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Purpose: To investigate the role and activation mechanism of TAZ in periodontal ligament 
stem cells (PDLSCs) perceiving hierarchical microgroove/nanopore topography.
Materials and Methods: Titanium surface with hierarchical microgroove/nanopore topo-
graphy fabricated by selective laser melting combined with alkali heat treatment (SLM- 
AHT) was used as experimental group, smooth titanium surface (Ti) and sandblasted, large- 
grit, acid-etched (SLA) titanium surface were employed as control groups. Alkaline phos-
phatase (ALP) activity assays, qRT-PCR, Western blotting, and immunofluorescence were 
carried out to evaluate the effect of SLM-AHT surface on PDLSC differentiation. Moreover, 
TAZ activation was investigated from the perspective of nuclear localization to transcrip-
tional activity. TAZ knockdown PDLSCs were seeded on three titanium surfaces to detect 
osteogenesis- and adipogenesis-related gene expression levels. Immunofluorescence and 
Western blotting were employed to investigate the effect of the SLM-AHT surface on actin 
cytoskeletal polymerization and MAPK signaling pathway. Cytochalasin D and MAPK 
signaling pathway inhibitors were used to determine whether actin cytoskeletal polymeriza-
tion and the MAPK signaling pathway were indispensable for TAZ activation.
Results: Our results showed that SLM-AHT surface had a greater potential to promote 
PDLSC osteogenic differentiation while inhibiting adipogenic differentiation than the other 
two groups. The nuclear localization and transcriptional activity of TAZ were strongly 
enhanced on the SLM-AHT surface. Moreover, after TAZ knockdown, the enhanced osteo-
genesis and decreased adipogenesis in SLM-AHT group could not be observed. In addition, 
SLM-AHT surface could promote actin cytoskeletal polymerization and upregulate p-ERK 
and p-p38 protein levels. After treatment with cytochalasin D and MAPK signaling pathway 
inhibitors, differences in the TAZ subcellular localization and transcriptional activity were no 
longer observed among the different titanium surfaces.
Conclusion: Our results demonstrated that actin cytoskeletal polymerization and MAPK 
signaling pathway activation triggered by SLM-AHT surface were essential for TAZ activa-
tion, which played a dominant role in SLM-AHT surface-induced stem cell fate decision.
Keywords: TAZ, hierarchical micro/nanoscale topography, periodontal ligament stem cells, 
osteogenic differentiation, adipogenic differentiation

Introduction
Mechanical signals that direct cell fate decisions include mechanical forces as well as 
the rigidity and surface topography of the extracellular matrix (ECM).1,2 Increasing 
evidence has shown that the surface topography of the matrix alone could effectively 
regulate stem cell differentiation.3–5 For intraosseous implants, the ideal surface 
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topography should induce osteogenic differentiation of stem 
cells and consequently promote bonding of the implant to 
the surrounding bone tissue (osseointegration). Titanium 
surfaces with hierarchical micro/nanoscale topography 
were reported to enhance osteogenic differentiation while 
inhibiting adipogenic differentiation6–9 and are considered a 
promising alternative to the currently used microscale topo-
graphy resulting from sandblasted, large-grit, and acid- 
etched (SLA) surface treatment. Previously, we prepared a 
titanium surface with hierarchical microprotrusion/nano-
notch topography using the direct metal laser sintering 
(DMLS) technique combined with acid etching and con-
firmed that it could improve osteogenesis.10 Then, we 
upgraded the preparation protocol and fabricated titanium 
surfaces with microgrooves/nanoporous hierarchical topo-
graphy by selective laser melting (SLM) combined with 
alkali heat treatment (AHT), and our preliminary study 
suggested that this topography might be more effective in 
promoting the osteogenic differentiation of preosteoblast 
MC3T3-E1 cells than that of other surfaces.11 However, 
the underlying mechanism of hierarchical micro/nanoscale 
topography-mediated direction of stem cell differentiation 
remains unclear.

Yes-associated protein (YAP) and its paralog transcrip-
tional coactivator with PDZ-binding motif (TAZ) are 
known as important mechanosensitive transcriptional 
regulators.12 Their activities and roles in signal transduction 
are closely related to their intracellular localization.13 In the 
cytoplasm, YAP/TAZ are found in an inactive phosphory-
lated state and are degraded by proteases.14 In the cell 
nuclei, YAP/TAZ converts to an active dephosphorylated 
state that is involved in various biological processes, such 
as cell cycle regulation,15 tumorigenesis,16 and transcrip-
tional regulation.17 The WW domain in the TAZ structure 
was shown to bind to the Pro-Pro-X-Tyr sequences of the 
transcription factors RUNX2 and PPARγ to regulate cell 
differentiation.17,18 Recent studies have revealed that the 
intracellular localization of YAP/TAZ could be influenced 
by the material surface topography and was possibly 
involved in topography-mediated cell fate decisions.19–21 

Jun-Ha Hwang reported that nanotube topography activated 
the mitogen-activated protein kinase (MAPK) pathway and 
thereby increased TAZ nuclear translocation.19 Houhua Pan 
demonstrated that the hierarchical macropore/nanowire 
topography increased YAP nuclear translocation to promote 
osteogenic differentiation.20 Accordingly, we hypothesized 
that YAP/TAZ also plays a critical role in the hierarchical 

microgroove/nanopore topography-mediated direction of 
stem cell fate.

Although several reports have shown that TAZ could 
be activated by titanium surfaces with hierarchical micro/ 
nanoscale topography, the activation mechanism of TAZ 
has yet to be studied. Current evidence on this issue 
suggests that the actin cytoskeleton and MAPK signaling 
pathway should be strongly considered. On the one hand, 
actin polymerization has been proven to be essential for 
TAZ nuclear localization.12 Previous reports indicated that 
hierarchical micro/nanoscale topography could promote 
actin cytoskeletal polymerization.10,22 Therefore, polymer-
ization of the actin cytoskeleton may play an important 
role in the activation of TAZ. On the other hand, the 
MAPK signaling pathway has also been shown to be 
actively involved in mechanical cue-induced cell 
differentiation,23,24 including ECM stiffness-mediated dif-
ferentiation through extracellular signal-regulated kinase 
(ERK) and c-Jun N-terminal kinase (JNK) activation25,26 

and mechanical stress-induced differentiation via ERK1⁄2 
and p38 activation.27,28 Moreover, the MAPK pathway 
was reported to be mechanically activated and subse-
quently influence the intracellular localization of YAP to 
regulate cell proliferation.29 These results indicated that 
the MAPK signaling pathway may also play a role in TAZ 
activation. Thus, we hypothesized that actin cytoskeletal 
polymerization induced by hierarchical micro/nanoscale 
topography is the immediate reason for TAZ activation, 
while the MAPK signaling pathway is also involved in this 
process, promoting the activation of TAZ.

In this study, we aimed to investigate the role and 
activation mechanism of TAZ in topographical cue- 
mediated cell fate decisions. Stable TAZ knockdown per-
iodontal ligament stem cells (PDLSCs) were employed to 
confirm the role of TAZ, while cytochalasin D and MAPK 
signaling pathway-specific inhibitors were used to reveal 
its activation mechanism. Our results demonstrated that 
TAZ played a key role in this process, and its potential 
activation mechanism involved actin cytoskeletal polymer-
ization and MAPK signaling pathway activation induced 
by hierarchical microgroove/nanopore topography.

Materials and Methods
Specimen Preparation and Surface 
Characterization
Selective laser melting combined with alkali heat treat-
ment (SLM-AHT) was employed to prepare titanium 
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surfaces with hierarchical microgroove/nanopore topo-
graphy (experimental group). The key parameters of 
the selective laser melting system were set as follows: 
continuous power of 200 W, wavelength of 1054 nm, 
laser spot size of 0.1 mm, and scanning speed of 7 m-s. 
HF (1.5%) was used for the following etching proce-
dure, and the samples were then incrementally heated to 
600°C. A smooth titanium surface (Ti) was obtained by 
sequentially polishing titanium specimens with silicon 
carbide sandpaper from 240 to 2000 grits (negative 
control), while sand-blasted, large grit and acid etching 
titanium surface (SLA) with irregular microscale topo-
graphy were achieved by sandblasting and acid etching 
procedures (positive control) as previously described.10 

The abovementioned titanium specimens were disc- 
shaped, 1 mm in thickness and 10 mm in diameter (for 
48-well plates) or 34 mm in diameter (for 6-well plates). 
After preparation, the titanium specimens were cleaned 
in acetone, absolute ethanol, and double-distilled water 
(ddH2O) sequentially in an ultrasonic cleaner for 15 
minutes, dried at room temperature, and sterilized at a 
vertical pressure steam sterilizer (SQ810C) for 120°C/2 
h. The resultant specimens were sterilized with ultravio-
let light for 30 minutes before use.

For the surface topography characterization, titanium 
specimens were observed by a field-emission scanning 
electron microscope (FE-SEM SUPRA 55 Sapphire, 
Germany). To obtain low- and high-magnification images 
of the surface morphology in each group, we observed the 
images at magnifications of 200 times, 10,000 times and 
50,000 times. The 10,000 times images were used to 
qualitatively evaluate microscale features, and the 50,000 
times images were used to evaluate nanoscale features.

PDLSC Isolation and Identification
Human PDLSCs were isolated according to a previously 
described protocol,30 following approved guidelines by 
Tianjin Medical University School of Stomatology 
(Experiment no: TMUhMEC2019011). Patients provided 
informed consent in accordance with the Declaration of 
Helsinki. Briefly, the middle one-third periodontal liga-
ment was gently separated from the root surface, digested 
in a mixed solution of 3 mg/mL collagenase type I (Sigma, 
USA) and 4 mg/mL dispase (Sigma, USA) for 1 h at 37°C, 
and passed through a 70 μm strainer (Falcon, USA) to 
obtain a single-cell suspension. PDLSCs were cultured in 
fresh α-MEM (HyClone, USA) with 10% FBS (Gibco, 
USA) and 1% penicillin/streptomycin (Gibco, USA) and 

incubated in a 5% CO2 atmosphere at 37°C. Passages 3~6 
PDLSCs were used for the following experiments. Flow 
cytometry was employed to identify putative PDLSCs. 
Generally, 2.5×105 3-passage PDLSCs were collected in 
1.5 mL Eppendorf tubes. Then, the cells were washed with 
PBS 2 times and fixed with 4% paraformaldehyde for 15 
minutes, followed by incubation with FITC-labeled CD45 
antibody (eBioscience, USA), FITC-labeled CD90 anti-
body (eBioscience, USA), and PE-labeled CD146 
(eBioscience, USA) for 30 minutes. Finally, cells posi-
tively stained with CD90 and CD146 were evaluated 
with fluorescence-activated cell sorting.

MTS
For evaluation of the initial cell adhesion on different 
titanium surfaces, PDLSCs were seeded on specimens in 
48-well plates at a density of 1×104 cells/well. After 2 h of 
culture, the culture medium was removed, and titanium 
specimens were gently washed with phosphate-buffered 
saline (PBS) 3 times. Empty α-MEM, MTS, and PMS 
were added at a ratio of 100:20:1 and incubated at 37°C 
for 4 h. Then, the supernatant was transferred to a new 96- 
well plate to measure the absorbance at 490 nm wave-
length and calculate the OD value.

PDLSC Osteogenic/Adipogenic Induction
For induction of osteogenic and adipogenic differentiation, 
PDLSCs were seeded on different titanium specimens in 
48-well plates at a density of 1×105 cells/well. The culture 
medium was changed the next day with osteogenic induc-
tion (OI) medium or adipogenic induction (AI) medium 
and renewed every 3 days. OI medium consisted of α- 
MEM, 10% FBS, 1% penicillin/streptomycin, 50 μg/mL 
ascorbic acid (Sigma, USA), 10 nmol/l dexamethasone 
(Sigma, USA) and 5 mmol/l β-glycerophosphate (Sigma, 
USA). AI medium consisted of α-MEM, 10% FBS, 1% 
penicillin/streptomycin, 0.1 μM dexamethasone, 1 μM 
insulin (Sigma, USA), 200 μM indomethacin (Sigma, 
USA), and 250 μM 3-isobutyl-1-methylxanthine (Sigma, 
USA). After 3 days of OI, wild-type PDLSCs on different 
titanium specimens were collected, and qRT-PCR and 
Western blotting were performed to determine the adhe-
sion-related gene and protein expression levels. Moreover, 
immunofluorescence staining was employed to visualize 
the actin cytoskeleton state. After 7 days of OI and AI, 
alkaline phosphatase (ALP) activity, immunofluorescence 
staining, qRT-PCR, and Western blotting were employed 
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to explore the differentiation of PDLSCs on different 
titanium surfaces.

ALP Activity Assay
After 7 days of culture with OI, the culture medium from 
different groups was collected to evaluate ALP activity 
using an ALP assay kit (microplate method) (Nanjing 
Jiancheng, China). The buffer, substrate solution, and 
color developer were added to the collected culture med-
ium according to the instructions, and the absorbance at 
520 nm was measured with a microplate reader. The 
experiment was performed in triplicate, and the ALP 
activity of cells on different topographies was calculated 
according to the following formula.

ALP activity of culture medium (Jin’s unit/100 mL) = 
(Determined OD value - blank OD value)/(standard OD 
value - blank OD value) × concentration of phenol stan-
dard (0.02 mg/mL) × 100 mL × dilution ratio before 
sample determination

Establishment of TAZ Knockdown 
PDLSCs
Short hairpin RNAs (shRNAs) were used to generate 
stable TAZ knockdown PDLSCs. TAZ-shRNA1, TAZ- 
shRNA2, and TAZ-shRNA3 oligos were purchased from 
GENEWIZ (China), and the shRNA-scramble plasmid 
was preserved in our laboratory. shRNA oligos were 
annealed and ligated into the pLKO.1 vector, producing a 
final plasmid that expressed the shRNA of TAZ. The 
recombinant lentiviral vectors were transfected into 293T 
cells and incubated for 12 h until the medium was replaced 
with HI (α-MEM, 10% FBS, 1% penicillin/streptomycin). 
The viral supernatants were harvested at 24 and 48 h and 
were used to infect PDLSCs at 70% confluence. After 12 h 
of transfection, the cells were cultured for 48 h with 
complete medium and then selected with 2 μg/mL puro-
mycin (1:1000). TAZ knockdown efficiency was measured 
by qRT-PCR and Western blot experiments as described in 

more detail in the following sections. High-efficiency TAZ 
knockdown PDLSCs were selected for subsequent studies. 
The sequences of the shRNA oligos are shown in Table 1.

For determination of the role of TAZ in topographical 
cue-induced cell fate determination, TAZ knockdown 
PDLSCs were seeded on different titanium surfaces, 
while scramble PDLSCs served as controls. After 3 days 
of OI culture, the gene expression levels of RUNX2 and 
PPARγ were detected by qRT-PCR.

qRT-PCR Analysis
For determination of the effect of hierarchical micro/ 
nanoscale topography on cell fate decisions, wild-type 
PDLSCs cultured with OI and AI for 7 days on different 
titanium specimens were collected to detect osteogenic 
and adipogenic gene expression levels. Furthermore, for 
analysis of the role of TAZ in topography-induced cell fate 
determination, stable TAZ knockdown PDLSCs cultured 
for 3 days with OI and AI were collected to detect the gene 
expression levels of RUNX2 and PPARγ. Total cellular 
RNA was extracted using TRIzol reagent (Invitrogen) 
according to the manufacturer’s instructions. qRT-PCR 
was performed by the ABI Prism 7500 Sequence 
Amplification System (Applied Biosystems) with the 
QuantiTect SYBR Green PCR Kit (Qiagen, Hilden, 
Germany). The housekeeping gene RP0 was used to nor-
malize gene expression. The primers used in this study are 
listed in Table 2.

Western Blot Analysis
For evaluation of the effect of different topographies on 
cell fate decisions, wild-type PDLSCs were collected to 
determine the total protein expression levels of RUNX2, 
ALP, and PPARγ after 7 days of culture with OI and AI. 
For determination of the underlying activation mechanism 
of TAZ, wild-type PDLSCs were collected to evaluate the 
protein expression levels of MAPK signaling pathway- 
related proteins, including ERK, p-ERK, JNK, p-JNK, 

Table 1 TAZ shRNA Sequences

Gene shRNA Sequences (5ʹ-3ʹ)

TAZ- 
shRNA1

F:5ʹCCGGGACATGAGATCCATCACTAATCTCGAGATTAGTGATGGATCTCATGTCTTTTTG3ʹ 
R:5ʹAATTCAAAAAGACATGAGATCCATCACTAATCTCGAGATTAGTGATGGATCTCATGTC3’

TAZ- 

shRNA2

F:5ʹCCGGGGACAAACACCCATGAACATCCTCGAGGATGTTCATGGGTGTTTGTCCTTTTTG3ʹ 
R:5ʹAATTCAAAAAGGACAAACACCCATGAACATCCTCGAGGATGTTCATGGGTGTTTGTCC3’

TAZ- 

shRNA3

F:5ʹCCGGCCGTTTCCCTGATTTCCTTGACTCGAGTCAAGGAAATCAGGGAAACGGTTTTTG3ʹ 
R:5ʹAATTCAAAAACCGTTTCCCTGATTTCCTTGACTCGAGTCAAGGAAATCAGGGAAACGG3’
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p38, and p-p38, after 3 days of culture with OI. The 
collected cells were lysed in RIPA buffer supplemented 
with PMSF and then centrifuged to collect the supernatant. 
Following denaturation, the proteins were loaded on 4%– 
20% polyacrylamide gels and then transferred to PVDF 
membranes. The membranes were incubated for 1 h to 
block nonspecific protein binding, incubated with primary 
antibodies overnight at 4°C, and incubated with the corre-
sponding secondary antibody for 2 h the next day. Finally, 
the membranes were exposed using an ECL kit (CWBIO, 
Beijing, China) to visualize the immunoreactive protein 
bands. MAPK pathway antibodies were all purchased from 
Cell Signaling Technology (USA). RUNX2 and PPARγ 
antibodies were purchased from Abcam (USA), and ALP 
antibody was purchased from Abways Technology 
(Beijing, China).

Pharmacological Inhibitor Treatment
Pharmacological inhibitors were employed to verify the 
role of the MAPK signaling pathway in hierarchical micro/ 
nanoscale topography-induced TAZ activation. After 3 
days of culture in 6-well plates on Ti, SLA, and SLM- 

AHT surfaces, wild-type PDLSCs were incubated with 10 
μM of the ERK inhibitor U0126 (Cell Signaling 
Technology, USA) and 10 μM of the p38 inhibitor 
SB203580 (Cell Signaling Technology, USA) for 2 h or 
0.2 μM cytochalasin D (Abcam, USA) for 10 minutes, and 
an equivalent volume of DMSO was added as a negative 
control. After incubation, the cells were harvested, and 
total RNA was extracted to evaluate the TAZ target gene 
expression level by qRT-PCR. Moreover, inhibitor-treated 
PDLSCs on different titanium specimens were tested by 
immunofluorescence staining to directly reveal TAZ sub-
cellular localization.

Immunofluorescence Staining
Wild-type PDLSCs cultured on different titanium speci-
mens in 48-well plates were used to visualize the state of 
the actin cytoskeleton, as well as the RUNX2 expression 
level. Pharmacological inhibitor-treated PDLSCs were 
observed to determine the subcellular localization of 
TAZ. The samples were washed twice with ice-cold 
PBS, fixed in 4% paraformaldehyde, permeabilized with 
0.05% Triton X-100 (Sigma-Aldrich), and blocked in BSA 
(5 mg/mL). The primary mouse anti-TAZ antibody (1:200, 
BD) and rabbit anti-RUNX2 antibody (1:200, Abcam) 
were incubated overnight at 4°C and F-actin (1:200, 
Molecular Probes) was incubated for 30 minutes at room 
temperature, followed by the fluorescently conjugated sec-
ondary antibody (1:200, Invitrogen) incubated at room 
temperature for 2 h. Finally, the nuclei were stained with 
DAPI (1:200, Sigma-Aldrich, USA) for 10 minutes. 
Immunofluorescence images were observed with an 
inverted fluorescence microscope system (FluoView 
FV1000; Olympus).

Statistical Analysis
All experiments were repeated at least 3 times to ensure the 
accuracy and reliability of the data, and data analysis was 
carried out with IBM SPSS statistics 23 software. One-way 
ANOVA was used to compare multiple samples. P < 0.05 
was considered significant, and P < 0.01 was considered 
highly significant (*P <0.05, **P < 0.01, ***P < 0.001).

Results and Discussion
Surface Topography Characterization and 
PDLSC Identification
In our published study, the DMLS titanium surface with hier-
archical microprotrusion/nanonotch topography exhibited a 

Table 2 Primer Sequences for qRT-PCR

Gene Primer Sequences (5ʹ-3ʹ)

RP0 F: TTCATTGTGGGAGCAGAC 
R: CAGCAGTTTCTCCAGAGC

RUNX2 F: AGAAGGCACAGACAGAAGCTTGA 
R: AGGAATGCGCCCTAAATCACT

ALP F: CCACGTCTTCACATTTGGTG 
R: AGACTGCGCCTGGTAGTTGT

PPARγ F: CCTTGCAGTGGGGATGTCTC 

R: CTTTGGTCAGCGGGAAGGAC

C/EBPα F: GGTGGACAAGAACAGCAACGA 

R: GTCATTGTCACTGGTCAGCTC

TAZ F: CTGCAGACATCTGCTTCACCA 

R: GGGAAGATATGCACCCAGTCC

CTGF F: CAGCATGGACGTTCGTCTG 

R: AACCACGGTTTGGTCCTTGG

CYR61 F: GTCCTCCATGGGGTCCTTGA 

R: AACTTCATGGTCCCAGTGCTC

FAK F: ACCTCAGCTAGTGACGTATGG 

R: CGGAGTCCCAGGACACTGTG

Integrin β1 F: GCTTTCTGTCACCTCTTCTAATCTTT 

R: CGTAGGTGAGAGCTGTTGCATAG
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greater potential for promoting BMSC osteogenic differentia-
tion both in vitro and in vivo than the Ti and SLA surfaces.10 In 
the present study, we upgraded the fabrication method by the 
combined use of the selective laser melting technique and 
alkali heat treatment to obtain an SLM-AHT surface with 
hierarchical microgroove/nanopore topography without appar-
ent microparticles. FE-SEM was employed to observe the 
titanium surfaces, and the images are presented in Figure 1A. 
The Ti surface possessed no apparent micro- or nanostructures. 
The SLA surface presented a rough structure on the microscale 
without regular features on the nanoscale. By contrast, the 
SLM-AHT surface exhibited a micron-sized groove with an 
average diameter of 30–40 μm combined with nanosized 
mesh-like pores with a diameter of approximately 100 nm.

PDLSCs are a group of MSC-like populations with 
multidifferentiation potential.30,31 Herein, our flow 

cytometric analysis of PDLSCs showed positive expres-
sion of the typical mesenchymal cell surface markers 
CD90 and CD146 and negative results for the hematopoie-
tic cell marker CD45 (Figure 1B). Putative PDLSCs were 
employed in the following experiments.

PDLSC Adhesion and Actin Cytoskeleton 
State on Different Titanium Surfaces
Generally, the implant surface could be considered the cel-
lular microenvironment to direct cell behavior.32 Cells initi-
ally respond to their microenvironment by integrin-mediated 
adhesion.2,33,34 The alteration in cell adhesion could translate 
physical cues into biochemical signaling and eventually 
affect the cell phenotype; for example, the formation of 
focal adhesion could activate FAK and paxillin,35 MAPK,36 

and Rho,37 which are involved in regulation of stem cell 

Figure 1 Surface characterization of Ti, SLA and SLM-AHT titanium surfaces and flow cytometry assay for PDLSCs identification. (A)FE-SEM observation of Ti, SLA and 
SLM-AHT titanium surface at 200×, 10,000× and 50,000× magnification. (B) Flow cytometric analysis of PDLSCs showed positive expression of cell markers CD90, CD146 
and negative results for CD45.
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lineage differentiation.38,39 Therefore, in the present study, 
the adhesion process was initially assayed to investigate the 
effect of hierarchical micro/nanoscale topography (SLM- 
AHT surface) on cell behavior. The MTS results are dis-
played in Figure 2A. More cells were observed on the 
SLM-AHT surface than the other surfaces, suggesting that 
the SLM-AHT surface could promote cell adhesion. Then, 
we detected the gene expression levels of the adhesion- 
related genes integrin β1 and FAK after 3 days of culture, 
and integrin β1 and FAK expression was significantly 
increased on the SLM-AHT surface compared with the Ti 
and SLA surfaces with or without OI (Figure 2B). Moreover, 
Western blot results further demonstrated that the total pro-
tein levels of integrin β1 and vinculin in the SLM-AHT 
group were higher than those in the other two groups with 
or without OI (Figure 2C), indicating that the SLM-AHT 
surface could promote cell adhesion by increasing the 
expression levels of adhesion-related proteins. Since the 
cytoskeleton connected to adhesion-related proteins could 
conduct and amplify topographical cues and was considered 

necessary in the topography-elicited cell fate decision,40,41 

we next evaluated the state of the actin cytoskeleton on 
hierarchical microgroove/nanopore topography. As shown 
by the immunofluorescence results, the PDLSCs cultured 
on the SLM-AHT surface indeed had more prominent stress 
fibers than the cells cultured on the Ti and SLA surfaces 
(Figure 2D), verifying that the SLM-AHT surface could 
promote cytoskeletal reorganization. Thus, the SLM-AHT 
surface with hierarchical micro/nanoscale topography was 
more favorable for cell adhesion and actin cytoskeletal poly-
merization than the Ti and SLA surfaces, which was consis-
tent with previous studies.10,20 However, further exploration 
is required to determine the role and molecular mechanism of 
cell adhesion and the actin cytoskeleton in topographical cue- 
induced cell fate determination.

Osteogenic and Adipogenic Differentiation 
of PDLSCs on Different Titanium Surfaces
In our experiments, PDLSCs were employed to investigate the 
role of the hierarchical micro/nanoscale topography on cell fate 

Figure 2 PDLSCs adhesion and actin cytoskeletal state on different titanium surfaces. (A) MTS assays for cell early adhesion on different titanium surfaces after 2 hours of culture. 
(B) The relative mRNA levels of integrin β1 and FAK in PDLSCs cultured on Ti, SLA and SLM-AHT surfaces for 3 days with and without osteoinduction. (C) The total protein 
expression of integrin β1 and vinculin in PDLSCs cultured on different surfaces for 3 days with and without osteoinduction. (D) Immunofluorescence staining assays for actin 
cytoskeleton state of PDLSCs cultured on different surfaces for 3 days (red, F-actin; blue, DAPI). Error bars represent SD (n = 3). *P <0.05,**P < 0.01,***P < 0.001.
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decision. After 7 days of osteogenic induction, the SLM-AHT 
group exhibited significantly higher gene expression levels of 
the osteogenic markers RUNX2 and ALP than the Ti and SLA 
groups (Figure 3A). Immunofluorescence data showed that 
SLM-AHT group had the strongest RUNX2-positive staining 
among the groups (Figure 3B). The total protein expression 
levels of RUNX2 and ALP in the SLM-AHT group were 
higher than those in the Ti and SLA groups (Figure 3C). In 
addition, enhanced ALP activity was observed on the SLM- 
AHT surface (P <0.05) (Figure 3D). Taken together, these data 
indicated that the microgroove/nanopore topography we fabri-
cated could promote PDLSC osteogenic differentiation, which 
was consistent with previous studies.6,7 Moreover, the expres-
sion levels of the adipogenic genes PPARγ and C/EBPα were 
analyzed after 7 days of adipogenic induction. As shown in 
Figure 3E, the SLM-AHT group had the lowest expression 
levels among all three groups. Accordingly, the lowest 
PPARγ2 protein expression was also found with the SLM- 
AHT surface (Figure 3F), indicating that the hierarchical 
micro/nanoscale topography could inhibit adipogenic differ-
entiation of PDLSCs.

Long-term success of intraosseous implants requires a 
microenvironment that could promote osteogenic 

differentiation of stem cells as well as inhibit adipogenic 
differentiation.32 Thus, the effect of different surface topogra-
phies on cell differentiation has been intensively studied in 
recent years. It was reported that hierarchical micro/nanoscale 
topography has a substantial advantage for bone formation 
over individual microscale or nanoscale topography because 
of its similar scale features to the natural bone structure.6,8,42 

Our previous study demonstrated that the SLM-AHT surface 
with hierarchical microgroove/nanopore topography could 
promote preosteoblast MC3T3-E1 cells osteogenic differentia-
tion by enhancing integrin α2-related cell adhesion.43 In the 
current study, we revealed that the SLM-AHT surface could 
not only enhance osteogenic differentiation of PDLSCs but 
also inhibit adipogenic differentiation. Nevertheless, the 
mechanotransduction mechanism of SLM-AHT surface direct-
ing cell fate remains to be elucidated.

TAZ Activation is Essential in 
Topography-Mediated Regulation of 
PDLSC Differentiation
YAP/TAZ are core molecules of the Hippo signaling path-
way that mediate widespread biological processes.44 

Figure 3 Osteogenic and adipogenic differentiation of PDLSCs on different titanium surfaces. (A) The relative mRNA levels of RUNX2 and ALP in PDLSCs cultured on 
different surfaces for 7 days with osteoinduction. (B) (Left panel) Immunofluorescence staining assay for RUNX2 in PDLSCs (red, RUNX2; blue, DAPI) cultured on different 
surfaces for 7 days. (Right panel) Immunofluorescence stain intensity analysis of RUNX2. (C) Total protein expression of RUNX2 and ALP in PDLSCs at 7 days after 
osteoinduction. (D) ALP activity of PDLSCs cultured on Ti, SLA, and SLM-AHT titanium surfaces for 7 days. (E) The relative mRNA levels of PPARγ and C/EBPα in PDLSCs 
cultured in the adipogenic conditions on different titanium surfaces for 7 days. (F) The total protein expression of PPARγ in PDLSCs at 7 days after adipoinduction was 
examined by Western blot. Error bars represent SD (n = 3). **P < 0.01,***P < 0.001 .
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Increasing evidence has shown that TAZ could respond to 
mechanical cues and ultimately be involved in stem cell 
fate decision. As a transcriptional coactivator, TAZ 
requires nuclear translocation for its transcriptional 
activity.13 Accordingly, the subcellular localization of 
TAZ and its transcriptional activity were successively 
detected to determine whether TAZ activation occurs 
when cells perceive hierarchical micro/nanoscale topogra-
phy. We performed immunofluorescence and determine the 
TAZ localization to evaluate the distribution of TAZ on 
three different titanium surfaces. As expected, increased 
TAZ nuclear localization was observed on the SLM-AHT 
surface compared with the SLA surfaces (Figure 4A), 
indicating hierarchical microgroove/nanopore topography 

could promote nuclear translocation of TAZ. Connective 
tissue growth factor (CTGF) and cysteine-rich angiogenic 
inducer 61 (Cyr61) are well-characterized TAZ target 
genes located in the nuclei. After nuclear translocation, 
TAZ binds to and predominantly activates the TEA 
domain DNA-binding transcription factors (TEAD) 1–4, 
thereby stimulating the expression of multiple genes, 
including CTGF and CYR61. These genes are commonly 
used as indicators of TAZ transcriptional activation in 
many published papers.45 Thus, the expression levels of 
TAZ and its target genes CTGF and CYR61 were detected 
by qRT-PCR to confirm the transcriptional activity of 
TAZ. Interestingly, the TAZ gene expression of the 
SLM-AHT group had no significant difference with those 

Figure 4 The role of TAZ on hierarchical micro/nanoscale topography directing cell fate. (A) (Left panel) Immunofluorescence staining assays for TAZ subcellular 
localization in PDLSCs osteoinduction cultured on different titanium surfaces for 3 days (green, TAZ; blue, DAPI). (Right panel) The quantification of TAZ subcellular 
localization (N, nuclear; C, cytoplasmic). (B) qRT-PCR analysis of the relative mRNA level of TAZ and TAZ target genes including CTGF and Cyr61 in PDLSCs 
osteoinduction cultured on different titanium surfaces for 3 days. Error bars represent SD (n = 3). *P < 0.05. **P <0.01. (C) The relative mRNA levels of TAZ in stable 
TAZ knockdown PDLSCs. (D) Protein expression of TAZ in stable TAZ knockdown PDLSCs. (E) The relative mRNA levels of RUNX2 and ALP in stable TAZ knockdown 
PDLSCs cultured in the osteogenic conditions for 3 days. (F) The relative mRNA levels of PPARγ and C/EBPα in stable TAZ knockdown PDLSCs cultured in the adipogenic 
conditions for 3 days.
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of the other two groups, but the CTGF and Cyr61 expres-
sion levels were significantly increased in the SLM-AHT 
group (Figure 4B), suggesting hierarchical microgroove/ 
nanopore topography could improve transcriptional activ-
ity of TAZ without significantly promoting its mRNA 
expression. Collectively, our data demonstrated that micro-
groove/nanopore topography was sufficient to facilitate 
TAZ activation by increasing its nuclear localization as 
well as enhancing its transcriptional activity.

Next, we explored the functional role of TAZ activa-
tion in topography-induced cell fate decision by loss-of- 
function experiments. To this end, we generated TAZ 
knockdown PDLSCs by three shRNAs, and two of them 
were confirmed to be effective by qRT-PCR and Western 
blots (Figure 4C, D). We randomly chose TAZ-shRNA1 
PDLSCs to perform the following experiments, while 
PDLSCs transinfected with scramble shRNA served as 
controls. The expression levels of the osteogenesis-related 
genes RUNX2 and ALP as well as the adipogenesis- 
related genes PPARγ and C/EBPα were detected. As 
shown in Figure 4E and F, the cells transinfected with 
scramble shRNA exhibited significantly increased gene 
expression levels of RUNX2 and ALP and decreased 
gene expression levels of PPARγ and C/EBPα on the 
SLM-AHT surface compared with Ti and SLA surfaces, 
similar to the wild-type PDLSCs. In contrast, the TAZ 
knockdown cells showed no significant differences in 
both the osteogenesis-related and adipogenesis-related 
gene expression levels among the three titanium surfaces, 
and the TAZ knockdown cells showed lower osteogenesis- 
related gene expression levels and higher adipogenesis- 
related gene expression levels compared with the cells 
transinfected with scramble shRNA, indicating that TAZ 
was essential in hierarchical microgroove/nanopore topo-
graphy-induced stem cell fate decision.

As a transcriptional coactivator, TAZ contains a WW 
domain that can bind to Pro-Pro-X-Tyr motifs of the 
osteogenic transcription factor RUNX2 and the adipogenic 
transcription factor PPARγ and is ultimately involved in 
stem cell fate determination.18,46,47 YAP/TAZ can act as 
downstream elements in cell detection of mechanical 
microenvironment, such as ECM rigidity, mechanical 
stress, or strain.12,48,49 For intraosseous implants, the sur-
face features could be recognized as microenvironment 
cues to modulate YAP/TAZ activity and play a vital role 
in changes in cell behavior, especially promotion of osteo-
genic differentiation. Nanotube surfaces were reported to 
activate TAZ by increasing its nuclear localization,19 and 

YAP-mediated mechanotransduction was recently revealed 
as essential in hierarchical macropore/nanowire structure- 
induced BMSC osteogenic differentiation.20 In this study, 
we proved that the SLM-AHT surface with microgroove/ 
nanopore topography could facilitate TAZ activation by 
promoting nuclear localization and transcriptional activity 
of TAZ, while deletion of TAZ resulted in the SLM-AHT 
surface failing to promote PDLSC osteogenic differentia-
tion and inhibit adipogenic differentiation. In conclusion, 
TAZ plays a prominent role in hierarchical microgroove/ 
nanopore topography regulation of PDLSC lineage deci-
sions, and the underlying mechanism of TAZ activation 
when cells perceive the SLM-AHT surface was further 
investigated in the subsequent experiments.

Hierarchical Micro/Nanoscale 
Topography-Induced Actin Cytoskeleton 
Polymerization is Required for TAZ 
Activation
The polymerization of the actin cytoskeleton was shown to 
be required to maintain TAZ nuclear localization.12,50,51 

Given that mechanotransductive regulation is closely 
related to the integrity of the actin cytoskeleton52 and 
that we have already proved that the SLM-AHT surface 
could induce actin polymerization in this work, we 
hypothesized that actin cytoskeletal polymerization trig-
gered by hierarchical micro/nanoscale titanium surface 
was essential for TAZ activation. To verify this theory, 
we used cytochalasin D to inhibit polymerization of the 
actin cytoskeleton.53 As shown by the immunofluores-
cence results and statistical analysis of the percentage of 
nuclear TAZ intensity against total TAZ intensity, TAZ 
was predominantly localized in the cytoplasm in all cyto-
chalasin D-treated groups, and were no longer detected a 
visible difference in TAZ subcellular localization among 
the different titanium surfaces. By contrast, in the DMSO- 
treated negative control groups, the subcellular distribution 
of TAZ was similar to that of the wild-type cells, exhibit-
ing an obviously increased nuclear localization on the 
SLM-AHT surface compared with the Ti and SLA surfaces 
(Figure 5A, B). Therefore, actin cytoskeletal polymeriza-
tion triggered by the hierarchical micro/nanoscale titanium 
surface could be considered indispensable for TAZ nuclear 
localization. Furthermore, qRT-PCR showed that in the 
cytochalasin D-treated groups, we no longer detected a 
significant difference in the expression levels of the TAZ 
target genes Cyr61 and CTGF among the three different 
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titanium surfaces (Figure 5C), suggesting that the inhibi-
tion of actin cytoskeletal polymerization could ultimately 
disturb transcriptional activity of TAZ promoted by hier-
archical micro/nanoscale topography. Collectively, the 
results indicated that polymerization of the actin cytoske-
leton in response to hierarchical micro/nanoscale topogra-
phy was essential to TAZ activation.

TAZ was initially defined as downstream molecule of 
the Hippo signaling pathway and was subsequently identi-
fied as a downstream molecule of mechanical cues. 
However, the relationship among the Hippo signaling path-
way, mechanical cues, and TAZ has not been fully eluci-
dated. TAZ activation on stiff ECM required cytoskeletal 

tension and was independent of the Hippo signaling 
pathway.12 However, another study reported that the cytos-
keleton could carry out its biological function in a Hippo 
signaling pathway-dependent way. For instance, stress 
fibers, serving as the main mechanical cues modulator, 
could regulate the Hippo signaling pathway by changing 
the cell morphology and could subsequently modulate cell 
proliferation.51 Moreover, F-actin regulator proteins could 
affect the Hippo signaling pathway and ultimately be 
involved in cell growth regulation.50 Overall, the findings 
suggested that hierarchical micro/nanoscale topography- 
triggered cytoskeletal reorganization may lead to TAZ acti-
vation through the Hippo signaling pathway, and the 

Figure 5 Hierarchical micro/nanoscale topography-induced actin cytoskeleton polymerization is required for TAZ activation. (A) Immunofluorescence staining for TAZ in 
Cytochalasin D treated PDLSCs cultured on Ti, SLA and SLM-AHT titanium surfaces after 3 days osteoinduction (green, TAZ; blue, DAPI). (B) The statistical analysis of the 
percentage of nuclear TAZ intensity against total TAZ intensity of (A). (C) The relative mRNA levels of TAZ target genes Cyr61 and CTGF in cytochalasin D treated 
PDLSCs on different titanium surfaces after 3 days osteoinduction. Error bars represent SD (n = 3). **P <0.01.
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regulatory network among the cytoskeleton, TAZ, and the 
Hippo signaling pathway needs to be further investigated in 
the future. In addition, the cytoskeleton physically connects 
focal adhesions on the cell surface to the cell nucleus and 
passes mechanical cues to the nucleus, resulting in chromo-
somal arrangement and gene transcriptional activation or 
repression,33,54,55 suggesting the existence of epigenetic 
regulation. In our previous study, we indeed proved that 
topographical cues could promote the osteogenic differen-
tiation of BMSCs by inducing a rapid H3K27 demethyla-
tion and increased the level of H3K4me3 at the promoter of 
the RUNX2 gene.10 From this aspect, the role of cytoske-
leton in TAZ activation as well as the underlying epigenetic 
mechanism also deserve further systematic exploration.

Hierarchical Micro/Nanoscale Topography 
Activation of the MAPK Signaling Pathway 
is Necessary for TAZ Activation
Strong evidence has shown that the MAPK signaling path-
way could respond to mechanical cues and be involved in 
cell fate decision.26,28 Moreover, single nanoscale 

topography could activate MAPK signaling pathway.19 

Therefore, we hypothesized that the regulation of cell 
fate determination by the SLM-AHT surface with hier-
archical micro/nanoscale topography was mediated by 
MAPK activation. Since ERK, JNK and p38 were identi-
fied as three key molecules of MAPK signaling pathway,56 

we examined both total and phosphorylated protein 
expression levels of these three molecules on different 
titanium surfaces to determine whether the MAPK signal-
ing pathway was involved in hierarchical micro/nanoscale 
topography-mediated cell fate decision. As shown in 
Figure 6A, compared with those of the control groups, 
the protein expression levels of ERK1/2, p38, JNK, and 
p-JNK in the SLM-AHT group did not exhibit significant 
differences, whereas the p-ERK1/2 and p-p38 expression 
levels were significantly increased. The results suggested 
that the micro/nanoscale topography could activate the 
ERK and p38 MAPK signaling pathway. Interestingly, it 
was reported that a nanotopographical plate could active 
the ERK and JNK MAPK signaling pathway.19 The con-
flicting results possibly reflected scale-specific responses 

Figure 6 Hierarchical micro/nanoscale topography activating MAPK signaling pathways is essential for TAZ activation. (A) The protein expression levels of MAPK signaling 
pathways molecules by Western blot after 3 days osteoinduction on Ti, SLA and SLM-AHT surfaces. (B) (Left panel) Immunofluorescence staining for TAZ in U0126 or 
SB203580-treated PDLSCs cultured on Ti, SLA and SLM-AHT titanium surfaces after 3 days osteoinduction (green, TAZ; blue, DAPI). (Right panel) The statistical analysis of 
the percentage of nuclear TAZ intensity against total TAZ intensity. (C) The relative mRNA levels of TAZ target genes Cyr61 and CTGF in U0126 or SB203580-treated 
PDLSCs on different titanium surfaces after 3 days osteoinduction. Error bars represent SD (n = 3). **P <0.01.
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to the topographical features, indicating a requirement for 
reproducible manufacture to ensure the stable size of 
implant surface features.57

Based on the fact that mechanical cue-induced MAPK 
signaling pathway activation could promote nuclear loca-
lization of TAZ58 and that hierarchical micro/nanoscale 
topography could enhance TAZ nuclear translocation, we 
investigated whether topographical cue-induced TAZ 
nuclear localization was associated with MAPK signaling 
pathway. To this end, the ERK inhibitor U0126 and the 
p38 inhibitor SB203580 were employed for the following 
experiments, with DMSO serving as a blank control. The 
results showed that the cells in the control group exhibited 
increased TAZ with unclear localization on the SLM-AHT 
surface compared to the other two surfaces, while both the 

U0126-treated cells and the SB203580-treated cells 
showed no significant difference in TAZ subcellular loca-
lization among the three titanium surfaces (Figure 6B), 
indicating that the ERK and p38 MAPK signaling path-
ways were both necessary for TAZ nuclear translocation. 
Additionally, transcriptional activity of TAZ was deter-
mined to further verify the role of the MAPK signaling 
pathway in TAZ activation. As shown in Figure 6C, with 
DMSO treatment, increasing gene expression levels of 
CTGF and CYR61 in the SLM-AHT group were observed. 
In contrast, the U0126- and SB203580-treated groups 
exhibited similar expression levels of CTGF and CYR61 
on the three different titanium surfaces, suggesting that the 
ERK and p38 MAPK signaling pathways were both indis-
pensable to enhance TAZ transcriptional activity. The 

Figure 7 Schematic representation of the role and activation mechanism of TAZ in hierarchical microgroove/nanopore topography regulating stem cell differentiation. 
Hierarchal microgroove/nanopore topography could promote the polymerization of actin cytoskeleton and activation of ERK and p38 MAPK signaling pathway, which were 
essential for TAZ activation. Enhanced transcriptional activity and nuclear localization of TAZ could accelerate osteogenesis and impair adipogenesis.
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above results demonstrated that the ERK and p38 MAPK 
signaling pathway played a key role in hierarchal micro/ 
nanoscale topography-induced TAZ activation.

Overall, our results indicated that hierarchical micro-
groove/nanopore topography could facilitate TAZ activa-
tion by increasing the nuclear translocation and 
transcriptional activity of TAZ, which plays a key role in 
stem cell fate decisions. Mechanistically, TAZ activation 
triggered by hierarchal microgroove/nanopore topography 
required both polymerization of the actin cytoskeleton and 
activation of the ERK and p38 MAPK signaling pathways 
(Figure 7). Currently, topographical cue-elicited stem cell 
fate decisions have attracted extensive attention due to 
their strong prospects in clinical applications. We clarified 
that TAZ plays a dominant role in this process, which 
suggests the possibility of promoting TAZ activation to 
enhance osteogenic differentiation while inhibiting adipo-
genic differentiation of stem cells, thereby achieving the 
desired osseointegration around intraosseous implants. 
However, this orchestrated process requires further char-
acterization. On the one hand, since a previous study 
revealed that F-actin polymerization was critical for acti-
vating the MAPK signaling pathway,59 combining the 
results from the current study, it could be assumed that 
there is a widespread regulatory network between actin 
cytoskeleton polymerization and the MAPK signaling 
pathway in topography-induced TAZ activation. On the 
other hand, the reciprocal effect of TAZ on osteogenesis 
and adipogenesis is still unclear. The activation of TAZ 
could facilitate the bonding of RUNX2 to the promoter 
OSE2 element of its target gene OCN, finally promoting 
cell osteogenic differentiation. In contrast, the mechanism 
by which TAZ activation inhibits adipogenesis through 
suppression of PPARγ transcriptional activity is still 
unclear. Daisuke Yamashita reported that SUMOylation 
of PPARγ2 K107 was essential for the negative regulation 
of PPARγ2 transcriptional activity.60 Sung Soo Chung 
reported that SUMOylation of PPARγ could inhibit its 
binding to the PPRE element of the promoter of its target 
gene ap2, thereby inhibiting adipogenic differentiation.61 

Therefore, whether SUMOylation of PPARγ plays an 
important role in TAZ-inhibited adipogenesis should be 
further investigated. A comprehensive view of these two 
aspects will further accelerate the mechanistic investiga-
tion of hierarchical micro/nanoscale topography directing 
cell fate and further lay the foundation for the develop-
ment of intraosseous implants with the capacity to control 
reproducible cell behavior.
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