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We investigated the functional role of miR-892b as a novel in-
hibitor of chondrocyte hypertrophy during TGF-B-mediated
chondrogenesis of human mesenchymal stem cells (hMSCs).
The expression of miR-892b during TGF-B-mediated chondro-
genesis of hMSCs and the effects of miR-892b overexpression
on chondrogenic and hypertrophic marker genes in the chon-
drogenesis of hMSCs were investigated. Targets of miR-892b
were identified and verified by overexpression of synthetic
miRNA mimics and luciferase assays. Cross-talk between
Kruppel-like factor 10 (KLF10) and Indian hedgehog (Ihh)
was investigated using KLF10 knockdown (KD). miR-892b
enhanced chondrogenic makers and suppressed hypertrophy
in hMSC chondrogenesis, mimicking parathyroid hormone-
related peptide (PTHrP). KLF10, a transcription factor and
miR-892b target, directly regulated IThh promoter activity.
Like miR-892b, KLF10 KD enhanced hMSC chondrogenesis
and inhibited hypertrophy. Our findings suggest a key role of
miR-892b in targeting the KLF10-Ihh axis as a regulator of
hypertrophy in TGF-B-mediated chondrogenesis of hMSCs
and provide a novel strategy for preventing hypertrophy in
chondrogenesis from MSCs.

INTRODUCTION

In transforming growth factor (TGF)-B-mediated chondrogenesis of
mesenchymal stem cells (MSCs), terminally differentiated chondro-
cytes spontaneously undergo hypertrophic maturation."* In contrast,
hypertrophic signals are significantly reduced when MSCs undergo
alternative TGF-B-independent chondrogenic differentiation pro-
cesses, such as transfecting the sex-determining region (SRY)-box
transcription factor 5 (Sox5), -6, or -9 genes’ > or co-culturing
MSCs and chondrocytes.”® However, the utilization of MSCs in
cartilage tissue engineering fields has been hampered by the lack of
understanding of the causal connections between TGF-f and the
parathyroid hormone-related peptide (PTHrP)-Indian hedgehog
protein (Ihh) feedback-regulatory loop during chondrogenic MSC
maturation.

MicroRNAs (miRNAs) are small, single-stranded, noncoding RNAs
found in diverse organisms that negatively regulate target-gene
expression by either mRNA degradation or translational inhibi-
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miRNAs can affect target-gene expression during MSC
chondrogenesis in several species."'”'> However, the precise roles
of miRNAs in chondrocyte hypertrophy remain unknown, and the
individual target genes of miRNAs in the process remain to be

identified.

Our previous study suggested that PTHrP treatment during TGEF-
B-mediated MSC chondrogenesis can markedly down-modulate
hypertrophic markers in differentiated chondrocytes.'* Here, we
focused on miR-892b, which was induced by additional PTHrP
treatment during TGF-B-mediated MSC chondrogenesis. Lenti-
virus-mediated miR-892b overexpression enhanced the chondro-
genic potential of MSCs and markedly reduced the expression
of hypertrophic markers. Interestingly, Kruppel-like factor 10
(KLF10; also known as TGEF-B-inducible early growth-response
protein 1 [TIEG1]) was shown to be a target of miR-892b and
also to act as a transcription factor that directly regulated Thh
expression by binding the 5'-7""°GGCGGGG "®-3' element of
the Thh promoter. Here, we examine the hypothesis that miR-
892b plays an essential role in the known PTHrP-lIhh feedback-
regulatory loop by inhibiting KLF10. Our results reveal a new
PTHrP-Ihh feedback-regulatory mechanism in MSC chondrogene-
sis and a strong rationale for developing miR-892b as a therapeutic
agent to inhibit hypertrophy and enhance MSC chondrogenesis in
cartilage tissue engineering.

RESULTS

miR-892b Induction by PTHrP in a Chondrogenic Culture of
Human MSCs (hMSCs)

A commercial microarray was used to identify candidate miRNAs
regulated by PTHrP treatment in chondrogenic hMSC differentia-
tion. miRNA expression patterns from the 3-week-cultured pellets

Received 8 November 2018; accepted 31 May 2019;
https://doi.org/10.1016/j.0mtn.2019.05.029.

*These authors contributed equally to this work.

Correspondence: Gun-II Im, MD, PhD, Research Institute for Integrative Regen-
erative Biomedical Engineering, Dongguk University, Goyang 10326, Republic of
Korea.

E-mail: imgunil@hanmail.net

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.omtn.2019.05.029
mailto:imgunil@hanmail.net
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2019.05.029&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

www.moleculartherapy.org

A . Figure 1. Inducible Expression of miR-892b by PTHrP
QhonQrogenlc Treatment during TGF-B-Mediated Chondrogenic
iGHclion St Week 1 Week 2 Week 3 Differentiation of h(MSCs

I % } CM-T (A) Schematic diagram showing the different start points of

L= PTHrP stimuli during chondrogenic induction of hMSCs.

- TGF-p PTHE — CM-T, chondrogenic medium containing TGF-pB, and CM-

| |! - T-Pt-L1, chondrogenic medium containing TGF-B, for

l ,—/I CM-T-Pt-L1 3 weeks and PTHIP for the last week only. CM-T-Pt-3,

- TGF-p chondrogenic medium containing TGF-B and PTHrP for

3 weeks. Expression profiles of various miRNAs in PTHrP-

—> | | treated groups versus CM-T control. (B) The data were

w\ ! ! /I CM-T-Pt-3 produced by Multi Experiment Viewer (MeV version 4.9). (C)

PTHrP’ - - TGFp Microarray signal intensities of m|BNAs which were up- or

<> downregulated more than 1.5-fold in PTHrP-treated groups
versus CM-T control.

B CM-T vs CM-T-Pt-L1 CM-T vs CM-T-Pt-3

o o (Figures 1A .and 1B). Interestingl}f, hsa-miR-
30 00 30 30 00 30 892b expression was not detected in the TGF-
hsa-miR-590-5p hsa-miR-29b B-only control. Therefore, PTHrP treatment was

hsa-miR-452 hsa-miR-136 critical in hsa-miR-892b expression during
hsa-miR-886-3p hsa-miR-590-5p T(.}F— B-mediated .hMS.C chondrogenesis. hsa-
hsa-miR-892b hsa-miR-877* miR-892b expression in CM-T-Pt-L1 cells was
hsa-miR-1288 2.43-fold higher than that in CM-T-Pt-3 cells

hsa-miR-1305 (Figure 1C). We also treated PTHrP for the first

hsa-miR-892b 3 days of MSC chondrogenic culture in order to

confirm the effect of PTHrP treatment at the early

C CM-T vs CM-T-Pt-L1 CM-T vs CM-T-Pt-3 stage of chondrogenic differentiation on miR-

250 - <00 - i rAA sipri 3 G sl 892b expression. Expression of miR-892b was
300 4 600 - @ Down-regulated miRNA in CM-T-Pt compared with the untreated control. There was
%‘ 250 | o0 B Up-regulated miRNA in CM-T-Pt no significant change in the expression level of
S 200 4 1 miR-892b with PTHrP treatment compared
€ = e with no treatment (Figure S1). Therefore, PTHrP
B a5 60 - appears to be effective in inducing miR-892b in
5—;’ 5] 40 - the latter part of chondrogenic induction, not in
10 20 4 the early stage.
0 M 0 -

hsa-miR-590-5p
hsa-miR-452
hsa-miR-886-3p
hsa-miR-892b
hsa-miR-29b
hsa-miR-136
hsa-miR-590-5p
hsa-miR-877*

after PTHrP treatment for the last 1 week (CM-T-Pt-L1) or 3 weeks
(CM-T-Pt-3) in TGF-B-mediated chondrogenic culture were
compared with reference levels obtained from cell pellets treated
with TGF-B only (CM-T). Under identical chondrogenesis conditions
(except for PTHrP treatment), miRNA-expression patterns were rela-
tively unchanged when compared with the TGF-B-only control,
which simplified the selection of candidate miRNAs. Microarray
analysis revealed that only four miRNAs in CM-T-Pt-L1 cells and
seven miRNAs in CM-T-Pt-3 cells were differentially expressed after
PTHIrP treatment. hsa-miR-590-5p and hsa-miR-892b were downre-
gulated or upregulated respectively in both PTHrP-treated groups

miR-892b Overexpression Mimics PTHrP
Function in hMSC Chondrogenesis

During TGF-B-mediated chondrogenic induction
of hMSCs, mature miR-892b expression was up-
regulated by continuous PTHrP exposure. miR-
892b was 2.22-fold (p = 0.031) and 2.21-fold
(p = 0.013) upregulated on days 14 and 21 after
chondrogenic induction, compared with miR-892b expression in
untreated cells at the same time points (Figures 2A and 2B).

hsa-miR-1288
hsa-miR-1305
hsa-miR-892b

To investigate the effect of miR-892b overexpression on hMSC chon-
drogenesis, we constructed a lentiviral vector expressing miR-892b
(lenti-miR-892b virus; Figure S2A). hMSCs showed efficient infec-
tion by a control virus or lenti-miR-892b at a MOI of 10 (Figure 2C).
After chondrogenic induction of each transduced hMSC for 4 weeks
(PTHrP treatment in the past 2 weeks), the chondrogenic potential
of each pellet was evaluated. Although the gross appearances of
chondrogenic pellets in all groups were similar (~0.8-1.0 mm),
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Figure 2. PTHrP-Induced miR-892b Enhanced Chondrogenesis and Inhibited hMSC Hypertrophy

Chondrogenic pellets were cultured in CM-T or CM-T-Pt for 7, 14, or 21 days (A and B). (A) gRT-PCR for miR-892b showed that PTHrP stimuli increased miR-892b
expression during TGF-B-mediated hMSC chondrogenesis (open circles) compared to TGF-B-only controls (closed circles). The data are shown as the mean + SD, *p < 0.05,
by paired, two-tailed Student’s t test, n = 3 donors. (B) Representative northern blot showing expression of mature miR-892b in h(MSC chondrogenesis. U6 snRNA was used
as a loading control. (C) Fluorescence microscopic images showing the transduction efficiency of lenti-control and lenti-miR-892b viruses into h(MSCs. Scale bar, 200 um. (D)
Gross appearance, Safranin-O staining, and copGFP expression of pellets were evaluated after 28 days in culture. (E) GAG levels in each pellet were evaluated after
normalization to DNA. The data are shown as the mean + SD. *p < 0.05, **p < 0.01, NS, not significant, by one-way ANOVA followed by the Tukey test, n = 4 donors. (F)
Representative western blot showing chondrogenic and hypertrophic markers from each chondrogenic pellet after 28 days in culture. CM, chondrogenic medium; CM-T,
chondrogenic medium containing 10 ng/mL TGF-B3; CM-T-Pt, chondrogenic medium containing 10 ng/mL TGF-B3 and 100 ng/mL PTHrP; CM-T-Pt-L2, chondrogenic
medium containing 10 ng/mL TGF-B3 and 100 ng/mL PTHrP (PTHrP treatment for the last 14 days only).

Safranin-O pellet staining showed that proteoglycan synthesis was
greatest in control lentivirus-transduced chondrogenic pellets when
treated with TGF-B plus PTHrP. Even without PTHrP, lenti-miR-
892b-transduced pellets were similarly stainable compared with con-
trol pellets treated with TGF-B plus PTHrP (Figure 2D). These
effects of miR-892b overexpression were quantified by glycosamino-
glycan (GAG):DNA-ratio analysis. The GAG:DNA ratio in lenti-
miR-892b-transduced pellets after TGF-B treatment increased
(63%) over that in control lentivirus-transduced pellets treated
with only TGF-B and was comparable to control lentivirus-trans-
duced pellets treated with TGF-B plus PTHrP (Figure 2E). These
findings were validated by investigating the protein expressions of
chondrogenic and hypertrophic markers in each pellet. PTHrP treat-
ment increased collagen (COL)2A1 expression and decreased
COL10A1 and alkaline phosphatase (ALP) expression, compared
with expression levels after TGF-B treatment alone, in agreement
with previous results.'* Interestingly, miR-892b overexpression
mimicked the effects of PTHrP treatment (Figure 2F). These results
indicate that the induced hypertrophy in TGF-B-mediated chondro-
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genic differentiation of hMSCs can be delayed or prevented by miR-
892b, a PTHrP-induced miRNA.

miR-892b Targeted KLF10 and Wnt6 in Hypertrophy Signaling

We screened putative miR-892b targets using two miRNA target-pre-
diction databases (Targetscan, http://www.targetscan.org/vert_72/,
and miRDB, http://mirdb.org), followed by analysis with the
Database for Annotation, Visualization, and Integrated Discovery
(DAVID) Annotation Bioinformatics Database. Chondrocyte hyper-
trophy is induced through Thh and Wnt and B-catenin signaling.">'°
Therefore, it is important to study signals in these pathways that are
directly regulated by miR-892b. Specific transcription factors induced
by TGEF-p, which also are direct miR-892b targets and control Thh
expression, can be considered as key regulators of hypertrophy. We
selected two candidates, KLF10 and Wnt6, which are involved in
hypertrophy signaling and also are miR-892b targets. To confirm
that KLF10 and Wnt6 are transcriptionally regulated by miR-892b
through interaction with the complementary 3’ UTR, luciferase
reporters having the 3 UTRs of KLF10 or Wnt6 were constructed


http://www.targetscan.org/vert_72/
http://mirdb.org

www.moleculartherapy.org

A B Critical miRNA binding site

hsa-miR-892b 3'---- AGAUGGGUCUUUCCUCGGUCAC 5
R RRRRRRRRE KLF10-3’UTR-WT TTGGTCTCAGCGGGAGCCAGT

KLF10 3UTR 5" e TTGGTCTCAGCGGGAGCCAGT% ----- 3 KLF10-3'UTR-MUT TTGGTCTCAGCGGGAATTCAT]
32

WNT6-3'UTR-WT TTAGACTGGAARAHAGCCAGT]
miRNA binding sites WNT6-3'UTR-MUT TTAGACTGGARAAARARATTCAT
KLF10 or WNT6 coding region 3
PpMIR-Report™ Luciferase vector
279 300 5 Lucife 3
WNTE3UTR 5'..... TTAGACTGGAAAAAAGCCAGTC ..... 3 CEEE
Py o i i Spel Hind

hsa-miR-892b 3 - AGAUGGGUCUUUCCUCGGUCAC 5

1 2 a!

o
c D E & &
S KLF10 WNT6 o 400 q % &
2 120 s €5 350 4 bp & &
= il
B 100 &g 3001
2 g0 gé 250 1 50| e g |Pre-miR-892b
& 5& 200 A
2 60 c = 450 40
— o -
S 40 8% 100 %0
® o 8 7 — — .
2 20 ¥3 50 = | miR-892b
8 B 20 '
Q 0 4
© WT-3UTR MUT-3UTR  WT-3UTR MUT-3'UTR g»“}c;lf’ D s
B miR-nega @hsa-miR-892b mimic «oo &
L o
L
i g° a®
© F © &
F W hMSC-Lenti-control [ hMSC-Lenti-miR-892b G & & &
1.2 7 %% %% %% %k k% Kk Kk k% kk kk Kk k¥ & \/0(\ D \/00 \,e? >
nnnnrnnnnnimni R a
1 - ¥ WNT3A - 35

WNT7A -35
WNT6 -43

WNT9B [== =%
B-catenin | - - 130

ap (]
caPDH [=—] %

mRNA normalized ratio
(over GAPDH control)

miR-892b

t E\ < KLF;O ) ——— %y

Figure 3. KLF10 and Wnt6 Are Target Genes of miR-892b, and Their Repression Downregulates Signals Involved in Chondrocyte Hypertrophy during TGF-
B-Mediated hMSC Chondrogenic Induction

(A) Inhibition of KLF10 and Wnt6 expression via a specific miR-892b-binding site within the 3' UTRs of each mRNA. (B) Schematic representation of the pMIR reporter
constructs containing the KLF10 or Wnt6 3 UTR WT or mutated sequence. (C) Inhibition of reporter-gene activity by miR-892b treatment in Hela cells. The data are shown as
the mean + SD. **p < 0.01, by paired, two-tailed Student’s t test, n = 5 independent experiments. (D) Expression of miR-892b after chondrogenic differentiation of lenti-miR-
892b-transduced hMSCs for 28 days. (E) gRT-PCR and northern blot analysis were performed to confirm miR-892b expression. (D) The qRT-PCR data are shown as the
mean + SD. *p < 0.01, by Mann-Whitney U test, n = 5 donors. (F) gRT-PCR results showing changes in hypertrophy-inducing signals caused by miR-892b overexpression
after chondrogenic induction for 28 days. The data are shown as the mean + SD. *p < 0.05, **p < 0.01, NS, not significant, by paired, two-tailed Student’s t test, n = 5 donors.
(G) Representative western blot showing changes in hypertrophy-inducing signals caused by miR-892b overexpression after chondrogenic induction for 28 days. (H)
Schematic representation of a hypothesized negative-feedback loop between PTHrP and Ihh.

(Figures 3A and 3B). Indeed, an miR-892b mimic significantly  of miR-892b within the KLF10 and Wnt6 3’ UTRs failed to respond
decreased KLF10 and Wnt6 3’ UTR luciferase activities, whereas re-  to an miR-892b mimic (Figure 3C). Consistent with this finding,
porter constructs harboring mutations in the critical binding sites  lentivirus-mediated miR-892b overexpression (Figures 3D and 3E)
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significantly downregulated the mRNA levels of KLF10 (40.26%) and
Wnt6 (39.93%) during TGF-B-mediated hMSC chondrogenic differ-
entiation. Many signals involved in hypertrophy signaling were also
indirectly downregulated by miR-892b overexpression, even if they
were not direct targets of miR-892b (Figure 3F). Similarly, down-
stream proteins of KLF10, Wnt6, and hedgehog (Hh) were reduced
by miR-892b overexpression when compared with lenti-control-
transduced cells (Figure 3G). These results show that KLF10 and
Wnt6 were critical targets of PTHrP-induced miR-892b. However,
this does not explain why Ihh and its downstream signals were
reduced by miR-892b overexpression. We hypothesized that KLF10
may function as a transcription factor to induce Thh expression,
thereby initiating Hh signaling (Figure 3H).

KLF10 Is a Transcription Factor Regulating Ihh

To investigate a direct or indirect relationship between KLF10 and
Thh, we constructed an expression plasmid encoding the hKLF10
gene amplified from hMSC c¢DNA (Figure S2B). Fluorescence-
imaging analysis of MSCs transfected with an ECFP control or
hKLF10-ECFP plasmid showed that the hKLF10-ECFP fusion pro-
tein localized to the nucleus, whereas ECFP was distributed in the
cytosol (Figure 4A). Thus, this result indirectly indicates that the re-
combinant hKLF10 expressed in the MSCs functions like a transcrip-
tion factor. Then, QRT-PCR analysis was performed with MSC RNA
isolated 12 h after transfection. KLF10 mRNA expression in MSCs
increased significantly (81-fold) relative to control cells. Thh mRNA
expression increased significantly (12-fold), whereas other down-
stream signals of Ihh were unaffected. We confirmed that expression
of the Ihh protein also increased with the time-dependent increase in
KLF10-ECFP fusion proteins (Figures 4B and 4C).

If KLF10 directly regulates Ihh expression as a transcription factor, it
should bind to specific sites in the Ihh promoter. Therefore, a sequence
containing a 2.0-kb fragment of the 5’ flanking region of human Ihh
was synthesized and sequenced. The sequence revealed that this region
bears three putative SP1/KLF10-binding sites (5'-GGCGGGG-3').""'*
The +1 nucleotide position indicates an adenine residue of the ATG.
The 5-GGCGGGG-3' sites are located at nucleotides —753 to —747,
—710 to —703, and —689 to —683. To characterize the promoter re-
gion, we cloned the 2,000-bp, 1,382-bp (—1,382/—1), 1,203-bp
(—1,203/—1), 836-bp (—1,203/—367), and 367-bp (—367/—1) frag-
ments and three mutated sequences of the 836-bp fragment into a
luciferase expression vector, pGL4, using unique restriction enzyme
sites within each sequence. These constructs were co-transfected
with pECFP or pECFP-hKLF10 into HEK293 cells. When KLF10
was overexpressed, the pGL4-836 construct, containing bp —1,203
to —367, showed 164% greater transcriptional activity than when
co-transfected with the pECFP control vector (p < 0.001), whereas
other constructs were unaffected by KLF10 overexpression. Interest-
ingly, the promoter activities of the pGL4-2000, 1,382-bp, and
1,203-bp constructs were unchanged, although the putative SP1/
KLF10-binding sites were present. Also, the pGL4-836-M1 (—753
to —747) and -M2 (—710 to —703) mutated clones showed less tran-
scriptional activity than when co-transfected with the unmutated
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normal pGL4-836 construct (20.6%, p = 0.025, pGL4-836-M1 versus
the wild-type control; 40.6%, p < 0.001, pGL4-836-M2 versus the
wild-type control), whereas mutations in the other SP1/KLF10-bind-
ing site did not show significant loss of the promoter activities
(Figure 4D).

To determine whether Thh was directly regulated by KLF10, an elec-
trophoretic mobility shift assay (EMSA) was performed, using biotin-
labeled probes containing three putative SP1/KLF10-binding sites.
The EMSA showed a significant shift in the binding reactions with
probes 1 and 2 after KLF10 overexpression. Probe 2 (but not probe
1) showed an increased intensity of the shifted band after KLF10
overexpression (Figure 4E). We confirmed the specificity of the probe
2-KLF10 complex, using a 200-fold excess of a probe-2 competitor
(Figure 4F). In addition, chromatin immunoprecipitation-PCR
(ChIP-PCR) results clearly demonstrated that an anti-KLF10 anti-
body precipitated the 345-bp chromatin region containing the three
SP1/KLF10 binding sites (Figure 4G). These results strongly suggest
that KLF10 can directly bind at the 5'-~7"°GGCGGGG 7*-3' ele-
ments and plays an important role in mediating the activation of
the Thh promoter.

Like miR-892b, KLF10 Downregulation Enhances
Chondrogenesis and Inhibits hMSC Hypertrophy

We further investigated whether chondrocyte hypertrophy could be
directly prevented during long-term hMSC chondrogenesis by
KLF10 knock down (KD) using with short-hairpin RNA (shRNA).
KLF10 mRNA and protein expression were effectively downregu-
lated by lentiviral transduction of hMSCs (MOI = 20) with shRNA
clone 2 (Figure 5A and S2C). After a 4-week induction of chondro-
genesis in lentiviral-transduced hMSCs in the presence of TGF-f, the
chondrogenic potential of each pellet was analyzed. Safranin-O pellet
staining showed that KLF10 KD enhanced proteoglycan synthesis
(Figure 5B). qQRT-PCR results showed that Col2A1 mRNA in lenti-
shK-C2-transduced pellets increased significantly (1.77-fold) versus
that in lenti-control pellets, whereas SOX9 mRNA induction was not
significant. Moreover, KLF10 KD, like miR-892b, decreased the
mRNA expression of hypertrophic markers. The mRNA level of
Coll0al, a representative hypertrophic marker of chondrocytes,
decreased by 41%, whereas Alpl expression decreased by 54%, (Fig-
ure 5C). Also, protein expression followed the patterns of gene
expression (Figure 5D). In addition, we observed which signal mol-
ecules in Thh and Wnt and B-catenin signaling were affected by
KLF10 KD. qRT-PCR showed that KLF10 shRNA decreased
KLF10 mRNA by 43%, which resulted in decreased mRNA expres-
sion of Thh (55%), Ptchl (47%), Smo (52%), Wnt3a (44%), and
Ctnnb1 (51%). Unlike miR-892b, the mRNA levels of Ptch2, Gli-2,
Wnt7a, Wnt6, and Wnt9b were unaffected by KLF10 KD. The pro-
tein expression levels also agreed with the QRT-PCR results (Figures
5E and 5F). Together, these data suggest that KLF10 is critical for
initiation of hypertrophy during TGF-B-mediated chondrogenesis
of hMSCs and that repressed KLF10 expression induces the
enhanced chondrogenesis of hMSCs through downregulation of
Thh and B-catenin.
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Figure 4. KLF10 Directly Regulates Human lhh Expression through Binding to the SP1/KLF10 Sites in Its Promoter

(A) Transient expression of rhKLF10 in hMSCs. The ECFP-hKLF10 fusion protein translocated to the nucleus. Scale bars, 50 um. (B) rhKLF10 and Ihh expression and
downstream signals at 12 h after transfection. Data are shown as the mean + SD. *p < 0.05, NS, not significant, by Mann-Whitney U test, n = 4 donors. (C) Representative
western blot showing KLF10 and Ihh expression from hMSCs at 3, 6, and 12 h. (D) Reporter gene assay using pGL4 constructs containing different synthetic Ihh
promoters and the pECFP control, or the pECFP-hKLF10 expression vector in HEK293T cells. The three yellow boxes in the promoter sequence represent SP1/KLF10
binding sites. The black box represents the position of the mutated SP1/KLF10 binding site. Data are shown as the mean + SD. *p < 0.05, **p < 0.01, n = 5 independent
experiments, by paired, two-tailed Student’s t test in comparison with wild-type promoter fragments, one-way ANOVA followed by the Tukey test in comparison with the
mutated clones. (E) Schematic of three probe sites for EMSA and the template region for ChIP-PCR analysis within the 836-bp Ihh promoter. Primers for ChIP-PCR were
designed using the Primer-BLAST tool. (F) Binding of the designed three SP1/KLF10 probes and nuclear extracts from HEK293T cells transfected with pECFP control or
pPECFP-hKLF10 for 12 h. (G) ChIP-PCR was performed after 12 h of transfection. ChIP-PCR of the nuclear extracts precipitated using anti-KLF10 antibody or a control
rabbit I1gG.
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DISCUSSION

miR-892b has been identified as a tumor suppressor that attenuates
NF-kB signaling.'” However, the functional role of miR-892b during
MSC differentiation is unclear. Here, we demonstrated that miR-892b
inhibits hypertrophy induced during TGF-B-mediated MSC chon-
drogenesis. We propose that the negative-feedback inhibition of
Thh by PTHrP can be induced through KLF10 suppression.

KLF10 and Whnts are transcriptionally expressed after nuclear trans-
location of the Smad2/3 and Smad4 complex activated by TGF-f3
signal.’>" In addition to causing Smad7 downregulation to maintain
activated TGF-B/Smad signaling,” our results showed that KLF10
can mediate novel cross-talk between TGF-/Smad and Hh signaling
by directly activating the Thh promoter (Figure 6A). This cross-talk
provides critical clues explaining the lack of osteoblast markers
and reduced bone mineralization in osteoblasts from KLF10 KO
mice.”> After Thh is upregulated by the transcriptional activity of
KLF10 and secreted from the cells, this Thh ligand can activate Hh
signaling, resulting in Ptch inhibition, Smo release from Ptch, and
Gli activation. Finally, the activated Gli upregulates target genes
involved in chondrocyte hypertrophy during TGF-B-mediated MSC
chondrogenesis."”

During endochondral bone development, Thh in the hypertrophic
chondrocyte zone can increase PTHrP expression by Gli2 activation
during the nTORC1/S6K1 cascade.”* Conversely, in immature chon-
drocytes, which are found in both the resting and columnar zones of
the growth plate, PTHrP induces protein kinase A (PKA) activity to
promote histone deacetylase 4 (HDAC4) dephosphorylation. De-
phosphorylated HDAC4 in the nucleus inhibits the activity of the
Mef2 and Runt-related transcription factor (Runx) family members,
thereby blocking chondrocyte hypertrophy.”>*® Our data showed a
novel miRNA-based regulation mechanism present in the PTHrP
and Ihh negative-feedback loop. Although it is unclear which
signal(s) upregulates miR-892b expression, the signal can be pre-
dicted based on its chromosomal position. Although some miRNAs
are co-transcribed with host genezs,27‘28
pendent units.'>*’ miR-892b may be transcribed independently with
its own promoter, considering that no host gene is located near its
location in the chromosome. Based on the well-documented mecha-
nism of miRNA biogenesis,”® after pri-miR-892b is transcribed by an
unknown signal in the PTHrP signaling cascade, pre-miR-892b
would be generated from pri-miR-892b by Drosha. After pre-miR-
892b translocates to the cytosol, Dicer would process it again to the
mature miR-892b. Mature miR-892b would induce KLF10 mRNA
degradation by forming an RNA-induced silencing complex, causing
suppression of Thh and hypertrophic signals (Figure 6B).

most are transcribed as inde-

It has been reported that upregulated Thh signaling in chondrocytes
can induce hypertrophy of chondrocytes by activating the expression
of some Wnt ligands and subsequent canonical Wnt signaling.”’
Recently, it was reported that KLF10 not only regulates the expression
of various Wnt ligands during osteogenesis but also induces nuclear
translocation of B-catenin or contributes to their stabilization.*
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Conversely, inhibition of Thh by KLF10 KD or miR-892b expression
during chondrogenic differentiation of hMSCs can cause inhibition of
some Wnt signals and B-catenin. Although KLF10 shRNA and miR-
892b were expressed in hMSCs by using a common tool, lentiviral
transduction, it is not easy to determine which one of them has a
greater impact on regulation of Wnt ligands and downstream signals,
because the type of two viral vectors used for lentivirus production
and the viral-infection conditions into hMSCs are different. However,
miR-892b targets a variety of mRNAs that can regulate hypertrophic
chondrocyte maturation in addition to KLF10. Therefore, miR-892b
might be more effective for suppressing chondrocyte hypertrophy
than KLF10 shRNA.

Wnt signaling can influence cross-talk between cartilage and sub-
chondral bone.'® During late embryonic and postnatal development,
trabecular bone formation is strongly dependent on B-catenin expres-
sion in chondrocytes in the lower hypertrophic zone. Wnt proteins
are key regulators of bone, cartilage, joint development, and homeo-
stasis.”” *® Wnt6 inhibits chondrogenesis upstream of Sox9 and type
IT collagen expression in chick embryos and blocks adipogenesis and
stimulates osteoblastogenesis.””® We showed that miR-892b could
directly bind to the 3 UTR of Wnt6 mRNA and that Wnt6 expression
decreased in chondrogenic pellets of lenti-miR-892b-transduced
MSCs. Interestingly, other Wnts were also downregulated, even
though their 3’ UTR lacks a miR-892b-binding site. Wnt3a induces
chondrocyte hypertrophic maturation and bone formation.”
Wnt7a suppresses chondrogenic differentiation in a high-density
1.*> We confirmed that endogenous
Wnt3a and Wnt7a expression decreased in chondrogenic pellets
expressing miR-892b. This finding suggests the possibility that
miR-892b also promotes chondrogenesis and inhibits hypertrophy
by suppressing Wnt signal in MSC chondrogenesis. In addition,
B-catenin, a nuclear effector of Wnt and B-catenin signaling, may
also be a target gene because computational miRNA target prediction
suggests the presence of a binding site on miR-892b at nucleotide
position 29-35 within its 3’ UTR. Chondrogenic differentiation in
micromass cell culture was extensively enhanced by B-catenin inacti-
vation. Weakened canonical Wnt signaling results in reduced bone
density.*"** Importantly, we found that B-catenin was downregulated
in MSCs expressing miR-892b or KLF10 shRNA during TGF-
B-mediated chondrogenesis.

chick limb bud cell culture mode

KLF10 was initially identified in normal human fetal osteoblasts after
TGEF-B treatment.*> KLF10 binds to GC-rich, Sp1-like sequences of
target promoters to regulate downstream gene transcription.'”**
Fifty-eight percent of the 2 kb-sequence upstream of the transcription
start site of human Ihh is composed of GC. Because cloning GC-rich
genes from genomic DNA generally has a very low success rate, we
used a synthetic Thh promoter to verify whether the promoter directly
interacted with KLF10. Reporter gene analysis, using the synthetic Ihh
promoter, revealed that KLF10 showed increased transcriptional
activity only at a specific promoter region (—1,203/—367). Of note,
the promoter activities of several constructs containing various
upstream base pair regions, plus all the putative KLF10-binding sites,
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Figure 5. The KLF10 KD Showed Enhanced Chondrogenesis and Inhibited Hypertrophy during TGF-B-Mediated hMSC Chondrogenesis

(A) Downregulation of endogenous KLF10 in h(MSCs by KLF10 shRNA. Data are shown as the mean + SD. *p < 0.05, **p < 0.01, by one-way ANOVA followed by the Tukey
test, n = 3 donors. Lenti-cont., control lentivirus-infected cells; lenti-shK-C, KLF10 shRNA lentivirus-infected cells. (B) Safranin-O staining of KLF10 shRNA lentivirus-
transduced pellets after TGF-B-mediated chondrogenic culture for 28 days. Scale bars, 0.2 mm. (C and D) Changes of chondrogenic and hypertrophic markers by KLF10
shRNA expression during hMSC chondrogenesis for 28 days (C). gRT-PCR data are shown as the mean + SD (D). **p < 0.01, NS, not significant, Mann-Whitney U test, n =5
donors. (E and F) Changes of KLF10 downstream hedgehog and Wnt and B-catenin signals by KLF10 shRNA expression during hMSC chondrogenesis for 28 days. (E) gRT-
PCR data and (F) western blot. Data are shown as the mean + SD. *p < 0.05, **p < 0.01, NS, not significant, by Mann-Whitney U test, n = 5 donors.

exhibited no change in response to KLF10 overexpression. We pre-
sume that a domain responsible for the suppressing KLF10 action
during the chondrogenic differentiation may be present in the
—2,000- to —1,203-bp region of the Thh promoter. This possibility
needs to be further investigated in a future study.

Decisively, EMSA and ChIP analysis clearly showed which of the
three 5-GGCGGGG-3' elements served as a KLF10-binding site.
Runx2 can directly activate the mouse Thh promoter,45 and KLF10
can activate Runx2 expression through its proximal promoter
region.* Thus, KLF10 may indirectly stimulate Thh expression
upstream of Runx2, directly bind the Thh promoter, and activate
Thh expression.

To summarize, we identified a novel regulatory mechanism
comprising miR-892b and KLF10. It is suggested that KLF10 is a
transcription factor controlling Ihh promoter activity and that

KLF10 inhibition enhances chondrogenesis and inhibits hypertrophy
in MSCs. Our findings present new insights into the transcriptional
network system of skeletal development and provide a novel strategy
for cartilage tissue engineering.

MATERIALS AND METHODS

Cell Culture

The bone marrow samples used to isolate MSCs were obtained from
10 patients (mean age: 49 years; range: 41-58 years) undergoing total
hip replacement, due to osteoarthritis. Informed consent was ob-
tained from all donors. This study was approved by the Institutional
Review Board (IRB) of Dongguk University Ilsan Hospital (DUIH).
MSCs were isolated from fresh bone marrow samples and then
expanded as described previously.”'**” The MSCs were authenti-
cated by cell surface markers and cell differentiation assay. Additional
hMSCs (Lonza, Basel, Switzerland; CEFO bio, Seoul, Korea)
were cultured for in vitro analysis according to the manufacturer’s
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Figure 6. Roles of KLF10 in Inducing Hypertrophic Signals and Inhibition of KLF10 Via PTHrP-Induced miR-892b
(A and B) Schematic model depicting the role of KLF10 in Inh upregulation (A) and the inhibition of KLF10-dependent hypertrophic signals by miR-892b (B). The black arrow
indicates the previously published pathway, and the red arrow indicates the new pathway was derived from the present study. These pathways were depicted with ePath 3D

1.0 tool (PROTEIN LOUNGE).

instructions. HeLa (ATCC, Manassas, VA, USA), 293FT (Thermo
Scientific, Waltham, MA, USA), and HEK293T (ATCC) cells were
cultured in DMEM-high glucose (Corning, Corning, NY, USA) sup-
plemented with 10% fetal bovine serum (FBS; Thermo Scientific) and
1% streptomycin and penicillin, in 5% CO, at 37°C. All cell lines were
routinely tested for mycoplasma contamination and were negative.

miRNA Microarray Assay and Computational miRNA Target
Prediction

hMSC cell pellets were cultured in chondrogenic medium (CM)
containing 10 ng/mL TGF- 3 for 3 weeks. PTHrP stimuli were main-
tained during all 3 weeks, only during the last week of the 3-week
cultivation, only during first 3 days, or not at all. After total RNA
was isolated from the cell pellets, the miRNA microarray assay was
performed by e-biogen (Seoul, Korea), a microarray agency. miRNA
labeling and hybridization was then performed using the miRNA
Labeling Reagent and Hybridization Kit (Agilent, Santa Clara, CA,
USA). Cy3-labeled samples were then hybridized overnight at 56°C
on an Agilent Human miRNA 8 x 15K (V3.0) microarray, which
contains probes for 15,000 human miRNAs. Feature-extraction
software (Agilent) was used to analyze the scanned images using
default parameters to obtain background-subtracted and spatially
de-trended processed signal intensities as the raw data. The raw
data were normalized in a quantile algorithm with GeneSpring
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software (Agilent). Three different databases (MicroCosm Targets,
Targetscan, and miRDB) were used to identify potential hsa-miR-
892b target genes.

Construction of Lentiviral and Non-viral Expression Plasmids

A 341-bp pri-miRNA sequence corresponding to hsa-miR-892b was
amplified from the genomic DNA of hMSCs using a specific primer
pair (Figure S2A; Table SI1). The amplified pri-hsa-miR-892b
sequence was then inserted into the pGEM-T-Easy vector (Promega,
Madison, WI, USA), after which the Nhel-EcoRI fragment containing
pri-miR-892b was ligated into the multi-cloning site of the pCDH-
copGFP vector (System Biosciences, Palo Alto, CA, USA) to yield
pCDH-miR-892b-copGFP. For human KLF10 overexpression, total
RNA from hMSCs was isolated using an RNeasy Mini Kit (QIAGEN,
Hilden, Germany), according to the manufacturer’s instructions, and
the RNA was converted to ¢cDNA, using the QuantiTect Reverse
Transcription Kit (QIAGEN). The hKLF10 open reading frame was
amplified with a specific primer pair (Figure S2B; Table S1), subcl-
oned into the pGEM-T-Easy vector, and cloned between the BglII
and Sall sites of the pECFP-C1 vector (Clontech, Mountain View,
CA, USA). For the KLF10-KD study, 5" and 3’ single-stranded oligo-
nucleotides corresponding to human KLF10 shRNAs were designed
using the BLOCK-iT RNAi Designer (Thermo Scientific) and synthe-
sized. After these complementary oligonucleotides were annealed, the
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double-stranded oligonucleotides were ligated between the Agel and
EcoRI sites of the pLKO.1-Puro vector (Addgene, Cambridge, MA,
USA) (Figure S2C; Table S1). All pGEM-T-Easy vectors ligated
with PCR products in this work were verified by DNA sequencing.

Lentiviral Transduction and Induction of In Vitro Chondrogenic
Differentiation

293FT cells were co-transfected with lentiviral vector constructs and
the lentiviral packaging mixture (pLP1, pLP2, and pLP/VSVG;
Thermo Scientific) to produce the corresponding lentiviruses. At
48 h after transfection, viral supernatants were collected and stored
at —80°C until use. MSCs at passage 3 were seeded into six-well plates
or 10-cm dishes and then transduced with lentiviral supernatant for
7 h in the presence of polybrene (8 ng/mL; Sigma-Aldrich, St. Louis,
MO, USA) at different MOIs. When the confluence of the lentiviral
vector-transduced MSCs reached approximately 80%, the cells were
trypsinized, and chondrogenesis was induced at passage 4. Chondro-
genic induction of the lentiviral vector-transduced MSCs was per-
formed as described previously.47 After 4 weeks of in vitro culture,
chondrogenic pellets were harvested for analysis. In MSCs showing
insignificant changes of chondrogenic markers in the positive control
group (TGF-P only treated) versus the negative control group after
chondrogenic culture, results obtained from the cells were excluded
in the process of data production.

qRT-PCR Analysis

Total RNA for mRNA qRT-PCR analysis was isolated using an
RNeasy Mini Kit (QIAGEN), according to the manufacturer’s in-
structions, and quantified using an IMPLEN Nanophotometer
P330. Isolated RNA samples were converted to cDNA with a
QuantiTect Reverse Transcription Kit (QIAGEN). All PCR was
performed using a QuantiTect SYBR Green PCR Kit (QIAGEN)
and a Rotor-Gene Q (QIAGEN) in standard 15-puL reactions. The
amplification primers and their target mRNAs are shown in Table
S2. All samples were processed in triplicate to increase the reliability
of the results obtained. Each assay was performed using positive and
negative controls. The threshold cycle (C;) value of each gene was
measured for each sample. The C, value of glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was used as an endogenous reference
for normalization purposes. The values thus obtained were normal-
ized versus the negative control and expressed as fold changes. To
quantify hsa-miR-892b expression, total RNA was extracted using
TRIzol (Thermo Scientific), converted into ¢cDNA, and amplified
with the GenoExplorer miRNA qRT-PCR Kit (GenoSensor, Tempe,
AZ, USA), according to the manufacturer’s instructions. A hsa-
miR-892b specific primer and a universal reverse primer provided
by the manufacturer were used to amplify hsa-miR-892b, and the
C, value of 5 s rRNA was used as an endogenous control for
normalization.

Northern Blot Analysis of miRNA Expression

For northern blot analysis of miRNA expression, 10 pug of total RNA
was separated on 15% denaturing polyacrylamide gels, electrotrans-
ferred onto nylon membranes (GE Healthcare, Buckinghamshire,

UK), cross-linked with UV light, and baked for 1 h at 80°C. A
biotin-labeled locked nucleic acid (LNA) probe (Exiqon, Woburn,
MA, USA), complementary to the mature miR-892b, was hybridized
overnight at 42°C in ULTRAHYB buffer (Thermo Scientific). The
LNA probe sequence is shown in Table S2. The blots were washed
in 2x saline sodium citrate (SSC) and 0.1% SDS and in 0.1x SSC
and 0.1% SDS at 42°C, and detected with the Chemiluminescent
Nucleic Acid Detection Module (Thermo Scientific) and LAS-3000
(FUJIFILM, Valhalla, NY, USA). U6 snRNA was used as a loading
control.

DNA Quantification and GAG Contents Analysis

Chondrogenic pellets were digested for 2 h at 56°C in cell lysis buffer
containing proteinase K from the GeneAll Tissue SV Mini Kit
(GeneAll Biotech, Seoul, Korea). Next, genomic DNA from each
pellet was prepared according to the manufacturer’s instruction.
DNA contents were determined using an IMPLEN nanophotometer
P330 (Implen, Munich, Germany). To analyze GAG contents, pellets
were digested in papain buffer at 60°C for 2 h, and GAG production
was determined using a Blyscan Kit (Biocolor, County Antrim, UK),
according to the manufacturer’s instructions. Absorbance was
measured at 656 nm in a Spectra Max Plus 384 (Molecular Devices,
Sunnyvale, CA, USA). GAG contents were expressed as the number
of micrograms of GAG per microgram of DNA.

Western Blot Analysis

For total protein extraction, pellets washed twice with cold PBS were
homogenized by grinding in LN, and incubated with radioimmuno-
precipitation assay (RIPA) cell lysis buffer supplemented with Halt
protease and phosphatase inhibitor cocktail (Thermo Scientific) for
30 min on ice, and centrifuged at 15,000 rpm for 20 min at 4°C.
Proteins were separated by SDS-PAGE on an 8%-10% separating
gel, electroblotted onto a polyvinylidene difluoride membrane, and
blocked for 1 h in 5% non-fat dry milk in PBS or TBS containing
0.05% Tween 20 (PBS-T or TBS-T, respectively). Subsequently, the
membranes were incubated with appropriate primary antibodies
overnight at 4°C. Next, the membranes were washed three times
with PBS-T or TBS-T and then incubated with horseradish-peroxi-
dase-labeled anti-mouse or anti-rabbit IgG (1:3,000; Abcam, Cam-
bridge, UK) for 1 h at room temperature. After a further wash step,
bands were visualized using the ECL+Plus Western Blotting System
(GE Healthcare). Antibodies corresponding to the target proteins
are described in Table S3. The Western band was quantified using
the Image] program, normalized to the GAPDH band, and statisti-
cally processed (Figure S3).

Transient Expression of Human KLF10 and the Luciferase
Reporter Assay

Subconfluent MSCs were harvested and washed with PBS. MSCs were
resuspended in resuspension buffer R (Thermo Scientific) at a density
of 2 x 10° cells per 100 uL and mixed with 5 ug of the pECFP or
pECFP-hKLF10 plasmid. Then, electroporation was performed with
a Microporator (Thermo Scientific) using an optimized program
(1,300 V, 30 ms, and 1 pulse). After electroporation, the cells were
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plated in a six-well plate and placed in 37°C in 5% CO,. The cyan
fluorescence of ECFP was visualized with a DMI 6000B microscope
(Leica Microsystems, Wetzlar, Germany). Total proteins were har-
vested from cell lysates at 6, 12, and 24 h after transfection and
used for western blot analysis. Total RNAs were also isolated for
qRT-PCR analysis at 12 h after transfection. For each reporter gene
assay, cells were seeded the day before transfection into 24-well plates
(0.5 x 10 cells per well for HeLa cells and 1.5 x 10° cells per well for
HEK293T cells). For the 3’ UTR reporter gene assay to identify puta-
tive miR-892b target genes, 5’ and 3’ single-stranded oligonucleotides
corresponding to the WT (WT-3' UTR) or mutant (MUT-3’ UTR)
miR-892b binding site in the UTR of KLF10 (NM_005655) or
WNT6 (NM_006522) were synthesized, respectively. After each oligo
was annealed, the double-stranded oligonucleotides were ligated be-
tween the Spel and HindIII restriction sites of the pMIR-REPORT
vector (Thermo Scientific). The oligonucleotides sequences are pre-
sented in Table S2. For the luciferase assays, HeLa cells were trans-
fected with 500 ng of the above constructs and co-transfected with
50 nM miR-892b mimic or negative-miR control (Dharmacon, Lafay-
ette, CO, USA), using the X-tremeGENE siRNA-transfection reagent,
according to the manufacturer’s protocol (Roche). For a reporter gene
assay with the Thh promoter, a region —2 kb upstream of the tran-
scription start site of Thh (NG_016741.1) was synthesized (Thermo
Scientific), and its different fragments were ligated into the pGL4
reporter plasmid (Promega), as shown in Figure 3D. An 836-bp
fragment containing three predicted SP1/KLF10 binding sites,
5'-GGCGGGG-3/, were synthesized for converting to three mutated
fragments, 5'-GGATGGG-3, and the mutated fragments were ligated
into the pGL4 plasmid (Figure S4). Cells were co-transfected with
each pGL4 plasmid (500 ng) encoding the firefly luciferase gene
controlled under different fragments of the Ihh promoter and the
pECFP empty vector or pECFP-hKLF10 vector (500 ng) using the
X-tremeGENE HD transfection reagent. At 24 h after transfection,
luciferase activities were quantified in whole-cell lysates by using
the Luciferase Reporter Assay System (Promega), according to the
manufacturer’s protocol. Measurements were performed on an FB
12 Luminometer (Berthold, Wildbad, Germany). In each experiment,
luciferase activities were normalized to the amount of lysate protein
and expressed relative to that in cell transfected with a negative-
control miRNA (3’ UTR assay) or pGL4-2k Ihhpro and pECFP co-
transfection (IThh promoter assay). Each value was calculated as the
mean of the results from five wells, and each experiment was repeated
five times.

EMSA

Nuclear extracts from HEK293T cells transfected with a pECFP
control or pECFP-hKLF10 vector for 12 h were prepared with the
Nuclear Extract Kits (Origene, Rockville, MD, USA). Protein concen-
trations were determined using the BCA Protein Assay Kit (Bio-Rad,
Hercules, CA, USA). Oligonucleotides containing SP1/KLF10 bind-
ing sites were synthesized (Table S2). Single-stranded oligonucleo-
tides were 3’ end labeled with biotin, using a Biotin 3 End DNA-
Labeling Kit (Thermo Scientific) according to the manufacturer’s
protocol, and were annealed to obtain double-stranded DNA probes.
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To reduce non-specific binding, nuclear extracts (8 pg) were pre-
incubated with 5x binding buffer (100 mM HEPES [pH 7.9],
250 mM KCl, 25% glycerol), 0.1 mM EDTA, 200 pg/mL BSA (fraction
V [FV] grade) containing 1 mM DTT, and 1 pg Poly (dI-dC) for
20 min at 4°C. Then 20 fmol biotin-labeled DNA probe was added
to the mixture and post incubated for 1 h at 4°C. Protein-DNA
complexes were separated by 5% native PAGE and transferred to a
positively charged nylon membrane. Cross-linking was performed
under UV light for 20 min, and then the biotin-labeled DNA was
detected using the Chemiluminescent Nucleic Acid Detection Mod-
ule (Thermo Scientific). For competition experiments, unlabeled
competitor oligonucleotides were post incubated (200-fold excess)
with the labeled probe.

ChIP Experiments

Chromatin was prepared for the ChIP assay using the EZ-Zyme Chro-
matin Prep Kit (EMD Millipore, Billerica, MA, USA) according to the
manufacturer’s protocol. Approximately 4 x 10" HEK293T cells were
cross-linked in 1% formaldehyde at room temperature for 10 min
before terminating the cross-linking reaction with glycine. The cells
were collected and resuspended in ChIP lysis buffer (50 mM HEPES
[pH 7.5], 140 mM NaCl, 1 mM EDTA [pH 8.0], 1% Triton X-100,
0.1% sodium deoxycholate, and 0.1% SDS) containing protease inhib-
itors (Thermo Scientific) for further sonication to shear the chromatin
with a 200- to 1,500-bp smear. DNA-protein complexes (25 pg) were
immunoprecipitated with anti-KLF10 antibodies (GeneTex, Irvine,
CA, USA) or a control rabbit polyclonal anti-IgG antibody (Abcam).
DNA-protein cross-linkers were reversed by heating at 65°C for 4 h.
DNA products were precipitated with ethanol after performing an
RNase A and proteinase K reaction, followed by two successive phenol
extractions. The DNA products were used as a template for PCR, and
primers (Table S2) were used to amplify a 345-bp promoter region of
human Ihh. Each experiment was repeated three times.

Statistics and Reproducibility

Descriptive statistics were used to determine the group means and
standard deviations of numerical data; Student’s t test (unpaired,
two-tailed) and the Mann-Whitney U were used test to compare
differences between two groups; and one-way ANOVA, followed by
Tukey correction, was used for multiple comparisons. p < 0.05 was
considered significant. In each experiment, the sample size was deter-
mined on the basis of our prior knowledge of the variability of exper-
imental output. The number of biological (non-technical) replicates
for each experiment is indicated in the figure legends.
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