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Abstract Periodontal ligament cells (PDLCs) in peri-

odontal ligament (PDL) can differentiate into osteoblasts,

while physiologically PDL remains non-mineralized space

although located two hard tissues. But the exact mechanism

of which is still unclear. High-temperature requirement

protein A1 (HtrA1) is a key mineralization regulator and

could inhibit the osteogenesis by transforming growth

factor-b (TGF-b) signaling. However, the role of HtrA1 in

PDLCs osteogenic differentiation has yet to be clarified.

We assume HtrA1 may play an important role in main-

taining the balance of PDL mineralization, and may reg-

ulate human periodontal ligament cells (hPDLCs)

osteogenic differentiation by TGF-b1. Firstly we confirmed

the mRNA expression of HtrA1 and TGF-b1 in hPDLCs by

RT-PCR, then QDs-based immunofluorescence demon-

strated the co-localization of them in the cytoplasm, and

co-immunoprecipitation further confirmed the interaction

between them. Lentivirus-mediated HtrA1 overexpression

enhanced the osteogenic differentiation of hPDLCs, as well

as up-regulation of TGF-b1. In contrast, knockdown of

HtrA1 suppressed the osteogenic differentiation with

down-regulation of TGF-b1. These findings suggested that

HtrA1 plays a positive role in hPDLCs osteogenic differ-

entiation and may regulate this process by TGF-b1.

Keywords Human periodontal ligament cells (hPDLCs) �
High-temperature requirement protein A1 (HtrA1) � TGF-

b1 � Osteogenic differentiation � Lentivirus

Introduction

The periodontal ligament (PDL) is a thin connective tissue

located between the alveolar bone and cementum, in which

PDLCs can differentiate into osteoblasts and cementoblasts

and play a crucial role in the maintenance and regeneration

of periodontal tissue (Seo et al. 2004; Sonoyama et al.

2006; Zhou et al. 2011). Interestingly, in physiological

conditions, PDL maintains the non-mineralized space

although it is located these two hard tissues. Although

some factors have been found to be involved in periodontal

tissue homeostasis, the exact mechanism of PDL free of

mineralization is still unclear (Sun et al. 2014).

HtrA1, a member of the human HtrA serine protease

family, is involved in multiply biological and pathological

processes, such as growth, apoptosis, Alzheimer’s disease

(AD), age-related macular degeneration, osteoarthritis, and

tumor development (Chien et al. 2004; Dewan et al. 2006;

Grau et al. 2005). More importantly, HtrA1 is a key

regulator of matrix mineralization. It can prevent mineral

deposition by inhibiting TGF-b signaling depending on its

proteolytic activity (Oka et al. 2004; Hadfield et al. 2007),

and can also negatively regulate osteoblast differentiation

partly by suppressing BMP2-induced activation of Smad1/

5/8, ERK1/2 and p38 (Wu et al. 2014). Besides, loss of
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HtrA1 in vivo was found to increase the bone formation

(Graham et al. 2013). Therefore, these findings suggested

HtrA1 is a significant mineralization inhibitor. But to date,

the effect of HtrA1 on PDL free of mineralization has not

been reported.

TGF-b superfamily is an important signaling pathway,

which controls cell growth, differentiation, bone-remodel-

ing and regeneration (Blobe et al. 2000; Kajdaniuk et al.

2013). It consists of TGF-bs, bone morphogenic proteins

(BMPs), growth/differentiation factors (Gdfs) and activins

in mammals (Oka et al. 2004; Massague and Chen 2000).

TGF-b1 is a member of the TGF-b family and is very

important for periodontal reorganization and regeneration

(Wang et al. 2014; Maeda et al. 2013; Markopoulou et al.

2011). Unfortunately, the precise mechanism of TGF-b1 in

PDL has not been fully clarified. Previous study has

showed HtrA1 could bind TGF-b1 in vitro (Oka et al.

2004). Particularly, HtrA1 could also regulate several

physiological and pathological processes by TGF-b1, in-

cluding neuronal maturation and developmental survival,

human cerebral small vessels disease (Launay et al. 2008;

Shiga et al. 2011). But whether HtrA1 regulates TGF-b1 to

control hPDLCs osteogenic differentiation is hitherto

unknown.

Therefore, we assume HtrA1 may play an important role

in preventing PDL mineralization, and may regulate

hPDLCs osteogenic differentiation by TGF-b1. This study

was designed to investigate the role of HtrA1 in hPDLCs

osteogenic differentiation, and by focusing on TGF-b1, to

preliminarily explore the regulatory mechanism of HtrA1

in this process.

Materials and methods

Cell culture and osteogenic induction

The isolation of hPDLCs was approved by the Institutional

Ethics Committee, and informed consent was obtained

from each patient. The cell culture, identification and os-

teogenic induction were performed as described previously

(Hayami et al. 2007; Li et al. 2012). hPDLCs were ob-

tained from healthy premolars from three healthy patients

(two female and one male, age: 12–25 years) extracted for

orthodontic reasons. Cells were incubated in Dulbecco’s

modified medium (DMEM, HyClone, USA) at 37 �C in

5 % CO2 in humidified air, and passages 3–6 were used in

all experiments. For osteogenic induction, hPDLCs were

cultured in mineralization medium (MM) supplement with

10 mM b-glycerophosphate (b-GlyP), 10-8 M dexam-

ethasone and 50 mg/ml asorbic acid (Sigma, USA), while

hPDLCs remained in the normal culture medium (CM)

were used as control.

RNA isolation and RT-PCR analysis

Total RNA samples were isolated from hPDLCs at passage

3, and the isolation of total RNA, cDNA synthesis and PCR

analysis were performed as our previous study (Li et al.

2012). Briefly, cells were lysed with TRIzol reagent (In-

vitrogen, USA). Then chloroform was added in the lysate

and centrifuged at 12,0009g, 4 �C for 15 min. RNA in the

upper aqueous phase were transferred to a new Eppendorf

microcentrifuge tube, and precipitated by isopropanol. Fi-

nally, RNA pellets were washed with 75 % ethanol, dried,

and dissolved in RNase-free water. Then 500 ng RNA was

used for cDNA synthesis and PCR analysis (TaKaRa, Ja-

pan). The primer sequences and products sizes are shown

in Table 1.

Co-localization analysis with QDs-based

immunofluorescence

QDs-based double Immunofluorescence Staining Kit, with

Qdots Streptavidin Conjugate (QDs-SA, 605 nm) and

Qdots IgG Conjugate (QDs–IgG, 545 nm) probes, was

obtained from Wuhan Jiayuan Quantum Dots Co., Ltd

(Wuhan, China). hPDLCs were fixed and incubated with

0.1 % Triton-X 100 at 37 �C for 15 min, and then cells

were blocked with serum. To avoid the cross-reactivity,

hPDLCs were incubated with primary rabbit anti-HtrA1

antibody (ab38610, Abcam Inc, Cambridge, MA) and anti-

TGFb1 antibody (Santa Cruz sc-146, USA) respectively.

Firstly, cells were incubated with primary anti-HtrA1 an-

tibody (1:100) at 4 �C overnight. Next day the cells were

washed, blocked, incubated in biotinylated secondary an-

tibody and QDs-SA. After washing, cells were then

blocked and incubated in primary anti-TGFb1 (1:200) at

4 �C overnight. Then next day the slides were washed,

blocked and incubated with QDs-IgG secondary antibody.

The nuclei were stained by 40, 6-diamidino-2-phenylindole

(DAPI). Finally, the complex of HtrA1-biotinylated sec-

ondary antibody-QDs-SA and the complex of TGFb1-QDs-

IgG was detected by Nuance spectral imaging system (CRI,

USA).

Co-immunoprecipitation assay

hPDLCs were lysed in ice-cold buffer for 15 min. Proteins

were incubated with 1 lg of anti-HtrA1 monoclonal anti-

body (Santa Cruz sc-377050, USA) or anti-TGFb1 anti-

body (Santa Cruz sc-146, USA) shaking overnight at 4 �C.

Then the immunoprecipitates were obtained by conjugation

to 20 ll Protein A/G–Agarose (Beyotime Biotechnology,

P1012, China) for 3 h at 4 �C. Immunoprecipitates were

then collected by centrifugation at 2500 rpm for 5 min.

After washing five times in the above lysis buffer, samples
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were resolved in 20 ll 1X SDS loading buffer and heated

at 100 �C for 5 min. Finally, to detect the bound proteins,

samples were separated in SDS–polyacrylamide gels and

transferred to the PVDF membranes. The membranes were

blocked in 5 % nonfat milk at room temperature for 2 h,

incubated with primary anti-HtrA1 antibody (1:200) and

anti-TGFb1 antibody (1:200) at 4 �C overnight. After

washing three times, membranes were incubated with

secondary antibodies (anti-mouse IgG or anti-rabbit IgG) at

room temperature for 1 h. Finally, the membranes were

visualized by enhanced chemiluminescence (ECL). Input

and mouse IgG served as positive and negative control,

respectively.

Alizarin red staining, alkaline phosphatase (ALP)

activity assay

Alizarin red staining and ALP activity were measured ac-

cording to the procedure of our previous study(Li et al.

2012). For alizarin red staining, hPDLCs were fixed in 4 %

(w/v) paraformaldehyde for 15 min at room temperature.

Then the cells were rinsed and incubated in 0.1 % alizarin

red (Sigma, USA) at room temperature for 30 min. Finally,

cells were washed and photographed.

ALP activity was measured according to the manufactur-

er’s protocol (Nanjing-Jiancheng, China). hPDLCs were

lysed by M-PER Reagent (Pierce 78501, USA) and cen-

trifuged at 14,0009g, 4 �C for 10 min. Then the supernatant

was mixed with the ALP substrate solution and incubated at

37 �C for 15 min. Finally, the reaction was stopped and the

absorbance was measured at 410 nm. ALP activity was cal-

culated as nanomoles of p-nitrophenol/lg of protein/30 min.

Quantitative real-time PCR (QPCR)

Real-time PCR was performed with SYBR green PCR mix

(TaKaRa, Japan) on ABI 7500 machine (Applied Biosys-

tems, USA), with amplification conditions as follows:

95 �C/10 min for denaturation, followed by 95 �C/5 s,

58 �C/20 s, and 72 �C/34 s for 40 cycles. The relative gene

expression was calculated by the 2(-44Ct) method, and

normalized to GAPDH. The primer sequences and product

sizes are shown in Table 1.

Western blot analysis

The method of protein extractions was performed as our

previous study (Li et al. 2012). hPDLCs were washed with

cold PBS for three times. 200 ll M-PER Reagent (Pierce

78501, USA) with protease inhibitor was added with

shaking gently for 5 min. The lysate was collected and

centrifuged at 14,0009g, 4 �C for 10 min. The supernatant

was carefully collected, and then equal amounts of protein

were loaded in SDS–polyacrylamide gels (SDS-PAGE),

electrophoresed, and transferred to PVDF membranes. The

samples were detected with primary antibodies, including

anti-FLAG(1:5000, Abmart, Shanghai, China) antibody,

anti-HtrA1 antibody (1:200), anti-TGFb1 (1:200), and anti-

GAPDH antibody (1:1000, ProMab, Mab-2005079), and

goat anti-mouse IgG or goat anti-rabbit IgG secondary

antibodies. Finally, the membranes were visualized via

ECL substrate (Pierce 32209, USA).

Lentivirus-mediated overexpression of HtrA1

HtrA1-overexpression lentivirus (NM_002775, pGC-FU-

3FLAG-HTRA1) was provided by Genechem (Shanghai,

China). hPDLCs were transduced by HtrA1-overexpression

lentivirus (HtrA1 group) or negative control lentivirus (NC

group), puromycin (1 lg/ml) was added for 3 days to se-

lect the resistant clones. Finally, HtrA1 expression was

evaluated by QPCR and western blot analysis.

RNA interference

Short hairpin RNA (shRNA) lentivirus for the human HtrA1

gene (shHtrA1) (pGLV/H1/GFP ? Puro Vector) and nega-

tive control (NC) were purchased from GenePharma

(Shanghai, China). Following the above similar protocol,

shRNA lentivirus was transduced into hPDLCs and resistant

clones were selected by puromycin.

Table 1 Primer sequence of target gene

Gene Forward primer (50–30) Reverse primer (50–30) Tm (�C) Length (bp)

HtrA1 CAGACATCGCACTCATCAA ACTTCACCGTCCAGGTTTAC 58 271

TGFb1 GAGCCTGAGGCCGACTACTA TGAGGTATCGCCAGGAATTG 58 256

ALP ACGTGGCTAAGAATGTCATC CTGGTAGGCGATGTCCTTA 60 486

Runx2 AACCCTTAATTTGCACTGGGTCA CAAATTCCAGCAATGTTTGTGCTAC 60 145

OCN GGTGCAGCCTTTGTGTCCAA CCTGAAAGCCGATGTGGTCA 60 174

GAPDH TCATGGGTGTGAACCATGAGAA GGCATGGACTGTGGTCATGAG 60 146
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Statistical analysis

All data were presented as mean ± standard deviation.

Statistical analyses were performed by using independent

sample Student’s t test. p \ 0.05 was considered statisti-

cally significant.

Results

Expression patterns of HtrA1 and TGFb1 in hPDLCs

RT-PCR and immunofluorescence staining were used to

detect mRNA and protein expressions of HtrA1 and

TGFb1 respectively. As shown in Fig. 1a, mRNA expres-

sion of HtrA1 and TGFb1 was confirmed by RT-PCR.

Then to visualize the co-localization of HtrA1 and TGFb1

in the same cells, QDs-based double immunofluorescence

staining was performed. Figure 1b indicated that HtrA1

(red) and TGFb1 (green) were both expressed in the

cytoplasm of hPDLCs, and the co-localization was also

found in the cytoplasm (yellow).

Co-immunoprecipitation assay

To further defect the interaction between endogenous

HtrA1 and TGFb1 in hPDLCs, co-immunoprecipitation

was applied. As shown in Fig. 1c, anti-HtrA1 or anti-

TGFb1 antibodies were used to pull down the immuno-

precipitates, and we found HtrA1 could bind to TGFb1.

Osteogenic induction and ALP activity

As described before, the process of osteogenic induction

was performed. To investigate osteogenic differentiation of

hPDLCs, ALP activity and the formation of mineralized

nodule were detected. Similar with our previous research,

after 21-day osteogenic induction the ALP activity showed

a time-dependent increase and reached a peak on day 14

Fig. 1 a HtrA1 and TGF-b1 mRNA expression in hPDLCs by RT-

PCR. b QDs-based immunofluorescence staining of HtrA1 and TGF-

b1 in hPDLCs. Positive anti- HtrA1 staining (red, a–c) and anti-TGF-

b1 staining (green, d–f) were in cytoplasm. Merged QDs signal of

HtrA1 and TGF-b1 (yellow, g–i). DAPI staining for nuclei (blue, b,

e and h). Scale bar 30 lm. c Co-immunoprecipitation assays of

HtrA1 and TGF-b1. HtrA1 interacted with TGF-b1 in hPDLCs by

using specific antibodies of anti-HtrA1 or anti-TGF-b1. Input:

positive control, IgG: negative control. d ALP activity of hPDLCs

for osteogenic induction. Bars represent mean ± SD (n = 3),

**p \ 0.01. e Alizarin red staining for mineralized nodules during

hPDLCs osteogenic differentiation. MM mineralization medium

group, CM culture medium group. (Color figure online)
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(Fig. 1d, ** p \ 0.01). The mineralized nodules were first

found on day 14 in the mineralization medium group (MM),

but there were none mineral deposits in the normal culture

medium group (CM) (Fig. 1e).

Overexpression of HtrA1 promotes osteogenic

differentiation of hPDLCs

HtrA1 expression was confirmed at mRNA and protein

levels by QPCR and western blot. In Fig. 2a, western

blot result indicated FLAG tag was detected in HtrA1

group, while QPCR showed mRNA expression of HtrA1

was significantly increased 6.5-fold compared with NC

(Fig. 2b, p \ 0.01), suggesting pGC-FU-3FLAG-HTRA1

vector was successfully transduced. After osteogenic in-

duction, more mineralized nodules were observed in

HtrA1 overexpression group (Fig. 2c). Consistent with

this finding, osteogenic marker genes expressions, in-

cluding ALP, Runx2 and OCN, were up-regulated in

HtrA1 on day 14 compared with NC (Fig. 2d, *

p \ 0.05, ** p \ 0.01).

Knockdown of HtrA1 inhibits hPDLCs osteogenic

differentiation

To further study whether down-regulation of HtrA1 affects

hPDLCs osteogenic differentiation, HtrA1 was stably

knockdown by lentivirus-mediated shRNA (shHtrA1).

First, expression of HtrA1 was verified, and Fig. 3a, b

demonstrated the expression of HtrA1 was dramatically

decreased at both of mRNA and protein levels in shHtrA1

(p \ 0.01). Next, the alizarin red staining showed that

knockdown of HtrA1 delayed mineralized nodules forma-

tion (Fig. 3c). During 14-day osteogenic induction, the

ALP activity showed significantly decreased in shHtrA1

group (Fig. 3d, p \ 0.01). Meanwhile, the mRNA expres-

sion of osteogenic marker genes was also down-regulated

compared with the control, such as ALP, Runx2 and OCN

(Fig. 3e, * p \ 0.05, ** p \ 0.01).

Effect of HtrA1 on the expression of TGFb1

To preliminarily investigate the mechanism of HtrA1 in

regulating hPDLCs osteogenic differentiation, we

Fig. 2 Overexpression of HtrA1 promotes osteogenic differentiation

of hPDLCs. a FLAG tag was detected in HtrA1 group by western

blot, mRNA expression of HtrA1 was significantly increased

compared with NC, b overexpression of HtrA1 led to more

mineralized nodules formation, c expression of osteogenic genes

including ALP, Runx2 and OCN were increased after HtrA1 was up-

regulated. Values are present as mean ± SD (n = 3). *p \ 0.05,

**p \ 0.01. HtrA1 the group of overexpression of HtrA1, NC

negative control group. Scale bar 100 lm
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examined the expression profile of TGFb1. In Fig. 4a, it is

shown that, HtrA1 overexpression led to a significant in-

crease in TGFb1 mRNA expression on day 14 (p \ 0.01).

Consistent with this, the protein expression of TGFb1 was

also increased compared with the control (Fig. 4b). Then,

we further determine the effect of knockdown of HtrA1 on

TGFb1 expression. QPCR and western blot results

demonstrated that when HtrA1 was knockdown by shRNA,

TGFb1 expression was also decreased at both mRNA and

protein levels (Fig. 4c, d, p \ 0.01).

Discussion

PDL plays crucial roles for homeostasis of periodontal tis-

sues, inculuding remodeling, wound healing and tissue re-

generation (Hou et al. 2012; Wang et al. 2013). In

periodontal defect, the osteogenic differentiation of PDLCs

plays an important role in periodontal regeneration (Mar-

kopoulou et al. 2011). However, interestingly, under normal

physiological conditions, PDL remains non-mineralized

although located between two hard tissues, but the exact

mechanism of which is still unknown. Many previous studies

showed that HtrA1 is an essential mineralization inhibitor

and could regulate bone homeostasis by TGF-b signaling

(Oka et al. 2004; Hadfield et al. 2007; Wu et al. 2014; Gra-

ham et al. 2013). Unfortunately, the role of HtrA1 in PDL

remains unclarified. Therefore, this study aimed to investi-

gate the effect of HtrA1 on hPDLCs osteogenic differen-

tiation and preliminarily explore its signaling pathway.

First of all, we confirmed the expression of HtrA1 and

TGFb1 in hPDLCs at both mRNA and protein levels.

Previous study has showed that HtrA1 could bind TGFb1

in vitro (Oka et al. 2004). Our results found HtrA1 and

TGFb1 were co-localized in the cytoplasm of hPDLCs, and

then co-immunoprecipitation further confirmed the

Fig. 3 Knockdown of HtrA1 inhibits hPDLCs osteogenic differentiation.

When HtrA1 was knockdown, (a, b) Western blot and QPCR showed the

expression of HtrA1 was significantly decreased, respectively. c Down-

regulation of HtrA1 repressed mineralized nodules formation, d ALP

activity was significantly decreased in shHtrA1 group. e Expression of

osteogenic genes of ALP, Runx2 and OCN were decreased. Values are

present as mean ± SD (n = 3). *p\0.05, **p\0.01. shHtrA1 the

group of HtrA1 knockdown, NC negative control group. Scale bar 100 lm

142 J Mol Hist (2015) 46:137–144

123



interaction between HtrA1 and TGFb1, showing they could

bind each other in hPDLCs. These findings strongly sug-

gested that there is a close relationship between HtrA1 and

TGFb1, and HtrA1 may regulate the TGFb signaling by

binding TGFb1.

After that, to explore the role of HtrA1 in hPDLCs os-

teogenic differentiation, the model of hPDLCs osteogenic

differentiation followed our previous study was firstly

established by detecting ALP activity and the mineralized

nodules (Li et al. 2012). Then lentivirus-mediated over-

expression and reduction of HtrA1 was performed. Firstly,

the up-regulated and down-regulated expression of HtrA1

was confirmed at both of mRNA and protein levels. Sur-

prisingly, we found overexpression of HtrA1 enhanced the

mineralized nodules formation and expression of mineral-

ization-related genes ALP, Runx2 and OCN. Consistent

with this finding, knockdown of HtrA1 inhibited the min-

eralized nodules formation, ALP activity and mineraliza-

tion-related genes. Previous studies have shown HtrA1 is a

negative regulator for mineralization (Hadfield et al. 2007;

Wu et al. 2014; Graham et al. 2013). Conversely, our

findings suggested that HtrA1 could positively regulate the

osteogenic differentiation of hPDLCs. Similarly, a recent

study has also demonstrated the positive role of HtrA1 in

the osteogenesis of MSC from human bone marrow (Ti-

aden et al. 2012). Hence, we assume HtrA1 may possess

dual roles in regulating osteogenesis, different results may

be caused by different cell sources, experimental variations

and other different conditions.

Finally, to further investigate the mechanism of

HtrA1 in regulating hPDLCs osteogenic differentiation,

we focused on TGF-b signaling, especially TGF-b1. It

demonstrated that during 14-day osteogenic induction,

the expression of TGF-b1 in HtrA1 overexpression

group was significantly increased at both of mRNA and

protein levels. While when HtrA1 is knockdown, the

expression of TGF-b1 was also down-regulated. Pre-

vious studies showed HtrA1 could degrade and regulate

the amount of TGF-b1 to control neural development

and cerebral small-vessel disease (Launay et al. 2008;

Shiga et al. 2011). Although the precise mechanism is

still unclear, our present results implied that HtrA1

may regulate hPDLCs osteogenic differentiation by

TGF-b1.

In conclusion, our work attempts to provide the role and

mechanism of HtrA1 in regulating hPDLCs osteogenic

differentiation. We found HtrA1 could promote hPDLCs

osteogenic differentiation and may regulate this process by

TGF-b1. Nevertheless, to illuminate the exact regulatory

mechanism further work is still needed. Our study may

provide new insight into the maintenance and regeneration

of periodontal tissues.

Acknowledgments This work was supported by the National Natural

Science Foundation of China (NSFC Nos: 81070824 and 81371141),

the Fundamental Research Funds for the Central Universities (Grant

Nos: 1504-219-032 and 201130402020013), Specialized Research

Fund for the Doctoral Program of Higher Education (Grant No:

20130072110020) and Open Research Fund Program of Hubei-MOST

KLOS & KLOBME (Grant No: 2014-01).

Conflict of interest None.

References

Blobe GC, Schiemann WP, Lodish HF (2000) Role of transforming

growth factor beta in human disease. N Engl J Med

342(18):1350–1358. doi:10.1056/NEJM200005043421807

Fig. 4 Effect of HtrA1 on TGFb1 expression. a Up-regulation of

HtrA1 led to increased mRNA expression of TGFb1, b up-regulation

of HtrA1 increased TGFb1 expression at protein level, c,

d Knockdown of HtrA1 decreased the expression of TGFb1 at both

of mRNA and protein levels. Values are present as mean ± SD

(n = 3), **p \ 0.01

J Mol Hist (2015) 46:137–144 143

123

http://dx.doi.org/10.1056/NEJM200005043421807


Chien J, Staub J, Hu SI, Erickson-Johnson MR, Couch FJ, Smith DI,

Crowl RM, Kaufmann SH, Shridhar V (2004) A candidate tumor

suppressor HtrA1 is downregulated in ovarian cancer. Oncogene

23(8):1636–1644. doi:10.1038/sj.onc.12072711207271

Dewan A, Liu M, Hartman S, Zhang SS, Liu DT, Zhao C, Tam PO,

Chan WM, Lam DS, Snyder M, Barnstable C, Pang CP, Hoh J

(2006) HTRA1 promoter polymorphism in wet age-related

macular degeneration. Science 314(5801):989–992. doi:10.

1126/science.1133807

Graham JR, Chamberland A, Lin Q, Li XJ, Dai D, Zeng W, Ryan MS,

Rivera-Bermudez MA, Flannery CR, Yang Z (2013) Serine

protease HTRA1 antagonizes transforming growth factor-beta

signaling by cleaving its receptors and loss of HTRA1 in vivo

enhances bone formation. PLoS ONE 8(9):e74094. doi:10.1371/

journal.pone.0074094

Grau S, Baldi A, Bussani R, Tian X, Stefanescu R, Przybylski M,

Richards P, Jones SA, Shridhar V, Clausen T, Ehrmann M

(2005) Implications of the serine protease HtrA1 in amyloid

precursor protein processing. Proc Natl Acad Sci USA

102(17):6021–6026. doi:10.1073/pnas.0501823102

Hadfield KD, Rock CF, Inkson CA, Dallas SL, Sudre L, Wallis GA, Boot-

Handford RP, Canfield AE (2007) HtrA1 inhibits mineral deposi-

tion by osteoblasts: requirement for the protease and PDZ domains.

J Biol Chem 283(9):5928–5938. doi:10.1074/jbc.M709299200

Hayami T, Zhang Q, Kapila Y, Kapila S (2007) Dexamethasone’s

enhancement of osteoblastic markers in human periodontal

ligament cells is associated with inhibition of collagenase

expression. Bone 40(1):93–104. doi:10.1016/j.bone.2006.07.003

Hou J, Yamada S, Kajikawa T, Ozaki N, Awata T, Yamaba S,

Murakami S (2012) Role of ferritin in the cytodifferentiation of

periodontal ligament cells. Biochem Biophys Res Commun

426(4):643–648. doi:10.1016/j.bbrc.2012.09.008

Kajdaniuk D, Marek B, Borgiel-Marek H, Kos-Kudla B (2013)

Transforming growth factor beta1 (TGFbeta1) in physiology and

pathology. Endokrynol Pol 64(5):384–396. doi:10.5603/EP.

2013.0022

Launay S, Maubert E, Lebeurrier N, Tennstaedt A, Campioni M,

Docagne F, Gabriel C, Dauphinot L, Potier MC, Ehrmann M,

Baldi A, Vivien D (2008) HtrA1-dependent proteolysis of TGF-

beta controls both neuronal maturation and developmental

survival. Cell Death Differ 15(9):1408–1416. doi:10.1038/cdd.

2008.82

Li R, Li X, Zhou M, Han N, Zhang Q (2012) Quantitative

determination of matrix Gla protein (MGP) and BMP-2 during

the osteogenic differentiation of human periodontal ligament

cells. Arch Oral Biol 57(10):1408–1417. doi:10.1016/j.archor

albio.2012.07.005

Maeda H, Wada N, Tomokiyo A, Monnouchi S, Akamine A (2013)

Prospective potency of TGF-beta1 on maintenance and regen-

eration of periodontal tissue. Int Rev Cell Mol Biol

304:283–367. doi:10.1016/B978-0-12-407696-9.00006-3

Markopoulou CE, Dereka XE, Vavouraki HN, Pepelassi EE, Mamalis

AA, Karoussis IK, Vrotsos IA (2011) Effect of rhTGF-beta1

combined with bone grafts on human periodontal cell

differentiation. Growth Factors 29(1):14–20. doi:10.3109/

08977194.2010.533663

Massague J, Chen YG (2000) Controlling TGF-beta signaling. Genes

Dev 14(6):627–644

Oka C, Tsujimoto R, Kajikawa M, Koshiba-Takeuchi K, Ina J, Yano M,

Tsuchiya A, Ueta Y, Soma A, Kanda H, Matsumoto M, Kawaichi

M (2004) HtrA1 serine protease inhibits signaling mediated by

Tgfbeta family proteins. Development 131(5):1041–1053. doi:10.

1242/dev.00999131/5/1041

Seo BM, Miura M, Gronthos S, Bartold PM, Batouli S, Brahim J, Young

M, Robey PG, Wang CY, Shi S (2004) Investigation of multipotent

postnatal stem cells from human periodontal ligament. Lancet

364(9429):149–155. doi:10.1016/S0140-6736(04)16627

Shiga A, Nozaki H, Yokoseki A, Nihonmatsu M, Kawata H, Kato T,

Koyama A, Arima K, Ikeda M, Katada S, Toyoshima Y,

Takahashi H, Tanaka A, Nakano I, Ikeuchi T, Nishizawa M,

Onodera O (2011) Cerebral small-vessel disease protein HTRA1

controls the amount of TGF-b1 via cleavage of proTGF-b1.

Hum Mol Genet 20(9):1800–1810. doi:10.1093/hmg/ddr063

Sonoyama W, Liu Y, Fang D, Yamaza T, Seo BM, Zhang C, Liu H,

Gronthos S, Wang CY, Wang S, Shi S (2006) Mesenchymal

stem cell-mediated functional tooth regeneration in swine. PLoS

ONE 1:e79. doi:10.1371/journal.pone.0000079

Sun J, Zhang T, Zhang P, Lv L, Wang Y, Zhang J, Li S (2014)

Overexpression of the PLAP-1 gene inhibits the differentiation

of BMSCs into osteoblast-like cells. J Mol Histol 45(5):599–608.

doi:10.1007/s10735-014-9585-0

Tiaden AN, Breiden M, Mirsaidi A, Weber FA, Bahrenberg G, Glanz

S, Cinelli P, Ehrmann M, Richards PJ (2012) Human serine

protease HTRA1 positively regulates osteogenesis of human

bone marrow-derived mesenchymal stem cells and mineraliza-

tion of differentiating bone-forming cells through the modulation

of extracellular matrix protein. Stem Cells 30(10):2271–2282.

doi:10.1002/stem.1190

Wang J, Zhu Q, Song S, Dong J, Shi L, Tao R, Ding Y, Hong B

(2013) Increased PELP1 expression in rat periodontal ligament

tissue in response to estrogens treatment. J Mol Histol

44(3):347–356. doi:10.1007/s10735-013-9490-y

Wang L, Wang T, Song M, Pan J (2014) Rho plays a key role in TGF-

beta1-induced proliferation and cytoskeleton rearrangement of

human periodontal ligament cells. Arch Oral Biol 59(2):149–157.

doi:10.1016/j.archoralbio.2013.11.004

Wu X, Chim SM, Kuek V, Lim BS, Chow ST, Zhao J, Yang S, Rosen

V, Tickner J, Xu J (2014) HtrA1 is upregulated during RANKL-

induced osteoclastogenesis, and negatively regulates osteoblast

differentiation and BMP2-induced Smad1/5/8, ERK and p38

phosphorylation. FEBS Lett 588(1):143–150. doi:10.1016/j.

febslet.2013.11.022

Zhou Q, Zhao Z-N, Cheng J-T, Zhang B, Xu J, Huang F, Zhao R-N,

Chen Y-J (2011) Ibandronate promotes osteogenic differen-

tiation of periodontal ligament stem cells by regulating the

expression of microRNAs. Biochem Biophys Res Commun

404(1):127–132. doi:10.1016/j.bbrc.2010.11.079

144 J Mol Hist (2015) 46:137–144

123

http://dx.doi.org/10.1038/sj.onc.12072711207271
http://dx.doi.org/10.1126/science.1133807
http://dx.doi.org/10.1126/science.1133807
http://dx.doi.org/10.1371/journal.pone.0074094
http://dx.doi.org/10.1371/journal.pone.0074094
http://dx.doi.org/10.1073/pnas.0501823102
http://dx.doi.org/10.1074/jbc.M709299200
http://dx.doi.org/10.1016/j.bone.2006.07.003
http://dx.doi.org/10.1016/j.bbrc.2012.09.008
http://dx.doi.org/10.5603/EP.2013.0022
http://dx.doi.org/10.5603/EP.2013.0022
http://dx.doi.org/10.1038/cdd.2008.82
http://dx.doi.org/10.1038/cdd.2008.82
http://dx.doi.org/10.1016/j.archoralbio.2012.07.005
http://dx.doi.org/10.1016/j.archoralbio.2012.07.005
http://dx.doi.org/10.1016/B978-0-12-407696-9.00006-3
http://dx.doi.org/10.3109/08977194.2010.533663
http://dx.doi.org/10.3109/08977194.2010.533663
http://dx.doi.org/10.1242/dev.00999131/5/1041
http://dx.doi.org/10.1242/dev.00999131/5/1041
http://dx.doi.org/10.1016/S0140-6736(04)16627
http://dx.doi.org/10.1093/hmg/ddr063
http://dx.doi.org/10.1371/journal.pone.0000079
http://dx.doi.org/10.1007/s10735-014-9585-0
http://dx.doi.org/10.1002/stem.1190
http://dx.doi.org/10.1007/s10735-013-9490-y
http://dx.doi.org/10.1016/j.archoralbio.2013.11.004
http://dx.doi.org/10.1016/j.febslet.2013.11.022
http://dx.doi.org/10.1016/j.febslet.2013.11.022
http://dx.doi.org/10.1016/j.bbrc.2010.11.079

	HtrA1 may regulate the osteogenic differentiation of human periodontal ligament cells by TGF- beta 1
	Abstract
	Introduction
	Materials and methods
	Cell culture and osteogenic induction
	RNA isolation and RT-PCR analysis
	Co-localization analysis with QDs-based immunofluorescence
	Co-immunoprecipitation assay
	Alizarin red staining, alkaline phosphatase (ALP) activity assay
	Quantitative real-time PCR (QPCR)
	Western blot analysis
	Lentivirus-mediated overexpression of HtrA1
	RNA interference
	Statistical analysis

	Results
	Expression patterns of HtrA1 and TGF beta 1 in hPDLCs
	Co-immunoprecipitation assay
	Osteogenic induction and ALP activity
	Overexpression of HtrA1 promotes osteogenic differentiation of hPDLCs
	Knockdown of HtrA1 inhibits hPDLCs osteogenic differentiation
	Effect of HtrA1 on the expression of TGF beta 1

	Discussion
	Acknowledgments
	References


