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ABSTRACT Long noncoding RNAs (lncRNAs) have been confirmed as important
regulators during osteogenic differentiation. Previous research has disclosed that
growth arrest-specific transcript 5 (GAS5) can promote osteogenic differentiation of
human bone marrow mesenchymal stem cells (hBMSCs), but the underlying regula-
tory mechanism of GAS5 during the osteogenic differentiation of hBMSCs is unclear.
Osteogenic differentiation was induced in hBMSCs by using osteogenic medium
(OM). Gene expression was assessed by quantitative real-time PCR (RT-qPCR) or
Western blot assays as needed. Alkaline phosphatase (ALP) activity, ALP staining, and
alizarin red S (ARS) staining assays were performed to evaluate the impact of GAS5,
microRNA 382-3p (miR-382-3p), and TATA box binding protein-associated factor 1
(TAF1) on osteogenic differentiation in vitro. The interaction among GAS5, miR-382-
3p, and TAF1 was determined by RNA immunoprecipitation (RIP), chromatin immu-
noprecipitation (ChIP), and luciferase reporter assays. Expression of GAS5 (transcript
variant 2) was downregulated during the osteogenic differentiation of hBMSCs, and
its overexpression retarded the osteogenic differentiation of hBMSCs. GAS5 inhibited
miR-382-3p by targeting RNA-directed microRNA degradation (TDMD). miR-382-3p
downregulation partially offset the promoted osteogenic differentiation of hBMSCs
upon GAS5 silencing. TAF1 negatively modulated osteogenic differentiation, and it
activated GAS5 transcription so as to form a positive GAS5-miR-382-3p-TAF1 feedback
loop in hBMSCs. This research was the first to reveal that the GAS5-miR-382-3p-TAF1
feedback loop inhibited the osteogenic differentiation of hBMSCs, which provided
new clues for exploring the mechanism of osteogenic differentiation and disclosed
the potential of GAS5 as a promising target during osteogenic differentiation.
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It is widely acknowledged that bones are pivotal to body protection, supporting, and
shaping. In addition, bones are indispensable for vertebrates to move. The cellular

components of bones include osteoclasts, osteoblasts, osteocytes, and osteogenic pre-
cursor cells (1). Moreover, the regeneration ability of bones is closely associated with
skeletal development, bone injury, and continuous remodeling (2). During bone regen-
eration for the repair of injured parts, three major phases are involved, inflammation,
formation of new bones, and bone remodeling (3). Human bone mesenchymal stem
cells (hBMSCs) feature the ability to differentiate into nerve cells, chondrocytes, osteo-
blasts, or myocardial cells in vitro, which makes hBMSCs a perfect graft in bone tissue
engineering (4). Notably, osteogenic differentiation plays a critical role in the mainte-
nance of bone homeostasis (5). Therefore, it is of great significance to explore the
mechanism underlying the osteogenic differentiation of hBMSCs.

Mounting evidence has validated that osteogenic differentiation of hBMSCs involves
multiple factors, including long noncoding RNAs (lncRNAs) (6), the RNA molecules with a
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length of over 200 nucleotides (nt) and without protein-coding capacities (7). For example,
lncRNA DANCR regulates the proliferation and osteogenic differentiation of hBMSCs via the
p38 MAPK pathway (8). lncRNA BDNF-AS modulates the osteogenic differentiation of
BMSCs (9). lncRNA MEG3 inhibits the osteogenic differentiation of BMSCs from postmeno-
pausal osteoporosis by targeting miR-133a-3p (10). Growth arrest-specific transcript 5
(GAS5) is suggested to exert crucial functions in biological proliferation and differentiation
(11–13). According to one previous study, GAS5 promoted the osteogenic differentiation of
human periodontal ligament stem cells by regulating the GDF5 and p38/JNK signaling
pathway (14). Another study has also disclosed that GAS5 is upregulated in BMSCs. In addi-
tion, it can promote the osteogenic differentiation of BMSCs by regulating the miR-135a-
5p/FOXO1 pathway (15). However, the mechanism of GAS5 in regulating the osteogenic
differentiation of hBMSCs still needs further exploration.

It is known that different transcript variants of lncRNAs may present different expression
patterns in various human diseases (16, 17). Interestingly, our preliminary experiments dis-
covered that GAS5 had 15 transcript variants. Although several variants were upregulated
during the osteogenic differentiation of hBMSCs, the GAS5 transcript variant 2 was downre-
gulated. Therefore, this study focused on GAS5 with the aim of uncovering whether GAS5
(transcript variant 2) may play a significant role during osteogenic differentiation. This
study might provide some innovative ideas for research on the mechanism of GAS5 and
unveil its potential as a target during osteogenic differentiation.

RESULTS
GAS5 transcript variant 2 was downregulated during the osteogenic induction

of hBMSCs. First, we simulated the osteogenic differentiation of hBMSCs by incubating
hBMSCs in osteogenic differentiation medium (OM), and growth culture medium was
used as internal control. To examine the osteogenic differentiation of hBMSCs, we
detected the expression levels of three key osteogenic genes (RUNX2, OSX, and ALPL)
in hBMSCs at days 0, 3, 7, 14, and 21 after incubation. As a result, RUNX2, OSX, and ALPL
expression was observed to be gradually elevated in hBMSCs incubated in OM but not
in growth medium (GM) (Fig. 1A to C), suggesting a successful induction of osteogenic
differentiation in hBMSCs by using OM.

Next, we tried to figure out the role of GAS5 during osteogenic differentiation.
According to the data collected from the UCSC database, there were 15 transcript var-
iants of GAS5 in total. After that, to figure out which transcript variants of GAS5 could
actually participate in the osteogenic differentiation of hBMSCs, we detected the
expression of all 15 transcript variants (T1 to T15) in hBMSCs at day 0 and day 7 during
osteogenic differentiation. Interestingly, we found that the expression of transcript var-
iants 6, 11, and 13 was significantly upregulated, whereas the expression of transcript
variant 2 was obviously downregulated in hBMSCs at day 7 after the incubation in OM
(Fig. 1D). According to one previous study, GAS5 is upregulated during osteogenic dif-
ferentiation and can promote the osteogenic differentiation of hBMSCs (15). However,
our study discovered that transcription variant 2 of GAS5 was downregulated in
hBMSCs during osteogenic differentiation. Also, we confirmed through quantitative
real-time PCR (RT-qPCR) assay that the expression of transcription variant 2 of GAS5
was gradually decreased during the osteogenic differentiation of hBMSCs (Fig. 1E).
Those data indicated that transcript variant 2 of GAS5 potentially played a suppressive
role during the osteogenic induction of hBMSCs. Therefore, transcript variant 2 of GAS5
was referred to as GAS5 for the following assays.

GAS5 suppressed osteogenic differentiation of hBMSCs. Subsequently, to inves-
tigate the role of GAS5 during the osteogenic differentiation of hBMSCs, we con-
structed plasmids for GAS5 silencing (sh-GAS5-1/2/3) and overexpression (pcDNA3.1/
GAS5). After that, an RT-qPCR assay was adopted to detect the overexpression effi-
ciency and interference efficiency of GAS5 in hBMSCs (Fig. 2A). As the interference effi-
ciency of sh-GAS5-1 and sh-GAS5-2 was better than that of sh-GAS5-3, they were kept
for further experiments. Then, the expression of RUNX2, OSX, and ALPL was measured
after the osteogenic induction at day 7 in transfected hBMSCs. The results manifested
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that RUNX2, OSX, and ALPL mRNA levels were upregulated upon GAS5 silencing, while
they were downregulated after GAS5 overexpression (Fig. 2B). According to the result
of Western blot assay, GAS5 silencing could lead to elevated protein levels of RUNX2
and OSX, while GAS5 overexpression led to an opposite result (Fig. 2C). Also, to further
identify the effects of GAS5 on osteogenic differentiation, alkaline phosphatase (ALP)
activity, alizarin red S (ARS) staining, and ALP staining assays were carried out. It was
shown that GAS5 knockdown not only increased ALP activity but also promoted the
formation of mineralized bone matrix, whereas GAS5 overexpression dramatically
inhibited ALP activity and mineralized bone matrix formation (Fig. 2D and E). Taken to-
gether, GAS5 inhibited the osteogenic differentiation of hBMSCs.

GAS5 could inhibit miR-382-3p through the targeting RNA-directed microRNA
degradation mechanism. Our next step was to figure out how GAS5 may function to
inhibit the osteogenic differentiation of hBMSCs. The interaction between microRNA
(miRNAs) and lncRNAs has been substantially reported in osteogenesis before (15, 18),
so we speculated that GAS5 may interact with certain miRNAs to exert its function dur-
ing hBMSCs osteogenic differentiation. First, the starBase v2.0 website (http://starbase
.sysu.edu.cn/index.php) was utilized to forecast potential miRNAs of GAS5. As a result,
miR-382-3p, miR-205-5p, miR-223-3p, miR-455-5p, and miR-433-3p were selected as
candidates (Fig. 3A). According to the result of the RT-qPCR assay, the expression of
miR-382-3p was the most upregulated miRNA in hBMSCs transfected with sh-GAS5-1/2
(Fig. 3B). Moreover, a former study has suggested that miR-382-3p can promote osteo-
genic differentiation (19). Consistently, we further confirmed that miR-382-3p level was
increased during osteogenic differentiation by comparing the expression level of it in
the GM and OM (Fig. 3C). Based on those data, we speculated that GAS5 might exert its
function through interacting with miR-382-3p.

One previous research has discovered that miRNAs can be inhibited through the
targeting RNA-directed microRNA degradation (TDMD) model (20), so we proceeded
to explore whether GAS5 inhibited miR-382-3p through this mechanism. An RNA

FIG 1 GAS5 transcript variant 2 was downregulated during the osteogenic induction of hBMSCs. (A to C) Relative mRNA levels of RUNX2, OSX, and ALPL
were examined by RT-qPCR assay in hBMSCs after the incubation for 0, 3, 7, 14, and 21 days in osteogenic medium (OM) relative to growth medium (GM).
(D) RT-qPCR assay was conducted to detect the expression levels of 15 transcript variants of GAS5 at day 7 normalized to day 0 of incubation in OM
relative to GM. (E) The expression of GAS5 in hBMSCs during osteogenic differentiation in OM relative to GM at days 0, 3, 7, 14, and 21 was detected by
RT-qPCR assay. *, P , 0.05; **, P , 0.01; ***, P , 0.001.
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pulldown assay was conducted, and the result demonstrated that miR-382-3p was
enriched in Bio-GAS5-wild-type (WT) group, while no obvious change was found in Bio-
NC and Bio-GAS5-Mut groups (Fig. 3D), which preliminarily proved our speculation.
Next, by conducting an RT-qPCR assay, we confirmed that the knockdown of GAS5 ele-
vated the expression level of miR-382-3p, while the overexpression of GAS5 reduced
miR-382-3p expression. We also observed that the overexpression of GAS5 (Mut) (with
mutant miR-382-3p site) could not decrease the miR-382-3p level in hBMSCs (Fig. 3E,

FIG 2 GAS5 suppressed osteogenic differentiation of hBMSCs. (A) Transfection efficiency of three GAS5-targeting short hairpin
RNAs (shRNAs) (sh-GAS5-1/2/3) and pcDNA3.1/GAS5 in hBMSCs was tested by RT-qPCR assay. (B) RUNX2, OSX, and ALPL mRNA
levels in transfected hBMSCs after osteogenic transduction were detected by RT-qPCR assay. (C) RUNX2 and OSX protein levels in
transfected hBMSCs after osteogenic transduction were detected by Western blot assay. (D) ALP activity assay was conducted to
measure ALP activity upon the overexpression or knockdown of GAS5 in hBMSCs after osteogenic transduction. (E) ARS and ALP
staining was carried out in hBMSCs after osteogenic induction for 7 days to examine ALP activity and mineralized bone matrix
formation upon the ectopic GAS5 expression. *, P , 0.05; **, P , 0.01; ***, P , 0.001.
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left). Additionally, we found that the transfection of miR-382-3p mimics or inhibitor did
not affect the expression of GAS5 in hBMSCs (Fig. 3E, right). After that, an RIP assay was
conducted, and it was verified that both GAS5 and miR-382-3p were enriched in anti-
AGO2 groups rather than in anti-IgG groups (Fig. 3F), suggesting their coexistence in
RNA-induced silencing complexes (RISCs). Altogether, GAS5 could inhibit miR-382-3p
through the TDMD mechanism in hBMSCs.

FIG 3 GAS5 could inhibit miR-382-3p through TDMD mechanism. (A) Potential miRNAs which could bind to GAS5 were predicted by using starBasev2.0. (B)
RT-qPCR assay was used to detect the expression levels of 5 predicted miRNAs in hBMSCs under GAS5 silencing and osteogenic induction. (C) Expression of
miR-382-3p in hBMSCs after 0, 3, 7, 14, and 21 days of incubation in OM or GM was detected by RT-qPCR assay. (D) RNA pulldown assay was conducted to
confirm the physical interaction between GAS5 and miR-382-3p in hBMSCs at the predicted sites. (E) Expression of miR-382-3p and GAS5 was detected by
RT-qPCR assay in hBMSCs under different transfection conditions. (F) RIP assay was conducted to confirm the association of GAS5 with miR-382-3p. n.s., no
significance; *, P , 0.05; **, P , 0.01; ***, P , 0.001.
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GAS5 negatively regulated miR-382-3p to inhibit osteogenic differentiation in
vitro. As miR-382-3p has been unveiled to enhance the osteogenic differentiation of
cells (19), we also tried to validate the influence of miR-382-3p on the osteogenic dif-
ferentiation of hBMSCs. According to the result of RT-qPCR assays, the expression levels
of RUNX2, OSX, and ALPL were elevated by the transfection of miR-382-3p mimics,
while they were declined again by inhibiting miR-382-3p expression (Fig. 4A). In addi-
tion, rescue assays were carried out to verify the function of the GAS5/miR-382-3p axis
during the osteogenic differentiation of hBMSCs. As shown by the result of the RT-
qPCR assay, it was observed that the cotransfection of miR-382-3p inhibitor partially

FIG 4 GAS5 negatively regulated miR-382-3p during osteogenic induction. (A) RUNX2, OSX, and ALPL mRNA levels in
hBMSCs under different transfection conditions were measured by RT-qPCR assay after 7 days of osteogenic induction.
(B) RUNX2, OSX, and ALPL mRNA expression was determined by RT-qPCR assay in hBMSCs transfected with sh-NC, sh-
GAS5-1, sh-GAS5-1 plus NC inhibitor and sh-GAS5-11miR-382-3p inhibitor after osteogenic induction. (C) ALP activity
assay was carried out 7 days after osteogenic transduction under different transfection conditions. (D) ARS and ALP
staining assays were conducted 7 days after osteogenic transduction under different transfection conditions. n.s., no
significance; **, P , 0.01.
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reversed the promoting impact on the RUNX2, OSX, and ALPL expression in hBMSCs
caused by GAS5 silencing after 7 days of osteogenic induction (Fig. 4B). Consistently,
the increased ALP activity caused by GAS5 silencing was partially rescued by miR-382-
3p inhibition (Fig. 4C). Likewise, matrix mineralization and ALP staining that were
enhanced by GAS5 depletion were both partially recovered by the cotransfection of
miR-382-3p inhibitor (Fig. 4D). To conclude, GAS5 negatively regulated miR-382-3p to
inhibit the osteogenic differentiation of hBMSCs in vitro.

TAF1 was a target of the GAS5/miR-382-3p axis during osteogenic differentiation.
As mentioned above, we have verified that GAS5 could bind to miR-382-3p. As it has
been proven that lncRNAs can bind to miRNAs, thus upregulating the expression level
of certain genes, we then tried to determine the downstream targets of miR-382-3p.
Through starBase, TAF1 was predicted to interact with miR-382-3p. Notably, TAF1 has
been reported to be involved in osteogenic differentiation (21). Then, we searched for
the binding sites between TAF1 and miR-382-3p on UCSC Genome Browser (http://
genome.ucsc.edu/), and the results are presented in Fig. 5A. Then, the TAF1 39 untrans-
lated region (UTR) with wild-type or mutant miR-382-3p sites was used to generate
TAF1-Wt/Mut luciferase reporters. The result of luciferase reporter assays indicated that
the luciferase activity of cells transfected with TAF1-Wt was significantly reduced after
the transfection of miR-382-3p mimics but elevated upon miR-382-3p silencing (Fig.
5B, left). Also, it was shown that the reduced luciferase activity caused by miR-382-3p
overexpression was reversed by the overexpression of GAS5 rather than GAS5 (Mut)
(Fig. 5B, right). Moreover, according to the result of Western blotting and RT-qPCR
assays, it was verified that TAF1 protein and mRNA levels were both decreased upon
miR-382-3p overexpression and increased upon miR-382-3p silencing (Fig. 5C and D).
Furthermore, we examined whether GAS5 may compete with TAF1 for miR-382-3p. As
shown by Fig. 5E (left and middle), we found that GAS5 knockdown elevated TAF1
enrichment in anti-AGO2-precipitated compounds, whereas GAS5 overexpression led
to a notably opposite result. Moreover, it was found through RIP assay that GAS5 (Mut)
overexpression failed to alter the enrichment of TAF1 in AGO2 RIP products, indicating
that the miR-382-3p site was required for GAS5 to interfere with the incorporation of
TAF1 into RISC. Moreover, it was found that miR-382-3p mimics led to an increase in
the enrichment of GAS5 and TAF1 in AGO2 RIP products, whereas miR-382-3p inhibitor
caused opposite outcomes (Fig. 5E, right), indicating that miR-382-3p was required for
the incorporation of GAS5 and TAF1 into RISC. Considering those data, we confirmed
that GAS5 could bind to miR-382-3p, thus releasing TAF1 from being targeted by miR-
382-3p in hBMSCs.

Next, we decided to verify the influence of TAF1 on the osteogenic differentiation of
hBMSCs. By carrying out Western blotting and RT-qPCR assays, we confirmed that the
silencing of TAF1 elevated the expression levels of RUNX2 and OSX proteins, whereas TAF1
overexpression led to opposite results in hBMSCs (Fig. 5F). Consistently, ALP activity, ALP
staining, as well as mineralized matrix nodules in hBMSCs, were all enhanced upon TAF1
silencing while being reduced upon TAF1 overexpression (Fig. 5G and H). Therefore, TAF1
was a target of the GAS5/miR-382-3p axis in the osteogenic differentiation of hBMSCs.

TAF1 formed a positive feedback loop with GAS5/miR-382-3p. TAF1 belongs to
the TAFs family, participating in basal transcription by functioning as coactivators (22).
Multiple transcription activators have been proven to activate lncRNAs in human diseases
(23, 24), including in osteogenic differentiation (25). Therefore, we wondered whether TAF1
may activate GAS5 in turn. First, we obtained the promoter sequences of GAS5 and
screened it on the HumanTFBD website (http://bioinfo.life.hust.edu.cn/HumanTFDB/#!)
(Q, 0.01, score. 20), and we found 2 potential TAF1 binding sites on the GAS5 promoter
(Fig. 6A; Supplemental File 1). Then, the result of chromatin immunoprecipitation (ChIP)
assay revealed the enrichment of GAS5 promoter fragments with either site 1 or site 2 in
TAF1 binding complex, which confirmed the binding ability of TAF1 to the GAS5 promoter
in hBMSCs (Fig. 6A). Also, results from the luciferase reporter assay demonstrated that the
relative luciferase activity of GAS5 promoter was inhibited by TAF1 silencing (Fig. 6B). Also,
it was certified that the expression of GAS5 was dramatically decreased in hBMSCs upon
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TAF1 silencing (Fig. 6C). In order to further detect the effect of TAF1 on GAS5 transcription,
expression of GAS5 precursor RNA (pre-GAS5) was detected. After conducting the RT-qPCR
assay, it was confirmed that the expression of pre-GAS5 in hBMSCs was decreased by TAF1
knockdown, while it was increased by TAF1 overexpression in hBMSCs (Fig. 6D).
Considering all the results above, it was concluded that TAF1 activated GAS5 transcription
so that GAS5, miR-382-3p, and TAF1 formed a positive regulatory feedback loop in hBMSCs
to negatively regulate osteogenic differentiation (Fig. 6E).

FIG 5 TAF1 was a target of the GAS5/miR-382-3p axis during osteogenic differentiation. (A) The putative binding sites between miR-382-3p and TAF1 were
predicted by starBasev2.0 and revealed in the UCSC Genome Browser. (B) Luciferase reporter assay was carried out to evaluate the luciferase activity of
TAF1-Wt/Mut in hBMSCs transfected with miR-382-3p mimics/inhibitor relative to NC mimics/inhibitor (left) and the luciferase activity of TAF1-Wt/Mut in
hBMSCs transfected with NC mimics, miR-382-3p mimics, miR-382-3p mimics plus pcDNA3.1, miR-382-3p mimics plus pcDNA3.1/GAS5, and miR-382-3p
mimics plus pcDNA3.1/GAS5 (Mut) (right). (C) TAF1 protein levels in hBMSCs under different transfection conditions were assessed by Western blot assay.
(D) TAF1 mRNA level in hBMSCs under different transfection conditions was assessed by RT-qPCR assay. (E) RIP assay was conducted to detect the
enrichment of GAS5 and TAF1 in AGO2 RIP product relative to IgG RIP product in hBMSCs transfected with sh-NC, sh-GAS5-1/2, pcDNA3.1, pcDNA3.1/GAS5,
and pcDNA3.1/GAS5 (Mut) (left and middle) or with NC mimics/inhibitor and miR-382-3p mimics/inhibitor (right). (F) The protein levels of TAF1, RUNX2, and
OSX were measured by Western blot assay in hBMSCs upon TAF1 knockdown or overexpression after osteogenic induction. (G) ALP activity assay was
conducted in hBMSCs after osteogenic induction to examine the activity of ALP upon the knockdown or overexpression of TAF1. (H) ARS and ALP staining
assays were carried out in hBMSCs after osteogenic induction to examine mineralized bone matrix formation upon the knockdown or overexpression of
TAF1. n.s., no significance; *, P , 0.05; **, P , 0.01; ***, P , 0.001.
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DISCUSSION

It is known that hBMSCs can differentiate multiple types of cells, including osteoblasts
(4). Importantly, osteogenic differentiation is a key function of hBMSCs which is closely
associated with the formation and remodeling of bone (3, 5), suggesting that hBMSCs are
crucial to bone damage repairing. Therefore, it is of great importance to explore the mech-
anism behind the osteogenic differentiation of hBMSCs.

Various lncRNAs have been characterized as important regulators in osteogenic dif-
ferentiation. For example, long noncoding RNA XIST promotes osteoporosis through in-
hibiting bone marrow mesenchymal stem cell differentiation (26). lnc-NTF3-5 promotes
the osteogenic differentiation of maxillary sinus membrane stem cells via sponging
miR-93-3p (27). lncRNA OIP5-AS1 inhibits the osteoblast differentiation of valve intersti-
tial cells via the miR-137/TWIST11 axis (28). Several previous studies have disclosed that
GAS5 is upregulated during the osteogenic differentiation of human periodontal liga-
ment stem cells and BMSCs. In addition, such a gene can promote osteogenic differen-
tiation (29–31). However, increasing research has suggested that different transcript
variants of lncRNAs can present different expression patterns and function differently
in different human diseases. For example, the longest transcript of lncRNA, ANRIL, is
upregulated in coronary arteries of coronary artery disease (CAD) patients (16); tran-
script variant 2 of SCAMP1 can inhibit the progression of breast cancer (32). In cervical
cancer cells, the transcript variant 7 of SOX2OT is highly expressed, whereas the level of
variant 1 of SOX2OT is low (33). Herein, we obtained 15 transcript variants of GAS5 from
the UCSC Genome Browser and detected their expression in hBMSCs during

FIG 6 TAF1 formed a feedback loop with GAS5/miR-382-3p. (A, left) TAF1 binding site on GAS5 promoter was predicted by the
HumanTFDB website (left). (A, right) The enrichment of GAS5 promoter fragments with site 1 and site 2 in TAF1 binding complex was
measured by ChIP assay. (B) Luciferase activity of GAS5 promoter in hBMSCs upon TAF1 knockdown was evaluated by luciferase
reporter assay. (C) GAS5 expression upon TAF1 silencing was tested by RT-qPCR assay. (D) Expression of pre-GAS5 was detected by
RT-qPCR assay in hBMSCs transfected with sh-TAF1 and pcDNA3.1/TAF1. (E) Graphical abstract of the GAS5/miR-382-3p/TAF1 feedback
loop in osteogenic differentiation is presented. **, P , 0.01.
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osteogenic differentiation. We confirmed that variants 6, 11, and 13 were upregulated
during the osteogenic induction of hBMSCs, indicating those variants might be the tar-
get variants contributing to osteogenic differentiation as former studies have indi-
cated. Interestingly, we first discovered that the transcript variant 2 of GAS5 was down-
regulated in hBMSCs during osteogenic differentiation. Therefore, we speculated that
GAS5 variant 2 could present different expression patterns, as it was the longest variant
with one more exon than the other 14 GAS5 variants. Those data indicated that GAS5
variant 2 might be negatively related to osteogenic differentiation. Furthermore, we
confirmed that overexpressing GAS5 could inhibit the osteogenic differentiation of
hBMSCs. Referring to previous literature, interactions between lncRNAs and miRNAs in
osteogenesis are widely reported. Herein, we predicted that miRNAs could potentially
bind to GAS5, and we first discovered that miR-382-3p was negatively regulated by
GAS5 in hBMSCs. Formerly, it has been elucidated that miR-382-3p can enhance the
osteogenic differentiation of adipose tissue-derived mesenchymal stem cells (19).
Herein, we confirmed that the miR-382-3p level was elevated during osteogenic differ-
entiation in hBMSCs, which was consistent with the former study suggesting that miR-
382-3p was positively related to osteogenic differentiation.

Moreover, we explored how GAS5 inhibited miR-382-3p expression. It has been
reported that miRNA expression could be inhibited by TDMD (20). Herein, we confirmed
that GAS5 physically interacted with miR-382-3p at predicted sites and that GAS5 could in-
hibit miR-382-3p activity and expression. Those data indicated that GAS5 inhibited miR-
382-3p via a TDMD mechanism.

Meanwhile, according to the AGO2-RIP assay, we found that GAS5 and miR-382-3p coex-
isted in RISC as well. Although it was proved that GAS5 was downregulated during osteo-
genic differentiation, it was possible that overexpressing GAS5 in differentiated hBMSCs
could increase the GAS5 level. In addition, several works have reported that downregulated
lncRNAs can serve as negative regulators for osteogenic differentiation by sponging miRNAs
(34, 35). Consistently, our study was the first to confirm that GAS5 could bind to miR-382-3p
to inhibit hBMSC osteogenic differentiation.

Later, we found that TAF1 was a putative target gene of miR-382-3p. Iwata et al.
have discovered that TAF1 is downregulated at the initial stage of osteogenic differen-
tiation and can decrease TAF1 expression, thus resulting in increased expression of
RUNX2 (21). Accordingly, our study was the first to reveal that GAS5 competitively
bound with miR-382-3p to prevent miR-382-3p from incorporating TAF1 into RISC, thus
inhibiting TAF1 expression. Moreover, we confirmed that TAF1 negatively regulated
osteogenic differentiation in hBMSCs. Those data suggested that TAF1 was negatively
related to the osteogenic differentiation of hBMSCs and disclosed the competitive en-
dogenous RNA (ceRNA) network formed by GAS5/miR-382-3p/TAF1. Additionally, it was
worth noting that TAF1 can function as a transcription factor (36–38). Herein, we pre-
dicted that TAF1 potentially bound to the GAS5 promoter. Then, we validated the bind-
ing ability between them and discovered that TAF1 could promote GAS5 transcription.
Those data suggested that GAS5/miR-382-3p/TAF1 formed a positive feedback loop to
inhibit the osteogenic differentiation of hBMSCs.

In conclusion, our study was the first to discover that GAS5 (transcript variant 2) was
downregulated in hBMSCs and could negatively regulate the osteogenic differentiation
of hBMSCs. In addition, we revealed that GAS5 could inhibit miR-382-3p via the TDMD
mechanism to upregulate TAF1. Moreover, TAF1 could bind to the GAS5 promoter to
activate its transcription so that a feed-forward loop of GAS5/miR-382-3p/TAF1 could
negatively regulate osteogenic differentiation.

There were also some limitations in our study, as it lacked in vivo experimental data.
Therefore, we would carry out in vivo assays in our future study to directly validate the
function of GAS5 in osteogenesis. Nevertheless, our data uncovered the novel func-
tions and mechanism of the GAS5 variant and might provide new clues for mechanism
research on the osteogenic differentiation of hBMSCs. In addition, GAS5 was identified
as a novel marker during the osteogenic differentiation of hBMSCs by our study.
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MATERIALS ANDMETHODS
Cell culture. Fluid was extracted from artificial hip joint replacements, and Ficoll-Hypaque density

gradient centrifugation was performed for the extraction of human bone marrow mesenchymal stem
cells (hBMSCs). Dulbecco’s modified Eagle’s medium (DMEM; HyClone, Logan, UT, USA) supplemented
with 10% fetal bovine serum (FBS; Invitrogen, Waltham, MA, USA) was used for cell incubation at 37°C
with 5% CO2.

For osteogenic induction, hBMSCs were incubated with osteogenic medium (OM) containing growth
medium (GM), 0.05 mmol/L ascorbate acid (Sigma, Merck KGaA, Darmstadt, Germany), 100 mmol/L
dexamethasone (Sigma), and 10 mmol/L b-glycerophosphate (Sigma).

Cell transfection. When hBMSCs were growing well at passage 3, they were seeded into 6-well
plates, which were supplied with complete medium. When confluence reached approximately 50%, the
cells were processed with shRNAs targeting GAS5 (sh-GAS5-1/2/3) or TAF1 (sh-TAF1-1/2), pcDNA3.1/
GAS5, miR-382-3p mimics, miR-382-3p inhibitor, and the corresponding negative controls (all synthe-
sized by GenePharma, Shanghai, China) using Lipofectamine 2000 (Gibco, NE, USA) following the manu-
facturer’s instructions.

Total RNA extraction and RT-qPCR. After osteogenic induction, total RNA was extracted from
hBMSCs using TRIzol reagent (Invitrogen, CA, USA). Subsequently, reverse transcription (RT) of RNA into
complementary DNAs (cDNAs) was carried out using PrimeScript RT reagent kit (TaKaRa, Dalian, China).
Fluorescence quantitative PCR was then carried out in line with the guidebook of SYBR Premix Ex Taq II
kit (TaKaRa) on the ABI Prism 7300 system (Applied Biosystems, CA, USA). Sequences of transfection plas-
mids are included in Table 1, and sequences for RT-qPCR probes and PCR primers are listed in Table S1
in the supplemental material.

Western blot analysis. Total protein was extracted via cell lysis using radioimmunoprecipitation assay
buffer (DGCS Biotechnology, Beijing, China). Then, 10% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis was utilized for the separation of the cell lysate. The isolated proteins were subsequently transferred
onto a polyvinylidene fluoride membrane (Millipore, MA, USA), which was then blocked with 5% nonfat milk.
After 2 h, the membrane was incubated with primary antibodies of RUNX2 (1:1,000; Cell Signaling
Technology, MA, USA), Osterix (OSX; 1:1,000; Abcam, Cambridge, UK), TAF1 (1:1,000; Abcam), and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase; 1:1,000; Cell Signaling Technology). Afterward, the immune
complexes were subjected to immunoblotting with an anti-mouse or anti-rabbit IgG (1:2,000; CWBio, Beijing,
China). Enhanced chemiluminescence reagents (Fdbio, Hangzhou, China) were utilized for immunodetection.

ChIP assay. Following the protocol, an EZ ChIP chromatin immunoprecipitation kit (catalog no. 17-
295) obtained from Millipore (Billerica, MA, USA) was applied to carry out the ChIP assay. Chromatin was
cross-linked and sonicated to 200- to 1,000-bp fragments, followed by immunoprecipitation with anti-
TAF1 (Abcam) or negative-control anti-IgG (Millipore, Billerica, MA, USA). The enrichment of DNA was
quantified through RT-qPCR with GAPDH as the internal control.

ALP staining. After osteogenic induction, hBMSCs were subjected to 5 min of lysis and 3 min of cen-
trifugation for acquiring supernatant. Then, 5mL of supernatant supplemented with ALP substrate buffer
(20 mL) was added to supernatant (5 mL). After mixture and a 1-h reaction, colorimetric analysis was
employed for the detection of the ALP activity.

ALP staining (Gefan Biotechnology, Shanghai, China) was then used. Naphthol AS-MX phosphate
(0.1 mg/mL) and Fast Blue BB salt (0.6 mg/mL) were used for ALP staining at room temperature in the
darkness for 45 min. The results were observed and imaged under a light microscope.

ARS staining. ARS staining was employed for the measurement of mineralization. After being fixed
by 4% paraformaldehyde for half an hour and washed with phosphate-buffered saline (PBS) twice, the
cells were stained by 0.5% ARS staining solution at room temperature for 10 min. At last, the staining
results were imaged.

Dual-luciferase reporter assay. The wild type (WT) and mutant type (Mut) containing the 39 untrans-
lated region (39 UTR) of TAF1 were synthesized and subcloned into pmirGLO reporters (Promega, WI, USA),
and the Renilla luciferase served as an internal normalizer. The miR-382-3p mimics, miR-382-3p inhibitor, and
the negative controls (NCs) were cotransfected with the luciferase reporter vector as required. The luciferase
activity was examined following Promega’s protocol.

RIP assay. In the RIP assay, an RNA binding protein immunoprecipitation kit obtained from Millipore
was used following the manufacturer's instructions. Cells were lysed with RNA lysis buffer. Then, cell
lysates were incubated with magnetic beads conjugated to anti-AGO2 (1:1,000; Abcam) or anti-IgG (the

TABLE 1 Sequences of transfection plasmids

Plasmid Sequence (59!39)
sh-NC(for GAS5) CCGGATCCTCTCTGTAGTCCTAGATCTCGAGATCTAGGACTACAGAGAGGATTTTTTG
sh-GAS5-1 CCGGTGACATTTTGCCCTTTAGCCACTCGAGTGGCTAAAGGGCAAAATGTCATTTTTG
sh-GAS5-2 CCGGAGTTTGAGGCTGTAGTAAGCTCTCGAGAGCTTACTACAGCCTCAAACTTTTTTG
NC-mimics cuauacgaugauccaacacau
miR-382-3p-mimics aaucauucacggacaacacuu
NC-inhibitor ugugauccguggauauauagu
miR-382-3p-inhibitor aaguguuguccgugaaugauu
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negative control) at 4°C for 4 h. Next, the beads were washed, and the immunoprecipitated complex
was purified and detected by RT-qPCR analysis.

Statistical analysis. Data analysis was performed using the SPSS 21.0 software (IBM, NY, USA). All
data were exhibited as mean 6 standard deviation (SD). Comparison between groups was conducted
via t test, while differences among three or more groups were analyzed via one-way analysis of variance
(one-way ANOVA). A P value of,0.05 was set as the threshold of statistical significance.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
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