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HE] B W5 BB A4 R E (bone morphogenetic protein, BMP) #5317 Gremlinl (GREM1 ) X AR 2F #, 3k T
#fiifd (stem cells from the apical papilla, SCAPS) WIREMISEM, IR ZHNLH . ik HIMF B FESCAPs, Hils e e fa,
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P53, AR IR R 1 (Wafl) AT HEAR K BE KR krupple AR F4(KLF4) | PRI E X YHES F12(SOX2) [IFRIK, DL %
BMPsHSCHE N (BMP2 . BMP4, BMPS5, BMP6, BMP7, BMP9)fI#ik. SR TR R IGREM L1E A% 3k
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(P<0.05), WGZE LY A1 F X IRAL; OCN. DMPIAELHE 208 | 3JART FX B4 T+ 55, OPNAE2JH RS Tt i, BSPTE3 AT,
DSPPTEVHBI T4, 22 574 Goi 278 L (P<0.05), i A SN FRUNX2 . OSX. DLX2YHEAR RIS B, 2 RA GeiT
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[ Abstract] Objective To study the effect of bone morphogenetic protein (BMP) antagonist Gremlin

1 (GREM1) on the function of stem cells from apical papilla (SCAPs) and explore its mechanism. Methods  After
isolation and culturing of stem cells from apical papilla in vitro, immunofluorescent staining was done to examine the
subcellular localization of GREM1 in SCAPs. Transfection with lentiviral GREM1 shRNA was done to knock-down the
GREM1. The SCAPs were subjected to osteogenic induction in both the GREM1 knockdown group and the control group,
and the knockdown effect of GREM1 was examined using real time-PCR and Western blot. Two groups of cells were
collected and the alkaline phosphatase (ALP) activity was measured 7 d after osteogenic induction. Alizarin red staining
was done 3 weeks after osteogenic/odontogenic induction and real time-PCR was done after 0, 1, 2, 3 weeks of osteogenic
induction to examine the expression of osteogenic/odontogenic marker genes, including osteocalcin (OCN), osteopontin
(OPN), bone sialoprotein (BSP), dentin matrix protein 1 (DMP1), dentin sialophosphoprotein (DSPP) and and the critical
transcription factor osterix (OSX), Runt-related transcription factor 2 (RUNX2), and distal-less homebox 2 (DLX2). Two

groups of cells were collected, and CCK-8 and CFSE assay were used to evaluate changes in cell proliferation. In addition,
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real time-PCR was used to examine the expression of senescence-related genes p53 and wide-type activated factor 1
(Wafl), a regulatory factor of the cell cycle, stemness associated gene krupple-like factor 4 (KLF4), and SRY related HMG
box-2 (SOX2), and the expression of bone morphogenetic protein (BMP) 2, 4, 5, 6, 7, 9 after GREM1 knockdown.
Results
cytoplasm. Real time-PCR and Western blot affirmed that GREM1 was knocked down steadily. The ALP activity of the

Immunofluorescence staining showed that the expression of GREM1 in the nucleus was higher than that in the

GREM]1 knockdown group was higher than that of the control group (P<0.05), and the alizarin red staining was lighter
than that of the control group. The expression of OCN and DMP1 increased in the first, second and third week, OPN was
increased in the second week, BSP increased in the third week, DSPP increased in the first week, and the difference was
statistically significant (P<0.05). The key osteogenic transcription factors RUNX2, OSX, and DLX2 all increased at
different stages, and the difference was statistically significant (P<0.05). CCK-8 and CFSE assay showed that the
proliferation ability of the GREM1 knockdown group decreased (P<0.05). In the GREM1 knockdown group, the
expression of BMP2, 6, and 7 increased, the expression of SOX2 and KLF4 increased, while the expression of p53 and
Wafl decreased (P<0.05). Conclusions The knockdown of GREMI1 enhanced the osteogenic/odontogenic

differentiation and stemness of SCAPs and inhibited the proliferation and senescence of SCAPs. Effects of GREM1 on the
function of SCAPs maybe achieved through regulating the gene expression of BMP2, BMP6, and BMP7 at the mRNA
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level.
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BMP) & —2H 5 R 2 D) Re 8 11, BeRIBCA IR T2 i 1)
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FETANMIAN . 20 A P P 5 R R ZR B AR B . GREMAL
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1842 SL IR 1 B T, 5 H A BMPHSE TR —#F, Cliv
8L IA Y AR S, GREMAE yBMPHY N I
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Stem cells from the apical papilla

GREM1 Bone morphogenetic protein

i o SE I BT UE S BMP6 AR AR IR 7 . 3k 4 I B/ L
Fo34E", T BMPRYFE IR GREM 14T SCAPsI L AE S 1 LA
K AE U5 T AL AR 5 H GREM L 5 5 BMPAE 7R AH
HAER WA . ARG R FEAR I S FL 3k T 4 it
FRGREM1EA %, #78 GREM ST HR 2R 4 33k T 4m i A=
Y1 I RERI S0, 15 78 & PR BE vh a 42 2F 5P+ 40
Tirae S AR SN, e i o PR SR SR A

1 HRFITTE

L1 FERAFMEE

a-MEMK;iF3E(GIBCO, S ), TotEmERR i (ALP) i
M. PR . Y98 5| Polybrene(Sigma-
Aldrich, 5¢[H), PCR5 ¥ (_L#E4: T), QuantiTect SYBR
Green PCRIAF| & (Qiagen, fE ), i 7% 3 F| &
(Promega, 35[H ), %& # PCRIA | & (ABI, 35[H ), GREM1-
Home-590 # I . Consh-NC(K22AZ) i # i
(Fp M5 3), CCK-841 i %Rl & ( H ARl Ak = w5
BT, R FEADE T R ER SR FAE B TE (CFSE ) i) £
(Life technology, 3 ) . 8] W i S AR R 4L (H A
Olympus/A ] ), Gene Amp PCR system 9700( 3 [E Applied
Biosystems /A ] ), Mx3005P Real time-PCRIY (3£ H
Strtagene/AH)) .
1.2 fK4M3ESHEFR SCAPs

TEBE HG [T, AR P A 25 =B i T 40
LB, 4 hNIBGR AR FL R AH L, IR 845
B 7 HR BB 2 B T A aT I R B fe 3 2 G s b
(2018FHIFH5020%5 ) . PBSECAE L, BYRE, BT 1 RUK 5
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i} (3 g/L) FliDispase(4 g/L) HITHALIK, 37 °CIH1£30~60 min,
THALF AR E AL RHAFR A B5 32 3L PRI, 1000 r/ming
0210 min, 3L, ARG SRR &, 1170 um 41 M GiiE ok
PO AR, FF A0 R T LA 35 mmAl G IR L, &
F37 C MRFSE%CO A N BEFE, B3 difi 1R, 4
A K ZE75%m A B, FIBEE R AR AR, A8 K
P HESCAPs.
1.3 BB HLREKNGREM1ZESCAPsH L 40 7E i
SCAPsPA1x10°/FLI%ERN T24FL 12 hy £ 3758, 1
TRF 801 % 22 5 WP I i FH VAV T 1 , TBSTIE21K, IR
[B] %5 min; 5% Tritonfl{ 10~30 min, k2 TBSTEE2IX,
BFE10 min— < 3 A1 34130 ming GREMI1—3E(1 :
1 000) M 45 7 20 M - 4L A M 2R LA Anti-PDI(1 = 100)4 °C
JEF A4 TBSTE3U, A: IR A1 10 min; 7E 40 h LI
H 1 h; TBSTYE2K, AR IAIFE10 min; DAPLEHLIF E
5 min; TBSTPE10 min; B E I A T, BIBEIER, R
LIRS, WELGREM1TESCAPs L A0 & 167 . 15534040
AT e R S5
1.4 BRESHEEEGREMIFHMEIR R
141 JAaiEgE BUE4SCAPSHIBE R, FRaniit &
Al 2250%~60%H1f, 7£6 ug/mL PolybrenefE T, 54
JIAGREM1-Home-590% & I 1§ W, X HRZH ALV -39
B LIEW (LT i FRConsh), #5412 him, H b5
FH6 ng/mLIEIS 75 Z k3 d, 153 21895 3 5 YL i GREM 1
A (GREM1sh) fl)SCAPs.,
1.4.2 Real time-PCRAZ M 4% 4 & GREM169 &35  Primer3
Koligo6 %5 =W A& FGREM1MY B ) . Trizol#EHL
GREM1 5 ik 40 X Consh Xt HR L 4 RN A, JF-F] FH L4153
DGR e S RNARMREE KA S, 5% 5% cDNA,
51¥F%: W2 GAPDH, F: 5'-CGGACCAATACGAC
CAAATCCG-3', R: 5-~AGCCACATCGCTCAGACACC-3';
GREM]1, F: 5'-AAGTGACAGAATGAATCGCA-3', R: 5'-
CCGCTTTGACTTAATCCAAG-3', ¥ W ARF: 95 C
120,95 °C 20’5, 60 °C 255, 72 °C 20 s, 40 MEH . H (K3
DRk B2 vk AL
1.4.3 Western blot @ #A5M GREM 1S AKIF L 4 CHX
PBSTEE GREM1 75 A 4H Al Consh Xif A ZH 4H i, 28 g 1 7 1l
HUZH M, 4 °C, 11 000 r/min®.(>3 min, 7 F{f. 1 mL
PBSE &AM, 4 °C, 7 200 r/min.0>2 min, 7 L. A
B A 2100 pLRFTIRA], VK W 15 min, BV,
—80 CHRAF; BCARLI A& 2 1R 5 2R DA s ok e B e vl
K, B, B0, A 5%BS AR B () — B B (Anti-
GREMI, 1 : 1000), 4 CHEKII, TBSTHEME, ECLA G,

BEE R RGER ARG . WS HE A NGAPDH, &P
L GREM 1K ZH Fl1ConshXif FRZH GREM 1 554 5%
1.5 #i GREMIE{R S 3TSCAPsi B Ih Bt B 220
151 ALP#EMMEfodFersk & 4 GREMI KL
ConshXf FRZH AR FL Sk T4 HI 3 LL2x 10°/FL 10 % i 42
R FefLii, FA 5 MR, 37 °C L RFL 5% CO, W46
WREFR . Rk 2180% ml & i, B4 o il B 3R b
Fo BE A ATES7 A, KIALPIE S % ALPSL
BT B SE AL R R A A S T3 R, PR AL
Y (o M A0 B AL RE J1, F2 550K, PBSVE2IK, 24 °C
BE 1 h, EEKBE2UK, 40 mmol/Li R L1 (pH4.2) %
TG4 4,1~10 min, PR EE @I, WK VESIK, Bi%
WAT, ARG EIS
1.5.2 Real time-PCRA& M s B/ A% F AR A8 X A B 69 &
B AR BUR B S S0E  UE . 28| 38 5 GREM L
R ZH F1 Consh Xt FEA4ISCAPSHIRNA, K6 1/ B A #H 56
FHFH % (OCN) . HHr & (OPN) . HUEHE1(BSP) . F
AR HE T A (DMP1) . A A BT HE R 1 (DSPP) LA K
B RE AR 5 P F runthl OCF; SR -2 (Runt-related
transcription factor 2, RUNX2) . il 8 4l a4 S PR 2 S [A)
F(osterix, 0SX) . [RlYR A& FL[H2(distal-less homebox 2,
DLX2) ik, HIEGIWITFI W31, LAIGAPDH NS
SEHH, 7[RI .
1.6 CCK-8FAi7 =\ 4 B AR 6 i 40 Bt s B

CCK-85: 15 : ¥ GREM1 AR 4H 1 Conshoxit B 21 XJ 45
AR FAL . THEUS, #3x10°/FLIEFP T 96 1L
M, A8 L, S A FL 100 pLIf FRIERT IR, KehE o7

F1 HBB/BFELERE WA

Table 1 Primer sequence of osteogenosis/odontogenesis-related genes

Gene Primer sequence (5'-3')
BSP F: CAGGCCACGATATTATCTTTACA
R: CTCCTCTTCTTCCTCCTCCTCCTC
OCN F: AGCAAAGGTGCAGCCTTTGT
R: GCGCCTGGGTCTCTTCACT
OPN F: TTGCAGTGATTTGCTTTTGC
R: GCCACAGCATCTGGGTATTT
DSPP F: CGACATAGGTCACAATGAGGATGTCG
R: TTGCTTCCAGCTACTTGAGGTC
DMP1 F: CGTGGACAAAGAAGATAGCAACTCCACG
R: TTCCGGCTCTCTATCTCAATGTTT
OSX F: CCTCCTCAGCTCACCTTCTC

R: GTTGGGAGCCCAAATAGAAA

F: TCTTAGAACAAATTCTGCCCTTT
R: TGCTTTGGTCTTGAAA TCACA

DLX2 F: AAACGGGAAGCCAAAGAAAGTC
R: CGGGAAGTGCCAGGTATTGAG

RUNX2

BSP: Bone sialoprotein; OCN: Osteocalcin; OPN: Osteopontin; DSPP:
Dentin sialophosphoprotein; DMP1: Dentin matrix protein 1; OSX: Osterix;
RUNX2: Runt-related transcription factor 2; DLX2: Distal-less homebox 2.
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B F37 L ARBUE5%CO WA N il %1, 2. 3 d
J&i, I CCK-8I K, #eial) G it I HRAE o AR
1£450 nmAbHEHE BE(E (OD,s, ), MELASLH A0 M HE 5 RE )
M2 5. OD, A IE b T ML FERE /T

T AN A : #5554 A SCAPs Tl fE i 1x10° mL ™
AR 23 mL, 225 H CRSEIR ) & it W B4 dE, 9b47
T AN ST, B ModFit LT 420 Hr 15 Hi 448 4 5 5
(proliferation index, PI),
1.7 Real time-PCR# | GREM1ER /G = Z M FIEHE X
EE . BMPHXERERRIE

43 BB GREM1 {20 Al Consh X} BE 41 5541 CSCAPs
RNA, #£4TReal time-PCREG I 5 EAHICELH p53 | 4l
W 71 (Wafl) F-T A O EE M krupple FE 1
4(KLF4) . PERPEE X YHER H2(SOX2) By R IE, AKX
BMP#H{%FE K BMP2, BMP4, BMP5, BMP6., BMP7.
BMPOZik ., L GAPDH NINZHEH, J5 ¥ HIFT .
1.8 ZitFH*

20 [] LR ST FEAR 655, P< 0.05° 8 25 A Geit

PURESEN
TR

2 #R
2.1 SCAPsikSM> B HE 35 544 T GREM 1.5 40 B 3 2 )
oL

DL, e e o Sz, al it W 9 G Ry H
HPAPRIC B & 15 (54 ), DAPIFRICIA (), a-
PDIFRICHEIE HHREH (L1(0), 45 B/R, GREMIZEZ

1 BT E FAE NGREM LI 2 HIE i <400
Fig 1 Nuclear localization of GREM1 in SCAPs through immunofluorescent
staining. x400

A: DAPI labeling of the nucleus (blue); B: Target protein GREM1 labeled
with secondary antibody (green); C: a-PDI labeled cytoplasmic skeletal protein
(red); D: A, B, C composite D, indicating the expression of the target protein in

the nucleus and cytoplasm.

L B 5 R0 A P XA 3R T AE A% P9 3Rk i T LK
(K1D),
2.2 (BREEELAIKGREMIFRNERNENER
3] 8 WA T, ConshXf IRZHSCAPsA: K HE 5%, 5
WIE, ST —3(K2A); GREM1FHKRLAISCAPsHI H
Consh¥ fR4H, KNG, oA EERKBIE
(#12B) . Real time-PCRYERNA /K F-H5 il GREM1 7 I 5%
IR, K Consh ¥ FEZH GREM 13 [H 2141 (1.01+0.130) 24
M GREM1ARAH (0.09+£0.009) 101, 22745 G245 X
(P<0.01); Western blot {2 7k Consh X} I8 £H 577 &l {0, %%
GREMURZAIR, ik & m (K20) .

Consh group GREM]1sh group

i l_'

e SR . «-GAPDH

2 BERMET (AB, x40) K Western blot ( C) M ZGREMIAY
RiER
Fig 2 Microscopic examination of GREM1 knock-down (A & B, x 40) and
through Western blot (C)
A: Control group; B: GREM1sh group; C: Western blot.

2.3 ALPEMNEMFERILEBIHNER

GREM 1R {4 ALPI% 1 (2.838+0.079) & T Consh X
20 (2.016+0.468), 25 547 Geit#E L(P<0.05); WL
YLt 5 7R GREM1 R 2H 5 Consh %o} REZLAH HLmg v (1513) .

Consh group GREM1sh group

3 ERALERNSCAPSH LA
Fig 3 Alizarin red staining was used to examine the mineralization of

SCAPs in vitro

2.4 Real time-PCR #&iNZRBER B/ FHXEFBER
WS40, 1. 2. 385, Real time-PCRES 5 iR
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AHXT T ConshXf R4, GREM1fli4HOCN, DMP17E1J#
20 3JH I AR A T, OPNTE2JH N Ti51, BSPTE3 i iy
Fhi=, DSPPTE AR T, 25 5 A G125 L (P<0.05);
IR AL S F-RUNX2 . OSX. DLX2¥TE AR Be A
TheEr(El4), ZRA50#E X (P<0.05),
2.5 ‘RpmIETELER

CCK-83LE 45 R i /R 5524, 48, 72 h GREM1GHAL 4
B OD 5 [H L T Consh ¥} B2 (KI5A), 22 %A Geit &
X (P<0.05), U4 Hr4s A (5158 ) 57 Conshxt I
AN 3G S HCH 14.13, GREMI R G 550N 6.91,

=Consh group
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2.6 Real time-PCR# I GREMI1E{R /R EZ T IE4%
BEERFRIE

GREMI1FRAL T HEAH IR SOX2 . KLFAF AT,
ZRA G EE L (P<0.05); T Z555p53. Wafl ik
TRE(FR2), ZRA IR X (P<0.05)
2.7 Real time-PCR#:illl GREM1 7R /5 BMPZR %

L33, GREM1#&i{KZHBMP2,. BMP6, BMP75%ikF}
L, 2R A G L (P< 0.05); BMP4, BMP5, BMP9#:
IR

sGREM1sh group

—

O =N Wk U1 OO

0 1 2 3
t/week

Relative mRNA expression of BSP

0 1 2 3
t/week

Relative mRNA expression of DLX2  pjotive 1 BNA expression of DMP1

Relative mRNA expression of OSX

t/week t/week

[ 4 Real time-PCRAZMSCAPsH F 5 LIBXEE K FRix
Fig 4 Real time-PCR was done to assess the expression of osteogenic differentiation-related genes, including OCN, OPN, BSP, DMP1, DSPP, RUNX2,

OSX, and DLX2 in SCAPs
n=6. *P<0.05, **P<0.01.

0.6 . *Consh group . Consh group GREM1sh group
B - . 350 ¢ Seneraticn 2: 8.15%
nGREM1sh group 500 WParent Generation 2:0.23% at 164.81 B Parent e e 1t
D Generation 2 Generation 3: 4.10% at 145.62 @ Generation 2 Generation 4 35.20% at 135.43
* HlGeneration 3 Generation & 9.16% at 126.43 E Generation 3 ~ Generation 5: 37.80% at 116.24
400 [EGenerationd 7 Generation & oL a2t 280 | EGeneration4  f Generation 6: 5.61% at 97.05
DGeneration 5 e o S ae D Generation 5 Generation 7: 0.00% at 77.8
o 04 CIGeneration 6 e o o oee CIGeneration 6 Generation 8: 0.03% at 58.67
= Y Wl Generation 7 Generation 9: 0.00% at 30.48 B Generation 7 i Generation 9: 0.00% at 39.48
= — 300 B Generation 8 era G at S = 210 | B Generation 8 Generation 10: 0.01% at 20.29
I QO Ehenerallon 9 Generation 10: 0.01% at 11.29 () EGenerdllOn 9
~ = B Generation 10 Proliferation index: 14.13 ’g B Generation 10 ! B o 001
2 g Nonproliferative fraction: 0.01 onprot "”""i”““"" .
a S f Division error index: 1.00 ] Division error index: 1.00
0 02 Z. 200 ¢ Spacing of generations: 19.19 Z 140 Spacing of generations: 19.19
X . I For cells at generation =3;
For cells at generation =3: \ Upper genceation P1:2.00
Upper generation P.L.: 14.46 Precursor frequency: 0.703 668
100 L Precursor frequency: 0.974 601 70 L quency:
A Number of cells analyzed: 16 048
Number of cells analyzed: 16 637 Reduced Chi-Square: 0.987
Reduced Chi-Square: 1.099
e t/h e Channels (FL2-H-FL2-H) Channels (FL2-H-FL2-H)

A: CCK-8 (n=6); B:

5 CCK-8Fnif =\ 4A R AR+ A A 7E A
Fig 5 Examination of the proliferation of SCAPs with CCK-8 and CFSE assay

Flow cytometry (n=6). *P<0.05, ** P<0.01.
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2 Real time-PCRIGI Fi4FR 21X BEE R iX
Table 2 Real time-PCR assessment of the expression of stemness and

senescence-related genes in GREM1sh group and Consh group

Gene Consh group (n=6) GREM1sh group (n=6) P
SOX2 1.00+£0.042 2.49+0.732 0.039
KLF4 1.00+0.057 2.03+0.116 0.009
p53 1.00+0.028 0.03+0.002 0.0001
Wafl 1.00+0.065 0.67+0.128 0.030

SOX2: SRY related HMG box-2; KLF4: Krupple-like factor 4; Wafl:
Wide-type activated factor 1.

3 Real time-PCRIGMIBMPE FE Rk
Table 3 Real time-PCR assessment of gene expression of BMP in

GREM1sh group and Consh group

Gene Consh group (n=6) GREM1sh group (n=6) P

BMP2 1.01+0.155 2.45+0.484 0.029
BMP4 1.01+0.159 1.14+0.136 0.248
BMP5 1.01+0.189 0.77+£0.194 0.184
BMP6 1.00+0.117 3.57+0.432 0.007
BMP7 1.04+0.337 2.79+0.273 0.019
BMP9 1.00+0.083 0.93+0.077 0.216

3 i

TEA WAL T M R A s, P 2 A K AR EAE
FH DA AR5 T 40 M ) D RE AR AR, X2 i 2 R T 4t Ay
SRR EEAEM . —E LK, BMPFEE 4121k
KA AR 0 A €, M OGRS AT 180 T
T HH A AT T S S 2H SSRGS v A P ARG R B AR Y
JUFPBMPEE 1™ SR, A 35 & BRI BMP A 547057
ATLA EJHALP, OCNYZIA, I BHIBTBMPHS T 1 7
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