the posterior longitudinal ligament of the spine
works as a non-coding RNA to regulate osteogenic genes

Masahiro Nakajima,! Masaru Koido,%3 Long Guo,# Chikashi Terao,2* and Shiro lkegawal*

Summary

Ossification of the posterior longitudinal ligament of the spine (OPLL) is a common intractable disease that causes spinal stenosis and
myelopathy. We have previously conducted genome-wide association studies for OPLL and identified 14 significant loci, but their bio-
logical implications remain mostly unclear. Here, we examined the 12p11.22 locus and identified a variant in the 5’ UTR of a novel iso-
form of CCDC91 that was associated with OPLL. Using machine learning prediction models, we determined that higher expression of
the novel CCDC91 isoform was associated with the G allele of rs35098487. The risk allele of 1535098487 showed higher affinity in the
binding of nuclear proteins and transcription activity. Knockdown and overexpression of the CCDC91 isoform in mesenchymal stem
cells and MG-63 cells showed paralleled expression of osteogenic genes, including RUNX2, the master transcription factor of osteogenic
differentiation. The CCDC91 isoform directly interacted with MIR890, which bound to RUNX2 and decreased RUNX2 expression. Our
findings suggest that the CCDC91 isoform acts as a competitive endogenous RNA by sponging MIR890 to increase RUNX2 expression.

Introduction

Ossification of the posterior longitudinal ligament of the
spine (OPLL) is a pathologic process of bone deposition
at the site of the posterior longitudinal ligament." OPLL
can cause spinal cord and nerve roots compression,” result-
ing in quadriplegia or other myelopathies.” The prevalence
of OPLL is reported up to 3.0% in Asian countries.”
Conversely, a lower prevalence of 0.1%-1.7% is described
in comparable European cohorts and a cohort of North
American individuals of non-Asian descent.” Since the mo-
lecular pathogenesis of OPLL has not been understood and
no efficient treatment strategies have been proposed, espe-
cially pharmacotherapy or preventive interventions, surgi-
cal treatment by indirect spinal cord decompression is the
only option for symptomatic OPLL-affected individuals.

OPLL is multifactorial, where genetic'** and environ-
mental factors, including diet, obesity, physical strain,
age, and diabetes mellitus, are involved in the etiology.’
To understand the genetic factors for OPLL, we previously
conducted a genome-wide association study (GWAS) and
identified six loci associated with OPLL.® Recently, we con-
ducted a meta-analysis of GWASs and identified 14 signif-
icant loci,” including eight that had not been previously
reported in the GWAS catalog.® Among them, we discov-
ered a candidate functional variant upstream of
R-spondin 2 (RSPO2) on chromosome 8q23.1.° In addi-
tion, we identified cell division cycle 5-like (CDCS5L) on
chromosome 6p21.2 as a susceptibility gene for OPLL."’
However, additional causal variants and susceptibility
genes remain to be discovered in other loci.

In this study, we identified a functional variant and a sus-
ceptibility gene for OPLL at 12p11.22. Using machine
learning prediction models, we identified rs35098487,
which affects the expression of a cap analysis of gene
expression (CAGE) tag (p4@CCDC91, indicating a
CCDC91 promoter with fourth highest read counts after
promoter 1 (p1), p2, and p3 in all of the FANTOMS CAGE
profiles'") in OPLL-related cells. We discovered a novel iso-
form of CCDC91 (coiled-coil domain containing 91) tran-
scripts that started its transcription from p4@CCDC91
and had not been previously reported in Ensembl.
1s35098487 was in the 5’ UTR of the CCDC91 isoform,
and the risk allele of rs35098487 showed higher affinity in
the binding of nuclear proteins and transcription activity
compared with the non-risk allele. Knockdown and overex-
pression of the CCDC91 isoform in mesenchymal stem cells
(MSCs) showed paralleled expression of osteogenic genes,
including RUNX2, a master transcription factor regulating
osteogenic differentiation. The CCDC91 isoform directly
interacted with MIR890 that bound to the 3’ UTR of
RUNX2 and inhibited osteogenic differentiation by
decreasing RUNX2 transcription and translation. Our study
showed that a tissue-/cell-type-specific non-coding RNA
regulates ectopic ossification in OPLL by directly control-
ling a microRNA regulating osteogenic genes.

Material and methods

Rapid amplification of cDNA ends (RACE) and RT-PCR
3’ RACE was performed with SMARTer RACE Kit (Takara Bio) ac-
cording to the manufacturer’s protocol. We used poly (A)" RNA
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(1 pg) of MG-63 cells to produce the RACE template. cDNAs of
various human tissues were purchased from Takara Bio. Some
cDNAs for RT-PCR were synthesized with MultiScribe Reverse
Transcriptase and random hexamer primer (Thermo Fisher Scien-
tific). PCR was performed with KOD EX Neo (Toyobo), and the am-
plicons were separated by agarose electrophoresis for analysis. The
primers used in the PCR reactions are listed in Table S1.

Cell culture and osteogenic differentiation

Human osteosarcoma cell lines MG-63 and Saos-2 and normal hu-
man fibroblasts were obtained from RIKEN BioResource Research
Center and cultured in DMEM containing 10% FBS at 37°C under
5% CO,. The study was approved by the ethical committees at the
RIKEN Yokohama Institute. All individuals gave written informed
consent to participate in the study. Human MSCs were purchased
from Lonza and cultured in MSC NutriStem XF Medium (Sarto-
rius) at 37°C under 5% CO,. For osteogenic differentiation,
MSCs were cultured with osteogenic induction media containing
100 nM dexamethasone, 50 pg/mL ascorbic acid, and 10 mM
B-glycerophosphate sodium (Sigma-Aldrich).'” The medium was
changed every 3 days.

Alkaline phosphatase staining

MSCs were cultured with an osteogenic induction media for
7 days. Alkaline Phosphatase Staining Kit (Cosmo Bio) was used
according to the manufacturer’s instructions. In brief, the cells
were washed with PBS and fixed with 10% neutral buffered
formalin for 20 min. Then, the cells were washed with distilled wa-
ter. The staining reagent was added to the cells and incubated for
15 min at 37°C. After removal of the staining reagent, the cells
were washed with distilled water and observed under a phase-
contrast microscope (Olympus CKX53; Olympus).

Alizarin red staining

MSCs were cultured with osteogenic induction media for 14 days.
Alizarin red S Solution (PG research) was used after fixation with
10% neutral buffered formalin. The images were captured by a
phase-contrast microscope.

Small interfering RNA (siRNA) knockdown

siRNA targeting a novel CCDC91 isoform (Table S1) was
obtained from Thermo Fisher Scientific. As a control, we used a
Stealth RNAi negative control medium GC duplex (Thermo
Fisher Scientific). The siRNAs (10 nM) were transfected with
LipofectamineRNAIMAX (Thermo Fisher Scientific) according to
the manufacturer’s protocol. Knockdown was estimated by quan-
titative RT-PCR.

Construction of plasmids

The region between —337 and +356 (hg38, chrl2: 28,190,642-
28,191,334) of exon 1 of the novel CCDC91 isoform (containing
allele G or A of rs35098487) was subcloned into the pGL4.10
[luc2] vector (Promega). Full-length cDNA of the novel CCDC91
isoform was cloned into pcDNA3.1(—) vector (Thermo Fisher Sci-
entific). Three tandem repeats of the wild-type or mutated
sequence of the MIR890 response element (MRE) in the novel
CCDC91 isoform (Figure 3A) or RUNX2 (Figure 4B) were subcloned
into the pmirGLO Dual-Luciferase miRNA Target Expression Vec-
tor (Promega). The constructs were verified by DNA sequencing
(Model 3730x1; Thermo Fisher Scientific).

Quantitative RT-PCR

Total RNA from cells was extracted with SV Total RNA Isolation
System (Promega), according to the manufacturer’s instructions.
cDNA was synthesized from total RNA with MultiScribe Reverse
Transcriptase (Thermo Fisher Scientific). We performed quantita-
tive real-time PCR was performed by using a StepOnePlus Real-
Time PCR System (Thermo Fisher Scientific) with Quantitect
SYBR Green PCR Kit (Qiagen) in accordance with the manufac-
turer’s instructions. GAPDH expression was analyzed as an internal
control. For microRNAs, we used a Mir-X miRNA First-Strand Syn-
thesis Kit (Takara Bio) and PowerTrack SYBR Green Master Mix
(Thermo Fisher Scientific). The primers used in PCR reactions are
listed in Table S1.

Reporter assay

MG-63 cells were transfected with the reporter plasmid and the
pGL4.74 vector (Promega) as an internal control via TransIT-LT1
Transfection Reagent (Mirus Bio). For the microRNA-binding
assay, we co-transfected MG-63 cells with luciferase reporter
plasmid harboring the wild-type/mutant binding site of the novel
CCDC91 isoform (Figure 3A) along with MIR890 mimics or nega-
tive control (GenePharma) by using Lipofectamine RNAIMAX re-
agent. After 24 h of transfection, we measured the luciferase activ-
ities by using a Dual-Luciferase Reporter Assay System (Promega).

Electrophoretic mobility shift assay (EMSA)

Nuclear extract from cells was prepared with NE-PER Nuclear and
Cytoplasmic Extraction Reagents (Thermo Fisher Scientific). The
nuclear extract was incubated with 31 bp double-strand
digoxigenin-labeled oligonucleotide probes for rs35098487 alleles
(sense, 5'-CTTTTACTTTGCCAARTACATTGGGGTAAAA-3'; anti-
sense, 5'-TTTTACCCCAATGTAYTTGGCAAAGTAAAAG-3') for
30 min at room temperature. DNA-protein complexes were
resolved on 6% DNA retardation gels (Thermo Fisher Scientific),
and the signal was detected with Digoxigenin Luminescent Detec-
tion Kit (Sigma-Aldrich).

Allele-specific quantitative PCR

Allele-specific expression was performed in cDNA from normal
fibroblasts that were heterozygous at 1s35098487. Each
TagMan probe, which is specific for a different allele, was
labeled by a different dye, and fluorescence was detected by
real-time PCR, as described previously.'® To make a linear regres-
sion line for the log of fluorescence intensity ratio (VIC/FAM)
versus the log of allele ratio, we mixed gDNA from two homozy-
gous individuals as the ratios 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, and 2:8
and we quantified the two alleles in the mixes. We calculated
the expression ratio of the G allele to the A allele by comparing
those of the cDNAs to those of the genomic DNAs from the
same individual.

Immunoblotting

Cell lysates were prepared 72 h after transfection with RIPA buffer
(Thermo Fisher Scientific) and Halt Protease Inhibitor Cocktail
(Thermo Fisher Scientific). Immunoblot was performed as previ-
ously described,'* and the blot was immunolabeled with RUNX2
(D1L7F) Rabbit mAb (1:1,000; Cell Signaling Technology) or
B-Actin pAb-HRP-DirecT (1:4,000; Medical & Biological Labora-
tories). Immunoreactive bands were exposed by enhanced chemi-
luminescence (Amersham ECL Prime; Cytiva).
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Bioinformatic analyses

For in silico prediction of variant effects on gene expression, we
used MENTR (mutation effect prediction on non-coding RNA tran-
scription) as described previously."> All significant variants from
14 GWAS loci were analyzed by MENTR. We used the pre-deter-
mined threshold (absolute mutation effect > 0.05) achieving
80% accuracy to predict expression change.'® The downstream
microRNA targets of the novel CCDC91 isoform were predicted
with RNA22'® and miRDB.!” We used miRDB to find the targets
of predicted microRNAs.

Statistical analyses

Individual values, mean, and standard deviation (SD) are dis-
played. We used Mann-Whitney U test to identify significant
differences between various treatments. p < 0.05 was regarded as
statistically significant.

Results

In silico prediction of variant effects on gene expression
We applied machine learning prediction models'® to prior-
itize causal variants from 14 GWAS loci. We identified the
expression of six CAGE tags associated (absolute mutation
effect > 0.05) with 12 variants in OPLL-related cells
including MSCs, articular chondrocytes, and osteoblasts
(Table S2). For a 12p11.22 locus, 1535098487 was predicted
to affect the expression of a CAGE tag (p4@CCDC91) in
amnion MSCs and articular chondrocytes. Our previous
Bayesian statistical fine-mapping analysis showed that
rs35098487 is a member of the calculated 95% credible
set at this locus.”

Identification of a novel CCDC91 isoform

A search of the Ensembl Genome Browser revealed 22
CCDC91 isoforms (splicing variants) in the human
genome (Figure S1). When aligning the sequence of
p4@CCDC91 with the genomic sequence of CCDC91, we
found no isoform overlapping p4@CCDC91. We per-
formed RT-PCR and 3’ RACE experiments and found a
novel isoform of CCDC91 transcripts that started its tran-
scription from p4@CCDC91 and was not previously anno-
tated in Ensembl (Figure S1). The novel isoform shared the
same translation start codon (ATG) with the major isoform
(ENST00000381259.5) that is highly expressed in many
tissues (Figure S2). However, the novel isoform had polya-
denylation in the middle of the protein-coding sequence,
resulting in an aberrant mRNA that lacks a stop codon
(non-stop mRNA) (Figure S3B). rs35098487 is in the 5
UTR of the novel isoform (Figure S3A).

Expression of the novel CCDC91 isoform

It has been shown that a non-stop mRNA is degraded by a
non-stop mRNA decay (NSD) pathway.'® However, the level
of non-stop mRNA has been shown to be reduced only to
one-fourth of the wild-type level in an analysis using the re-
porter gene.'’ We assessed the expression of the novel iso-
form in various tissues and cell lines by RT-PCR. We ampli-

fied the novel isoform with PCR primers designed in exons
1 and 7. The novel isoform was specifically expressed in the
brain, kidney, tendon, and ligament but not in the cartilage
(Figure S4A). Strong expression was observed in osteoblastic
MG-63 cells, whereas no expression could be detected in
other osteoblastic Saos-2 cells (Figure S4B). Expression of
the novel isoform was not observed in the testis where
CCDC91 was the most expressed (Figure S4A). These results
indicate that expression of the novel isoform is tissue and
cell specific, unlike the major CCDC91 isoform.

Functional analysis of rs35098487

To evaluate whether the rs35098487 variant might affect
transcription of the novel isoform, we created a reporter
construct harboring the region between —337 and +356
of exon 1 of the novel isoform (containing rs35098487),
placed upstream of the luciferase reporter gene. The
construct containing the risk allele (G) showed approxi-
mately 1.4-fold higher luciferase activity than that contain-
ing the non-risk allele (A) (Figure 1A). We then performed
EMSA to examine the difference in the binding of nuclear
proteins to the risk (G) and non-risk (A) alleles of
1s35098487. We observed higher affinity binding of nuclear
proteins to the oligonucleotide containing therisk allele (G)
(Figure 1B). To confirm the effect of rs35098487 on tran-
scription, we performed an allele-specific quantitative
PCR by using a TagMan probe on normal fibroblasts, which
were heterozygous at 1s35098487. The G allele showed 1.4-
fold higher expression of the transcript than the A allele
(Figure 1C). Importantly, the directionality of the expres-
sion change for 1s35098487 was correctly predicted in silico.
From these observations, we concluded that rs35098487
affected the transcription of the novel isoform.

Expression of the novel CCDC91 isoform during
osteogenic differentiation of MSCs

To understand the functional basis of the novel isoform in
osteoblasts, we examined the expression of the novel iso-
form in MSCs subjected to osteogenic-induced differentia-
tion. The novel isoform expression transiently increased at
day 3 and then decreased (Figure S5). The increase in the
novel isoform expression preceded that of ALPL, suggest-
ing an earlier role in osteogenic differentiation. The novel
isoform expression also paralleled the expression of
RUNX2, which is a master transcription factor for osteo-
genic differentiation (Figure S5).

Role of the novel CCDC91 isoform in the osteogenic
differentiation of MSCs

To explore the role of the novel isoform in osteogenic dif-
ferentiation, we transfected MSCs with the novel CCDC91
isoform-specific siRNA and cultured knockdown MSCs
under osteogenic conditions. Novel CCDC91 isoform
knockdown significantly decreased RUNX2 and ALPL
expression (Figure 2A). Similarly, expressions of IBSP,
BGLAP, and SP7 were inhibited in knockdown MSCs
(Figure 2A), indicating that the novel isoform promotes
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Figure 1. Effects of rs35098487 on the promoter activity, nu-

clear protein binding, and mRNA expression

(A) Reporter assays in MG-63 cells. There was a significantly
increased promoter activity for the risk allele G of rs35098487
compared to the non-risk allele A. Data represent means + SD
from quadruplicate assays. Each dot represents the result from
one sample. *, p < 0.05.

(B) Electrophoretic mobility shift assays with nuclear protein ex-
tracts from MG-63 cells. There was a higher affinity for the probe
with the G allele (lane 3) than the probe with the A allele (lane 4)
of 1535098487.

(C) The allelic gene expression ratio for the novel CCDC91 isoform
in fibroblasts. The transcript carrying the G allele showed higher
expression than that with the A allele. Genomic DNA (gDNA)
was used as a control for equal bi-allelic representation. Data are
mean + SD of values from ten samples. Each dot represents the
result from one sample. *, p < 0.05.

osteogenic differentiation. Similar results were observed in
MG-63 cells (Figure S6). Next, we carried out overexpres-
sion analysis for the novel isoform in MSCs. The overex-
pression of the novel isoform increased the osteogenic
markers RUNX2, ALPL, IBSP, BGLAP, and SP7 in MSCs
(Figure 2B) and MG-63 cells (Figure S7).

To further investigate the regulatory role of the novel
isoform in osteogenic differentiation, we next examined
the effects of the novel isoform on alkaline phosphatase
activity and the capability of mineralization in MSCs.
The alkaline phosphatase activity and capability of miner-
alization were decreased in novel CCDC91 isoform knock-
down cells, whereas the reverse was true in the MSCs trans-
fected with the novel CCDC91 isoform (Figures 2C and S8).
These results suggest that the novel CCDC91 isoform pro-
moted the early osteogenic differentiation of MSCs.

A novel CCDC91 isoform binds to MIR890
Recently, long non-coding RNAs (IncRNAs) have been re-
ported to work as competing endogenous RNA to sponge

microRNAs.?° By using the online tools RNA22 V2'¢ and
miRDB,'” we predicted that the sequence of the novel
CCDC91 isoform contains seven potential microRNA
binding sites (Table S3). One of the seven microRNAs,
MIR890, was predicted to bind to the 3" UTR of RUNX2
(Table S3). To confirm the predicted interaction between
the novel CCDC91 isoform and MIR890, we constructed
the wild-type sequence of isoform harboring the predicted
MIR890 binding sites (WT) or the mutated sequence (mut)
into a luciferase reporter vector (Figure 3A) and then trans-
fected these into MG-63 cells. MIR890 overexpression
could reduce the wild-type isoform-driven luciferase activ-
ity (Figure 3B), while it was abolished by the mutated
sequence (Figure 3C), which indicated that MIR890 could
bind to the isoform directly.

MIR890 inhibits osteogenic differentiation

Quantitative RT-PCR analysis showed that the expression of
MIR890 was reduced at the early stage of osteogenic differen-
tiation in MSCs (Figure S9), whereas the expression of the
novel CCDC91 isoform and RUNXZ2 was increased
(Figure S5). To investigate the effect of MIR890 on osteogenic
differentiation, we transfected MSCs with MIR890 and
cultured them under osteogenic conditions. Overexpression
of MIR890 significantly decreased RUNXZ2, ALPL, IBSP,
BGLAP, and SP7 expression in MSCs (Figure 4A). The alkaline
phosphatase activity and mineralization were also decreased
in the MSCs transfected with MIR890 (Figure S10), indicating
that MIR890 inhibits osteogenic differentiation. Similar re-
sults were observed in MG-63 cells (Figure S11).

RUNX2 is the target of MIR890

Potential binding sequences between MIR890 and RUNX2
were predicted by miRDB (Figure 4B). The luciferase re-
porter assay showed that co-transfection of MIR890 and
3’ UTR of RUNX2 wild type could decrease the luciferase ac-
tivity (Figure 4C). Hence, the binding of MIR§90 to RUNX2
was verified. Overexpression of MIR890 significantly
decreased the protein level of RUNX2 (Figure 4D). These
data indicated that MIR890 inhibited osteogenic differenti-
ation via targeting RUNX2 and that the novel CCDC91 iso-
form may negatively regulate MIR§90 by competing with
RUNX2 to bind MIR890-binding sites, leading to the
up-regulation of RUNX2 target genes.

Discussion

GWASs have been developed as an excellent tool for iden-
tifying genetic variation underlying complex diseases.
GWASs have linked tens of thousands of variants to thou-
sands of phenotypes, furthering our understanding of the
genetic causes of complex diseases.”’ Elucidating how
associated variants modulate disease risk and how they
affect cellular phenotypes will provide mechanism-based
therapeutic hypotheses and lead to more effective drug dis-
covery.”” In this study, we identified a functional variant
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Figure 2. The novel CCDC91 isoform promotes the expression of osteogenic marker genes

(A) Effects of the novel CCDC91 isoform knockdown on the expression of osteogenic marker genes.

(B) Effects of overexpression of the novel CCDC91 isoform on the expression of osteogenic marker genes. Expression of the novel
CCDC91 isoform (CCDC91_nv) and osteogenic marker genes in MSCs cultured in osteogenic conditions was measured at 3 days

(legend continued on next page)
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Figure 3. The novel CCDCY1 isoform binds to MIR890

(A) Luciferase reporter vectors containing wild-type or mutated
sequence of the novel CCDC91 isoform. Sequences that differ be-
tween wild-type and mutated are shown in bold. MRE, MIR890
response element in the CCDC91 isoform.

(B and C) Luciferase reporter vectors containing wild-type (B) or
mutated (C) sequence of the novel CCDC91 isoform were co-trans-
fected with MIR890 or control into MG-63 cells. Data represent
means * SD from quadruplicate assays. Each dot represents the
result from one sample. *, p < 0.05 versus control microRNA.
Ctrl, control.

associated with OPLL, whose risk variant increases the
expression of a non-coding CCDC91 isoform. We then
demonstrated that the non-coding CCDC91 isoform is
involved in promoting osteogenic differentiation. Our
findings reveal a role for the non-coding CCDC91 isoform
in osteogenesis and contribute to our understanding of the
pathogenesis of OPLL.

The previously reported GWASs show that most of the
associated variants for complex diseases were located in
non-coding regions,”* suggesting that most of the causal
variants in complex diseases, including OPLL, may be reg-
ulatory variants that affect gene expression. Therefore,
gene expression quantitative trait locus (eQTL) analysis is
an effective approach to investigating the genetic basis of
complex diseases.”* Because the eQTL effects would be
different among cell types and tissues, cell-type-specific
eQTL analysis is necessary to analyze the causal effects of
complex diseases. There are several eQTL databases,
including the Genotype-Tissue Expression (GTEx) proj-
ect,”> but none currently address OPLL-related tissues
(cells), such as ligament, bone, and cartilage. In this study,

to detect potential variants that regulate gene expression
levels in OPLL-related cells, we used a machine learning
model trained with cell-type-specific transcription,'®
measured by CAGE,”*?” that can predict the effect of mu-
tations on gene expression.

We identified putative causal variants in the region at
chromosome 12p11.22 containing CCDC91, which en-
codes a protein involved in the trans-Golgi network.?®
Most mammalian genes express more than one transcript,
often generated as a result of alternative splicing. Further-
more, some genes express IncRNA isoforms in addition to
their canonical protein-coding transcripts, making it
impossible to strictly define a gene as coding or non-cod-
ing.”” Steroid receptor RNA activator 1 (SRAI) is one of
the characterized genes that expresses functional IncRNA
isoforms in addition to protein-coding transcripts.*® Alter-
native splicing and the use of different transcription start
sites generate protein-coding transcripts and IncRNAs
from this gene locus with variations at the 5’ end.*" While
SRA1 is a transcriptional repressor, the IncRNA is a co-
activator for nuclear receptors including the estrogen re-
ceptor and peroxisome proliferator-activated receptor y
(PPARY).*”> CCDC91 has 22 isoforms (transcripts) in the
Ensembl Genome Browser, nine of which are IncRNAs
(Figure S1). The novel non-coding CCDC91 isoform has
an osteogenic differentiation-promoting function not
known for the canonical CCDC91 protein.

Genetic variants that control alternative splicing,
called splicing quantitative trait loci (sQTLs), have been
found to be enriched among GWAS loci.** rs35098487
was associated with the read counts corresponding to
the exons 10-12 junction of CCDC91 (Figures S1 and
S3) in visceral adipose tissue in the GTEx database. How-
ever, we did not detect any splice variants starting at
p4@CCDC91 other than the novel isoform by RACE
and RT-PCR, suggesting that this sQTL is derived from
splice variants with other transcription start sites. In
the future, an sQTL analysis should focus on the tissues
expressing the isoform.

Cells have mRNA surveillance systems to recognize
aberrant translation termination or elongation and
remove abnormal mRNAs. It is well known that mRNA
containing a premature termination codon is eliminated
by nonsense-mediated mRNA decay.’* In contrast, the
NSD system degrades non-stop mRNA that lacks a trans-
lation termination codon and is produced mainly by pol-
yadenylation within an open reading frame.*> However,
non-stop mRNA levels are reduced to only a quarter of
wild-type levels in analyses using reporter genes.'? In
fact, the novel isoform of CCDC91 had sufficient expres-
sion in multiple tissues to be detected by conventional
RT-PCR. In addition to mRNA degradation by NSD,

(CCDC91_nv and RUNX2), 7 days (ALPL), or 14 days (IBSP, BGLAP, and SP7) after induction. Data represent means + SD from triplicate
assays. Each dot represents the result from one sample. *, p < 0.05 versus control siRNA or control vector. Ctrl, control.
(C) Effects of the novel CCDC91 isoform knockdown or overexpression on alkaline phosphatase activity in osteogenic differentiation of

MSCs. Scale bars, 0.5 mm.
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Figure 4. MIR890 inhibits osteogenic differentiation via targeting RUNX2

(A) Effects of overexpression of MIR890 on the expression of osteogenic marker genes. Expression of osteogenic marker genes and
MIR890 in MSCs cultured in osteogenic conditions was measured 3 days (RUNX2 and MIR890), 7 days (ALPL), or 14 days (IBSP, BGLAP,
and SP7) after induction. Data represent means + SD from triplicate assays. Each dot represents the result from one sample. *, p < 0.05

versus control microRNA. Ctrl, control.

(B) Alignment of mature human MIR890 and 3’-UTR of RUNX2 sequences. Sequences that differ between wild-type (WT) and mutated

(mt) are shown in bold.

(C) Luciferase reporter assay confirmed that co-transfection of MIR890 and RUNX2 3/-UTR WT remarkably decreased the luciferase ac-
tivity. Data represent means + SD from quadruplicate assays. Each dot represents the result from one sample. *, p < 0.05 versus control

microRNA. Ctrl, control.

(D) Effects of overexpression of MIR890 on protein level of RUNX2.

repression of translation and protein degradation are
important for suppressing the level of abnormal pro-
teins.*>?” We expect that the novel isoform will not
produce abnormal proteins because of these repressive
mechanisms. Further experiments are necessary to deter-
mine whether the novel isoform produces protein.

The expression of the novel isoform is specific to the
stage of osteogenic differentiation. The novel isoform

was upregulated in the early stage of osteogenic differenti-
ation in MSCs (Figure S5). Both MG-63 and Saos-2 cells are
derived from individuals with osteosarcoma, but the iso-
form is observed only in MG-63 (Figure S4B). MG-63 is
an immature osteoblast cell line, while Saos-2 is character-
ized as a mature osteoblast cell line.*® This difference in the
cell differentiation stage could be related to the difference
in the expression of the isoform.
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Several microRNAs regulate osteogenic differentiation
by modulating osteogenic signaling pathways, such as
TGF-B/BMP*? and PI3K/AKT*’ signaling pathways. The ho-
mologous sequence of MIR890 was screened by alignment.
Among the large numbers of sequence alignment data,
we focused on RUNX2, which was a well-recognized master
transcription factor of osteogenic differentiation.*' RUNX2
regulates several bone-specific genes, including ALPL, IBSP,
BGLAP, and SPP1,** by binding to the osteoblast-specific
element.”> Previous studies have found that some
microRNAs affect osteogenic differentiation by regulating
RUNX2 expression.** For example, Mir133a-1 inhibits the
differentiation of mouse-derived C2C12 cells into osteo-
blasts by targeting Runx2.*®

In this study, we found that MIR890 suppresses RUNX2
expression via direct binding to a site on the 3’ UTR of
RUNX2. Little is known about the function of MIR890.
MIR890 inhibits proliferation and invasion in breast cancer
cells by targeting BSG.*® Consistent with our findings,
MIR890 expression is significantly repressed during the
osteogenic differentiation of MSCs.*” These findings sug-
gest that MIR890 could control the osteogenic differentia-
tion of MSCs through modulating RUNX2.

Supplemental information

Supplemental information can be found online at https://doi.org/
10.1016/j.ajhg.2023.03.004.
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